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(left panels) and 354-nm UV light (right panels). This composite illustrates the misleading 
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appear to fluoresce at longer (redder) wavelengths. However, this dubious observation is 

simply an artifact of the inner filter effect, arising from the (near complete) reabsorption of 
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Figure D.1 (A) UV-vis and (B) fluorescence spectra of an as-synth. sample derived from 

GSH–F as well as its corresponding retent. and dial. fractions obtained after dialyzing with 

a 50 kDa MWCO membrane. The results further corroborate the need for adequate 
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the retent. fraction (see inset photograph). Normalized (C) absorbance and (D) fluorescence 

spectra of the retent. fractions compared to the results reported in the literature reveal the 

synthetic consistency of the published protocol. The data in panels C and D was reproduced 

with permission from reference 86 of Chapter 5. Copyright © 2019 Elsevier ................224 

Figure D.2 Temporal uptake of 5 mg mL–1 CA–NH4OH-derived (A) as-synth., (B) dial., 

and (C) retent. fractions (dispersed in acetone) by TiO2 films, monitored with UV-vis 
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synth. and dial. fractions, the species constituting the dial. fraction clearly account for the 

majority of the as-synth. product composition, materials that dominate adsorption and the 
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Figure D.3 Temporal uptake of 10 mg mL–1 Arg-derived (A) as-synth., (B) syringe-filtered 

as-synth. (as-synth. filt.), (C) dial., and (D) retent. fractions (dispersed in EtOH) by TiO2 
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occurred up to 12 h with minimal to no additional uptake occurring after 24 h of 
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varying values of ln(At/A0) for the studied fractions are attributed to drastically different 

extinction coefficients for the species comprising each fraction but could also arise from 
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dial., and (C) retent. fractions by TiO2 films, monitored with UV-vis spectroscopy. Panel 
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was not assessable due to residual formamide. However, given the stark differences in film 

color between the fractions (Figure D.20), the lower absorbance likely arises from 
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(denoted by “EtOH”). (B) Average device metrics. *Note, efficiency (η) is reported in 

percent and FF is a unitless parameter but both values are on the same scale as the left and 



xxxv 
 

right y-axes, respectively. (C) Average EQE and (D) UV-vis absorbance spectra with their 

corresponding TiO2-subtracted counterparts provided in panels E and F, respectively. A 

magnified plot of the EQE from 350 to 550 nm, photographs of representative films used 

in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) 

EQE spectra are provided in the insets of panels C, D, and E, respectively. The conclusions 

drawn from the above results are similar to those arrived at for the 5 mg mL–1 fractions; 

that is, device performance, mainly the photocurrent, arises from reaction by-products, 

specifically, species responsible for the absorbance shoulder at 450 nm and the yellow-

orange color of the films. The performance of bare TiO2 (black curves) is provided in all 

relevant plots for comparison...........................................................................................230 

Figure D.8 (A) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films that were sensitized in 30 mg mL–1 CA–

NH4OH-derived fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol 

(denoted by “EtOH”). (B) Average device metrics. *Note, efficiency (η) is reported in 

percent and FF is a unitless parameter but both values are on the same scale as the left and 

right y-axes, respectively. (C) Average EQE and (D) UV-vis absorbance spectra with their 

corresponding TiO2-subtracted counterparts provided in panels E and F, respectively. A 

magnified plot of the EQE from 350 to 550 nm, photographs of representative films used 

in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) 

EQE spectra are provided in the insets of panels C, D, and E, respectively. The conclusions 

drawn from the above results are similar to those arrived at for the 5 and 10 mg mL–1 

fractions; that is, device performance, mainly the photocurrent, arises from reaction by-

products, specifically, species responsible for the absorbance shoulder at 450 nm and the 
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yellow-orange color of the films. The performance of bare TiO2 (black curves) is provided 
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Figure D.9 Comparative analysis of the results for the 5, 10, and 30 mg mL–1 CA–NH4OH-

derived (A–E) as-synth. and (F–J) dial. fractions. (A and F) Average J-V curves (with 
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sensitized in the above fractions (“EtOH” denotes samples dispersed in 50:50 vol% 

acetone:ethanol). (B and G) Average device metrics. *Note, efficiency (η) is reported in 

percent and FF is a unitless parameter but both values are on the same scale as the left and 

right y-axes, respectively. (C and H) Average EQE and (D and I) UV-vis absorbance 

spectra with their corresponding TiO2-subtracted counterparts provided as panel insets. (E 

and J) Photographs of representative films used in the devices. The performance of bare 
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acetone:ethanol (denoted by “EtOH”). Appropriate quantities of the dial. fraction were 

spiked in 5 mg mL–1 retent. samples to yield 1, 2.5, 5, 10, or 30 mg mL–1 concentrations of 

the dial. species. (B) Average device metrics. *Note, efficiency (η) is reported in percent 

and FF is a unitless parameter but both values are on the same scale as the left and right y-

axes, respectively. (C) Average EQE and (D) absorbance spectra with their corresponding 

TiO2-subtracted counterparts shown in panels F and G. (E) Photographs of representative 

films sensitized in the dial.-spiked, 5 mg mL–1 CA–NH4OH retent. solutions. A magnified 

plot of the EQE from 350 to 550 nm and a plot of normalized (norm.) spectra for the TiO2-
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subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels C and F, 

respectively. The performance of bare TiO2 (black curves) is provided in all plots for 
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Figure D.11 (A) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films that were sensitized in dial.-spiked, 1 mg mL–1 

CA–NH4OH-derived retent. solutions dispersed in 100% acetone or 50:50 vol% 

acetone:ethanol (denoted by “EtOH”). Appropriate quantities of the dial. fraction were 

spiked in the 1 mg mL–1 retent. samples to yield 1, 2.5, 5, 10, or 30 mg mL–1 concentrations 

of the dial. species. (B) Average device metrics. *Note, efficiency (η) is reported in percent 

and FF is a unitless parameter but both values are on the same scale as the left and right y-

axes, respectively. (C) Average EQE and (D) absorbance spectra with their corresponding 

TiO2-subtracted counterparts shown in panels F and G. (E) Photographs of representative 

films sensitized in the dial.-spiked, 1 mg mL–1 CA–NH4OH retent. solutions. A magnified 

plot of the EQE from 350 to 550 nm and a plot of normalized (norm.) spectra for the TiO2-

subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels C and F, 

respectively. The performance of bare TiO2 (black curves) is provided in all plots for 
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Figure D.12 Select comparisons of the results from the CA–NH4OH dial. spiking studies. 

(A) Device metrics for TiO2 films sensitized in 1 or 5 mg mL–1 retent. fractions spiked with 

10 mg mL–1 dial. compared to films sensitized in a 10 mg mL–1 as-synth. fraction, which 

nominally contained 0.1 and 9.9 mg mL–1 retent. and dial. species, respectively. (B) Device 

metrics for TiO2 films sensitized in 1 or 5 mg mL–1 retent. fractions spiked with dial. to a 

concentration of 30 mg mL–1 compared to films sensitized in ethanolic 30 mg mL–1 as-
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synth. fraction, which nominally contained 0.3 and 29.7 mg mL–1 retent. and dial. species, 

respectively. (C) Average UV-vis absorbance spectra for the films employed in the devices 

summarized in panel B. These results clearly show that synergistic effects between the dial. 

and retent. species exist, where an optimized nanocarbon content leads to improved device 

performance, as widely reported in the literature. Furthermore, higher concentrations of the 

retent. fraction appear to diminish the apparent “selectivity” observed in ethanolic 

solutions, evidenced by increased film absorbance when sensitized in higher retent. 

content, even when in the presence of 50% ethanol (denoted by “EtOH”) .....................237 

Figure D.13 Comparison of 2 h vs 24 h uptake for CA–NH4OH-derived as-synth. fractions. 

(A) Average J-V curves (with corresponding standard deviations) of illuminated devices 

employing TiO2 films that were sensitized in 5, 10, or 30 mg mL–1 CA–NH4OH-derived 

as-synth. fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol (denoted by 

“EtOH”). (B) Average device metrics. *Note, efficiency (η) is reported in percent and FF 

is a unitless parameter but both values are on the same scale as the left and right y-axes, 

respectively. (C) Average EQE and (D) UV-vis absorbance spectra with their 

corresponding TiO2-subtracted counterparts provided in panels E and F, respectively. A 

magnified plot of the EQE from 350 to 550 nm, photographs of representative films used 

in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) 

EQE spectra are provided in the insets of panels C, D, and E, respectively. The results 

clearly show that longer sensitization times negatively impacted device performance 

despite an increased uptake of chromophoric material, effects that were concentration 

dependent and, thus, most prominent for the 30 mg mL–1 as-synth. fraction. The 
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performance of bare TiO2 (black curves) is provided in all relevant plots for comparison
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Figure D.14 Concentration-dependent comparison of 2 h vs 24 h uptake for CA–NH4OH-

derived as-synth. fractions. (A) Average J-V curves (with corresponding standard 

deviations) of illuminated devices employing TiO2 films that were sensitized in 5 or 30 mg 

mL–1 CA–NH4OH-derived as-synth. fractions dispersed in 100% acetone or 50:50 vol% 

acetone:ethanol (denoted by “EtOH”). (B) Average device metrics. *Note, efficiency (η) 

is reported in percent and FF is a unitless parameter but both values are on the same scale 

as the left and right y-axes, respectively. (C) Average EQE and (D) absorbance spectra 

with their corresponding TiO2-subtracted counterparts shown in panels F and G. (E) 

Photographs of representative films. A magnified plot of the EQE from 350 to 550 nm and 

a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are 

provided in the insets of panels C and F, respectively. The results clearly show that longer 

sensitization times led to diminished performance. Although, this observation is not solely 

a product of increased uptake, specifically, of nanocarbons, since 2 h sensitizations in 5 or 

30 mg mL–1 as-synth. fractions yielded comparable performance to one another and 24 h 
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100% acetone counterparts. Therefore, the observed decreases in performance upon longer 

sensitizations may arise from TiO2-induced degradation of the photoactive species. The 

performance of bare TiO2 (black curves) is provided in all relevant plots for comparison
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Figure D.15 Fraction-dependent comparison of 2 h vs 24 h uptake for CA–NH4OH-derived 

samples. (A) Average J-V curves (with corresponding standard deviations) of illuminated 
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devices employing TiO2 films that were sensitized in 30 mg mL–1 CA–NH4OH-derived as-

synth. and dial. fractions dispersed in 100% acetone. (B) Average device metrics. *Note, 

efficiency (η) is reported in percent and FF is a unitless parameter but both values are on 

the same scale as the left and right y-axes, respectively. (C) Average EQE and (D) 

absorbance spectra with their corresponding TiO2-subtracted counterparts shown in panels 

E and F. A magnified plot of the EQE from 350 to 550 nm, photographs of representative 

films used in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted 

(TiO2-sub.) EQE spectra are provided in the insets of panels C, D, and E, respectively. 

Akin to the other 24 h sensitization studies, longer sensitization led to diminished 

performance for the 30 mg mL–1 as-synth. and dial. fractions, however, the decrease 

observed in the latter was not nearly as prominent as that for the former, implying the 

nanocarbons may be playing a role in TiO2-induced degradation of the photoactive species. 

The performance of bare TiO2 (black curves) is provided in all relevant plots for 

comparison .......................................................................................................................241 
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corresponding standard deviations) of illuminated devices employing TiO2 films that were 

sensitized in fresh or aged (>1 week old) 30 mg mL–1 CA–NH4OH-derived as-synth. 

fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol (denoted by “EtOH”). 

(B) Average device metrics. *Note, efficiency (η) is reported in percent and FF is a unitless 

parameter but both values are on the same scale as the left and right y-axes, respectively. 

(C) Average EQE and (D) absorbance spectra with their corresponding TiO2-subtracted 

counterparts shown in panels E and F. A magnified plot of the EQE from 350 to 550 nm, 

photographs of representative films used in the devices, and a plot of normalized (norm.) 
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spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels 

C, D, and E, respectively. While not staggering, slight aging effects were observed in the 

30 mg mL–1 as-synth. fractions. Although, when the same samples were sensitized in the 

presence of EtOH, the minor decrease in performance was not apparent. Such an 

observation implies the lower performance likely does not originate from degradation of 

the photoactive species but stems from the degradation of another species that is only 

present in a sufficient enough concentration to induce a negative impact in the 30 mg mL–

1 as-synth. fraction, which could be the nanocarbons or an unidentified reaction by-product. 

The performance of bare TiO2 (black curves) is provided in all relevant plots for 

comparison .......................................................................................................................242 
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were sensitized in 30 mg mL–1 CA–NH4OH-derived as-synth. fractions dispersed in 100% 
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respectively. (C) Average EQE and (D) absorbance spectra with their corresponding TiO2-

subtracted counterparts shown in panels F and G. The inset in panel D illustrates the effects 

that water exposure (right) has on the acetone-dispersed solutions (left). (E) Photographs 

of representative films. A magnified plot of the EQE from 350 to 550 nm and a plot of 

normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided 

in the insets of panels C and F, respectively. The performance of bare TiO2 (black curves) 

is provided in all relevant plots for comparison. The experimental details for these studies 

and an in-depth analysis of the results are provided below .............................................244 



xlii 
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subtracted counterparts shown in panels E and F. A magnified plot of the EQE from 350 

to 550 nm, photographs of representative films used in the devices, and a plot of normalized 
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of panels C, D, and E, respectively. The performance of bare TiO2 (black curves) is 
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parameter but both values are on the same scale as the left and right y-axes, respectively. 

(C) Average EQE and (D) absorbance spectra with their corresponding TiO2-subtracted 

counterparts shown in panels E and F. A magnified plot of the EQE from 350 to 550 nm, 

photographs of representative films used in the devices, and a plot of normalized (norm.) 

TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels C, D, and E, 
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respectively. (C) Average EQE and (D) absorbance spectra with their corresponding TiO2-

subtracted counterparts shown in panels E and F. A magnified plot of the EQE from 350 

to 550 nm, photographs of representative films used in the devices, and a plot of normalized 

(norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets 

of panels C, D, and E, respectively. Magnified plots of the EQE and absorbance from 550 

to 750 nm are shown in panels G and H with their corresponding TiO2-subtracted 

counterparts shown in panels I and J, respectively. The performance of bare TiO2 (black 
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curves) is provided in all relevant plots for comparison. The experimental details for these 
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ABSTRACT 

Fluorescent carbon dots constitute a novel and intriguing class of nanocarbons that display 

unique optical properties and can be purportedly generated from virtually any carbon-

containing source. For example, the thermal pyrolysis of human urine results in the 

formation of fluorescent nanocarbons, whose spectroscopic properties are dependent on 

the diet of the urine donor, a scenario potentially leading to heteroatom doping of the 

carbonaceous nanomaterials. Furthermore, these nanocarbons’ alluring electron 

donor/acceptor capabilities afford their implementation as dual reducing and capping 

agents towards the formation of metal nanoparticle/carbon dot composites that possess a 

high degree of optical tunability. The ability to modulate the spectroscopic properties of 

both these materials holds promise for exploitation in solar energy harvesting applications 

as green sensitizers and plasmonic enhancers. However, these nanocarbons’ distinguishing 

luminescent properties, whose origin continues to elude the field, has recently come under 

scrutiny due to the presence of highly fluorescent, molecular by-products generated in route 

to the target nanocarbon, resulting in the widespread misrepresentation of their emission 

characteristics. Thus, this detrimental issue of insufficient by-product removal and the 

subsequent effects on reported nanocarbon luminescence, as well as common applications, 

namely, quenchometric detection and photosensitizers, are addressed here, providing a 
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path forward for arriving at a fundamental understanding of these promising nanocarbons 

and their true properties. 
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Chapter 1: Introduction to Fluorescent Carbon Dots, their 

Synthesis and Applications, and the Vexing Purification 

Conundrum 

Nanoscale carbons (e.g., fullerenes, graphenes, carbon nanotubes, nanodiamonds) possess 

a range of highly attractive properties, including electrical conductivity, chemical inertness, 

high thermal stability, and tunability (e.g., textural properties, doping), that have prompted 

intensive research into these carbonaceous nanomaterials in recent years. Within this 

family of nanoscale carbons, the recently established fluorescent carbon dot (FCD), often 

separated into subgroups such as graphene quantum dots (GQDs), carbon quantum dots 

(CQDs), and carbon nanodots (CNDs; Scheme 1.1A), and typically sized below 10 nm, 

displays unique and useful optical features generally not observed in its nanocarbon 

cousins,1-19 such as tunable emission color, excellent photostability, and, most notably, 

excitation wavelength-dependent fluorescence (Scheme 1.1B). Furthermore, FCDs offer 

high aqueous solubility and an alluring eco-friendliness (e.g., biocompatibility, low 

cytotoxicity) making them preferential nanomaterials over conventional semiconductor-

based quantum dots, such as CdX (X = S, Se, Te). 

Since the serendipitous discovery of FCDs over a decade ago during the purification of 

crude carbon nanotubes, researchers have increasingly reported alternate synthetic 

pathways for generating FCDs from myriad carbon sources. These various synthetic 

techniques for producing FCDs are broadly lumped into two camps: top-down and bottom-

up. Top-down approaches, such as arc discharge,7 laser ablation,20-21 and electrochemical 

oxidation,22-26 involve the cleavage of macroscale, relatively pure (typically, graphitic) 
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Scheme 1.1 (A) Representative structures of single-layer graphene quantum dots (GQDs), 

multi-layered carbon quantum dots (CQDs), and amorphous carbon nanodots (CNDs). 

Note, the CND structure is not meant to represent a specific molecule; its purpose is simply 

to convey a predominately amorphous structure of carbon atoms. (B) Representation of 

commonly observed fluorescent properties of these materials. Typically, as the size of the 

dot increases the emission wavelength redshifts, a phenomenon that can also occur via 

heteroatom doping and/or variation in surface functionality. Additionally, these dots 

frequently display excitation wavelength-dependent emission (i.e., a red-edge effect) that 

is accompanied with a concomitant decrease in intensity. Schematic used with permission 

from reference 51. Copyright © 2017 Royal Society of Chemistry. 
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carbon fragments into smaller and smaller particles, eventually resulting in few to 

multilayer, crystalline FCDs. Conversely, bottom-up methods comprise chemical or 

mechanical assembly of the FCDs, in an essentially atom-by-atom or molecule-by-

molecule fashion, from carbon-containing molecular precursors, an approach that 

overwhelmingly yields FCDs that are highly amorphous in nature. Examples of these 

tactics include combustion or thermal treatment,27 and templated,28 microwave-assisted,12 

or hydrothermal growth.29 Thus, the literature suggests that FCDs can be produced through 

an appropriate treatment of virtually any carbon-containing precursor such as citrates12, 27, 

30-34 and saccharides (e.g., glucose, chitosan).35-41 Unfortunately, despite the “green” nature 

of FCDs, many of these synthetic protocols employed unsustainable precursors, organic 

solvents, harsh acidic/alkaline conditions, high synthetic temperatures, or extensive pre- or 

posttreatments. Therefore, with environmental sustainability concerns ever increasing, a 

shift toward developing greener pathways for FCD synthesis occurred, where more benign 

carbon sources and synthetic methods that did not necessitate subsequent functionalization 

steps were explored. For instance, greener carbonization strategies such as the microwave, 

thermal, or hydrothermal treatment of various sustainable precursors (e.g., citric acid,11-12 

urea12) or even low-value waste materials (e.g., grass,13 fruit peels,14-17 coffee grounds,42 

biomass13, 43-45) have been aggressively pursued. Additionally, the carbonization of human 

hair46-48 and even human urine49 or animal feces50 have been reported to result in the 

formation of FCDs.  

In addition to FCDs’ putative fluorescent properties and the growing library of 

inexpensive, facile preparation protocols reported, these material’s ability to function as 

electron donors or acceptors coupled with their ease of (bio)conjugation, account for their 
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increasing interest as candidates in a number of applications ranging from fluorescence 

sensing to bioimaging1-4. Of these numerous applications, the exploitation of FCDs’ 

properties in various photovoltaic (PV) solar cell architectures is of particular interest since 

their inexpensive synthesis and greener nature makes them promising additives within, or 

even full replacements to the often scare, costly, and toxic materials found in, state-of-the-

art PV devices.4-6, 51 In the last few decades, one of the most widely explored PV 

architectures is the dye-sensitized solar cell (DSSC), which was pioneered by Michael 

Grätzel in 1991 and has been rightfully dubbed the Grätzel cell.52 The heart of these 

photoelectrochemical cells is the photoanode, which consists of a metal oxide film, 

typically a mesoporous network of interconnecting TiO2 nanoparticles, that is deposited on 

a glass substrate precoated with a transparent conductive oxide (e.g., fluorine-doped tin 

oxide or FTO) and then sensitized with a chromophore, such as the industry standard, Ru-

centered organometallic dye (N719), a unique design in which light absorption and charge 

separation processes occur within different device constituents, contrary to conventional 

solid-state devices based on a PN junction. Fabrication of a complete cell is then 

accomplished by sandwiching a redox-active electrolyte (e.g., I–/I3
– in acetonitrile) between 

the photoanode and a cathode, or counter electrode, that is typically a thin Pt film also 

deposited on an FTO-coated glass substrate. A schematic of the generic device architecture, 

albeit with FCD sensitizers, is shown in Scheme 1.2. The detailed operation of these 

devices is provided in Appendix F but, briefly, assuming appropriate energy alignments 

between the individual components, the sensitizer absorbs incident radiation, promoting an 

electron from the highest occupied molecular orbital (HOMO) or valence band (VB) to the 

lowest unoccupied molecular orbital (LUMO) or conduction band (CB). The excited-state 
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Scheme 1.2 Schematical representation of a solar cell based on a mesoscopic, metal oxide 

film (e.g., TiO2) sensitized with FCDs showing the fundamental photovoltaic operation 

under illuminated conditions. The inset arbitrarily shows the appropriate band alignments 

in these devices. 

electron is then injected into the semiconductor’s CB and percolates through the film to the 

FTO layer, from which it leaves the device to do external work before returning through 

the counter electrode to reduce the electrolyte’s redox couple, the component that sustains 

the entire process by shuttling charge carriers back and forth between the electrodes.  

While state-of-the-art Grätzel cells have been reported to yield a power conversion 

efficiency, or simply efficiency (η), over 12%, this promising performance is obtained 

using costly organometallic dyes such as N719, that rely on rapid metal-to-ligand charge 

transfers from the Ru center, an element of particularly low terrestrial abundance. 
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Therefore, there is increasing interest in replacing these high-performing but unsustainable 

dyes with low-cost sensitizers derived from abundant sources such as Zn-centered 

porphyrins or metal-free dyes.53 In addition to these desirable attributes, ideal replacement 

sensitizers need to possess intense, broadband optical absorption, conjugated chemical 

bonds to allow electrical conductivity between the absorption center and metal oxide 

scaffold, and appropriate surface functionality (typically carboxylic acid moieties) to afford 

strong covalent attachment (i.e., chemisorption) and electrical continuity to the metal 

oxide. FCDs, which often have high absorption cross sections, graphitic islands/cores (i.e., 

inherent conjugation), and chemisorption-capable functionalities, represent a promising 

alternative to conventional sensitizers, however, devices employing these nanocarbon 

sensitizers have yet to crest an η of approximately 0.5% since these material’s strongest 

absorption is typically limited to wavelengths below 400 nm leading to insufficient light 

absorption in the visible region, a regime that constitutes about 43% of incident solar 

radiation. 

One potential avenue to overcome these optical hurdles and increase device efficiency 

is to introduce heteroatoms (e.g., O, N, S, Si, B, P) into the FCD core or functional 

periphery, a doping strategy that has been demonstrated to bathochromically shift (i.e., 

redshift) both the observed absorption and luminescent properties.54-57 Despite the 

promising effects on optical properties, these doped nanocarbon sensitizers have yet to 

produce an η beyond 1%.51, 58-61 An alternate approach to improving performance is to 

incorporate (noble) metal nanoparticles (MNPs) in the photoanode architecture since the 

intrinsic optical properties of these materials (i.e., localized surface plasmon resonance or 

LSPR) allow them to function as light-concentrating antennae or light-scattering centers, 
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Scheme 1.3 (A) The origin of localized surface plasmon resonances: if particles are 

substantially smaller than the incident wavelength of light, they experience a relatively 

uniform electric field as the wave passes through them resulting in a collective oscillation 

of electrons. This electron resonance leads to drastically enhanced electric fields in the 

immediate area around the particle, as shown in panel B. Nanoparticle plasmon resonances 

can be exploited in various device architectures to enhance photon harvesting and device 

performance: (C) larger particles can act as light scattering centers at an interface while 

(D) smaller particles can act as light concentrators embedded within a film. Schematics 

adapted with permission from references 62 and 63. Copyright © 2003 American Chemical 

Society and 2010 Nature Publishing Group.  

scenarios that positively augment photon absorption by the photoanode (Scheme 1.3).62-63 

Towards this auspicious efficiency enhancing strategy, FCDs have recently shown promise 

as dual reducing and stabilizing agents in the formation of Au and Ag MNPs,35, 38-39, 64-71 

owing to their intrinsic ability to act as electron donors/acceptors.72 Additionally, 
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heteroatom-doped FCDs have shown similar functionalities in the growth of MNPs,73 thus, 

the implementation of these doped-FCD/MNP composites as photoactive sensitizers may 

lead to substantial enhancements in device performance, however, such tactics have seen 

little exploration to date. Therefore, much work is still required to thoroughly understand 

the fundamental intricacies of these carbonaceous nanomaterials and their subsequent 

applications. 

Due to the facile preparation and promising characteristics of FCDs, research on these 

materials has exploded in the last few years, although the majority of these works simply 

focused on altering the carbon source or synthetic protocol. Thus, knowledge of the particle 

growth mechanisms and their exact chemical structure, how this final composition 

influences their observed properties, and the effects these properties induce on application-

based studies are all still severely lacking. Furthermore, the unbridled enthusiasm and 

extremely rapid pace of research has naturally led to numerous uncritical, uncorroborated, 

and detrimental claims and misconceptions entering the publication record, a very real 

barrier preventing maturation of the field, especially given the fact that the purification of 

FCDs is frequently inadequate, unsubstantiated, or missing altogether. Several researchers 

have already alluded to the fact that, in order to elucidate the true origin of FCD 

fluorescence, efficient separation procedures to reduce sample complexity are urgently 

needed.74-77 Exacerbating the issue is the mounting evidence that the fluorescence 

associated with FCDs originates significantly from molecular/oligomeric by-products, 

such as 2-pyridone derivatives,78 that are generated alongside the nanoscale carbons,32, 78-

83 where the properties of aggregated molecular by-products resemble the reported 

properties of FCDs,84-86 making a unified purification approach all the more pressing. 
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Scheme 1.4 (A) Generalized formation of potential molecular fluorophores in citric acid-

based FCD syntheses first proposed by Yang and coworkers,91 in which the pyrolyzation 

of citric acid (CA) in the presence of common (di)amine-containing heteroatom dopants, 

such as (i) ethane diamines, (ii) propane diamines, or (iii) monoamines containing hydroxyl 

or thiol groups, yields the corresponding 2-pyridone-derived by-products. (B) Indeed, 

several fluorescent molecular by-products originating from the carbonization of CA-based 

precursor systems, which typically possess a 2-pyridone backbone, have been identified. 

Schematics adapted with permission from references 87 and 91. Copyright © 2015 Royal 

Society of Chemistry and 2018 Elsevier. 

Indeed, as shown in Scheme 1.4 above, a handful of fluorescent, molecular species,87 such 

as methylenesuccinic acid (MSA),84 citrazinic acid (CzA),88 4-hydroxy-1H-pyrrolo[3,4-c] 

pyridine-1,3,6(2H,5H)-trione (HPPT),89 N-(2-hydroxyethyl)-2-oxo-1-vinyl-6-(vinyl-

amino)-1,2-dihydropyridine-4-carboxamide (NVDPA),90 5-oxo-1,2,3,5-tetrahydro-

imidazo[1,2-a]pyridine-7-carboxylic acid (IPCA),88, 91 1-(2-aminoethyl)-5-oxo-1,2,3,5-

tetrahydroimidazo[1,2-a]pyridine-7-carboxylic acid (ATPCA),92 5-oxo-3,5-dihydro-2H-

thiazolo[3,2-a]pyridine-7-carboxylic acid (TPCA),93-94 and 5-oxo-3,5-dihydro-2H-

thiazolo[3,2-a]pyridine-3,7-dicarboxylic acid (TPDCA)84, 93 have been identified for the 

thermal degradation of citric acid (CA)84 and CA reacted with N or S dopants such as urea 
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(U),88-89 ethanolamine (EA),90 ethylenediamine (EDA),88, 91 diethylenetriamine (DETA),92 

cysteine (Cy),84, 93 or cysteamine (Cya),93-94 respectively. Additionally, non-FCD studies 

have generated these exact (or structurally related) molecular fluorophores through the 

reaction of CA with similar N- or S-containing precursors.95-99 Furthermore, Chang and 

co-workers recently demonstrated that FCD samples require ~120 h of purification via 

membrane dialysis, even when refreshing the exchange solvent multiple times per day, to 

fully remove these small molecular by-products,100 a duration and routine rarely reported 

in the literature. Despite mounting evidence, the improper and insufficient purification of 

FCD samples remains unsettlingly common, necessitating a reassessment and unification 

of employed purification practices. 

Furthermore, FCDs are often haphazardly classified or given invented names or 

acronyms to give the false impression that a novel material has been introduced. Indeed, 

nearly a dozen names have emerged in the literature to designate these fluorescent 

nanocarbons, such as GQDs, CQDs, CNDs, carbon dots, C-dots, carbogenic dots, carbon 

nanoclusters, polymer dots, nitrogen-rich quantum dots, and graphitic carbon nitride dots, 

although several of these titles can be consolidated into a few subclasses. Specifically, it 

has been proposed that only three categories (i.e., GQDs, CQDs, CNDs) are sufficient to 

categorize all FCDs, where the segregation is based on the chemical, physical, and 

photophysical properties specific to each subclass. For the purposes of this dissertation, all 

nanocarbons studied within these works will simply be referred to as fluorescent carbon 

dots (FCDs), although materials derived from graphitic sources are often designated as 

GQDs. 
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Herein, Chapter 2 details the green synthesis of FCDs through the upcycling of human 

urine, where a diet fortified with vitamin C or asparagus resulted in changes to the observed 

photophysical properties, potentially due to heteroatom doping of the resultant FCDs, while 

Chapter 3 describes the fabrication of plasmonic bimetallic NP/FCD composites using CA-

derived FCDs as dual reducing and stabilizing agents. The original intention was to employ 

the urine-derived FCDs and MNP/FCD composites as sensitizers in PV applications to 

investigate potential enhancements in performance metrics for reasons mentioned above, 

however, in route to achieving these goals, the observation that highly fluorescent by-

products were produced during FCD syntheses, in combination with emerging literature 

arriving at similar conclusions, altered the pathway of these works. Specifically, these 

observations led to the exploration of the resulting photophysical properties of carefully 

separated (via membrane dialysis) FCD fractions, samples that were generated by 

following previously reported, representative FCD synthetic protocols, as detailed in 

Chapter 4. The results disseminated in this work unequivocally demonstrate the dire need 

for an adequate, unified purification protocol to arrive at meaningful, error-free results, 

especially regarding luminescent characterizations of FCDs. Given the insufficient 

purification practices plaguing the field, particularly in PV applications of FCDs, Chapter 

5 describes the effects that careful fractionation of FCD samples had on the PV 

performance of devices containing photoanodes sensitized with the various FCD fractions. 

The results of these studies indicated that reaction by-products can contribute substantially 

to or negatively impact the photovoltaic action observed in FCD-sensitized devices, 

corroborating the conclusions in Chapter 4, and providing additional, undisputable 
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evidence that standardized purification procedures need to be implemented immediately 

alongside the execution of remedial studies to evaluate the validity of previous claims. 
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Scheme 2.1 Graphical abstract conceptualizing the thermal upcycling of human urine to 

biocompatible fluorescent carbon dots and their exploitation in bioimaging and 

quenchometric sensing applications. 
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Abstract 

An easy, economic, one-step synthetic route to water-soluble fluorescent carbon dots 

derived from the thermal upcycling of urine is demonstrated. These “pee-dots” (PDs), 

which primarily comprise hydrophile-decorated amorphous carbon, exhibit bright, stable, 

excitation wavelength-dependent fluorescence in aqueous solution and are shown to be 

useful nanoscale labels in cell imaging applications. Cytotoxicity studies demonstrate that 

these PDs are benign toward model cell lines, even at concentrations as high as 500 μg 

mL−1. Notably, this approach converts an otherwise useless, negatively valued by-product 

of human life into a value-added nanoscale product while simultaneously pasteurizing the 

waste stream. The reported PDs proved to be effective nanoprobes for the fluorescence-

based detection of heavy metal ions of environmental concern, particularly Cu2+ and 

Hg2+ ions, which were found to be strong quenchers of their fluorescence. Interestingly, 

the optical properties and nanoscale dimensions of the PDs are a direct reflection of the 

diet (e.g., vitamin C or asparagus (sulfur) fortified) followed by the urine donor. 

Introduction 

The fluorescent carbon nanodot (FCD) is a recently established form of nanocarbon which 

displays unique and valuable optical properties (e.g., excitation wavelength-dependent 

fluorescence, excellent photostability) compared with its carbonaceous cousins, the 

fullerenes, graphenes, carbon nanotubes, and nanodiamonds.1-6 Variously (and often 

arbitrarily) referred to as carbon quantum dots (CQDs) or graphene quantum dots (GQDs), 

sometimes depending on their level of crystallinity, FCDs offer an attractive eco-

friendliness (e.g., biocompatibility, inertness, low cytotoxicity) not shared with other 

conventional quantum dots, particularly semiconductor-based quantum dots such as CdX 
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(X = S, Se, Te). These properties, plus their ability to act as electron donors or acceptors 

coupled with their ease of (bio)conjugation, account for their growing interest as candidates 

in a number of applications ranging from sensing and bioimaging1-4 to incorporation within 

photovoltaic devices.4-6 From the time of their serendipitous discovery a decade ago during 

the purification of crude carbon nanotubes, researchers have increasingly explored various 

synthetic pathways for generating FCDs from myriad carbon sources using a wide variety 

of means. Synthetic approaches for making FCDs can broadly be lumped into two camps: 

top-down and bottom-up approaches. Top-down approaches, examples of which consist of 

arc discharge,7 laser ablation,8-9 and electrochemical oxidation,10-14 involve the cleavage of 

“large” (macroscale) relatively pure carbon fragments into smaller and smaller particles, 

eventually resulting in GQDs if the carbon source is highly graphitic in nature to begin 

with. Bottom-up approaches, on the other hand, essentially involve assembling the FCDs 

in an atom-by-atom or molecule-by-molecule fashion from carbon-containing molecular 

precursors, tactics that overwhelmingly yield FCDs that are highly amorphous in nature. 

Examples of bottom-up methods include combustion or thermal treatment,15 and 

templated,16 microwave-assisted,17 or hydrothermal growth.18 Unfortunately, many of 

these synthetic procedures (both top-down and bottom-up) involve high temperatures, 

acidic/alkaline conditions, organic solvents, and/or extensive pre- and posttreatment steps 

which do not embrace the principles of green chemistry. With environmental sustainability 

becoming an increasing concern, a shift toward developing greener pathways to FCDs is 

occurring, both in terms of the use of more benign carbon sources as well as employing 

synthetic methods such as low-temperature thermal treatment and hydrothermal reactions 

which do not necessitate subsequent functionalization steps. For instance, it has recently 
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been shown that FCDs can be generated through the carbonization of various food wastes, 

including spent coffee grounds and certain fruit peels (e.g., watermelon, pomelo).19-21 The 

recouping of spent foods via carbonization to FCDs could have the added benefit of 

reclaiming a waste stream that might otherwise simply find its way into already-

overflowing landfills.  

Another area of great environmental concern, and one which relates to the conversion 

of waste material(s) into more valuable products (i.e., “upcycling”), is waste remediation, 

especially of human sewage. The lack of clean, potable water is one of the most significant 

worldwide health issues, affecting billions of people who do not have access to safe 

drinkable water, including devastating numbers who die tragically each year after 

consuming contaminated water.22 Even in densely populated and industrialized areas, 

contaminates are increasingly entering waste streams due to human activity.22 In general, 

conventional wastewater treatments and the further development of these treatment 

facilities to generate a cleaner end-product are intensive and expensive enterprises.22 

Identifying cheaper means for converting human waste streams into more environmentally 

friendly forms and their upcycling to value-added by-products are of particular importance. 

For example, it has already been shown that biochar and activated carbon can be produced 

from cattle manure.23-24 More recently, Wei et al. showed that FCDs could be synthesized 

via the hydrothermal treatment of shredded office paper.25 Given these examples, it is 

entirely plausible that, under the appropriate conditions, raw sewage waste, which 

primarily comprises cellulose, fecal matter, and urine, can be converted into useful carbon-

based materials, adding value and rendering the sewage harmless whilst eliminating certain 

time-consuming steps in the purification process.  
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To this end, it should be pointed out that the solid portion of sewage waste can be 

usefully employed as a source of fuel or fertilizer (indeed, cow/chicken manure has been 

used as fertilizer for centuries),26 however, the remaining liquid portion (“yellow water” 

containing urine) currently finds essentially no useful applications. In fact, despite 

comprising just 1% of the volume of domestic wastewater, urine contributes the majority 

of chemical nutrients: 80% of the nitrogen and nearly half of the phosphates. These 

nutrients must be removed through multiple energy-intensive steps before the water is 

clean enough to release back into our rivers and oceans, if they are not to wreck the 

ecosystem downstream (e.g., algal blooms). Worse, conventional Western plumbing 

involves the staggeringly wasteful dilution of urine with vast quantities of drinking water 

(which then combines with “grey water” from household sinks, baths, and wash machines) 

plus rainwater to make the removal process unnecessarily inefficient and costly. In order 

to close the nutrient cycle, some have proposed “pee cycling”,27-28 which entails the 

diversion and pasteurization of human urine for fertilizer, as a possible option for 

sustainable living. Although this is something of a minority pursuit so far, a number of 

countries (among them, Sweden, Finland, Denmark, and the Netherlands) are seriously 

experimenting with this concept, highlighting an evolving mindset regarding how we 

should utilize energy and resources in our daily lives. 

Urine contains a significant amount of urea (~9 g L–1) as a nitrogenous breakdown 

product of protein metabolism, in addition to lesser quantities of salts (Cl–, Na+, K+) and 

heterocyclic species (e.g., creatinine, uric acid), suggesting potential as an otherwise 

discarded carbon source for making nitrogen-doped FCDs. Indeed, Qu et al. reported on 

FCDs displaying a fairly high quantum yield (14% under 420 nm excitation) produced by 
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microwave irradiation of an aqueous solution of urea and citric acid.17 Finding a productive 

use for raw urine is attractive not only for deriving economic benefit but also for relieving 

the current burden placed upon current wastewater treatment, a problem emerging in 

developed countries today. 

The concept of upcycling of waste to prepare industrially significant carbon-based 

materials has gained significant traction recently. A key early example is the inspiring work 

of Pol in which conductive carbon microspheres were prepared from waste plastics, 

including high density polyethylene grocery bags and polystyrene disposable drinking 

cups, using a solvent-free autogenic process.29 The Tour group showed that cheap and even 

negatively valued sources ranging from Girl Scout cookies to a cockroach leg could be 

transformed into pristine graphene using a chemical vapor deposition route.30 Similarly, 

Müller et al. showed that well-ordered graphene monolayers could be grown via liquid 

precursor deposition using human fingerprint residues with identical quality as those 

derived from ultrapure precursors.31 Other prominent examples of value-added carbons 

include hierarchical micro-/mesoporous carbons produced by pyrolysis of used cigarette 

filters32 and FCDs made from the hydrothermal treatment of grass33 or the pyrolysis of 

hair.34 Most recently, researchers successfully carbonized dehydrated human urine in a tube 

furnace under nitrogen at 700–1100 °C to prepare heteroatom (e.g., N, S, Si, P) doped 

porous carbons that were electrocatalytic for the oxygen reduction reaction (ORR).35 The 

current work adds significantly to the scope of these noteworthy efforts by describing a 

simple approach for upcycling urine into useful FCDs that display negligible cytotoxicity 

and show excellent potential for both cellular imaging and fluorescence-based sensing 

applications. 
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Experimental 

Materials and Reagents 

All experiments were carried out using Ultrapure Millipore water polished to a resistivity 

of 18.2 MΩ·cm. All human urine used was collected from a single source (i.e., one person). 

The vitamin C tablets and asparagus were both purchased from a local grocery store. The 

96-well plates and the chloride salts of Cu2+ (lab grade), Fe3+ (ACS grade, >98%), Sr2+ 

(ACS grade, >99%), Ba2+ (>99%), and Ca2+ (99.999%), were obtained from Fisher 

Scientific (Pittsburg, PA). Sulforhodamine B (SRB), fetal bovine serum (FBS), cell culture 

media, phosphate-buffered saline (PBS), trichloroacetic acid, acetic acid, 

ethylenediaminetetraacetic acid (EDTA), the chloride salts of Ni2+ (98%), Hg2+ (ACS 

>99.5%), Sn2+ (≥99.995% trace metal basis), and Mn2+ (99.99% trace metals basis), as well 

as the sulfate salt of Cu2+ (≥98.0%), were all purchased from Sigma-Aldrich (St. Louis, 

MO). The acetate salt of Pd2+ (>99.95% Pd) and the anhydrous chloride salt of Zn2+ 

(99.95% metals basis) were acquired from Strem Chemicals (Newburyport, MA) and Alfa 

Aesar (Ward Hill, MA), respectively. All chemicals were used as received. Dialysis tubing 

(132105, Spectra/Por® 7, 1 kDa molecular weight cut-off or MWCO) was purchased from 

Repligen® (formerly Spectrum Labs®, Rancho Dominguez, CA). Mice embryonic 

fibroblast (MEF) cells were obtained from colleagues within the Dalton Cardiovascular 

Center while the human mammary gland, ductal carcinoma cells (BT-474) were acquired 

from the American Type Culture Collection (ATCC® HTB-20™).  

Urine-derived Fluorescent Carbon Dot Syntheses 

Roughly one liter of urine was collected for each of the three different dietary conditions 

investigated: unmodified diet, vitamin C supplemented, and asparagus-rich diet. Since 
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numerous excretions were required to acquire this volume, urine was pooled over the 

course of several days (collected between mid-morning and mid-afternoon) and 

homogenized to ensure a representative sample. To fortify the diet with vitamin C, four 

500 mg vitamin C tablets (Nature Made®) were taken at 2 h intervals, with vitamin C-

enriched urine collected 4 h and 6 h after consumption of the first tablet. To set the 

conditions for sulfur-enriched urine, approximately one pound of fresh and locally sourced 

asparagus was lightly steamed and consumed, collecting all urine within 6 h of its 

ingestion. This exercise was repeated several times over the course of a couple days, much 

to the student’s chagrin. 

To initiate FCD synthesis, 450 g of a particular urine sample was dehydrated in a heated 

round-bottom flask that was immersed within an improvised sand bath consisting of an 

anodized aluminum, round cake pan (Fat Daddio's®) filled with copper-coated airgun BBs 

(0.177 caliber; Crosman® Copperhead®). Temperature control was achieved to within 2 °C 

using a digital stirring hotplate (Super-Nuova™; Thermo Scientific™) connected to a J-

type thermocouple immersed in the BBs. Stirring was provided at 300 rpm using a PTFE-

coated, magnetic stir bar. The dehydrated residues were heated for an additional 12 h at 

200 °C to yield a black char that readily resuspended in water. As the liquid evaporated, 

the urine gradually darkened from yellow to burnt orange and, finally, a viscous brown 

solution. Throughout the carbonization process, the material evolved in appearance, 

eventually becoming coal black. Following the carbonization step, the solid was 

reconstituted using 60 mL of water. The suspension was centrifuged at 5k rpm for 30 min 

and filtered using a 0.45 µm nylon syringe filter (Fisherbrand®, 09-719D) to remove large 

particles, after which the resulting solution was dialyzed for 12 h against 1.5 L of water 
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(changing the dialysis water three times throughout) using a 1 kDa MWCO cellulose 

dialysis membrane. A portion of each dialyzed sample was lyophilized to obtain a solid 

product for XRD analysis. 

Characterization Techniques 

Absorbance and steady-state fluorescence data were collected on a Varian Cary® Bio 50 

UV-vis spectrophotometer and Varian Cary® Eclipse spectrofluorometer, respectively. For 

the studies discussed in this chapter, all spectroscopic data were blank subtracted and, when 

applicable, all fluorescence emission data were also dilution corrected. Excitation 

wavelength-dependent quantum yield values (Φ) were calculated using the following 

equation: 

𝛷𝑆 =  𝛷𝑅 [
𝐹𝑆

𝐹𝑅
] [

𝑂𝐷𝑅

𝑂𝐷𝑆
] [

𝑛𝑆
2

𝑛𝑅
2 ]  

where R and S stand for reference and sample respectively, F stands for integrated 

fluorescence intensity (calculated over the wavelength range of interest), OD stands for 

optical density (at the excitation wavelength, λ, used in the fluorescent measurements), and 

n stands for refractive index. Specifically, quinine sulfate, coumarin 153, fluorescein, 

rhodamine B, and cresyl violet were employed as reference fluorophores with all relevant 

fluorophore parameters utilized for the quantum yield determinations provided in Table 

2.1 below. 

Table 2.1 Reference fluorophores used to determine quantum yield (Φ) values.  

Fluorophore Excitation λ (nm) Solvent n ΦR (%) Reference 

Quinine sulfate 350 0.1 M H2SO4 1.343 58 36 

Coumarin 153 421 Ethanol 1.366 38 37 

Fluorescein 470 0.1 M NaOH 1.336 91 38 

Rhodamine B 514 Water 1.334 31 39 

Cresyl violet 580 Methanol 1.332 53 36 
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Raman spectra were collected on a Renishaw® Raman spectrometer employing a laser, 

operating at an incident wavelength of 514.5 nm. The samples were drop-casted on a clean 

Si wafer and allowed to air-dry at room temperature. The X-ray diffraction patterns were 

recorded at 25 °C by a Rigaku® PXRD system using Cu Kα radiation (λ = 1.5418 Å) at 40 

kV and 44 mA with the spectral range of 2θ from 10° to 80°. The samples were drop-casted 

on a glass slide and allowed to air-dry at room temperature. Transmission electron 

microscopy (TEM) studies were conducted on carbon coated copper grids (Ted Pella, Inc., 

01822-F, support films, ultrathin carbon type-A, 400 mesh copper grid) using a FEI® 

Tecnai™ (F30 G2, Twin) microscope operated at a 300 keV electron acceleration voltage.  

Bioimaging Studies 

For the fluorescent imaging studies, freshly isolated MEF cells were cultured in a 35 mm 

glass culture dish in the presence of each type of PD (0.2 mg mL–1). The cells were fixed 

with a 70% ethanol solution for 10 min and mounted with Prolong™ Gold Antifade 

Mountant (Invitrogen) for imaging. Cells were observed and photographed using an 

inverted microscope Olympus® X-71 with Normanski and fluorescence optics using 4, 10, 

20, or 40× lenses and a black and white (QImaging Retiga EXi) or color (Axiocam MRc5, 

Carl Zeiss) camera. Confocal micrographs were obtained using an Olympus® Fluoview™ 

1200 laser scanning (Olympus® America) IX83 microscope with appropriate lenses. 

Fluorescence micrographs shown in Figure 2.5 combine the signal from 4',6-diamidino-2-

phenylindole (DAPI) staining of the nuclear material with APD-derived signal collected 

through (A) FITC (excitation/emission: 479 nm/524 nm) or (B) TRITC 

(excitation/emission: 543 nm/593 nm) filter cubes (Semrock, Inc., Rochester, NY).  
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Cell Viability by Sulforhodamine B Assay 

Cell viabilities were evaluated based on the colorimetric sulforhodamine B (SRB) assay, 

as it produces more consistent results (standard error of measurement or coefficient of 

variation) for adherent cell cultures over the more commonly employed colorimetric assay 

based on the light-sensitive, tetrazolium dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- 

tetrazolium bromide (MTT). After the addition of PDs, cell viability was quantified using 

the SRB assay as described previously.40-41 This cell protein dye-binding assay is based on 

the measurement of protein content of surviving cells as an index to determine cell growth, 

inhibition, and cell viability. Briefly, 8 × 103 cells (BT-474) dispersed in 100 μL culture 

media were seeded into each well of a 96-well plate and incubated overnight at 37 °C in a 

10% CO2 atmosphere, after which the culture media was removed and the cells were 

washed with 100 μL of serum-free medium (Dulbecco's Modified Eagle Medium: Nutrient 

Mixture F-12). The cells were then treated in 5% FBS culture medium for 48 h in the 

presence of 1, 3, 10, or 30 μL of a 5 mg mL–1 PD stock solution; the final volume in each 

well always totaled 100 μL. Following PD exposure, the medium was removed and 

surviving, or adherent, cells were fixed, in situ, by adding 100 μL of PBS solution and 100 

μL of 50% cold trichloroacetic acid. The cells were then incubating at 4 °C for 1 h, after 

which they were washed with ice-cold water five times and dried. Cells were stained by 

adding 50 μL of a 4% SRB solution (in 1 vol% acetic acid) for 8 min at room temperature. 

Unbound dye was removed by washing the cells five times with cold 1% acetic acid and 

the cells were then dried. Bound SRB was solubilized with 150 μL of 10 mM Tris buffer 

solution (pH 7.4) and the absorbance of the resulting solutions at 560 nm was collected 
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with a microplate reader. Three separate wells were used for each PD concentration and 

every solubilized SRB solution was measured in triplicate.  

Metal Quenching and Fluorescence Recovery Studies 

Stock solutions of the various metal salts with concentrations of at least 5 mM were 

generated, which were then diluted to 3.1 mM. The PD concentration was kept constant at 

0.05 mg mL–1 throughout all studies. For the metal screening tests, 100 µL of each 3.1 mM 

metal salt solution was added to separate cuvettes containing 3 mL of a 0.05 mg mL–1 PD 

solution. Fluorescence and UV-vis spectra were collected before and after the metal 

additions. For the quenching titrations, the emission of the metal-free FCD solution (3 mL) 

was first collected then a 10 µL addition of a 31 µM aqueous solution of Hg2+ or Cu2+ was 

added to give a metal ion concentration of ~100 nM and the emission was re-collected. 

This process was repeated nine additional times resulting in a final Hg2+ or Cu2+ 

concentration of 1 µM. Next, nine separate 10.5 µL additions of a 310 µM aqueous solution 

of Hg2+ or Cu2+ were added to give metal ion concentrations of ~2–10 µM, after which 

nine separate 11 µL additions of a 3.1 mM aqueous solution of Hg2+ or Cu2+ were added 

to give metal ion concentrations of ~20–100 µM. Emission spectra were collected after 

each aliquot of Hg2+ or Cu2+ was added. For the fluorescence recovery studies, three 

separate cuvettes per sample were treated in the following manner: 

Cuvette 1: 3 × 100 µL water 

Cuvette 2: 1 × 100 µL water followed by 2 × 100 µL 6.4 mM EDTA 

Cuvette 3: 1 × 100 µL 3.1 mM HgCl2 followed by 2 × 100 µL 6.4 mM EDTA 

Fluorescence and UV-vis spectra were collected after each 100 µL addition. After the 

EDTA additions, the cuvettes were vigorously shook prior to collecting the spectra. This 
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process of shaking then collecting was repeated until the fluorescence emission stabilized. 

Again, all spectroscopic data were blank subtracted and all fluorescence spectra were 

dilution corrected when applicable. Additionally, the fluorescence emission data for the 

metal screening and recovery studies were corrected for inner filter effects through the 

approximate correction factor below: 

𝐹𝑐𝑜𝑟𝑟  =  𝐹𝑜𝑏𝑠 (10
𝐴𝑒𝑥+ 𝐴𝑒𝑚

2 ) 

where Fcorr is the corrected fluorescence, Fobs is the observed (blank subtracted and dilution 

corrected) fluorescence, Aex is the absorbance of the sample at the excitation wavelength 

(i.e., 450 nm), and Aem is the absorbance at each wavelength over the emission range 

collected (i.e., 460–800 nm). The fluorescence data for the titration quenching studies was 

not inner filter corrected as the metals (Hg2+/Cu2+) used for these studies showed no 

measurable absorbance over 460–800 nm even at concentrations much higher (e.g., 1 mM) 

than those used in the titrations (maximum concentration of 100 µM).  

Results and Discussion 

Photophysical Characterizations 

The thermal treatment of human urine collected from an unmodified diet indeed affords 

upcycling of the negatively valued waste into useful FCDs, referred to as “pee-dots” (PDs) 

herein. In addition to carbonizing raw urine derived from an unmodified diet, the test 

subject volunteered to consume large quantities of either vitamin C supplements or 

asparagus, on separate occasions over the course of several days, in an attempt to alter the 

properties of the urine by doping with excess ascorbic acid or sulphur-containing 

compounds, respectively. The motivation for this “dietary doping” experiment was to 

attempt to alter the optical features of the resulting carbon dots by either incorporation of 
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an additional, known carbon source in the urine or, in the case of an asparagus-rich diet, S-

doping of the final nanocarbon, as heteroatom doping has been reported to 

bathochromically shift the observed absorbance and fluorescence. Indeed, the pungent, 

disagreeable smell associated with “asparagus-urine” derives from metabolic breakdown 

products of asparagusic acid. Although the exact mechanisms by which asparagusic acid 

is metabolized are not completely understood, it is known that asparagusic acid is digested 

to various sulfur-containing compounds like methanethiol, dimethyl sulfide, and dimethyl 

sulfoxide.42-45 Figure A.1 of Appendix A summarizes the primary, suspected breakdown 

products of asparagusic acid. Throughout the remainder of this chapter, FCDs derived from 

an unmodified diet will be referred to as UPDs (“unmodified pee-dots”), those derived 

from a diet heavily supplemented with vitamin C as CPDs, and those upcycled from 

asparagus-urine as APDs.  

Detailed synthetic procedures can be found under “Fluorescent Carbon Dot Syntheses” 

in the “Experimental” section above. Briefly though, collected urine was dehydrated at 

atmospheric pressure on a hotplate, followed by a carbonization step at 200 °C for 12 h to 

yield a black char material that readily redispersed in water. In addition to these 

experiments, undoped urine samples were also treated for an extended period of 24 h with 

representative results summarized in Figure A.2 (panels A, D, and E). Following PD 

purification, which comprised centrifugation, filtration, and dialysis steps, orange to dark 

brown solutions were obtained depending upon the precise nature of the initial urine, as 

shown in the inset of Figure 2.1 below. Reports on FCDs generally show featureless UV-

vis absorbance spectra in which the absorbance sharply rises as the wavelength decreases 

toward the UV region,1, 9, 15 an observation generally attributed to π-π* transitions of  
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Figure 2.1 UV-vis spectra of the three different PD samples dispersed in water at a 

concentration of 0.1 mg mL–1: UPDs (green curve), CPDs (magenta curve), and APDs 

(cyan curve). The inset photograph shows representative samples of these PDs at the same 

concentration viewed under ambient light. 

aromatic sp2 domains.17-18, 46-48 The PDs display similar spectral profiles to those typically 

reported, although all three samples display two weak shoulders (Figure 2.1). The UPDs 

exhibit a shoulder near 330 nm with a minor shoulder at 390 nm. The CPDs show similar 

features at 330 and 385 nm, as do the APDs at approximately 325 and 400 nm. The citric 

acid-urea-derived FCDs described by Qu and co-workers, which were reported to possess 

a largely graphitic character, displayed two broad absorption peaks at 340 and 405 nm 

characteristic of an aromatic, pi system.17 The shoulders present in the absorbance spectra 

of the PDs appear at similar wavelengths as the characteristic peaks for the citric acid-urea-

derived FCDs, pointing to a minor graphitic character for the PDs. 

All three PD samples displayed fluorescent properties akin to known FCDs, such as 

excitation wavelength-dependent emission, with the APDs showing the most redshifted 

emission for a given excitation wavelength. As shown in Figure 2.2A, APDs show their 

peak emission intensity at 500 nm which coincides with 425 nm excitation. In comparison, 
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Figure 2.2 (A) Excitation wavelength-dependent fluorescence emission spectra of APDs 

in water. Magnified emission spectra at longer excitation wavelengths are displayed in the 

inset. (B) Plotting the wavelength of maximum emission against the excitation wavelength 

for these PDs revealed redshifted emission for CPDs and APDs relative to UPDs at shorter 

excitation wavelengths, particularly below 450 nm. The inset photographs show the 

fluorescence of (C) UPDs, (D) CPDs, and (E) APDs under blue (405 nm, upper beam) and 

green (532 nm, lower beam) laser pointer excitation. (F) Wavelength-dependent quantum 

yields measured at five different excitation wavelengths. 
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CPDs (Figure A.2C) and UPDs (Figure A.2B) display their highest emission intensities at 

427 nm and 392 nm, which correspond to 350 nm and 325 nm excitation, respectively. 

This easily observable redshift in the emission for the APDs can be traced to the dietary 

presence and putative incorporation of sulfur into the PDs. A comparison between the 

wavelength-dependent fluorescence features of the PDs can be made on the basis of a plot 

illustrating the dependence of the maximum emission wavelength on the excitation 

wavelength, as shown in Figure 2.2B. These data reveal that, to a lesser extent, the CPDs 

also show a slight redshift relative to UPDs and, moreover, that the redshift is predominant 

at lower excitation wavelengths, particularly in the UV regime. Indeed, when the excitation 

wavelength exceeds 450 nm, the emission-excitation profiles for all three PDs begin to 

converge. 

To make direct comparisons with fluorescence quantum yields (Φ) previously reported 

in the open literature, Φ for these samples were determined under 350 nm excitation using 

quinine sulfate as the reference fluorophore. Although this is the most popular choice for 

the determination of FCD Φ by a wide margin, it is not a particularly meaningful one given 

the limitations of 350 nm (i.e., UV) excitation in prospective bioimaging applications. That 

is to say, a high Φ value measured for 350 nm excitation does not necessarily translate to 

a high Φ for excitation at longer wavelengths better suited to cellular imaging, a feature 

underlined by the characteristic drop in the fluorescence intensity from FCDs as the 

excitation wavelength increases. To better elucidate this behavior, we performed a multi-

excitation wavelength Φ study for the three kinds of PDs using excitation wavelengths of 

350, 421, 470, 514, and 580 nm. To the best of our knowledge, this is the first time such a 

study has been carried out for a multiplicity of excitation wavelengths for FCDs. In fact, 
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only rarely have Φ for FCDs been measured at more than a single excitation wavelength.17 

Our results presented in Figure 2.2F demonstrate a clear trend of diminishing Φ values as 

the excitation wavelength increases. Overall, UPDs display the highest Φ (5.3% at 350 

nm), with CPDs and APDs presenting lower values, although their maximal Φ similarly 

occur at 350 nm excitation, with Φ of 4.3% and 2.7%, respectively. Despite this situation, 

at an excitation wavelength of 580 nm, all three samples display similar Φ values (UPDs: 

0.50 ± 0.05%, CPDs: 0.44 ± 0.09%, APDs: 0.43 ± 0.07%), an outcome likely related to the 

redshifted emission associated with the APDs. It should also be noted that the fluorescence 

emission of UPDs prepared by thermal treatment for 24 h displays a greater redshift 

compared with samples treated for 12 h. For a 24 h thermal step, the peak emission was 

observed at 445 nm under 350 nm excitation (Figure A.2A) while the corresponding UPDs 

prepared by a 12 h thermal process peaks at 392 nm under 325 nm excitation (Figure A.2B).  

Structural Characterizations 

To define the nature of the carbon comprising the different PDs, X-ray diffraction (XRD) 

patterns and Raman spectra were collected for the lyophilized materials. The powder XRD 

patterns for all three samples reveal a broad band at approximately 22° with a d-spacing 

between the (002) planes of 0.37–0.38 nm, indicating that the PDs consist of weakly 

graphitic crystallinity (Figure 2.3A). This d-spacing also indicates the presence of 

functional groups on the surface of the slightly graphitic sheets within the dot. This kind 

of behaviour has been observed in the literature and shows that the PDs are highly 

amorphous in nature but do possess a slight graphitic nature.49 The Raman spectra (data 

not shown) gave no evidence for their graphitic nature, consistent with earlier reports on 

other FCDs.50 Although no Raman peaks were discernible for the PDs, the steady increase 
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Figure 2.3 (A) XRD patterns and (B) FTIR spectra showing the slight graphitic nature and 

surface functionalities of the PDs, respectively. The legend in panel A also corresponds to 

panel B. 

in intensity with increasing Raman shift has been observed in other FCDs and most 

certainly arises from their luminescence, which could obscure weak graphitic signals.51 

Fourier-transform infrared (FTIR) spectra for the three different PDs (Figure 2.3B) 

indicate that the PDs are functionalized with carboxyl, carbonyl, hydroxyl, epoxy, and 

amine moieties. The large, broad absorption band near 3400 cm–1 is assigned to the 

stretching vibrations of O–H (νO–H) and N–H (νN–H). The well-defined absorbance bands 

at 1712 cm–1 and 1670 cm–1 are ascribed to the stretching vibrations of C=O (νC=O) and the  
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Figure 2.4 Representative TEM micrographs of (A) UPDs, (B) CPDs, and (C) APDs. 

Histograms with the average particle sizes (x-bar) are also shown with the inset of panel 

(C) further illustrates the bimodal particle size distribution of the APDs.  

skeletal vibrations of aromatic groups (νC=C) or NH/NH2 deformation (νN–H), respectively. 

The peaks at 1230 and 1070 cm–1 arise from the different stretching modes of carboxylic, 

ester, ether, and alcohol moieties (νC–O–C and νC–OH), while the peaks near 2950 and 1400 

cm–1 are assigned to aliphatic carbon vibrations (νC–H). These chemical functionalities 

account for the excellent water dispersibility of the PDs while also providing evidence for 

some degree of conjugation, consistent with the slightly graphitic character suggested by 

the XRD results.  

Representative TEM micrographs for the UPDs, CPDs, and APDs, along with 

histograms of the PDs size distributions, are provided in Figure 2.4. Panel A of Figure 2.4 

reveals that the thermal treatment of unmodified urine results in UPDs varying in size 

between 10 and 30 nm, with a few errant particles as large as about 55 nm. The inset 

provided in Figure 2.4A displays a single, large quasi-spherical dot approximately 55 nm 

in diameter; given that no discernible lattice fringes are observed, this micrograph further 

supports the earlier notion that these PDs are primarily amorphous in nature. The average 

size of the CPDs is roughly half that of the UPDs (Figure 2.4B). Interestingly, the APDs 

display a bimodal size distribution, with one distribution centered near 17 nm and a second 
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particle size near 55 nm (Figure 2.4C). An unanticipated finding, it appears that dietary 

doping can influence not only the optical properties of the PDs but their size distribution 

as well. 

Bioimaging Applications and Cytotoxicity Studies 

The three different PDs were next explored for bioimaging studies using mice embryonic 

fibroblast (MEF) cells (Figure 2.5) and human mammary gland, ductal carcinoma cells 

(BT-474; Figure A.3). Despite their modest Φ values under visible light excitation (in the 

range of a few percent), the PDs proved fully capable of fluorescently staining both cell 

lines, demonstrating their potential in cell imaging. The fluorescence micrographs of MEF 

cells incubated with APDs confirms that APDs can be endocytosed by MEF cells and that 

the dots distribute throughout the cell cytoplasm (Figure 2.5; panels A and B). Because 

PDs are compatible with common excitation sources spanning the visible spectrum, they 

offer many options for multicolor and multiplex detection. In demonstration of this, we 

show in Figure 2.5A and 2.5B that fluorescence signal can be monitored in either the green 

(FITC filter set) or the red (TRITC) spectral regions, providing contrast to the blue-

fluorescing 4',6-diamidino-2-phenylindole (DAPI) stain known to bind strongly to A-T 

rich regions in DNA. Cytotoxicity screening vs the BT-474 cancer cell line was also carried 

out using a sulforhodamine B colorimetric assay for PD concentrations ranging from 0.05 

to 1.5 mg mL–1 (Figure 2.5C). There was full retention of cell viability at concentrations 

of 0.15 mg mL–1 for all three types of PDs. Further, the cytotoxicities of UPDs and CPDs 

were found to be negligible at PD concentrations as high as 0.5 mg mL–1. Even at the 

highest PD concentration studied (i.e., 1.5 mg mL–1; it should be noted that prior studies of 

FCD cytotoxicity have rarely included concentrations beyond 0.5 mg mL–1), BT-474 cell 
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Figure 2.5 Merged fluorescence micrographs of APD-incubated mice embryonic 

fibroblast (MEF) cells showing APD incorporation into the cellular cytoplasm. The cell 

micrographs combine the signal from DAPI staining of the nuclear material with APD-

derived signal collected through a (A) FITC or (B) TRITC filter cube. (C) Summary of 

BT-474 cell viability for varying concentrations of the three kinds of PDs using a 

sulforhodamine B cell protein dye-binding assay. 
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cultures retained 90% of their viability. In fact, some of this apparent decrease in cell 

survival can be attributed to the osmotic shock associated with addition of relatively large 

volumes of the PD stocks (which were prepared in deionized water) to the 96-well plates 

used in the cytotoxicity screening. The resulting change in cell culture media osmolality 

can induce cell rupture, which is not related to PD toxicity as such. Measurements at the 

lower PD concentrations were not subject to this artifact since miniscule volumes of PD 

solution were required for these concentrations. Regardless, the PDs appear to be highly 

biocompatible, even at concentrations that are well in excess of those required for cellular 

imaging studies. 

Quenchometric Metal Ion Sensing and Fluorescence Recovery  

A final set of experiments investigated the utility of PDs in fluorescence-based metal ion 

sensing (Figure 2.6 and A.4). In these experiments, PD fluorescence quenching behaviour 

was screened against 11 different metal ions: Zn2+, Sr2+, Ba2+, Mn2+, Ca2+, Sn2+, Ni2+, Fe3+, 

Cu2+, Pd2+, and Hg2+ (Figure 2.6A). All three types of PD responded in a similar manner 

to each individual metal ion. The metal ions Zn2+, Sr2+, Ba2+, Mn2+, and Ca2+ showed no 

quenching of PD emission whilst Sn2+ and Ni2+ showed relatively weak quenching. The 

remaining metal ions (Fe3+, Cu2+, Pd2+, and Hg2+) all produced much stronger fluorescence 

quenching, with Pd2+ and Hg2+ displaying the strongest quenching capabilities of the metals 

tested, irrespective of the PD identity. Since the strongest quencher (Pd2+) is an unlikely 

environmental contaminant in most waters, we focused our attention on investigating Hg2+ 

detection. Figure 2.6B provides a representative Stern–Volmer plot of Hg2+-induced 

quenching of APD fluorescence, where F0 and F represent the fluorescence intensities in 

the absence and presence of Hg2+, respectively. Following the 3σ convention, the limit of 
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Figure 2.6 (A) Metal screening test for all three PD types (0.05 mg mL–1) against 11 

different metal ions (Zn2+, Sr2+, Ba2+, Mn2+, Ca2+, Sn2+, Ni2+, Fe3+, Cu2+, Pd2+, and Hg2+), 

each present at a concentration of 100 μM. (B) Representative plot of Hg2+ quenching of 

APD emission. 

detection (LOD) for a particular metal ion was determined as the Hg2+ concentration 

corresponding to a signal that differed from that of the metal-free result by thrice the 

standard deviation of the signal in the absence of metal. LOD values were estimated in the 

low micromolar range for both Hg2+ and Cu2+ ions. Specifically, for UPDs, the calculated 

LODs were 2.7 µM and 3.4 µM for Hg2+ and Cu2+, respectively, while the corresponding 

Hg2+ (Cu2+) LOD values for CPDs and APDs were 1.8 µM (1.7 µM) and 2.7 µM (2.9 µM), 

respectively. 
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In addition to showing quenchometric sensing capabilities for priority, heavy-metal-

ion pollutants, the fluorescence signal was almost completely (94–97%) recoverable 

through the addition of a strong metal-chelating agent, ethylenediaminetetraacetic acid 

(EDTA), to Hg2+-quenched samples (Figure A.5).33 An excess of EDTA (>4:1 EDTA:Hg2+ 

molar ratio) is required to achieve the greatest signal recovery, indicating that while a 

majority of the Hg2+ ions may be loosely interacting with the functional groups at the PD 

surface, some fraction are apparently bound with a high affinity. 

Conclusions 

To sum, analytically useful and biocompatible FCDs can be facilely derived from the 

thermal upcycling of human urine. The synthesized pee dots were found to be effective 

nanoscale labels, illustrated in the multiplexed fluorescence imaging of mice embryonic 

fibroblast cells, whilst showing no apparent cytotoxicity at concentrations approaching 1.5 

mg mL–1. These dots also proved to be excellent nanosensors for fluorescence quenching-

based detection of priority, heavy-metal-ion pollutants of environmental interest like 

mercuric (Hg2+). The fluorescence signal was fully recoverable using EDTA as a chelator, 

suggesting the potential for immobilization of the dots within reusable paper test strips for 

water quality monitoring, for example.  

The current work represents one of the few instances where fluorescent quantum yields 

of FCDs have been measured at a multiplicity of wavelengths. The findings reveal a 

marked decrease in quantum yield with excitation wavelength, suggesting a need to shift 

away from reporting quantum yields at a single excitation wavelength (e.g., 350 nm) or, at 

the very least, to employing visible excitation wavelengths better matched to target 

applications such as bioimaging, sensing, and photovoltaics for which the FCDs are being 
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proposed for immediate exploitation. Moreover, this observation points to the need to 

specify the precise optical conditions employed when making meaningful comparisons 

between quantum yields and other optical properties commonly reported in the literature, 

a guideline not always followed. Pragmatically, another consequence of these findings is 

that FCDs that yield the highest emission under ultraviolet or blue emission may not 

necessarily be those best suited for practical bioimaging, particularly given the excitation 

of cellular autofluorescence in these spectral regions. 

Intriguingly, we have also demonstrated that the fluorescent, size, and sensory 

characteristics of the carbon dots can be modulated by simple dietary modifications of the 

urine donor. For instance, intentional consumption of sulphur-containing foodstuffs (i.e., 

asparagus) was shown to lead to measurable redshifts in the fluorescence emission from 

the dots. Furthermore, although highly speculative, this result suggests the enticing notion 

that an extension of this approach might possibly be used to assess the diet and general 

health of urine donors in resource-limited settings, as such will be reflected in the optical 

features of the subsequent dots produced to some extent. In any case, compelling evidence 

that urine can be upcycled into a useful carbonaceous product in a process that could 

potentially combine, simplify, or remove steps in wastewater treatment is provided. Within 

a larger context, the work adds momentum to research aimed at upcycling low or negatively 

valued waste into useful and compelling nanocarbons. 
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Scheme 3.1 Graphical abstract highlighting the synthesis of CA-derived fluorescent carbon 

dots (FCDs) and their use as dual reducing and capping agents to produce Ag@FCD, 

Au@FCD, and AuxAg1–x@FCD NPs, the latter of which showed a high degree of 

spectroscopic tunability upon varying the Au:Ag ratio.  
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Abstract 

A simple and green route toward monometallic (Au or Ag) and alloyed bimetallic AuAg 

nanoparticles using CA-derived FCDs as the reducing and stabilizing agent is reported. 

Simple variation in the initial FCD:metal ratio yields a smoothly tunable surface plasmon 

resonance and the resulting nanomaterials show excellent catalytic activity for 4-

nitrophenol reduction, which is fully preserved following 5 months of storage. 

Furthermore, the Au@FCD catalyst demonstrated intrinsic peroxidase-like activity.  

Introduction 

Metal nanoparticles, especially those consisting of Au or Ag, have received increasing 

attention in recent years owing to their attractive electronic, thermal, optical, and chemical 

properties, making them applicable in a wide range of fields such as catalysis, biomedicine, 

photovoltaics, antimicrobials, and surface-enhanced Raman spectroscopy (SERS).1-6 In 

particular, the observed properties of these monometallic nanoparticles (hereafter, referred 

to as MNPs) are greatly influenced by their size, shape, crystal structure, and composition, 

characteristics that also dictate how these particles interact with incident light. When the 

size of the nanoparticle is substantially smaller than the wavelength of incident light, it 

experiences a relatively uniform electric field, resulting in a collective oscillation of 

conduction electrons. This gives rise to an energy-dependant resonance known as the 

surface plasmon resonance (SPR). When incorporated into photovoltaic (PV) solar cells, 

these MNPs can behave as light-concentrating antennae or light-scattering centers, 

depending on their size or morphology, which leads to increased photon absorption and 

device performance.7 Furthermore, the optoelectronic properties of the MNPs can be 
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altered or enhanced by incorporating other metals into their structure or by the formation 

of composites or heterostructures. Indeed, bimetallic NPs (BMNPs) have shown enhanced 

properties over their monometallic counterparts because of a synergetic coupling between 

the individual metals’ SPRs.8-10 The addition of this second metal can improve the 

electronic and absorption properties, giving rise to SPR bands lying intermediate between 

the individual MNP SPRs, thereby enhancing catalytic, antimicrobial, and, in particular, 

PV prospects for the material. Recently, Haldar et al. reported on the synthesis of Au@Ag 

bimetallic core-shell NPs with varying Au core diameters.9 These researchers showed that 

the catalytic efficiency toward the reduction of 4-nitrophenol (4-NP) varied with the Au 

core size, however, the bimetallic core-shell NPs were still up to 12 times more active than 

their monometallic Au counterparts. In a similar vein, our group recently demonstrated a 

green, sunlight-assisted approach toward the generation of bimetallic AuAg alloys 

decorated onto 3-aminopropyl-functionalized magnesium phyllosilicate nanoclay sheets.10 

In this work, the BMNP-decorated aminoclays possessed superior catalytic and 

antibacterial activity compared to their pure Ag or Au NP decorated analogs. 

Historically, approaches such as laser ablation11 and chemical reduction (e.g., 

NaBH4,
12-13 hydrazine14) have been commonly employed to generate MNPs but these 

methods required either timely, complex, resource-limited equipment, or hazardous 

chemicals to carry out the reduction. This scenario impelled researchers to shift toward 

simple, environmentally friendly, and cost-effective approaches for synthesizing various 

MNPs, including consideration of phytochemicals found in plant and fruit extracts as the 

reducing and stabilizing agents.15-24 For example, Nadagouda et al. presented a greener 

synthetic approach for generating both Au and Ag NPs using blackberry, blueberry, 
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pomegranate, and turmeric extracts, taking advantage of the electron-donating capabilities 

of the antioxidants present in the extracts.19 Use of these greener reducing agents has also 

recently been extended to the formation of bimetallic AuAg NPs. For example, Kumari et 

al. used pomegranate juice to generate both alloyed AuAg and core-shell Au@Ag NPs.25 

Recently, FCDs prepared by various methods have shown promise as reducing agents 

towards the formation of Au and Ag NPs,26-36 owing to their intrinsic ability to act as 

electron donors/acceptors.37 For instance, Luo and co-workers demonstrated that 

electrochemically synthesized FCDs functioned as reducing and stabilizing agents in the 

preparation of Au@FCD nanocomposites that displayed tunable particle diameters by 

varying the chloroauric acid:FCD ratio.36 Similarly, Shen et al. reported the reductive 

capabilities of hydrothermally synthesized FCDs for Ag NP growth where the resultant Ag 

NP size varied when the silver nitrate:FCD ratio was altered.35 Owing to the enticing 

prospects of FCDs as additives or replacements to costly components in PV devices, in 

particular, in sensitized metal oxide solar cells, as well as the established efficiency-

enhancing capabilities of MNPs via exploitation of their SPRs, these MNP/FCD 

composites may hold promise as low-cost, green materials toward improved PV 

performance.  

Since the serendipitous discovery of FCDs over a decade ago, research into their 

formation and application has grown exponentially due to their many attractive optical and 

physical properties, including large red-edge effects (i.e., excitation wavelength-dependant 

emission), electron-donating/accepting capabilities, high aqueous solubility, extreme 

photostability, and low cytotoxity.38-49 Despite the “green” nature of FCDs, in general, 

many synthetic approaches, such as arc-discharge,39 laser ablation,40 and acid oxidations,41-
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42 often involve unsustainable precursors, harsh acidic/alkaline conditions, high synthetic 

temperatures, or extensive pre- or posttreatments, which are inconsistent with the principles 

of green chemistry. Therefore, greener synthetic strategies such as microwave, thermal, or 

hydrothermal treatment of various sustainable precursors (e.g., citric acid,43-44 urea44) or 

low-value waste materials such as grass,45 fruit peels (e.g., pomelo,46 watermelon,47 

banana,48 orange49), and, even human urine,50 are being aggressively pursued. For example, 

Dong et al. recently demonstrated that either FCDs or graphene oxide could be selectively 

generated through a simple thermal degradation of solid citric acid, where the degree of 

carbonization dictated the resultant product.43  

In this chapter, the thermal degradation of solid citric acid (CA) to produce FCDs 

following methods slightly modified from that reported by Dong and co-workers is 

described. The resultant FCDs were competent reducing agents for the thermally assisted 

formation of Ag NPs as well as the ambient-temperature synthesis of Au NPs. Similar to 

previous reports,35-36 varying the FCD:metal salt ratio resulted in different MNP sizes and 

morphologies, an influence reflected in the observed SPRs. Interestingly, the FCDs were 

also effective for the co-reduction of both Au and Ag salts to synthesize AuxAg1–x@FCD 

BMNPs. To the best of our knowledge, this is the first example of BMNP formation using 

FCDs as the reducing and stabilizing agent. Due to the synergistic effect of the two metals’ 

SPRs, the AuxAg1–x@FCD BMNPs showed marked improvements in the catalytic 

reduction of 4-nitrophenol (4-NP) over their monometallic Au@FCD NPs counterpart. 

Perhaps more surprisingly, the Ag@FCD NPs possessed catalytic activities comparable to 

that of the Au0.5Ag0.5@FCD NPs. 
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Experimental 

Materials and Reagents  

All experiments were carried out using Ultrapure Millipore water polished to a resistivity 

of 18.2 MΩ·cm. Anhydrous citric acid (791725, 99.5%), silver(I) nitrate (204390, 

99.9999%), gold(III) chloride hydrate (HAuCl4, 254169, 99.995%), sodium hydroxide 

(306576, 99.99%), sodium borohydride (480886, 99.99%), 4-nitrophenol (241326, ≥99%), 

2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, 11557, 

98%), and hydrogen peroxide (216763, 30 wt%) were purchased from Sigma-Aldrich (St. 

Louis, MO). All chemicals were used as received. Dialysis tubing (132105, Spectra/Por® 

7, 1 kDa molecular weight cut-off or MWCO) was purchased from Repligen® (formerly 

Spectrum Labs®, Rancho Dominguez, CA).  

Citric Acid-derived Fluorescent Carbon Dot Synthesis 

In a typical synthesis, 50 g of solid, anhydrous citric acid (CA) and a PTFE-coated, 

magnetic stir bar were added to a round bottom flask. The round bottom was placed into 

an improvised sand bath consisting of an anodized aluminum, round cake pan (Fat 

Daddio's®) filled with copper-coated airgun BBs (0.177 caliber; Crosman® Copperhead®) 

and the CA was thermally decomposed at 250 °C (300 rpm) for 2 h, with temperature 

control achieved to within 2 °C using a digital stirring hotplate (Super-Nuova™; Thermo 

Scientific™) connected to a J-type thermocouple immersed in the BBs. The resultant dark 

red product was dissolved in 50 mL of water and then centrifuged for 30 min at 5k rpm to 

remove any larger particles. The supernatant was transferred to a cellulose dialysis 

membrane (1 kDa MWCO) and dialyzed for 48 h against 1.5 L of water, replenishing the 

exchange solvent with a fresh 1.5 L aliquot of water after 24 h. Upon completion of 
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dialysis, the dark orange solution was lyophilized and stored in a drawer until needed. A 5 

mg mL–1, aqueous stock solution of the CA-derived FCDs was prepared and employed for 

all characterizations and MNP syntheses, diluting as needed.  

Au@FCD Nanoparticle Syntheses 

For the nanoparticle syntheses discussed here, as well as in the next two sections, all metal 

ion reductions were conducted in 20 mL borosilicate glass scintillation vials 

(Fisherbrand™ 03-337-7). Initially, a broad range of FCD to chloroauric acid (HAuCl4; 

hereafter, simply referred to as Au) ratios were tested for Au reduction at various 

temperatures (100 °C, 60 °C, 40 °C, and room temperature). While Au NP formation 

appeared to occur at all tested temperatures and an increase in reaction temperature resulted 

in more rapid reduction, the FCDs adequately reduced Au at room temperature over a 1–4 

h period. Therefore, all subsequent Au reductions were carried out at room temperature. 

For the Au reductions, a 2 mg mL–1 aqueous solution of the FCDs was prepared and two 

series of room temperature Au reductions were generated; one in which the Au 

concentration was kept constant with increasing FCD additions and another in which the 

FCD concentration was kept constant with increasing Au additions. For the constant Au 

series, the concentration of Au was held at 0.3 mM while increasing amounts of FCDs were 

added to generate concentrations of 0.05, 0.15, 0.30, 0.45, and 0.60 mg mL–1. Conversely, 

for the other series, the FCD concentration was held constant at 0.30 mg mL–1 and the Au 

concentration was increased from 0.10 to 0.60 mM in 0.05 mM increments. For all metal 

reductions conducted at elevated temperatures (including the Ag and AuAg reductions 

discussed below), scintillation vials containing the FCD solutions were heated in a circular, 

anodized aluminum reaction block (Chemglass® CG-1991-03) with temperature control 
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achieved to within 2 °C using a digital stirring hotplate (Super-Nuova™; Thermo 

Scientific™) connected to a J-type thermocouple inserted in the thermowell of the reaction 

block. 

Ag@FCD Nanoparticle Syntheses 

Similar to the Au reductions, a broad range of FCD to AgNO3 (hereafter, simply referred 

to as Ag) ratios were tested for Ag reduction at various temperatures (100 °C, 90 °C, 70 

°C, 50 °C, 30 °C, and room temperature). Unfortunately, no apparent Ag NP formation 

occurred at any of the tested temperatures. Based on related literature,35 the addition of 

NaOH, at final concentrations of 1, 10, and 20 mM, was tested at all of the above 

temperatures. While the addition of NaOH promoted the reduction of Ag at all tested 

temperatures, it was found that temperatures >80 °C and NaOH concentrations of 20 mM 

resulted in the optimal formation of Ag NPs. Therefore, for all subsequent Ag reductions, 

the NaOH concentration was held constant at 20 mM and a reduction temperature of 100 

°C was employed. To initiate the formation of Ag@FCD NPs, the alkaline FCD solution 

was heated at 100 °C for 15 min and then various aliquots of Ag were added, heating the 

samples at 100 °C for an additional 15 min. Akin to the Au reductions, two series of Ag 

reductions were generated; one in which the Ag concentration was held constant with 

increasing FCD additions and another in which the FCD concentration was kept constant 

with increasing Ag additions. For the constant Ag series, the concentration of Ag was held 

at 1 mM while increasing amounts of FCDs were added to generate concentrations of 0.05, 

0.15, 0.30, 0.45, and 0.60 mg mL–1. For the constant FCD series, the concentration of FCDs 

was maintained at 0.3 mg mL–1 while increasing amounts of Ag were added to generate 

concentrations of 0.15, 0.30, 1.0, 1.5, and 3.0 mM.  
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AuxAg1–x@FCD Nanoparticle Syntheses 

First, 7 mL of a 0.43 mg mL–1, aqueous FCD solution was heated at 100 °C for 15 min to 

allow for thermal equilibration. NaOH was then added to HAuCl4 to produce gold 

hydroxide, Au(OH)4
–, after which the Au(OH)4

– and AgNO3 solutions were simultaneously 

added to the hot FCD solution and allowed to react for 15 min. Specifically, aliquots of 10 

mM Au(OH)4
– and 10 mM AgNO3 were simultaneously injected into the hot FCD solution 

to generate Au:Ag ratios of 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, and 

10:90, where the combined metal salt concentrations in the final samples always totaled 1 

mM. For example, to generate a 50:50 Au:Ag sample, 0.5 mL of 10 mM HAuCl4 was 

added to 2 mL of 100 mM NaOH and the alkaline Au solution was then injected, alongside 

0.5 mL of 10 mM AgNO3, into the hot FCD solution. In all instances, the final FCD and 

NaOH concentrations were held constant at 0.3 mg mL–1 and 20 mM, respectively. 

Characterization Techniques 

Absorbance and steady-state fluorescence spectra were acquired with a Varian Cary® Bio 

50 UV-vis spectrophotometer and a Varian Cary® Eclipse spectrofluorometer, respectively, 

using PMMA cuvettes. 4-Nitrophenol catalytic and peroxidase mimetic studies were 

conducted in quartz microcuvettes (1 mL) and PMMA cuvettes, respectively, monitoring 

the reaction rates using the same Cary® spectrophotometer. Transmission electron 

microscopy (TEM) studies were conducted on carbon coated copper grids (Ted Pella, Inc., 

01822-F, support films, ultrathin carbon type-A, 400 mesh copper grid) using a FEI® 

Tecnai™ (F30 G2, Twin) microscope operated at a 300 keV electron acceleration voltage. 
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4-Nitrophenol (4-NP) Catalytic Studies 

For the catalytic rate studies, 400 µL of 0.2 M NaBH4, 400 µL of 0.2 mM 4-NP (1000:1 

NaBH4:4-NP mole ratio), and 20 µL of the catalysts (Au (or Ag)@FCDs and AuxAg1–x 

@FCDs; 0.2 mM metal concentration) were combined in a 1 mL microcuvette and UV-vis 

spectra were collected every 5 s until the characteristic 4-NP peak at 400 nm disappeared. 

More specifically, the as-synthesized Ag@FCD NP and AuxAg1–x@FCD BMNP samples 

were diluted 5-fold using water. Since the Au@FCD NPs did not contain NaOH and were 

at a lower overall metal concentration then the other samples, these catalysts were only 

diluted 1.25-fold using 20 mM NaOH to keep the base (4 mM in MNP solutions; 97.6 µM 

in cuvettes) and metal concentrations (0.2 mM stocks; 4.9 µM in cuvettes) similar in all 

samples. Within these diluted samples, the highest FCD concentration (0.24 mg mL–1) was 

present within the Au@FCD NPs due to the smaller dilution factor. Therefore, for the FCD 

control studies, a 2 mg mL–1 stock solution of FCDs was diluted 8.3-fold to generate a 0.24 

mg mL–1 solution and 20 µL of this solution was used in place of the nanocatalyst 

composites. Prior to use, the 0.2 mM stock solution of 4-NP was degassed for 20 min to 

remove any dissolved gases, minimizing the induction time. In addition, freshly prepared 

(less than 3 h old) NaBH4 was used in all catalytic studies. 

Peroxidase-like Activity Studies 

For conducting the peroxidase mimetic studies, select volumes of MNP@FCD solution 

(ranging from 15.6 to 500 µL) plus 100 µL of 25 mM ABTS were mixed in disposable 

PMMA cuvettes and diluted with deionized water to bring the total volume to 3.1 mL. To 

initiate the reaction, a 5 µL droplet of 30 wt% H2O2 was carefully pipetted onto the side of 

the cuvette and gently mixed by manually inverting the cuvette twice. This procedure 
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resulted in concentrations of 0.805 mM ABTS and 5.4 mM H2O2. The peroxidase-like 

activity was assessed by monitoring the absorbance at 418 nm over a 45 min period, 

collecting data points every 30 s. A control experiment was carried out using neat FCDs at 

a concentration of 9.7 μg mL–1. While no activity was observed on this timescale for 

unmodified FCDs, as shown in Figure B.12, Au@FCDs clearly produced pronounced 

activities that increased with nanocatalyst concentration. The concentrations listed in 

Figure B.12 denote the concentration of FCDs within the aliquot of Au@FCDs added. 

Specifically, the different samples contained the following concentrations of FCDs and Au 

in μg mL–1 and μM, respectively (assuming both are uniformly dispersed): 3.0 and 1.5, 6.0 

and 3.0, 12.1 and 6.0, 24.2 and 12.1, and 48.3 and 24.2. Note, no activity was observed for 

Ag@FCDs or Au0.5Ag0.5@FCDs over the time period monitored; that is, 24 h after 

initiating the reaction. 

Results and Discussion 

Photophysical and Structural Characterizations of the CA-derived FCDs 

The detailed experimental procedures and characterizations of the FCDs employed in this 

work are provided in “Citric Acid-derived Fluorescent Carbon Dot Synthesis” under the 

“Experimental” section above and Figure B.1 of Appendix B, respectively. Briefly, 50 g 

of solid CA was thermally decomposed at 250 °C for 2 h. The resultant dark red product 

was redispersed in deionized water, centrifuged, dialyzed, and then lyophilized. The CA-

derived FCDs displayed properties akin to those of previously reported FCDs.38, 47, 49 

Specifically, the FCDs showed increasing absorbance with decreasing wavelength (Figure 

B.1A, dashed black line), which arises from the π-π* transition of aromatic sp2 domains 

and is likely due to the broad size distribution of FCDs produced.47, 49 Similar to other 
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reported FCDs,38, 47 the CA-derived FCDs displayed excitation wavelength-dependent 

emission with a maximum emission occurring near 470 nm under 350 nm excitation 

(Figure B.1A). The emission intensity increased as the excitation wavelength was increased 

from 300 to 350 nm, after which it decreased and redshifted. The decrease in emission is 

further highlighted and quantified by the excitation wavelength-dependent quantum yields 

(Figure B.1A, inset). The resultant CA-derived FCDs were slightly larger than those 

typically reported in the literature (e.g., 1–10 nm),38 ranging in size from 30 to 60 nm with 

some dots reaching 100 nm (Figure B.1B).  

Fourier-transform infrared (FTIR) spectroscopic analysis indicated that the FCDs 

possessed hydroxyl, carboxyl, and epoxide moieties, accounting for their hydrophilicity 

and excellent dispersibility in water (Figure B.1C).43 The large, broad absorption bands 

between 3600 and 3000 cm–1 were assigned to the stretching vibrations of O–H (νO–H). 

Well-defined absorbance bands appeared between 1800 cm–1 and 1600 cm–1 that were 

ascribed to the stretching vibrations of C=O (νC=O) and the skeletal vibrations of aromatic 

groups (νC=C). The various peaks between 1300 and 1000 cm–1 arose from the different 

stretching modes of carboxylic, ester, ether, and alcohol moieties (νC–O–C and νC–OH), while 

the peaks near 2900, 1400, and 915 cm–1 were attributed to aliphatic carbons (νC–H and ν=C–

H). The presence of these functionalities account for the long-term dispersibility of FCDs 

in water. Due to these surface functionalities and based on previous literature reports,26-36 

we posited that the CA-derived FCDs would likely function as reducing, as well as capping, 

agents in the formation of MNPs. After optimizing the reaction conditions (details can be 

found in the “Au@FCD Nanoparticle Syntheses” and “Ag@FCD Nanoparticle Syntheses” 

subsections under the “Experimental” section above), it was revealed that FCDs were 
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capable of directly reducing HAuCl4 to Au NPs at room temperature, whereas Ag reduction 

required alkaline conditions and elevated temperatures with the most promising results 

achieved using 20 mM NaOH (pH>10) and a reaction temperature of 100 °C.  

Synthesis and Photophysical Properties of the Au@FCD Nanoparticles 

For the room temperature reduction of Au, various ratios of FCDs:Au were tested in two 

fashions: 1) using a constant FCD concentration for varying Au precursor additions and 2) 

maintaining a constant Au concentration for varying FCD additions. A given concentration 

of Au (0.3 mM) with increasing amounts of FCDs (0.05–0.60 mg mL–1) resulted in 

increased SPR intensities accompanied by a blueshift (indicative of smaller Au NPs) until 

the FCD concentration reached 0.30 mg mL–1, after which the SPR intensities remained 

relatively constant and presented a negligible shift in wavelength (Figure B.2). On the other 

hand, for a given concentration of FCDs (0.30 mg mL–1) in the presence of increasing 

amounts of Au (0.10–0.60 mM; 0.05 mM increments), the SPR increased and drastically 

redshifted (indicative of larger Au NPs) pointing towards the potential tunability of the 

resultant Au NPs (Figure 3.1B and C). Specifically, between Au concentrations of 0.10 and 

0.35 mM, slight bathochromic shifts arose accompanied by increases in SPR intensity 

while for Au concentrations greater than 0.35 mM, large bathochromic shifts in the SPR 

were apparent. At these higher concentrations of Au, the SPR intensities increased up to 

0.45 mM, after which the SPRs decreased and substantial peak broadening occurred, 

features that are indicative of larger, more polydisperse Au NPs. Based on these results, 

the CA-derived FCDs appear to function effectively as both reducing and stabilizing 

agents. The results also indicate the clear potential for fine-tuning the Au SPR (Figure 

3.1C), and concurrently the Au NP size, simply by varying the FCD:Au ratio. 
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Figure 3.1 Representative TEM micrographs of (A) Au@FCD and (D) Ag@FCD NPs. 

Shown are results for 0.3 mg mL–1:0.35 mM and 0.3 mg mL–1:0.30 mM FCDs:metal ratios 

for Au and Ag reductions, respectively. The SPR shifts of the resultant particles (panels B–

F) show the smooth tunability afforded simply by changing the FCD:metal ratio. In the 

case of Au NPs (B and C), the SPR intensity initially increased, reaching a maximum at a 

0.3 mg mL–1 FCD:0.45 mM Au ratio. The increase was also accompanied by a slight 
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bathochromic shift. Higher Au:FCD ratios resulted in a continuous redshift with decreasing 

SPR intensity and substantial peak broadening, indicative of larger, more polydisperse 

NPs. On the other hand, the Ag NPs (E and F) displayed only a slight bathochromic shift 

in SPR, with increasing intensities as the Ag concentration was varied from 0.15 to 3 mM. 

The lower photographs correspond to the Au and Ag samples in panels B–C and E–F, 

respectively. 

The SPR bathochromic shifts and peak broadening were attributed to increases in 

particle size and higher degrees of polydispersity, respectively, as evidenced in Figure B.3. 

For example, the 0.20 mM, 0.35 mM, 0.45 mM, and 0.60 mM Au concentrations resulted 

in 17.8 ± 6.4, 26.7 ± 10.0, 47.8 ± 20.7, and 96.7 ± 29.9 nm quasi-spherical particles, 

respectively. The 0.3 mg mL–1:0.35 mM FCD:Au ratio is also shown in Figure 3.1A. 

Moreover, for higher concentrations of Au, large hexagonal and trigonal plates formed, 

with a higher amount of plate formation occurring with increasing Au:FCD ratios. 

Although sample stability initially appeared to decrease for higher Au concentrations, the 

samples could be easily redispersed and the sedimentation was actually linked to the 

presence of large Au nanoplates which settled from solution within a couple days. Indeed, 

the 0.45 mM and 0.60 mM Au concentrations afforded 266.7 ± 99.3 and 528.8 ± 214.3 nm 

plates with approximate quasi-spherical:plate ratios of 1:5 and 1:2, respectively. The 

increasing formation of large hexagonal and trigonal plates translated to substantial peak 

broadening within the UV-vis spectra and bathochromic shifts of the SPR, resulting in a 

color transition of the solutions from red to blue/purple. Interestingly, the higher Au 

concentrations still produced a population of small Au NPs in the 5–20 nm size range 

(Figure B.3C and D insets), however, these particles were relatively rare in these samples.  

To gain additional insight into the reduction process and the photophysical 

characteristics of the Au@FCDs, the room temperature reduction of 0.3 mg mL–1 
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FCDs:0.35 mM Au samples was monitored via UV-vis and fluorescence spectroscopies 

(Figure B.4). After 180 min, the intensity of the SPR band (absorbance at 544 nm) was still 

increasing, although the SPR growth rate had begun to slow, indicating that the Au 

reduction was nearing completion (Figure B.4A inset; left vertical axis). Throughout the 

reduction, the SPR remained consistently near 544 nm (Figure B.4A inset; right vertical 

axis), elucidating that the increase in absorbance was due to the growth of additional NPs 

of a similar size rather than new species possessing different optical characteristics. 

Intriguingly, despite the intrinsic quenching nature of Au, the Au@FCDs retained ~25% 

of the original fluorescence from the FCD parent solution (Figure B.4B). The inset plot of 

Figure B.4B shows that, initially, the fluorescence rapidly decreased but eventually 

stabilized. Over the monitoring period, the wavelength of maximum emission from the 

FCDs remained relatively constant near 460 nm. 

Synthesis and Photophysical Properties of the Ag@FCD Nanoparticles 

Similar to the case for Au reduction, various FCD:Ag ratios were tested at room 

temperature for potential reduction to Ag NPs. In this case, no Ag NP formation was 

evident even after a week’s time. Based on its past use in promoting noble metal 

reduction,26, 35 various concentrations of NaOH (1, 10, or 20 mM) were added and elevated 

temperatures were employed (30, 50, 70, 90, or 100 °C) in an attempt to drive Ag+ 

reduction. Although some Ag NP formation was evident at lower temperatures and modest 

NaOH concentrations, the best results (on the basis of narrow and intense SPR bands) were 

achieved at 100 °C using 20 mM NaOH. Under these conditions, various FCD:Ag ratios 

were assayed. The Ag reductions displayed a decreased SPR dependency on FCD:metal 

ratios compared to their Au reduction counterparts. When the FCD concentration was held 
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constant (0.3 mg mL–1) and increasing amounts of Ag were added (0.15–3.0 mM), the SPR 

intensity drastically increased (indicative of increased Ag NP formation) whilst showing 

negligible shift in wavelength (Figure 3.1E and F). On the other hand, when the Ag 

concentration was held constant at 1.0 mM and increasing amounts of FCDs (0.05 to 0.60 

mg mL–1) were added, the SPR intensity again increased but displayed a small 

hypsochromic shift followed by a slight bathochromic shift (Figure B.5). In spite of this 

slight SPR shift, an increasing Ag:FCD ratio apparently generated slightly smaller Ag NPs 

(Figure B.6). A size analysis, conducted by counting over 200 particles per sample, resulted 

in mean particle sizes of 11.1 ± 9.9, 6.9 ± 3.4, and 6.0 ± 4.0 nm for the 0.30 mM, 1.0 mM, 

and 3.0 mM Ag concentrations, respectively. A representative TEM micrograph for the 

Ag@FCD sample derived from a 0.3 mg mL–1:0.30 mM FCD:Ag sample is also shown in 

Figure 3.1D.  

Synthesis and Photophysical Properties of the AuxAg1–x@FCD Bimetallic Nanoparticles 

Both the Ag@FCD and Au@FCD NPs, due to their plasmonic nature, hold prospects for 

SERS and, in particular, PV applications, but to further enhance the applicability of these 

MNPs@FCDs, attempts to simultaneously reduce both Ag and Au salts to generate 

AuxAg1–x@FCD BMNPs were explored. The fact that Ag reduction for the generation of 

Ag@FCDs was only obtainable under basic conditions required that the synthetic approach 

be tailored in order to arrive at BMNPs. Firstly, NaOH was added to HAuCl4 to produce 

gold hydroxide, Au(OH)4
–. The FCD solution was then heated at 100 °C for 15 min to 

allow for thermal equilibration. Lastly, Au(OH)4
– and AgNO3 solutions were 

simultaneously injected into the hot FCD solution and were allowed to react for 15 min. In 

all instances, the FCD, NaOH, and total metal salt concentrations were held constant at 0.3  
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Figure 3.2 (A) Normalized UV-vis absorbance of the bimetallic AuxAg1–x@FCD NPs 

showing that as the experimental Au:Ag ratio decreased the resultant SPR displayed a 

systematic hypsochromic shift. (B) Extracted SPR frequencies plotted vs the %Au, further 

demonstrating the smooth evolution in SPR wavelength as the Au:Ag ratio was modulated. 

The sample sets were replicated three times highlighting the reproducibility of the BMNPs 

(error bars denote one standard deviation from the mean), especially at the lower Au 

concentrations. (C) Photograph of a series of AuxAg1–x@FCD BMNP samples, illustrating 

a palette of SPR transitions. The cuvettes correspond to the samples in panels A and B from 

100% Ag (left) to 100% Au (right).  

mg mL–1, 20 mM, and 1 mM, respectively. Aliquots of 10 mM HAuCl4 and 10 mM AgNO3 

were mixed to generate Au:Ag ratios of 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 

20:80, and 10:90 (Figure 3.2A). For example, to generate the 50:50 Au:Ag BMNP sample, 

0.5 mL of 10 mM HAuCl4 was added to 2 mL of 100 mM NaOH which was simultaneously 

injected, alongside 0.5 mL of 10 mM AgNO3, into 7 mL of hot FCD solution (0.43 mg 

mL–1). Samples containing 100% Ag were made in analogous fashion, whereas the 
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preparation of 100% Au samples involved no addition of NaOH, in accordance with the 

Au@FCD preparation method described earlier. It is noteworthy that the use of Au(OH)4
– 

in the absence of Ag at 100 °C led solely to the formation of large gold plates. As the 

Au:Ag ratio decreased, the SPR uniformly blueshifted, consistent with the presence of 

BMNPs (Figure 3.2A and B).10, 14, 25 

Reminiscent of the room temperature reduction of 0.6 mM Au, use of 1 mM Au at 100 

°C yielded highly unstable particles that displayed a broad, redshifted SPR. For this reason, 

the 100% Au results reported in Figure 3.2 were generated using 0.25 mM Au. Given this 

observation, the effect of Au concentration on the resultant SPR was also investigated for 

100 °C reductions (Figure B.7), where the results of these studies again reiterate the strong 

control over the SPR made possible by simply varying the ratio of Au:FCDs. To verify that 

the FCDs were indeed responsible for the reduction of the BMNPs, a control reaction was 

performed for a 50:50 Au:Ag sample in the absence of FCDs (Figure B.8). The lack of 

both a SPR band and a visible change in solution color indicated that the FCDs were solely 

responsible for accomplishing metal ion reduction.  

Morphological and Compositional Analyses of the AuxAg1–x@FCD Nanoparticles 

Both the Au@FCD and Ag@FCD NPs displayed larger particle sizes than all their 

bimetallic counterparts (Figure 3.3A–C and Figure B.9). Interestingly, upon the addition 

of 10% Ag, the average particle size dramatically decreased from 30.0 ± 6.0 nm for the 

Au@FCD NPs to 4.1 ± 1.4 nm for the Au0.9Ag0.1@FCD NPs. Increasing the Ag:Au ratio 

within the BMNPs led to further decreased particle size. For the Au0.7Ag0.3@FCD, 

Au0.5Ag0.5@FCD, Au0.3Ag0.7@FCD, and Au0.1Ag0.9@FCD BMNPs, the average particle 

sizes were 3.4 ± 0.9, 3.3 ± 1.1, 2.4 ± 0.8, and 1.9 ± 0.7 nm, respectively. Although a small  
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Figure 3.3 Representative TEM micrographs and their corresponding EDX spectra for (A 

and D) Au@FCDs, (B and E) bimetallic Au0.5Ag0.5@FCDs, and (C and F) Ag@FCDs. 

Interestingly, upon the slightest addition of silver, the NP’s average size decreased by a 

factor of ~7 and remained relatively constant across the Au:Ag composition tested. (G) 



72 
 

Plot showing the extent of alloying between Au and Ag (%Au measured) within the 

BMNPs vs the content predicted from the initial Au:Ag stoichiometry (i.e., %Au 

theoretical). The dashed line represents the ideal case where the measured values directly 

correspond to reagent metallic ratios. In general, the measured content follows the 

prediction line. The slight enrichment with Au at higher initial Au% could be tentatively 

tied to a small amount of galvanic replacement in which Ag0 is etched by Au3+. 

decrease in particle size was present, the dependence of the SPR maximum on the Au:Ag 

ratio was primarily related to different levels of alloying and, therefore, synergistic 

plasmonic cooperation between the two metals. 

Energy-dispersive X-ray (EDX) microanalysis of AuxAg1–x@FCD NPs was performed 

to reveal the average composition of the BMNPs (Figure 3.3D–F). As expected, the Au 

peaks became less prominent as the Au:Ag ratio decreased, whereas the Ag peaks became 

dominant. Figure 3.3G shows that the actual composition of the AuxAg1–x@FCD NPs was 

nominally the same as the starting Au:Ag ratios, although for Au:Ag fractions greater than 

20:80, a slight enrichment in Au arose, possibly due to minor galvanic replacement of Ag 

with Au. Note, the Cu peaks observed in the EDX spectra arose from the copper grids 

employed for imaging. 

Model Catalytic Application of the AuxAg1–x@FCD Nanoparticles 

The catalytic activities of the MNPs@FCDs were studied through the model reduction of 

4-nitrophenol (4-NP) to 4-aminophenol (4-AP) using NaBH4 as the reducing agent. The 

reaction kinetics of the catalytic conversion were monitored via UV-vis spectroscopy. The 

aqueous solution of 4-NP displays little (pale yellow) to no color with an absorbance band 

at 320 nm. Upon the addition of NaBH4, the solution immediately turns dark yellow due to 

the formation of the 4-nitrophenolate ion (4-NPO). The formation of 4-NPO results in an 
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increased absorbance accompanied by a bathochromic shift to 400 nm. To test for catalytic 

activities, UV-vis spectra were collected every 5 s following injection of NaBH4 to monitor 

the decreasing absorbance at 400 nm (i.e., loss of 4-NP). The 4-NP to 4-AP conversion 

was unaltered in the presence of the CA-derived FCDs (5.8 µg mL–1) even after 30 min, 

demonstrating that unmodified FCDs are not catalysts for this reaction (Figure 3.4B; only 

shown out to 450 s). Upon addition of MNPs@FCDs to the 4-NPO solution, however, a 

prompt drop in absorbance at 400 nm was observed within seconds, indicating the rapid 

conversion of 4-NP to 4-AP (Figures 3.4A and B.10A–B). The complete reduction of 4-

NP to 4-AP was observed within 120 s, 150 s, and >1000 s for Ag@FCDs, 

Ag0.5Au0.5@FCDs, and Au@FCDs, respectively. The reduction mechanism can be 

explained through the Langmuir-Hinshelwood mechanism, in which the analyte of interest 

(4-NPO) adsorbs on the surface of the MNPs, while the MNPs also react with the BH4
– to 

form a metal hydride. The metal hydride then reacts with the sorbed analyte (4-NPO), 

facilitating its reduction. Due to the slow transfer of electrons from the metal hydride to 4-

NPO, it is considered the rate determining step of the reaction.51 This lag phase or induction 

time (to) in the reaction rate was minimized by degassing the 4-NP solution for 20 min to 

remove any dissolved oxygen. Despite this preventative measure, lag phases were still 

observed in the Au@FCD NP samples. In these studies, excess amounts (1000-fold) of 

NaBH4 (0.2 M, 0.4 mL) compared to 4-NP were used (0.2 mM, 0.4 mL) so that the 

conversions would follow a pseudo-first-order rate law. Under these conditions, the 

apparent rate constants (kapp) for each catalyst can be estimated from the slopes of the linear 

correlation of ln(At/Ao) vs time, where Ao is the initial absorbance and At is the absorbance 

at time (t). The kapp values for Ag@FCD, Ag0.5Au0.5@FCD, and Au@FCD catalysts were  
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Figure 3.4 (A) Time-dependent UV-vis absorption spectra of the NaBH4-assisted 

reduction of 4-NP catalyzed by the Au@FCD NPs. Spectra were acquired every 5 s but, 

for clarity, spectra are shown only for illustrative times. (B) Plots of ln(At/A0) for 4-NP 

absorbance at 400 nm vs time for various metal NP@FCD catalysts. Each catalyst was 

tested within days of preparation. 

2.30 (± 0.25) x 10–2 s–1, 1.92 (± 0.43) x 10–2 s–1, and 2.54 (± 0.30) x 10–3 s–1, respectively 

(Figure 3.4B). Thus, the Ag0.5Au0.5@FCD and Ag@FCD catalysts showed improved 

activities (faster 4-NP reduction) over the Au@FCD NPs, an outcome attributed to their 

smaller sizes and, therefore, higher surface areas. 

All three types of metal NPs@FCDs retained their catalytic activities after months of 

storage in a lab drawer. Even after 5 months of casual, ambient storage, the apparent rate 
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constants for 4-NP reduction were completely preserved. In fact, surprisingly, the 

Ag@FCD and Ag0.5Au0.5@FCD NPs displayed statistically meaningful increases in their 

catalytic rates. The kapp for the 5-month aged Ag@FCD, Ag0.5Au0.5@FCD, and Au@FCD 

catalysts were 3.83 (± 0.30) x 10–2 s–1, 2.69 (± 0.39) x 10–2 s–1, and 2.98 (± 0.22) x 10–3 s–

1, respectively (Figure B.10C). Since the aged Ag@FCD and Ag0.5Au0.5@FCD NPs 

showed improved catalytic rates over their freshly prepared NPs counterparts, UV-vis 

studies were conducted on both the aged and freshly prepared NPs to monitor any optical 

changes (Figure B.11). The Au@FCD NPs remained essentially unchanged after 5 months 

while the aged Au0.5Ag0.5@FCD and Ag@FCD NPs displayed increased absorbance at 

longer wavelengths, possibly due to minor nanoparticle aggregation. The slight particle 

aggregation upon prolonged storage may have resulted in catalytic “hotspots”, accounting 

for the marginal increase in catalytic activity of the aged Ag@FCD and Ag0.5Au0.5@FCD 

NPs. Due to the surprisingly high catalytic rate of the Ag@FCD NPs and gold’s established 

reputation as a good catalyst for this reaction, the improved catalytic rates of the BMNPs 

could be attributed to a synergistic effect of Au and Ag nano-domains within the individual 

particles, in line with results reported recently by Ravula et al.10 

Application of the Au@FCD Nanoparticles as Peroxidase Memetics 

Lastly, the potential of the MNP@FCD samples as peroxidase mimetics toward oxidation 

of the peroxidase substrate 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 

diammonium salt (ABTS) using H2O2 was examined. While neither Ag0.5Au0.5@FCDs nor 

Ag@FCDs displayed any measurable peroxidase-like activity within 24 h of prospective 

catalyst addition, the Au@FCDs demonstrated clear activity. As summarized in Figure 

B.12, addition of Au@FCDs triggered the formation of the green colored ABTS oxidation 
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product which was monitored spectrophotometrically at 418 nm. A control experiment 

carried out using CA-derived FCDs alone did not yield noticeable peroxidase-like activity. 

A dramatic increase in the catalytic velocity was observed in the time-dependent absorption 

profiles as the Au@FCD content was increased, validating the intrinsic peroxidase-like 

activity of the Au@FCDs in contrast with the naked FCDs. Among other things, these data 

open the possibility of using hybrid FCDs for selective glucose detection by coupling with 

glucose oxidase, for example. 

Conclusions 

In summary, a simple and green approach towards the synthesis of MNPs/BMNPs using 

FCDs as the reducing and stabilizing agent has been demonstrated. The resultant SPR of 

the various MNPs and BMNPs showed a systematic tunability indicating that the size of 

NPs can be easily controlled simply by varying the FCD:metal ratio. The AuxAg1–x@FCD 

metal compositions were nominally the same as the starting stoichiometric ratios, pointing 

to the efficacy of this nanoscale preparation. Notably, the Ag@FCD NPs and AuxAg1–x 

@FCD BMNPs displayed remarkably enhanced catalytic activities over Au@FCD for 4-

nitrophenol reduction, highlighting the potential of these materials in various catalytic 

applications. Finally, the Au@FCD NPs showed peroxidase-like activity not seen in the 

unmodified FCDs nor in their Ag@FCD and AuxAg1–x@FCD analogs. Looking forward, 

these materials possess tantalizing potentials for exploitation in additional areas such as 

surface-enhanced spectroscopies and, most notably, plasmon-assisted photovoltaics.  
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Chapter 4: A Field Misled: Artifacts and Errors Associated 

with the Ubiquitous Presence of Fluorescent Impurities in 

Purportedly “Fluorescent” Carbon Nanodots† 

†This chapter is based on a submitted and accepted peer-reviewed manuscript in Chem. Mater. The 

information contained herein is adapted with permission from Essner, J. B.; Kist, J. A.; Polo-Parada, L.; 

Baker, G. A., Artifacts and Errors Associated with the Ubiquitous Presence of Fluorescent Impurities in 
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Scheme 4.1 Graphical abstract showing a representative FCD sample under dialysis 

highlighting the drastic quantity of small, molecular (highly fluorescent) by-products 

permeating the membrane, whose presence masks the true properties of FCDs and leads to 

misconceptions surrounding FCD emission when not sufficiently fractionated away.  
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Abstract 

Fluorescent carbon dots have attracted tremendous attention owing to their superlative 

optical properties which suggest opportunities for replacing conventional fluorescent 

materials in various application fields. Not surprisingly, the rapid pace of publication has 

been accompanied by a host of critical issues, errors, controversies, and misconceptions 

associated with these emergent materials, which present significant barriers to elucidating 

their true nature, substantially hindering the extensive exploitation of these nanomaterials. 

Of particular interest are expedient, bottom-up pathways to carbon dots starting from 

molecular precursors (e.g., citric acid, amino acids, alkylamines), although such routes are 

associated with the generation of a ubiquity of small molecular weight or oligomeric 

fluorescent by-products. A primary obstacle to progress is the inadequacy of purification 

in reported studies, an omission which gives rise to misconceptions about the nature and 

characteristics of the carbon dots. In this work, a series of carbon dot syntheses using facile, 

hydrothermal and microwave routes employing citric acid (paired with urea or 

ethylenediamine as a nitrogen source) is explored, followed by dialysis or ultrafiltration 

purification steps. Careful comparison and analysis of the optical properties of the resulting 

purification products (i.e., dialysate/filtrate vs retentate fractions) affirms the formation of 

molecular fluorophores (potentially oligomeric or polymeric in nature) during bottom-up 

chemical syntheses, species that produce the majority of the observed emission from 

unpurified carbon dot samples. Clear evidence is provided showing that the fluorescent 

impurities produced as by-products of carbon dot synthesis must be rigorously removed to 

obtain reliable results. On the basis of these findings, the inadequate purification in many 

reports calls into question published work, suggesting that many previous studies will need 
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to be carefully revisited using more rigorous purification protocols. Of course, deficiencies 

in purification in prior studies only add to the ongoing debate on carbon dot structure and 

the origin of their emission. Moving forward, rigorous and consistent purification steps 

will need to be uniformly implemented, a tactical change that will help pave the way toward 

the development of carbon dots as next-generation agents for cellular imaging, solid-state 

and full-color lighting, photovoltaics, catalysis, and (bio)sensing.  

Introduction 

Nanoscale carbons are associated with a range of attractive properties, including electrical 

conductivity, biocompatibility, high thermal stability, and tunability (e.g., textural 

properties, doping), forming the subject of intensive research in recent years. The newest 

addition to the family of nanoscale carbons consists of fluorescent carbon dots (FCDs). 

Typically sized below 10 nm, FCDs display unique and useful optical features (e.g., 

excitation wavelength-dependent fluorescence, tunable emission color, high 

photostability) not seen with their nanocarbon relatives (i.e., fullerenes, graphenes, carbon 

nanotubes, nanodiamonds), while also offering biocompatibility, inertness, and low 

cytotoxicity, which make them preferable to conventional semiconductor-based quantum 

dots (e.g., CdS).1-8 Moreover, FCDs can be synthesized using a wide variety of top-down 

or bottom-up approaches. The literature suggests that FCDs can be produced as a result of 

appropriate thermal treatment of virtually any carbon-containing precursor, with examples 

including citrates,9-15 saccharides (e.g., glucose, chitosan),16-22 food waste,23-28 biomass,29-

32 human hair,33-35 and even human urine36 or animal feces.37 Due to their facile preparation 

and promising characteristics, research on FCDs has exploded recently but, unfortunately, 

the unbridled enthusiasm and extremely rapid pace of research has naturally led to a 
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number of uncritical, unsubstantiated, and detrimental claims and misconceptions entering 

the publication record. In many instances, revisiting prior work with more scientific rigor 

is warranted, paying closer attention to consistency, purification, proper characterization, 

and sometimes nomenclature. Cayuela et al. recently published a highlight stressing the 

urgency for consistency in FCD research, proposing a unified nomenclature in the 

classification of fluorescent nanocarbons.38 We agree with these authors, particularly given 

how frequently FCDs are haphazardly classified or given invented names or acronyms to 

give the false impression that a novel material is being introduced. Currently, nearly a 

dozen names are (sometimes arbitrarily) used for fluorescent nanocarbons: graphene 

quantum dots (GQDs), carbon quantum dots (CQDs), carbon nanodots (CNDs), carbon 

dots, C-dots, carbogenic dots, carbon nanoclusters, polymer dots, nitrogen-rich quantum 

dots (N-dots), and graphitic carbon nitride dots, although several of these can be 

consolidated into a few subclasses. Indeed, Cayuela et al. proposed that only three 

categories (GQDs, CQDs, and CNDs) are necessary to sufficiently categorize all FCDs, 

based on the chemical, physical, and photophysical properties specific to each subclass.  

Beyond troubling nomenclature inconsistencies, a very real barrier preventing 

maturation of the field is the fact that the purification of FCDs is frequently inadequate, 

unsubstantiated, or missing altogether. Several researchers have already alluded to the fact 

that, in order to elucidate the true origin of FCD fluorescence, efficient separation 

procedures are urgently needed to reduce sample complexity.39-42 Worse, recent evidence 

suggests that the fluorescence associated with FCDs may originate significantly from 

organic (e.g., oligomeric) by-products generated alongside FCDs.43-46 Despite mounting 

evidence, the improper and insufficient purification of FCD samples remains common, 
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making a unified purification approach all the more pressing. In response to this need, we 

report on the nanoscale features, photophysical properties, and cytotoxicities of 

representative FCDs made via top-down and bottom-up strategies. By evaluating the FCD 

fractions resulting from extensive purification using membrane dialysis (i.e., retentate 

(retent.), dialysate (dial.)), alongside unfractionated, as-synthesized (as-synth.) samples, 

we unequivocally demonstrate the importance of adequate purification to generate 

meaningful, error-free results, particularly in regard to luminescent characterizations. 

Indeed, the results suggest that inconsistencies and errors in published work are widespread 

and in need of re-evaluation. Moving forward, standardized purification procedures taking 

into account these findings will need to be implemented and remedial studies to gauge the 

veracity of previous claims will also be warranted in many instances. 

Experimental 

Materials and Reagents  

All experiments were carried out using Ultrapure Millipore water polished to a resistivity 

of 18.2 MΩ·cm unless otherwise stated. Anhydrous citric acid (791725, ≥99.5%), urea 

(U5378), ethylenediamine (E26266, ≥99%), sodium hydroxide (306576, 99.99% trace 

metals basis), sodium chloride (S7653, ≥99.5%), bis(3-aminopropyl) terminated 

polyethylene glycol (452572, Mn ~1,500 kDa), gold(III) chloride hydrate (520918, ≥99.9% 

trace metal basis), sodium borohydride (480886, 99.99% trace metal basis), sodium citrate 

tribasic dihydrate (C7254, ≥98%), quinine hemisulfate salt monohydrate (referred to as 

quinine sulfate; 22640, >98.0%), coumarin 153 (01511, ≥99.0%), fluorescein sodium salt 

(F6377), sulforhodamine B (SRB), cell culture media, phosphate-buffered saline (PBS), 

trichloroacetic acid, acetic acid, the chloride salt of Hg2+ (ACS >99.5%), and the sulfate 
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salt of Cu2+ (≥98.0%) were all purchased from Sigma-Aldrich (St. Louis, MO). Rhodamine 

610 (rhodamine B) chloride (06101) was acquired from Exciton, Inc. (Dayton, OH). 

Branched polyethylenimine (bPEI) (06088, ≥99%, Mn ~1,200 kDa) was purchased from 

Polysciences, Inc. (Warrington, PA). L-arginine (BP2505500, ≥99%, free base), 

Fisherbrand™ syringe filters with 0.45 µm (09-719D) and 0.20 µm (09-719C) pore sizes, 

96-well plates, and the chloride salt of Fe3+ (ACS >98%) were obtained from Fisher 

Scientific (Pittsburg, PA). Ethanol (2716, 200 proof) and graphite rods (40766, 99.9995% 

metals basis) were procured from Decon Labs, Inc., (King of Prussia, PA) and Alfa Aesar 

(Ward Hill, MA), respectively. Regenerated cellulose dialysis membranes with molecular 

weight cut-offs (MWCOs) of 1, 3.5, 8, 15, and 50 kDa (Spectra/Por® 7, 132105, 132111, 

132116, 132124, and 132130, respectively) were acquired from Repligen® (formerly 

Spectrum Labs®, Rancho Dominguez, CA). Ultrafiltration filter membranes with MWCOs 

of 1, 10, and 100 kDa (13312, 13612, and 14412, respectively) were purchased from 

Millipore (St. Charles, MO). Mice embryonic fibroblasts (MEF), human mammary gland 

epithelial cells derived from a ductal carcinoma, metastatic pleural effusion site (T-47D; 

ATCC® HTB-133™), and human epithelial cells derived from a cervical adenocarcinoma 

(HeLa; ATCC® CCL-2™) were acquired from colleagues within the Dalton 

Cardiovascular Research Center. All chemicals were used as received. 

Fluorescent Carbon Dot Syntheses 

Representative microwave,13-14, 47-51 hydrothermal,52-58 and electrochemical59-65 synthetic 

routes were explored to elucidate possible shortcomings and misconceptions from previous 

literature reports. 
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Domestic Microwave Treatment of Citric Acid and Urea 

Following a common and widely reported protocol,13-14, 47-51 FCDs were synthesized from 

citric acid (CA) and urea (U) in a 1:3 CA:U molar ratio using a 900 W Frigidaire domestic 

microwave oven. Specifically, 6 g of CA and 6 g of U were dissolved in 20 mL of water in 

a round bottom flask stabilized in a beaker and the solution was treated in the microwave 

on the default power setting (100% power) for 5 min, forming a charred, porous product. 

The resultant carbonaceous material was dissolved in 50 mL of water and the round bottom 

flask was rinsed with two additional 50 mL aliquots of water to ensure adequate removal 

of all the product. The three 50 mL fractions of the product were thoroughly homogenized 

resulting in 150 mL of final sample which was purified following the procedures outlined 

in the “Fluorescent Carbon Dot Purification” section below.  

Hydrothermal Treatments of Arginine and Citric Acid-Ethylenediamine 

Two hydrothermal approaches using different FCD precursors were explored: (i) L-

arginine52-53 and (ii) CA and ethylenediamine (EDA).54-58  

(i) For the FCDs derived from L-arginine (Arg), a 3 M aqueous solution of Arg was made 

by dissolving 26.13 g of Arg in 50 mL of water. Due to this concentration being beyond 

the solubility limit of Arg, the saturated solution was vigorously shaken and 10 mL was 

rapidly pipetted into a 23 mL Teflon-lined stainless-steel autoclave. The solution was 

then hydrothermally treated at 180 °C for 9 h in a programmable oven.  

(ii) For the CA–EDA-derived FCDs, 0.42 g of CA and 536 µL of EDA were dissolved in 

10 mL of water in a 23 mL Teflon-lined stainless-steel autoclave which was then 

hydrothermally treated at 200 °C for 5 h in a programmable oven. 



89 
 

Both syntheses were repeated 5 additional times and the six samples of each type of FCD 

were thoroughly homogenized. The homogenized samples were purified following the 

procedures outlined in the “Fluorescent Carbon Dot Purification” section below. 

Electrochemical Oxidation of Graphite to GQDs 

FCDs were synthesized through an electrochemical route using graphite rods as both the 

cathode and anode submersed in 100 mL of an ethanol/water (95:5 v/v) mixture containing 

0.4 g of NaOH, similar to previously reported procedures.59-65 The synthesis was conducted 

at constant voltage (60 V) for 4 h using an Agilent® DC Power Supply (E3612A). During 

the synthesis the solution changed from clear to yellow to orange and finally to dark brown. 

Note, the measured current varied from 200 to 400 mA throughout the synthesis. The 

resultant samples were either functionalized prior to purification or directly purified 

following the procedures outlined in the respective “Fluorescent Carbon Dot 

Functionalization of GQDs” or “Fluorescent Carbon Dot Purification” sections below. 

Fluorescent Carbon Dot Functionalization of GQDs 

The electrochemically synthesized FCDs were functionalized with two commonly 

employed passivating agents, namely bis(3-aminopropyl) terminated polyethylene glycol 

(PEG-N; 1.5 kDa) and branched polyethylenimine (bPEI; 1.2 kDa).66-69 To functionalize 

the FCDs, 5 mL of the as-synth. material (after centrifugation; see “Fluorescent Carbon 

Dot Purification” section) was combined with 5 mL of a 20 mM solution of either PEG-N 

or bPEI in a 23 mL Teflon-lined stainless-steel autoclave and the mixtures were 

hydrothermally treated at 180 °C for 12 h in a programmable oven. After treatment, the 

products were diluted with 10 mL of water. For each passivating agent, functionalization 

was conducted on four additional aliquots of the as-synth., electrochemically derived 
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sample, thoroughly homogenizing the five samples of each type of passivated FCD prior 

to purification following the procedures outlined in the “Fluorescent Carbon Dot 

Purification” section below. 

Fluorescent Carbon Dot Purification 

All as-synth. FCD samples (excluding the functionalized FCDs) were centrifuged at 5k 

rpm for 30 min, decanting the supernatant and discarding any sediment. The samples were 

then dialyzed using 1, 3.5, 8, 15, or 50 kDa MWCO cellulose membranes. Initially, the 

samples were dialyzed for 24 h against 0.5 or 1.0 L of exchange solvent to obtain a more 

concentrated dial. fraction for further studies. After this, the samples were dialyzed for an 

additional three to five days against 1.5 L of solvent, replenishing the exchange solvent 

every 24 h. The duration of dialysis varied with the synthetic approach but all samples were 

dialyzed until the exchange solvent was visually clear to the eye and did not display any 

observable fluorescence using blue (405 nm) and green (532 nm) laser pointers. For the 

microwave- and hydrothermally synthesized FCDs, the samples were dialyzed against 

ultrapure water while the electrochemically synthesized and functionalized FCDs were 

dialyzed against 100:0 and 50:50 vol% ethanol:water solutions, respectively. Note, for the 

Arg-derived FCDs, aliquots of the retent. and dial. fractions were pulled off 6 h into the 

initial 24 h dialysis for further analysis. Additionally, more concentrated samples were used 

to acquire the pictures of the time-dependent dialyses to clearly illustrate the rapid 

mobilization of by-products. Select as-synth. samples were also subjected to 

(ultra)filtration using Fisherbrand™ syringe filters (0.20 µm or 0.45 µm pore size) or a 

Millipore® 5121 Amicon® ultrafiltration system (model 8010) employing 1, 10, or 100 kDa 

MWCO filter membranes. The filtrates were retained for further analysis. 
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Gold Nanoparticle Syntheses 

Benchmark dialysis and ultrafiltration experiments were conducted on gold nanoparticles 

(Au NPs) of two different size regimes (12–16 nm and 5–7 nm) to clarify nanoscale 

membrane permeability. To generate the larger Au NPs, a sodium citrate reduction known 

as the Turkevich method70-74 was employed. Specifically, 1 mL of 5 mM HAuCl4 was 

diluted in 18 mL of water and the solution was brought to a boil in a round bottom flask 

placed in a water bath. Temperature control was achieved to within 2 °C using a digital 

stirring hotplate (Super-Nuova™; Thermo Scientific™) connected to a J-type 

thermocouple immersed in the water bath. Once boiling, 1 mL of a 0.5% sodium citrate 

solution was added under stirring provided by a PTFE-coated, magnetic stir bar spinning 

at 300 rpm. The solution was heated until a color change was observed (typically, 

clear/light yellow to purple), after which the round bottom flask was removed and allowed 

to cool to ambient temperature. During this cooling period, the solution color changed from 

dark purple to dark red. Water was added to the Au NP solution to bring the volume back 

to 20 mL, accounting for any solvent losses during boiling. To generate the smaller size 

regime of Au NPs, reduction of Au3+ was accomplished with sodium borohydride (NaBH4) 

in the absence of a conventional capping, a protocol recently reported by the Astruc 

group.75 Specifically, 1 mL of freshly prepared 50 mM aqueous NaBH4 was added to 19 

mL of 0.25 mM HAuCl4 (1 mL of 5 mM HAuCl4 in 18 mL of water) at ambient temperature 

and under magnetic stirring (PTFE-coated, magnetic stir bar spinning at 300 rpm). Upon 

NaBH4 addition, the solution rapidly changed from faint yellow to orange and over a few 

hours the solution color transitioned to dark orange/red. The NaBH4-generated Au NPs 

were allowed to ripen for 24 h prior to use. Both Au NP solutions were subjected to dialysis 
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(against 0.5 L water) or ultrafiltration using 50 kDa or 100 kDa MWCO membranes, 

respectively.  

Characterization Techniques 

Absorbance and steady-state fluorescence spectra were collected on a Hitachi U-3000 or 

Varian Cary® Bio 50 UV-vis spectrophotometer and a Horiba Jobin Yvon Fluorolog®-3 or 

Varian Cary® Eclipse spectrofluorometer, respectively. All measurements were conducted 

at ambient temperature using 1 cm (1.4 mL or 4 mL) fluorescence quartz cuvettes and all 

samples were diluted to an absorbance at 350 nm of 0.1 or lower to minimize inner filter 

effects. All spectroscopic data were blank subtracted. Additionally, when applicable, the 

fluorescence spectra were corrected for dilution and inner filter effects, with the latter 

accounted for through the approximate correction factor below: 

𝐹𝑐𝑜𝑟𝑟  =  𝐹𝑜𝑏𝑠 (10
𝐴𝑒𝑥+ 𝐴𝑒𝑚

2 ) 

where Fcorr is the corrected fluorescence values, Fobs is the observed (blank subtracted and 

dilution corrected) fluorescence, Aex is the absorbance of the sample at the excitation 

wavelength (i.e., 375 nm), and Aem is the absorbance at each wavelength over the emission 

range collected (i.e., 385–650 nm). Excitation wavelength-dependent quantum yield (Φ) 

values were calculated using the following equation: 

𝛷𝑆 =  𝛷𝑅 [
𝐹𝑆

𝐹𝑅
] [

𝑂𝐷𝑅

𝑂𝐷𝑆
] [

𝑛𝑆
2

𝑛𝑅
2 ]  

where R and S stand for reference and sample respectively, F stands for integrated 

fluorescence intensity (calculated over the wavelength range of interest), OD stands for 

optical density (at the excitation wavelength, λ, used in the fluorescent measurements), and 

n stands for refractive index. Specifically, quinine sulfate, coumarin 153, fluorescein, and 
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rhodamine B were employed as reference fluorophores with all relevant fluorophore 

parameters utilized for the quantum yield determinations provided in Table 4.1 below. 

Table 4.1 Reference fluorophores used to determine quantum yield (Φ) values.  

Fluorophore Excitation λ (nm) Solvent n ΦR (%) Reference 

Quinine sulfate 350 0.1 M H2SO4 1.343 58 76 

Coumarin 153 421 Ethanol 1.366 38 77 

Fluorescein 470 0.1 M NaOH 1.336 91 78 

Rhodamine B 514 Water 1.334 31 79 

 

Transmission electron microscopy (TEM) studies were conducted on carbon coated copper 

grids (Ted Pella, Inc., 01814-F, support films, carbon type-B, 400 mesh copper grid) using 

a FEI® Tecnai™ (F30 G2, Twin) microscope operated at a 300 keV electron acceleration 

voltage. 

Cell Viability by Sulforhodamine B Assay 

The cell viabilities were evaluated based on the sulforhodamine B (SRB) colorimetric 

assay, as described in the literature.80-81 For the assay, solutions of freshly isolated mice 

embryonic fibroblasts (MEF), human mammary gland epithelial cells derived from a ductal 

carcinoma, metastatic pleural effusion site (T-47D; ATCC® HTB-133™), and human 

epithelial cells derived from a cervical adenocarcinoma (HeLa; ATCC® CCL-2™) were 

seeded into each well of a 96-well plate (5–8 × 103 cells in 100 μL of Dulbecco's Modified 

Eagle Medium/Newborn Calf Serum culture media) and allowed to adhere to the wells for 

24 h at 37 °C in a 10% CO2 atmosphere. The cells were then treated with 100 μL of various 

FCD concentrations (0.002–2 mg mL–1 in saline solution, previously prepared by 

dissolving 9 g NaCl in 1 L water) for 24 h at 37 °C in a 10% CO2 atmosphere. After FCD 

treatment, the media was removed, the cells were washed twice with PBS solution, and the 

surviving or adherent cells were fixed in situ by adding 100 μL of PBS and 100 μL of 50% 
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cold trichloroacetic acid followed by an incubation period of 1 h at 4 °C. Lastly, the cells 

were washed with ice-cold water five times, dried, and then stained according to the SRB 

colorimetric assay protocol. The protocol involves staining the cells using 50 μL of 4% 

SRB (in 1 vol% acetic acid solution) for 8 min at room temperature. Any unbound dye was 

removed by washing the cells five times with cold 1% acetic acid and the stained cells were 

then dried. The absorbance of the dried stained cells was measured at 560 nm using a 

microplate reader. Each FCD concentration was tested in triplicate (at minimum). 

Metal Ion Quenching Studies 

Stock solutions of the various metal salts with concentrations of at least 5 mM were 

generated, which were then diluted to 3.1 mM. The as-synth. samples and their dial. and 

retent. fractions were diluted to an absorbance of approximately 0.1 at 375 nm, where all 

absorbance values were 0.09 ± 0.03. For the metal screening tests, 100 µL of the 3.1 mM 

metal salt solutions was added to a cuvette containing 3 mL of the above diluted solutions. 

For the quenching titrations, the emission of the metal-free FCD solution (3 mL) was first 

collected then a 10 µL addition of a 31 µM aqueous solution of Hg2+ was added to give a 

Hg2+ concentration of ~100 nM and the emission was re-collected. This process was 

repeated nine additional times resulting in a final Hg2+ concentration of 1 µM. Next, nine 

separate 10.5 µL additions of a 310 µM aqueous solution of Hg2+ were added to give Hg2+ 

concentrations of ~2–10 µM, after which nine separate 11 µL additions of a 3.1 mM 

aqueous solution of Hg2+ were added to give Hg2+ concentrations of ~20–100 µM. 

Emission spectra were collected after each aliquot of Hg2+ was added. Again, spectroscopic 

data for all quenching studies were blank subtracted and all fluorescence spectra were 

dilution corrected, however, the spectra from the quenching titrations were not inner filter 
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corrected as the metal (Hg2+) used for these studies showed no measurable absorbance over 

375–800 nm even at concentrations much higher (1 mM) than those used in the titrations 

(maximum concentration of 100 µM). 

Approximate GQD Molecular Weight Calculation 

The approximate molecular weights of GQDs ranging in size from 1 to 20 nm (presented 

in Figure 4.1C) were calculated from the equation below using the density of carbon atoms 

in graphene (i.e., 3.21 x 1015 C atoms cm–2).82 For simplicity, the calculation was based on 

completely spherical GQDs absent any heteroatom doping or functional groups. 

𝑀𝑊𝐴𝑝𝑝𝑟𝑜𝑥  (𝑘𝐷𝑎) = 𝐺𝑄𝐷 𝐴𝑟𝑒𝑎 ∗ (3.21 x 1015
𝐶 𝑎𝑡𝑜𝑚𝑠

𝑐𝑚2
) ∗ 𝐶𝑎𝑟𝑏𝑜𝑛 𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 

𝑀𝑊𝐴𝑝𝑝𝑟𝑜𝑥  (𝑘𝐷𝑎) = 𝜋 (
10 𝑛𝑚

2
)

2

× (
1 𝑐𝑚2

1 x 1014 𝑛𝑚2
) × (3.21 x 1015

𝐶 𝑎𝑡𝑜𝑚𝑠

𝑐𝑚2
) × (

12.01 𝐷𝑎

𝐶 𝑎𝑡𝑜𝑚
) 

𝑀𝑊𝐴𝑝𝑝𝑟𝑜𝑥  (𝑘𝐷𝑎) = 30,279 𝐷𝑎 × (
1 x 10−3 𝑘𝐷𝑎

1 𝐷𝑎
) 

𝑀𝑊𝐴𝑝𝑝𝑟𝑜𝑥  (𝑘𝐷𝑎) 𝑜𝑓 𝑎 10 𝑛𝑚 𝐺𝑄𝐷 = 30.28 𝑘𝐷𝑎 

Results and Discussion 

Literature Survey of FCD Purification Methods 

Since the serendipitous discovery of nanoscale fluorescent carbons by Xu et al. in 2004,83 

the number of articles published has grown exponentially (Figure 4.1A), with the total 

number of publications exceeding 3,500 by the end of 2016. In accordance with the 

recommendations by Cayuela et al., the publications have been segregated into three FCD 

subclasses (i.e., CQDs, GQDs, CNDs) and are categorized according to their published 

classification, with the exception that the CND subclass encompasses the terms carbon 

nanodots, carbon dots, C-dots, and carbogenic dots. Figure 4.1B shows a random sampling 

of more than 550 FCD publications, which are sorted according to the reported purification 
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Figure 4.1 (A) Trend showing the exponential rise in publications dealing with fluorescent 

carbon dots (FCDs) over the past decade. (B) A sampling of over 550 FCD publications 

categorized by their mode of purification. (C) An approximate molecular weight-to-size 

correlation suggesting that the use of <5 kDa molecular weight cut-off (MWCO) 

membranes is inadequate for purifying these materials. The pink and blue lines demarcate 

1 kDa and 5 kDa MWCOs, respectively, while the purple area represents the average FCD 
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size and ideal MWCOs that should be employed for membrane-based FCD purification. 

‡This is an approximation; there is no universally correct correlation between a 2D particle 

size and a 3D molecular weight. The abbreviations in panel B are as follows: “Cent. & 

filt.” = centrifugation and filtration (in no particular order); “Solv. extract.” = solvent 

extraction; “MWCO unk.” = MWCO for dialysis not reported; “EP” = electrophoretic 

separation; and “Chromatogr.” = chromatographic separation. The bars labelled with 

specific MWCOs denote either dialysis or ultrafiltration as a means of purification. 

and further categorized by the synthetic camp (top-down vs bottom-up). The experimental 

details for over 300 of these publications are summarized in the supporting information of 

our published Chem. Mater. article.84 Note, many of the reported dialysis or ultrafiltration 

purification protocols also include centrifugation and/or filtration steps prior to membrane 

separation. Figure 4.1B illustrates a wide range of purification methods used in published 

FCD reports. As demonstrated herein, more than half of these reports employ purification 

procedures that are assuredly inadequate. In fact, ~12% of these representative examples 

perform no purification whatsoever. To make matters worse, some go so far as to make the 

false claim that avoiding purification is an advantage in some misguided belief that FCDs 

are the sole product generated. Considering that bottom-up approaches utilize molecular or 

ill-defined (e.g., food waste) carbon sources, the chemical transformations taking place 

during synthesis may parallel those that transpire in the roasting of coffee,85-87 malting of 

grain,88-92 or the boiling of sugar-protein solutions (e.g., wort) where non-enzymatic 

browning (e.g., Maillard reaction, caramelization) occurs, for example. These 

carbonization reactions are exceedingly complex and can produce thousands of identifiable 

compounds, including melanoidins and other oligomeric or polymeric products, making 

side-product formation during FCD synthesis a certainty. Indeed, recent reports have 

shown that mild thermal treatment of common FCD precursors can yield highly fluorescent 
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materials that are molecular in nature (e.g., polymers, soft gels) and display fluorescence 

quantum yields >60%.93-97 These observations are in accord with recent reports that 

attribute observed fluorescence to organic fluorophore side-products,43-46 making the 

notion of exclusive formation of FCDs by bottom-up approaches extremely improbable. In 

fact, earlier reports suggested the low temperature production of highly fluorescent 

polymeric products while significantly higher temperatures were required to generate a 

“carbogenic core”, a feature associated with a substantially lower fluorescence quantum 

yield.12, 43 We note that while top-down approaches might be deduced to result in more 

well-defined products and fewer impurities (most are derived from graphite, after all), this 

does not exempt them from the need for purification, which becomes even more critical 

when postsynthetic functionalization steps are involved. 

Given the above discussion, a full 20% of the surveyed literature (Figure 4.1B) employs 

only centrifugation or bulk filtration (i.e., excluding membrane ultrafiltration using a 

defined molecular weight cut-off, MWCO) yielding insufficiently purified FCDs. To 

efficiently remove starting materials and putative molecular by-products, a purification 

approach involving either chromatographic separation or dialysis with an appropriate 

MWCO membrane is required. Unfortunately, nearly 30% of the surveyed literature 

performed dialysis with a membrane MWCO of 5 kDa or below (Figure 1B), with 1 kDa 

and 3.5 kDa MWCOs being the most popular choices. In reality, larger MWCOs should be 

employed to ensure efficient removal of large oligomeric or polymeric by-products. Figure 

4.1C presents a highly approximate correlation between molecular weight and colloid size 

for FCDs. The upper limit of the shaded region in Figure 4.1C was adapted from a 

Repligen® (formerly Spectrum Labs®) technical note98 and the lower limit is based on 
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calculations for an unfunctionalized GQD using the density of carbon atoms found in 

graphene,82 as described in the “Approximate GQD Molecular Weight Calculation” 

subsection of the “Experimental” section above. Given that the average FCD size culled 

from the references compiled in Figure 4.1B falls in the 3–8 nm range, with recent 

estimates suggesting that the approximate molecular weights of 3–10 nm GQDs fall in the 

15–30 kDa range,99-100 purification with larger MWCO membranes is desired to 

comprehensively remove organic, molecular (especially, polymeric, supramolecular, or 

aggregated) impurities and by-products, while retaining the desired nanoscale FCD 

fraction. Indeed, notable examples exist in which 20 kDa+ MWCO membranes were 

employed for purification without losing the target FCDs.101-102  

At this point, it must be stated that nanoscale imaging (TEM or AFM analysis) of a 

colloidal dispersion coupled with a steady-state fluorescence study of the same sample is 

incapable of determining the origin of the emission (i.e., molecular vs nanoscale). Consider, 

for example, the following hypothetical scenario: Unbeknownst to an investigator, a 

colleague spikes a low concentration of an organic laser dye into their dispersion of well-

defined but non-fluorescent nanoparticles. Absent any possible quenching or excessive 

scattering, the sample will emit brightly, as for a solution of the fluorescent dye itself. 

Meanwhile, TEM imaging will reveal the presence of well-defined nanoparticles. Being 

organic in nature (low Z-contrast), dilute, and small (typical laser dyes have molecular 

weights from 300 to 500 Da), the TEM will provide no indication that the laser dye is 

present at all. Our hypothetical investigator can hardly be blamed for believing they have 

evidently generated fluorescent nanoparticles. Of course, we know she or he has been the 

unwitting victim of a laboratory prank. This contrived scenario, in fact, provides a 
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surprisingly apt cautionary tale when interpreting the origin of luminescence from an FCD-

containing sample. Thus, without adequate purification, one can neither confidently claim 

that FCDs are the primary product nor that the origin of the observed photoluminescence 

derives primarily from FCDs. In fact, to date, there is little direct evidence that the dots 

themselves fluoresce,41 let alone proof they are the sole or even principal photoluminescent 

species present. Further complicating the matter, it was recently shown that, upon drying, 

small organic compounds can form nanocrystals whose properties are disconcertingly 

reminiscent of FCDs,103 calling into question many published results on FCDs. 

Luminescent Characterizations of the CA–U-derived Fractions 

To further elucidate possible shortcomings and misconceptions arising from previous 

literature reports on FCD synthesis, representative microwave,13-14, 47-51 hydrothermal,52-58 

and electrochemical59-65 synthetic routes were evaluated, with particular emphasis placed 

on the microwave-generated samples. Detailed experimental procedures for these 

representative routes are provided in “Fluorescent Carbon Dot Syntheses” under the 

“Experimental” section above. The microwave-generated samples, synthesized from citric 

acid (CA) and urea (U) in a 1:3 CA:U molar ratio (denoted as CA–U), were subjected to 

dialysis (1, 3.5, 8, 15, or 50 kDa MWCO membranes) or (ultra)filtration purification 

protocols (1, 10, or 100 kDa MWCO membranes; or 0.20 or 0.45 µm pore size syringe 

filters), after which the retent., dial., and filtrate fractions were characterized by their 

steady-state fluorescence (Figures C.1 and C.2) and wavelength-dependant quantum yields 

(Figure 4.2). 

All the microwave-generated CA–U samples (i.e., retent., dial., filtrates) displayed the 

commonly reported excitation wavelength-dependant emission with the dial. (Figure C.2B,  
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Figure 4.2 Assessed fluorescence quantum yields of CA–U-derived samples following 

fractionation via (A) dialysis or (B) (ultra)filtration. The retent. results are represented by 

closed circles and dial./filtrate quantum yields are denoted by open circles. These sets of 

studies reveal that the smaller species permeating the membranes are associated with the 

majority of the fluorescence observed in the as-synth. samples while the retent. fractions 

show much weaker fluorescence. 

D, F, H, J) and filtrate (Figure C.1B–F) fractions displaying similar spectral features to the 

as-synth., nonpurified samples (Figure C.1A) while the retent. fractions (Figure C.2A, C, 

E, G, I) produced drastically weaker emission for samples of relatively comparable 

absorptivity. In general, all samples universally showed diminishing fluorescence emission 

with increasing excitation wavelength. To better elucidate this behavior, multiexcitation 
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wavelength fluorescence quantum yield determinations were made using excitation 

wavelengths of 350, 421, 470, and 514 nm. The results, summarized in Figure 4.2, are 

consistent with our previous observations that as the excitation wavelength increases, the 

calculated quantum yield generally decreases markedly.9, 15, 36 Figure 4.2A shows that 

regardless of the membrane MWCO chosen for dialysis, the measured quantum yields of 

the retent. fractions (closed circles) were drastically lower than those of the as-synth. 

samples as well as those of the dial. fractions (open circles), which gave similar quantum 

yields. From these results, we can infer that in popular microwave-generated FCD samples 

there exist at least two distinct populations of fluorophores: a population of molecular (<1 

kDa) species responsible for the majority of the observed fluorescence and a population of 

low quantum yield emitters much larger in size (≥50 kDa). We note that emission from 

aqueous dispersions of graphene oxide has been proposed to arise from quasi-molecular 

fluorophores, akin to polycyclic aromatic compounds coupled to the graphitic surface.104-

105 It is currently not possible to rule out a similar quasi-molecular involvement in FCD 

emission arising from organic fluorophore coupling at the carbon surface. The exact origin 

and nature of FCD emission remains elusive, although historically the observed FCD 

fluorescence has been variously attributed to a size-dependent quantum confinement effect 

and surface functionalities/defects.1 However, there is mounting evidence that certain 

FCDs are not in fact quantum emitters and indeed not even “dots”,106 but are, instead, 

supramolecular clusters comprising an assembly of individual monomeric organic 

fluorophores contributing the bulk of the observed fluorescence.40, 46, 106 In this light, the 

two distinct populations of fluorophores each likely consist of a range of fluorophores that 

combine to produce the observed bulk fluorescence. Similar conclusions can be drawn 
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Figure 4.3 Sequence of photographs showing the progress of dialysis for microwave-

generated CA–U (1:3) samples using a 1 kDa MWCO membrane. The rapid passage of 

colored material through the membrane vividly illustrates the fact that large quantities of 

small molecular (non-nanoscale) by-products result from bottom-up microwave routes to 

FCDs. 

from the (ultra)filtration studies of the microwave-produced CA–U samples, where the 

quantum yields measured for the filtrates (Figure 4.2B) were comparable to or higher than 

those of as-synth. material. This clearly demonstrates that the common practice of 

purifying with a syringe filter (e.g., 0.20 μm) is wholly inadequate, offering essentially no 

purification whatsoever. Figures 4.3 and C.3 further highlight the rapid mobilization of 
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small molecular weight species through a 1 kDa membrane during dialysis of a microwave-

produced CA–U (1:3) sample. It is noteworthy that when the retent. from this 1 kDa 

dialysis was subjected to further dialysis with a 50 kDa MWCO membrane (Figure C.4), 

no colored species were observed permeating the membrane after 24 h, further supporting 

the notion that two distinct, size-disparate populations are generated for microwave 

treatment of molecular species such as CA–U. 

Dialysis Membrane Nanoscale Permeability Tracking with Au NPs 

To clarify nanoscale membrane permeability for a given MWCO, we performed 

benchmark experiments involving the dialysis (50 kDa MWCO) and ultrafiltration (100 

kDa MWCO) of well-defined ~14 nm citrate-stabilized70-74 Au nanoparticles (Au NPs) 

compared with ~6 nm borohydride-stabilized Au NPs75. TEM micrographs of these Au 

NPs are provided in Figure C.5. Conveniently, the localized surface plasmon resonance of 

the Au NPs allowed us to track permeation through the membrane. Comparison of UV-vis 

spectra collected on the dial. and filtrate fractions (Figure C.6) with spectra for 

nonfractionated, parent Au NP samples reveals that neither 6 nm nor 14 nm Au NPs pass 

through the 50 kDa dialysis membrane, whereas small amounts of both Au NP sizes 

permeate the 100 kDa ultrafiltration membrane, with the larger citrate-stabilized Au NPs 

mobilizing to a lesser extent. This outcome suggests that nanoparticles in the 5–15 nm 

regime will not traverse a 50 kDa MWCO membrane but may begin to pass a 100 kDa 

MWCO membrane. Given a mean reported size of 3–8 nm for FCDs, dialyses with a 

membrane MWCO below 20 kDa is not recommended because there is potential for 

retention of molecular by-products in addition to the FCD fraction.  
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Figure 4.4 Representative TEM micrographs for the (A and C) retentate (retent.) and (B 

and D) dialysate (dial.) fractions resulting from (A–B) 1 kDa and (C–D) 50 kDa dialysis 

of samples produced by microwave treatment of CA–U (1:3). Some apparent FCDs are 

visible in the 1 kDa retent. (marked by cyan squares in panel A) but proved difficult to 

image due to the large quantity of by-product residues. While the 50 kDa retent. proved 

easier to image and the FCDs were more visually prominent, a significant amount of non-

FCD material remained after purification. Some FCDs were visible in the 50 kDa dial. 

samples indicating that dialysis may not be capable of fully separating FCDs from organic 

molecular by-products. 

Electron Microscopic Imaging Analyses of CA–U-derived Fractions 

Figure 4.4 presents representative TEM micrographs of the retent. (A and C) and dial. (B 

and D) fractions resulting from 1 kDa and 50 kDa MWCO membrane dialysis of 

microwave-generated CA–U material. Both retent. fractions appear to contain FCDs, 

however, the dots are often sequestered within amorphous deposits of undesired organic 

material, particularly for dialysis using a 1 kDa MWCO membrane (Figure 4.4A), 
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demonstrating that 1 kDa is completely insufficient for removing organic residues. 

Unfortunately, even when employing a 50 kDa MWCO membrane (Figure 4.4C), non-

FCD impurities still appeared on the TEM grid for the retent. sample, suggesting that even 

this high a MWCO membrane may not provide adequate purification. Both dial. fractions 

appear to contain primarily organic by-products that produced thin films on the grid, 

especially when dialyzing against a 1 kDa membrane (Figure 4.4B). No FCDs were 

observed in the 1 kDa dial., although the “polymer-like” coating would surely obscure their 

observation, were they present. FCD-like structures were occasionally observed in the 50 

kDa dial. (Figure 4.4D), although they were rare. Overall, these TEM studies demonstrate 

that dialysis against membranes having a MWCO < 50 kDa is most assuredly insufficient, 

although dialysis, in general, may be less than ideal due to the difficulty of separating the 

target FCDs from molecular (oligo- or polymeric) by-products, a situation exacerbated by 

the possibility for supramolecular association of small, organic fluorophores.40, 46, 106 

Additional representative TEM micrographs of the retent. and dial. fractions resulting from 

the 1 kDa and 50 kDa MWCO membrane dialysis of the microwave-generated CA–U 

material are provided in Figure C.7. 

Fractionation and Spectroscopic Properties of Arg- and CA–EDA-derived Samples 

To ascertain the prevalence of fluorescent organic impurities (by-products) using other 

synthetic routes, the fluorescence properties of products resulting from a hydrothermal 

synthesis using L-arginine (Arg)52-53 or citric acid and ethylenediamine (CA–EDA)54-58 

plus an electrochemical preparation from graphite59-65 were explored next. The details for 

these synthetic routes can be found in “Fluorescent Carbon Dot Syntheses” under the 

“Experimental” section. All samples were subjected to dialysis as per the microwave 
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synthesized FCDs, with the omission of the 3.5 kDa and 8 kDa MWCO membranes earlier 

shown to be inadequate for FCD purification. In general, as was the case for the CA–U 

microwave FCDs, all samples displayed excitation wavelength-dependant emission 

(Figures C.8 and C.14) and fluorescence quantum yields (Figures C.10 and C.17A), again 

indicating a distribution of fluorophores, with the smaller species being the most 

photoluminescent. Contrastingly, the hydrothermally derived CA–EDA samples displayed 

excitation wavelength-independent emission (Figure C.11), a known but rarer feature of 

FCD photoluminescence1, 50, 107 thought to arise from a more homogeneous fluorophore 

composition. In spite of this key difference, the results for hydrothermal CA–EDA-derived 

products reinforce the conclusion that small organic molecular by-products produce a 

majority of the observed fluorescence and not nanoscale carbons (Figure C.12). Further 

evidence that two spectroscopically distinct species are generated is provided in Figure 

C.13, where the UV-vis spectra for the retent. fractions from 1 kDa or 50 kDa MWCO 

membrane dialysis of CA–U- (panel A) and CA–EDA-derived (panel B) FCDs are 

markedly different from the parent samples and the corresponding dial. fractions. 

Specifically, for the CA–U retent. fractions, the shoulders at 250 nm and 275 nm are no 

longer evident, whereas for the CA–EDA retent. fractions, the peak wavelength blueshifts 

by approximately 10 nm.  

We note that in prior reports employing dialysis for FCD purification, the duration or 

conditions of dialysis are frequently inadequate. Although a number of factors influence 

the dialysis rate, standard protocols call for a 16–24 h period of dialysis with multiple 

changes of the exchange solvent throughout.108 Many reports involving FCD dialysis fail 

to meet these standards, halting the dialysis, prematurely, for example. To shed light on 
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this questionable practice, fractions of the dial. and retent. from Arg-derived hydrothermal 

samples were collected after dialysis for 6, 24, or 72 h (in the latter case, the exchange 

solvent was changed every 24 h) and fluorescence quantum yields were measured (Figure 

C.10). During the early stages of dialysis, the quantum yields of the retent. and dial. 

fractions were relatively similar. Over time, however, the quantum yield associated with 

the retent. began to drop off, regardless of the chosen MWCO membrane. These results are 

further corroborated by time-lapse photos of the Arg-derived FCDs undergoing dialysis 

with a 1 kDa MWCO membrane (Figure C.9). Clearly, these results demonstrate that 6 h 

of dialysis is inadequate, regardless of the membrane MWCO employed, urging 

researchers to not only employ an adequately large MWCO but also to allow dialysis to 

proceed for at least 24 h, preferably with frequent changes of the exchange solvent. Indeed, 

time-lapse photos of CA–U FCD dialysis (Figures 4.3 and C.3) reinforce this notion as 

well.  

Effects of Fractionation on the Luminescent Properties of Bare and Functionalized GQDs 

Graphitized CQDs/GQDs are often functionalized with an amine-containing passivating 

agent, such as bis(3-aminopropyl) terminated polyethylene glycol (PEG-N)66, 69 or 

branched polyethylenimine (bPEI),67-68 to improve their fluorescence features. 

Problematically, however, the majority of these reports perform no purification following 

functionalization, suggesting that the observed fluorescence enhancement may derive, at 

least in part, from organic fluorescent impurities generated in situ. In fact, to date, there is 

little irrefutable evidence that the observed fluorescence from FCD samples actually 

originates from the CQD/GQD core or surface functionality on the dot and not from side-

reactions or degradation of the passivating agent used for surface functionalization. To 
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highlight this uncertainty, electrochemically synthesized FCDs were hydrothermally 

treated with PEG-N (1.5 kDa) or bPEI (1.2 kDa) to functionalize the nanodots and the 

resulting samples were subjected to dialysis and ultrafiltration purification. The 

fluorescence emission spectra of the “functionalized” samples (Figures C.15 and C.16) 

showed similar excitation-wavelength dependence as the parent material (Figure C.14). 

However, in general, the dial. and filtrate fractions displayed considerably higher 

fluorescence quantum yields (Figures C.17B–C and C.18) than the corresponding retent. 

fractions (or nonpurified functionalized samples), illustrating that highly fluorescent, 

molecular by-products do indeed form during surface functionalization of FCDs with 

amine passivating agents. Thus, even top-down syntheses of FCDs require careful 

purification, particularly postfunctionalization with molecular capping agents.  

Effects of Purification on Quenchometric Applications and Cell Viability Studies 

The lack of proven and widely adopted purification protocols to isolate FCDs free of 

fluorescent contaminants leads to misconceptions about their photophysical properties and 

will undoubtedly propagate errors and misinterpretations during their use in applications 

that rely on their fluorescent nature (e.g., sensors, bioimaging agents). As a first step toward 

examining such a possibility, the quenchability of as-synth. and dialyzed fractions (i.e., 

retent., dial.) of CA–U (Figure 4.5) and CA–EDA (Figure C.19) derived samples were 

evaluated using the transition metal ions Cu2+, Fe3+, and Hg2+. To provide a basis for direct 

head-to-head comparison, samples were diluted to an absorbance of 0.9 ± 0.3 at 375 nm, 

the excitation wavelength employed in the fluorescence quenching studies. For the three 

metal ions tested, the retent. fractions proved to be more strongly quenched than the 

nonpurified samples or the corresponding dial. fractions, which were quenched to similar 
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Figure 4.5 (A) Metal ion quenching studies conducted on the microwave-treated CA–U 

as-synth. sample and the corresponding retent. and dial. fractions. For the metal ions tested 

(Cu2+, Fe3+, or Hg2+), the retent. fractions were quenched more strongly by 100 μM Hg2+ 

than their as-synth. or dial. counterparts, while the quenching in the presence of 100 μM 

Cu2+ or Fe3+ was essentially identical for all three fractions. (B) Stern-Volmer plots of Hg2+ 

titrations of CA–U-derived FCDs. These results reveal that improper purification can 

clearly impact the performance of the investigated material, in this case masking the 

analytical responsivity of the FCDs (the limit of detection for Hg2+ is 2–3 times better for 

the retent. fraction compared with the dial.). For all metal ion quenching studies, the 

concentration of the FCD fractions was “normalized” by adopting the same absorbance 

(~0.1) at the excitation wavelength (375 nm) employed in the fluorescence spectra 

acquisitions. 
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extents. Although the differences in quenching behavior between the retent. and dial. 

fractions were marginal for Cu2+ and Fe3+, the retent. fraction was conspicuously more 

responsive to Hg2+ compared to the dial. fraction. To further explore this behavior, Hg2+ 

quenching titrations were conducted on an as-synth. CA–U sample alongside the retent. 

and dial. fractions resulting from dialysis using a 1 kDa MWCO membrane. Figure 4.5B 

provides representative Stern–Volmer plots of Hg2+ quenching of the CA–U fluorescence, 

where F0 and F represent the fluorescence intensities in the absence and presence of Hg2+, 

respectively. The limits of detection (LOD) were estimated from these data using the 3σ 

convention. For similar absorbances, the estimated LODs for as-synth., retent., and dial. 

CA–U fractions were 607 nM, 229 nM, and 1.53 µM, respectively. This outcome 

demonstrates that the presence of molecular by-products can mask the true response of the 

FCDs, restricting their analytical potential. A larger implication of this result is that many 

previous works may need to be revisited with more meticulous purification to validate or 

refute the original findings. 

Recently, Vinci et al. demonstrated that a nonpurified FCD sample generated from the 

oxidation of graphite nanofibers was substantially more toxic than the individual fractions 

obtained from dialysis and HPLC fractionation,109 an indication that sample complexity 

can influence functional properties. In this light, the cytotoxicities of as-synth. CA–U-

derived FCDs and their dialysis fractions (i.e., retent., dial.) were evaluated using three 

different cell lines: mice embryonic fibroblasts (MEFs; Figure C.20), human breast cancer 

cells (T-47D; Figure C.21), and HeLa cells (Figure C.22). Contrary to the results reported 

by Vinci et al., regardless of the cell line studied or the membrane MWCO employed for 

dialysis, no clear trends emerged when comparing the toxicities for as-synth. material with 



112 
 

that of the retent. and dial. fractions. At this point, the relative cytotoxicities of nanocarbons 

compared with those of the organic by-products resulting from various synthetic routes 

remains an open question. In-depth cellular toxicity studies on chromatographically 

fractionated FCD samples are needed to truly understand the origin of any observed 

cytotoxicity and to show cellular compatibility.  

Improper Interpretation of Luminescent Characteristics due to Inner Filter Effects  

Another fallacy cultivated in the literature entails the improper collection and interpretation 

of FCD fluorescence emission. In some instances, FCDs have been claimed to display red 

emission due to the appearance of the sample under illumination. In many of these cases, 

the red color is in fact a visual artifact arising from illumination of a concentrated solution 

already brick red in color. This is illustrated in Figures C.23 and C.24 for CA–U- and Arg-

derived FCD samples. Comparing the emission spectra for the as-synth. Arg-derived FCDs 

with results for 10- and 100-fold diluted samples (Figure C.24), the emission is more 

redshifted for the undiluted dispersion. This phenomenon, which arises from the re-

absorption of blue-edge photons in highly absorbing solutions, is well-known. In this case, 

we note that although this secondary inner filter effect causes redshifted emission due to 

attenuation of the blue edge, the emission color remains in the blue under UV excitation. 

Clearly, the ruddy appearance of the undiluted Arg-derived FCD sample belies the true 

emission color. Figure C.24D provides a comparison of the emission maximum vs 

excitation wavelength for the various dilutions of Arg-derived FCDs, further highlighting 

this distortion, revealing the apparent insensitivity to excitation wavelength from 300 to 

500 nm, an artifact of self-absorption. Although this distortion at high optical densities has 

been documented in the literature,110 it has escaped the attention of many researchers. 
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Conclusions 

The primary conclusion drawn from this study is that adequate purification of fluorescent 

carbon dots, while frequently neglected, is absolutely critical to acquiring meaningful 

results, especially for bottom-up chemical synthesis involving molecular precursors (e.g., 

citric acid, food wastes). In fact, rigorous purification and fractionation is not needed solely 

to properly characterize the performance of carbon dots but also to answer questions on the 

hotly debated origin of their luminescence. Currently, purification practices have been 

frequently inadequate, with the majority of studies utilizing insufficient methods (i.e., 

centrifugation, filtration), performing dialysis with inappropriate (e.g., too low) molecular 

weight cut-offs, or performing no separation step of any kind. Consequently, numerous 

previous findings may be called into question and require careful revisitation. Certainly, 

fluorescence-based applications (e.g., heavy metal detection, cellular imaging) will be 

heavily impacted by the unaccounted presence of organic molecular fluorophores.  

While some researchers have employed membrane-based fractionation as a means for 

successfully size separating carbon dots,102, 111 the majority of these examples involve the 

fractionation of graphitic dots generated from top-down approaches (e.g., electrochemical 

etching of graphite electrodes). This is noteworthy because top-down formation of carbon 

dots appears to be associated with fewer molecular by-products. In contrast, we provide 

clear and abundant evidence that in nonpurified samples produced by bottom-up syntheses, 

carbon dot emission is dominated by fluorescence from small molecular weight organic 

fluorophores. Worse, even when performing dialysis with a membrane molecular weight 

cut-off of 50 kDa, the complete removal of fluorescent organic by-products putatively 

formed alongside the carbon dots is not guaranteed. As pointed out by Gong et al.,112 as-
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synthesized carbon dots are complex, multicomponent systems, suggesting that dialysis, 

despite its convenience, may not be a satisfactory mode of purification in some instances. 

Chromatographic techniques likely represent the most analytically sound means for 

fractionating these complex mixtures,40, 109, 112-123 illustrated by the extensive HPLC 

fractionation studies conducted by the Colón109, 114-115 and Choi112, 118-122 groups, although 

these currently constitute less than 10% of the reported purification protocols for carbon 

dots. One hallmark of such fractionation is, intuitively, a reduction in sample complexity. 

Indeed, individual fractions generally possess optical properties distinct from the starting 

mixture, such as excitation wavelength-independent emission.109, 112 What is needed now 

is a scalable, analytically sound, and vetted separation method that can arrive at high-

purity, single-component carbon dot samples in practical quantities (beyond laboratory 

scale). This remains an unmet challenge; however, if the field of carbon dot research is to 

continue unabated, it is a challenge that must be answered. 
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Chapter 5: Reaction By-products Strike Again: Effects of 

Membrane Dialysis on the Performance of Carbon-Nanodot-

Sensitized Mesoporous-TiO2-based Photovoltaic Devices† 

†The material contained within this chapter (e.g., figures, data, analysis) is derived from a manuscript to be 

submitted to a yet-to-be-determined, peer-reviewed journal. Upon acceptance, the information contained 

herein should be appropriately cited with the proper copyright holder. 

 

 
Scheme 5.1 Graphical abstract highlighting the impact that molecular by-products 

generated in FCD syntheses have on photosensitizer applications, particularly when 

employed in photovoltaics.  
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Abstract 

Fluorescent carbon dots have attracted widespread interest owing to their unique 

properties, particularly their superlative optical characteristics, however, in recent years, 

evidence has emerged suggesting some of these fluorescent features originate from 

molecular by-products, not the nanocarbons. In this work, a series of bottom-up carbon dot 

syntheses were conducted and the as-synthesized samples were fractionated with 

membrane dialysis to yield two additional fractions; the dialysate fraction containing 

reaction by-products and the retentate fraction containing the desired nanocarbons. These 

fractions were then employed as photosensitizers in mesoporous-TiO2-based photovoltaic 

devices to explore the effects purification has on light-harvesting applications. Our results 

unequivocally show that reaction by-products ubiquitously generated photocurrent and, 

thus, contributed to the observed performance for devices employing the nonpurified, as-

synthesized fraction. Furthermore, in one precursor system, the molecular by-products 

were responsible for the majority of the photocurrent and device performance, while in 

another system, the performance of the nanocarbon-containing retentate fraction was 

markedly higher than the performance of its parent as-synthesized sample. These results 

draw further attention to and clearly highlight the dire need for a uniformly implemented 

tactical change in carbon dot syntheses from purification-free to rigorous fractionation 

protocols. 

Introduction 

Fluorescent carbon dots (FCDs), which constitute the newest addition to the nanoscale 

carbon family, have been the focus of intensive research in recent years due to their 

purportedly unique and useful optical features1-3, as well as preferential properties over 
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other quantum dot (QD) systems (e.g., CdS).4-6 This subclass of the nanoscale carbon 

family encompasses many classifications of fluorescent nanocarbons (e.g., carbon 

(nano)dots, carbon QDs, graphene QDs), with the literature suggesting that these materials 

can be produced through a myriad of top-down or bottom-up approaches, where the 

appropriate thermal treatment of virtually any carbon-containing precursor professedly 

results in FCDs. For example, FCDs have been reported to originate from citrates,7-13 

saccharides (e.g., glucose, chitosan),14-16 biomass,17-21 and even human urine.22 Due to their 

facile preparation and putatively promising characteristics, research on FCDs saw an 

exponential explosion in published works, however, the unbridled zeal and precipitous 

publication rate organically produced several uncritical, unsubstantiated, and detrimental 

claims and misconceptions entering the literature record. As has been previously pointed 

out, in many instances, revisiting prior work with more scientific rigor is warranted, in 

particular, employing proper characterization, consistent nomenclature, and, most of all, 

meticulous purification,23-24 however, such practices have yet to see widespread 

implementation. 

While FCDs are reported to possess intriguing photophysical properties, the exact 

origin of these materials’ fluorescence remains elusive, which is, in large part, due to the 

lack of consistent and methodical purification, where ineffective and uncorroborated means 

are frequently employed, or worse, missing altogether. Historically, the emission 

characteristics observed from these materials have been attributed to variations in physical 

and chemical properties such as nanocarbon core size, extent of conjugation, surface 

functionality/defects, or heteroatom (e.g., O, N, S) doping,25-28 although, in recent years 

several researchers have alluded to the need for the reduction of sample complexity via 
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efficient and consistent separation procedures to illuminate the true origin of FCD 

fluorescence.29-34 Exacerbating the issue is the mounting evidence that the fluorescence 

associated with FCDs originates significantly from molecular/oligomeric by-products that 

are generated alongside the nanoscale carbons,10, 23, 35-39 where the properties of molecular 

by-product aggregates resemble the reported characteristics of FCDs,40-42 making a unified 

purification approach all the more pressing.24 Indeed, a variety of citric acid (CA) derived 

molecular emitters,40, 43-50 such as 2-pyridone derivatives, have been identified, by-products 

originating from the direct thermal degradation of CA40 or from CA reacted with a range 

of N- or S-containing, heteroatom dopants.40, 44-50 Furthermore, works not attempting FCD 

formation synthesized these exact (or structurally related) molecular fluorophores through 

the reaction of CA with similar N- or S-containing precursors.51-55  

Although FCDs are commonly employed in fluorescence-based applications, their 

other reported photophysical and electronic properties such as high molar absorptivity and 

tunable visible light absorption (typically via N-/S-doping), as well as redox, 

donor/acceptor, and charge transfer capabilities, have resulted in significant interest in 

exploiting these properties in energy applications,56 in particular, in a wide range of 

photovoltaic (PV) architectures.57-58 Specifically, these materials are of keen interest as the 

sole or co-light harvester in sensitized (typically, metal-oxide-based) PV cells due to their 

intriguing optical properties, appropriate band alignments, and ability to inject charges into 

the semiconductor (e.g., TiO2).
14, 20-21, 59-77 Since this area was last comprehensively 

reviewed,58, 78 additional works have emerged employing FCDs as the sole sensitizer15-16, 

18-19, 79-84 or in tandem with a dye,17-18, 80, 85 where the highest reported power conversion 

efficiencies (η) employing FCDs as the sole sensitizer were between ~0.8 and 0.9%.67, 83-84 
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Specifically, Wang et al. reported a maximum η of 0.79% employing N-doped CDs 

(thermally derived from citric acid and ammonia) as the sensitizer in devices with an 

architecture of FTO/mesoporous TiO2/TiO2 scattering layer/gel electrolyte/Pt, where the 

observed performance was dependent on the precursor mass ratio.67 Carolan and co-

workers reported a comparable η of 0.80% employing N-doped CQDs generated via the 

application of a direct current, atmospheric-pressure microplasma to an aqueous solution 

of citric acid and ethylenediamine, where the CQDs were utilized as the photoactive layer 

in solid-state devices with an architecture of ITO/compact TiO2/CQDs/Au.83 Zhang et al. 

further pushed the η to 0.87% by hydrothermally treating citric acid and ethylenediamine 

in the presence of a TiO2 film and employing the CQD-sensitized photoanodes in devices 

with an architecture of FTO/mesoporous TiO2/CQDs/S2–:Sx
2–/Cu2S/brass.84 Unfortunately, 

many of the FCD works focused on energy-based applications, particularly sensitizer-

centered PV explorations, fell victim to the unsubstantiated but perpetuated notion that 

filtration and centrifugation are sufficient modes of purification, begging the question, are 

the FCDs themselves or their reaction by-products responsible for the PV action observed 

in photosensitizer-driven applications?  

As an extension to our previous work, in which we unequivocally demonstrated the 

importance of adequate purification to generate meaningful, error-free results, particularly 

with regards to luminescent characterizations of FCDs,23 herein, we present our findings 

on the effects that extensive purification with dialysis membranes has on the performance 

metrics of PV devices employing molecularly derived FCD fractions as the sole 

semiconductor sensitizer. The results disseminated here draw further attention to this 

detrimental purification issue, demonstrating that reaction by-products impact the observed 
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performance in PV devices based on “FCD”-sensitized mesoporous TiO2 nanoparticle 

films. Four representative FCD synthetic protocols were explored, where two of the 

employed protocols have been reported to result in FCDs that function as 

photosensitizers,15, 67 while the other two protocols derive from a common microwave 

approach13, 23 and a solvothermal synthesis reported to generate dual blue- and red-emitting 

FCDs.86 Specifically, the sample precursors consisted of citric acid and NH4OH, L-

arginine, citric acid and urea, and glutathione in formamide, which are abbreviated as CA–

NH4OH, Arg, CA–U, and GSH–F, respectively, throughout the remainder of the text. 

Experimental 

Materials and Reagents 

Anhydrous citric acid (791725, ≥99.5%), urea (U5378, ≥98%), ammonium hydroxide 

(221228, 28.0–30.0% NH3 basis), L-glutathione reduced (G4251, ≥98.0%), formamide 

(F9037, ≥99.5%), and titanium tetrachloride (208566, 99.9%) were purchased from Sigma-

Aldrich (St. Louis, MO). L-arginine (BP2505500, ≥99%, free base), acetone (A949SK, 

≥99.5%), isopropanol (A416, ≥99.5%), hydrochloric acid (A144S-212, 36.5–38.0%), 

sulfuric acid (A300S-212, 95.0–98.0 w/w%), anthracite coal (S26610), and syringe filters 

(09-719C, 0.20 µm pore size) were acquired from Fisher Scientific (Pittsburg, PA). Ethanol 

(2716, 200 proof) was procured from Decon Labs, Inc., (King of Prussia, PA) and 

regenerated cellulose dialysis membranes with molecular weight cut-offs (MWCOs) of 15 

and 50 kDa (Spectra/Por® 7, 132124 and 132130, respectively) were acquired from 

Repligen® (formerly Spectrum Labs®, Rancho Dominguez, CA). All chemicals were used 

as received. Ultrapure Millipore water polished to a resistivity of 18.2 MΩ·cm was 

employed for all aqueous solutions and substrate rinsing. The specific materials used for 
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the fabrication of PV devices and their sources are provided in the “PV Device Preparation 

and Assembly” subsection below. 

Fluorescent Carbon Dot Syntheses and Purification 

Thermal Treatment of Citric Acid in Ammonium Hydroxide 

N-doped FCD samples were generated following a reported protocol in which the obtained 

material had been employed as a photosensitizer in mesoporous TiO2-based devices.67 

Specifically, 4 g of citric acid (CA) and 1 g of ammonium hydroxide (NH4OH) were 

dissolved in 10 mL of water. The mixture was transferred to a porcelain crucible and then 

thermally treated at 200 °C for 3 h in a programmable oven. Upon natural cooling, the 

resultant carbogenic product was dispersed with 20–25 mL of acetone and the crucible was 

rinsed consecutively with 10- and 5-mL aliquots of acetone to collect as much product as 

possible; the three fractions were combined, totaling approximately 40 mL of sample. The 

synthesis was replicated 9–11 times to give a total of 10–12 individual syntheses per 

sample batch, which were all homogenized before proceeding. Note, substantial 

sedimentation was observed in the samples shortly after redispersion, therefore, once the 

samples were homogenized, the entire volume (400–480 mL) was left undisturbed for 15–

30 min. The acetone-dispersed supernatant was carefully decanted into 50 mL falcon tubes 

and centrifuged at 9k rpm for 15 min, after which the supernatant was again carefully 

decanted and all sediment stemming from the reaction was discarded. Although the 

sediment did not disperse well in acetone and, thus, was not explored in this work, we note 

that it appeared to disperse fairly well in water so the sediment material may not consist 

solely of large carbon structures. After centrifugation, typically 50 mL of the supernatant, 

with an average concentration of 35 mg mL–1, was retained for studies of the as-synthesized 
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(as-synth.) fraction while the remaining solution volume was concentrated via rotary 

evaporation (25 °C, <100 mbar) to a volume of 50 mL for purification with dialysis. 

Initially, samples were dialyzed against water, however, as our studies progressed, 

substantial irreproducibility in performance was observed, which arose from apparent 

water-induced irreversible aggregation, as directed studies later confirmed (Figure D.17). 

Attempts were made to dialyze the samples against acetone, however, the solvent proved 

too harsh on the cellulose membranes, leading to severe membrane leakage and even 

complete membrane failure (i.e., catastrophic rupturing). We found that a mixed solvent 

system of 50:50 vol% acetone:ethanol (EtOH) worked well as the acetone content kept the 

material dispersed while the presence of EtOH alleviated the issues previously encountered 

with 100% acetone. Therefore, the concentrated supernatant fraction (40–50 mL) was 

dialyzed against 2 L of a 50:50 vol% acetone:EtOH mixture with a 50 kDa MWCO 

membrane and the exchange solvent was refreshed daily for one week. The material 

permeating the membrane into the exchange solvent over the first 2–3 days of dialysis was 

collected, concentrated, and, eventually, dried via rotary evaporation (50 °C, <100 mbar). 

Once all the solvent was visibly removed, the sample was rotovaped under the same 

conditions for 3 h to ensure adequate removal of all EtOH and the dried material was 

redispersed in 50 mL of acetone to yield the dialysate (dial.) fraction. Upon completion of 

dialysis, the material retained within the membrane was collected and treated in a similar 

fashion to the dial. fraction to yield the retentate (retent.) fraction. Fraction concentrations 

were assessed by adding 1 mL of solution to premassed scintillation vials, driving off the 

solvent at ~65 °C, drying the material at ~80 °C for 24–48 h, and re-massing the vials to 

determine the material quantity delivered in 1 mL. All concentration assessments were 
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conducted in triplicate and vials were massed multiple times throughout the drying period, 

stopping the drying once the mass values were consistent with the previous assessment. 

The parent solutions of the three fractions were diluted to 5, 10, or 30 mg mL–1 in 100% 

acetone or 50:50 vol% acetone:EtOH for sensitization of TiO2 films. Due to the poor yield 

of this reaction (~1% or less), the highest concentration of retentate that could be obtained 

that still yielded a workable volume was 5 mg mL–1. Note, irreversible sedimentation was 

observed in as-synth. solutions of concentrations higher than 30 mg mL–1, as well as the 5 

mg mL–1 retent. solutions. 

Solvothermal Treatments of Arginine and Glutathione-Formamide 

Two reported solvothermal approaches using distinct precursors were explored: (i) L-

arginine (Arg) and (ii) L-glutathione (GSH) in formamide (F). The product resulting from 

the former approach has been reported as a photosensitizer in mesoporous TiO2-based 

devices15 while the product from the latter approach is reported to exhibit strong 

absorbance and fluorescence in the visible region, particularly two distinct peaks at red 

wavelengths,86 features that were verified in-house (Figure D.1).  

(i) The Arg-derived samples were prepared by dispersing 0.35 g L-arginine in 10 mL of 

EtOH via brief (<5 min) bath sonication and transferring the dispersion to a 23 mL 

Teflon-lined stainless-steel autoclave for a 6 h solvothermal treatment at 200 °C in a 

programmable oven. After treatment, a vibrant orange solution was obtained, which 

was carefully poured out and the Teflon sleeve was rinsed with a 5-mL aliquot of EtOH, 

combining the rinse with the orange solution. The synthesis was replicated at least nine 

additional times and the resulting orange solutions were homogenized to generate one 

sample batch. The homogenized products were placed in 50 mL Falcon tubes and 
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centrifuged at 9k rpm for 15 min, although, in all syntheses conducted, little to no 

sediment was obtained upon centrifugation. Regardless, the solutions were carefully 

decanted out to leave any potential sediment behind. The solutions were then 

homogenized again and, typically, 50 mL of this homogenized solution, with an 

average concentration of ~18 mg mL–1, was retained for studies of the as-synth. 

fraction, with approximately half of this volume being passed through a 0.20 μm pore 

size syringe filter to generate a filtered as-synth. fraction (denoted as “as-synth. filt.”). 

The remaining solution volume was concentrated via rotary evaporation (50 °C, <100 

mbar) to a volume of 40 mL for purification with dialysis. Similar to the CA–NH4OH 

samples, initial studies showed that the Arg-derived samples may also be negatively 

impacted by water (data not shown) as only a few mg of retentate were obtained even 

when dialyzing with a 15 kDa MWCO membrane, therefore, the samples explored in 

this work were dialyzed against absolute EtOH. Specifically, the concentrated samples 

(40–50 mL) were dialyzed against 2 L of EtOH with a 50 kDa MWCO membrane and 

the exchange solvent was refreshed daily for one week. Due to the low concentrations 

this precursor system yields, the material permeating the membrane into the exchange 

solvent was collected and concentrated via rotary evaporation (50 °C, <100 mbar) for 

the entire dialysis period, although by the fourth to fifth day, very little material 

appeared to still be permeating the membrane. Upon completion of dialysis, the final 

round of solvent was combined with the previously concentrated fractions and again 

concentrated via rotary evaporation (50 °C, <100 mbar) to 50 mL to yield the dial. 

fraction. The parent solutions of the as-synth., as-synth. filt., and dial. fractions were 

diluted to 10 mg mL–1 in EtOH for sensitization of TiO2 films. Additionally, the original 
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40 mL of sample placed on dialysis was collected from the membrane and concentrated 

via rotary evaporation (50 °C, <100 mbar) to 10–15 mL to yield the 10 mg mL–1 retent. 

fraction employed for sensitization of TiO2 films. Solution concentrations were 

assessed in a similar fashion to the CA–NH4OH samples. Note, irreversible 

sedimentation, in the form of a light orange to tan powder, was observed in all fractions 

days after synthesis with some electroless deposition occurring when stored in plastic 

Falcon tubes. 

Furthermore, the generation of a disc- or bean-shaped, dark red to brown solid was 

consistently observed in the bottom of the Teflon sleeve after solvothermal treatment. 

The formation of this insoluble material was attributed to the significant quantity of 

sedimented, solid Arg in the sleeve prior to synthesis, as the Arg concentration 

employed in the synthesis (35 mg mL–1) is well beyond the solubility limit of Arg in 

EtOH. The solid product was only sparingly soluble to insoluble in most conventional 

solvents, specifically, water, methanol, EtOH, isopropanol, acetone, acetonitrile, 

dichloromethane, dimethylformamide, dimethylsulfoxide (DMSO), tetrahydrofuran, 

chloroform, toluene, and hexane, with higher apparent solubilities in more polar 

solvents. The solid pellets appeared most soluble in DMSO, yielding a concentration 

of ~8 mg mL–1. TiO2 films were sensitized in this solution and PV characterizations 

were conducted, however, the performance was comparable to that of the as-synth. 

fraction (Table D.1), therefore, the solid pellets were not explored any further. Lastly, 

although different concentrations of the Arg fractions were not extensively explored, a 

30 mg mL–1 as-synth. solution was tested and the increase in concentration led to an 

increase in VOC to over 0.6 V (Table D.1), therefore, based on the observed results for 
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the 10 mg mL–1 fractions, a purified retent. fraction of higher concentration may yield 

further improvements in performance, if the photocurrent also increases. 

(ii) The GSH–F-derived samples were prepared by dissolving approximately 100 mg of L-

glutathione in 10 mL of formamide and solvothermally treating this solution for 4 h at 

180 °C in a 23 mL Teflon-lined stainless-steel autoclave placed in a programmable 

oven. After treatment and natural cooling, the viscous, greenish-black samples were 

collected and the sleeves were rinsed with two 5-mL aliquots of water, combining the 

rinses with the parent sample. The synthesis was replicated at least nine additional 

times and the resulting solutions were homogenized to generate one sample batch. The 

homogenized products were placed in 50 mL Falcon tubes and centrifuged at 9k rpm 

for 15 min and the supernatants were decanted into a single flask to homogenize again. 

Then 40–50 mL of this homogenized solution was placed on dialysis against 1.5–2 L 

of water with a 50 kDa MWCO membrane and the exchange solvent was refreshed 

daily for one week. The remaining solution volume was set aside for as-synth. studies. 

The material permeating the membrane into the exchange solvent over the first 2–3 

days of dialysis was collected and concentrated via rotary evaporation (50 °C, <100 

mbar). Upon completion of dialysis, the material retained within the membrane was 

collected and the solution was lyophilized to obtain a solid powder. Due to the difficult-

to-remove formamide content in the as-synth. and dial. fractions of this sample system, 

solid powders could not be obtained for these fractions, therefore, the solutions were 

rotovaped (50 °C, <100 mbar) for >3 h so that the samples were dispersed in essentially 

100% formamide and then the solutions were diluted 2-fold with water. These 50:50 

vol% formamide:water solutions of the as-synth. and dial. fractions were used as is for 
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sensitization of TiO2 while a 10 mg mL–1 aqueous solution of the retent. fraction was 

prepared for sensitization. Note, irreversible sedimentation, in the form of a green to 

black powder, was observed in all fractions days after synthesis and extensive 

electroless deposition of green to black colored thin films occurred regardless if the 

solutions were stored in plastic Falcon tubes or glass scintillation vials. 

Domestic Microwave Treatment of Citric Acid and Urea 

Following a common and widely reported protocol,13, 87-92 FCDs were synthesized from 

citric acid (CA) and urea (U) in a 1:3 CA:U molar ratio using a 900 W Frigidaire domestic 

microwave oven. Specifically, 6 g of CA and 6 g of U were dissolved in 20 mL of water in 

a round bottom flask stabilized in a beaker and the solution was treated in the microwave 

on the default power setting (100% power) for 5 min, forming a charred, porous product. 

The resultant carbonaceous material was dissolved in 50 mL of water and the round bottom 

flask was rinsed with two additional 50 mL aliquots of water to ensure adequate removal 

of all the product, homogenizing these three fractions. The homogenized solution was 

placed in 50 mL Falcon tubes, centrifuged at 9k rpm for 15 min, and the supernatants were 

decanted into a single flask to homogenize again. Then 40–50 mL of this homogenized 

solution was placed on dialysis against 1.5–2 L of water with a 50 kDa MWCO membrane 

and the exchange solvent was refreshed daily for one week. The remaining solution volume 

was set aside for as-synth. studies or additional dialysis. The material permeating the 

membrane into the exchange solvent over the first 24 h of dialysis was collected and 

concentrated via rotary evaporation (50 °C, <100 mbar) to yield the dial. fraction. Upon 

completion of dialysis, the material retained within the membrane was collected and this 

solution, as well as the as-synth. and dial. fractions, were lyophilized to obtain solid 
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powders. Then 10 mg mL–1 aqueous solutions of these fractions were prepared for 

sensitization of TiO2. Note, minor irreversible sedimentation was observed in all fractions 

1–2 weeks after synthesis. 

Acid Oxidation of Coal to GQDs 

Coal-derived graphene quantum dots (GQDs) were generated following a reported 

protocol.93 Specifically, anthracite coal was first coarsely crushed with a hammer followed 

by fine pulverization with a plastic, handheld “ball mill”. Then, 325 mg of the pulverized 

coal was suspended in a mixture of concentrated sulfuric (60 mL) and nitric (20 mL) acids. 

The suspension was bath sonicated for 2 h and then heated for 24 h at 100 °C under reflux 

and stirring in an improvised sand bath consisting of an anodized aluminum, round cake 

pan (Fat Daddio's®) filled with copper-coated airgun BBs (0.177 caliber; Crosman® 

Copperhead®). Temperature control was achieved to within 2 °C using a digital stirring 

hotplate (Super-Nuova™; Thermo Scientific™) connected to a J-type thermocouple 

immersed in the BBs while stirring (250 rpm) was provided by a PTFE-coated, magnetic 

stir bar placed within the round-bottom flask. After the 24 h refluxing period, the solution 

was allowed to naturally cool and the product was slowly poured over ~12 large ice cubes 

(~200 mL of solid ice). The reaction flask was rinsed multiple times with water and the 

rinses (totaling 100 mL) were combined with the above solution. NaOH pellets were slowly 

and carefully added to the product solution until the pH was near 7. The neutralized solution 

was gravimetrically filtered (Fisherbrand™ filter paper, 09-801C, P5, medium porosity), 

however, due to the high salt concentration, salt crystallization occurred immediately upon 

pouring into the filter paper. Therefore, multiple pieces of filter paper were used and 

copious amounts of water was passed through the filter paper to ensure that nearly all the 
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sample had been filtered, which resulted in over 1.5 L of solution. Thus, the sample was 

concentrated via rotary evaporation (50 °C, <100 mbar) to decrease the volume to <0.5 L 

and then 40–50 mL fractions of the sample were dialyzed for a week against 1.5 L of water 

using a 50 kDa MWCO membrane, refreshing the exchange solvent daily. Due to the large 

volume, dialysis of the entire sample was conducted over a period of weeks to obtain a 

workable volume of a reasonably concentrated solution. Once a few hundred mL of the 

retent. fraction were collected, the solution was concentrated via rotary evaporation (50 °C, 

<100 mbar) to <40 mL and the sample was lyophilized to obtain a solid powder. Then 10 

mg mL–1 aqueous solutions of the purified GQDs were prepared for 24 h sensitization of 

TiO2. 

Photovoltaic Device Preparation and Assembly 

TEC™ 7 fluorine-doped tin oxide (FTO) coated glass was sourced from Pilkington Glass 

(Toledo, OH). The large glass sheets (12” x 12”) were cut down to electrode size (1” x 

0.670” or ~25 mm x 17 mm) with a laboratory glass cutting table (GC0101) procured from 

MSE Supplies (Tucson, AZ). The cut glass was then cleaned by sequentially sonicating the 

substrates for 60 min in a dilute solution of Alconox® detergent (0.5 wt%), an ethanolic 

solution of 0.1 M HCl, isopropanol, and acetone. After cleaning with detergent and 

ethanolic HCl, the glass was thoroughly rinsed with water before proceeding and after 

sonication in acetone the substrates were dried upright at 50–70 °C. The substrates were 

then placed in a 40 mM aqueous TiCl4 solution for 40 min at 70 °C (FTO side up), after 

which the treated substrates were rinsed with water and EtOH and dried upright at 50–70 

°C. Transparent titania (TiO2) paste, sourced from GreatCell Energy® (MS002010) or 

Sigma-Aldrich (791547), was applied to the FTO side of the glass via a Doctor blade 
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approach using precut vinyl masks (~100 μm thick) to define the film area. The adhesive-

backed, removable masks were cut from a 12” x 48” roll of black Cricut® Premium Vinyl™ 

- Removable using Cricut Explore Air™ 2 or Cricut Maker® machines with each individual 

mask possessing outer dimensions of 1” x 0.620” (or ~25 mm x 15.8 mm) and a 1 cm2 (1 

cm x 1 cm) centered window. After carefully removing the masks, the films were allowed 

to relax at room temperature in the dark for 24 h and were then dried in a programmable 

oven at 125 °C and 200 °C for 24 and 4 h, respectively. Lastly, the dried films were sintered 

in a muffle furnace at 525 °C for 1 h using a ramp rate of 1 °C min–1. After the 1 h sintering 

period, the furnace was shut off and allowed to cool naturally with the films inside. The 

TiO2 films were then sensitized for 2–24 h in the FCD fractions depending on the exact 

sample and study being conducted. Specifically, the CA-derived fractions (i.e., CA–

NH4OH, CA–U) were sensitized for 2 h, the Arg fractions for 12 h, and the GSH–F 

fractions for 24 h. These sensitization times were chosen based on reported times in the 

literature15, 67 as well as the results of 24 h uptake studies (Figures D.2–D.5). Pt counter 

electrodes were prepared on precleaned FTO-coated glass by masking off a trough with 2 

layers of Scotch™ brand tape and applying Pt paste (PT-1, 006210, GreatCell Energy® or 

791512, Sigma-Aldrich) via the Doctor blade technique. After carefully removing the tape, 

the films were dried at 70–100 °C for 24 h and then fired at 450 °C for 1 h in a muffle 

furnace. Devices were then assembled by sandwiching a non-melted DuPont™ Surlyn® 60 

μm spacer (Meltonix 1170-60; sourced from Solaronix, Aubonne, Switzerland) between a 

FCD-sensitized TiO2 photoanode and a Pt counter electrode. Prior to clamping the device 

shut with 1” binder clips, electrolyte containing the I–/I3
– redox couple (Iodolyte AN-50 

from Solaronix) was injected in between the electrodes. The external areas of the devices 
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were carefully wiped down with an EtOH-soaked Kimwipe™ to remove any residual 

electrolyte and potential light scattering contaminants. 

Sensitized TiO2 Film Characterizations 

Absorbance spectra of bare and sensitized TiO2 films were collected on an Aligent® Cary® 

60 UV-vis spectrophotometer from 200 to 1100 nm prior to device assembly. Photographs 

of all sensitized films were also collected. For the temporal (i.e., 2, 4, 6, 8, 12, 24 h) uptake 

studies, films were placed in the sensitizer solutions for 2 h and, upon removal, rinsed with 

the appropriate solvent (CA–NH4OH: acetone; Arg: EtOH; CA–U and GSH–F: water) and 

dried under ambient conditions. UV-vis spectra were then collected and the films were 

placed back in the sensitizer solutions for another 2 h to yield 4 h of total sensitization time. 

This process was repeated for additional 2, 2, 4, and 12 h intervals such that the total 

sensitization time was 6, 8, 12, and 24 h, respectively. The temporal uptake studies for each 

fraction were conducted in triplicate and the absorbance spectra for each time interval were 

averaged prior to further analysis. Since many of the fractions for the different precursor 

systems did not display distinct absorbance peaks and, within each precursor system, the 

fractions often had markedly different absorbance spectra, single peak (or wavelength) 

tracking was not possible for a proper comparison of the uptake rate. Therefore, the area 

of the absorbance spectra was calculated (typically between 400 and 800 nm) and the 

natural logarithm of the ratio of the sensitized film absorbance area at time, t (At), to its 

respective bare TiO2 absorbance area (A0) was calculated and plotted as ln(At/A0) vs 

sensitization time.  
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Photovoltaic Device Characterizations 

Solar irradiation (1 sun or 100 mW cm–2) was simulated with a Newport® Oriel® LCS-

100™ solar simulator (94011A-ES) equipped with a Newport® AM1.5G air mass filter 

(81088A-LCS) and calibrated with a certified Newport® Oriel® silicon reference cell and 

meter (91150V). Current-voltage data were collected with a Keithley 2400 SourceMeter™ 

and Oriel® I-V Test Station software under reverse-bias from –0.20 to 0.75 V at 0.08 V s–

1 with a 0.5 s presweep delay and 30 ms dwell time per voltage increment. Select metrics, 

specifically, efficiency (η), short-circuit current density (JSC), open-circuit voltage (VOC), 

and fill factor (FF), for all characterized devices are provided in Table D.1. Monochromatic 

light for external quantum efficiency (EQE) measurements was generated with a 300 W 

Xe arc lamp whose collimated irradiation was directed through 280 or 550 nm longpass 

filters prior to wavelength selection with a Newport® CS 130 dual grating monochromator 

using only “grating 2” (blaze: 500, grating lines: 1200). The power density at each 

wavelength (i.e., 300–800 nm every 10 nm) was measured with a Newport® power meter 

(1936-R) equipped with a UV silicon detector (918D-UV-OD3R). For the collection of the 

power density readings, the monochromator and power meter were simultaneously 

controlled with Newport’s TracQ™ Basic software. The wavelength-dependent JSC values 

were measured with the Keithley 2400 SourceMeter™ controlled by the Oriel® I-V Test 

Station software collecting 10–30 JSC values at each wavelength while holding the voltage 

at 0 V with a 0.5 s premeasurement delay and 1 s dwell time per data point. The collected 

JSC values for each wavelength were averaged and the resulting photocurrent was used in 

the following equation to calculate the EQE at each tested wavelength (λx), where Pin is the 

measured power density at each of these wavelengths. 
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𝐸𝑄𝐸 @ 𝜆𝑥(%) =  
𝐽𝑆𝐶  @ 𝜆𝑥 (𝜇𝐴 𝑐𝑚–2)

𝑃𝑖𝑛 @ 𝜆𝑥(𝜇𝑊 𝑐𝑚–2)
 ×  

1240

𝜆𝑥 (𝑛𝑚)
 × 100 

CA–NH4OH Dialysate-spiked Retentate Studies 

For the CA–NH4OH dial. spiking of retent. solutions, 1 or 5 mg mL–1 acetone-dispersed 

CA–NH4OH retent. solutions were prepared and the solution volume was reduced by half 

via rotary evaporation (25 °C, <100 mbar). An appropriate volume of 10 mg mL–1 acetone-

dispersed CA–NH4OH dial. solution was then added such that the final dial. concentration 

would be 1 mg mL–1 upon diluting the sample back to its starting volume with acetone. 

TiO2 films were sensitized in this solution for 2 h and characterized in a similar fashion to 

all other films described herein. This process was repeated to yield final dial. 

concentrations of 2.5, 5, 10, or 30 mg mL–1 in the 1 or 5 mg mL–1 retent. solutions. Note, 

to yield spiked dial. concentrations of 10 and 30 mg mL–1, dial. stock solutions of 60 mg 

mL–1 or higher were employed. Ethanolic solutions of the 30 mg mL–1 dial.-spiked 1 or 5 

mg mL–1 retent. samples were also prepared and studied. These solutions were generated 

by reducing the volume of the aforementioned solutions by half via rotary evaporation (25 

°C, <100 mbar) and replacing the removed acetone with EtOH to yield samples dispersed 

in 50:50 vol% acetone:EtOH. 

Mass Spectrometric Analyses 

For the mass spectrometric analyses, 5 mg mL–1 aqueous stocks of the CA–NH4OH and 

CA–U as-synth. fractions and their precursors (note, the CA–NH4OH precursor only 

contained neat CA) were prepared and the solutions were appropriately diluted for analysis. 

Mass spectrometry (MS) was performed using an Applied Biosystems Mariner™ 

orthogonal time-of-flight (TOF) instrument operated under positive ion mode, employing 
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an electrospray ionization (ESI) source for sample introduction. Spectra were typically 

acquired and averaged over a 30 s interval having a constant total ion count. The instrument 

was mass calibrated externally using a series of CsI adducts between 126 and 1166 m/z. 

MS data was processed using the AB Sciex Data Explorer® software. 

Results and Discussion 

Spectroscopic Studies of FCD Fraction Uptake by TiO2 

For all precursor systems, the as-synthesized, unfractionated samples (denoted as as-

synth.) were subjected to extensive purification via membrane dialysis using a 50 kDa 

MWCO cellulose membrane (see the “Fluorescent Carbon Dot Syntheses” subsection 

under the “Experimental” section above for specific details) to obtain a purified FCD-

containing fraction (i.e., retentate or retent.) and a fraction consisting of reaction by-

products (i.e., dialysate or dial.). The three fractions (i.e., as-synth., retent., dial.) were then 

employed as sensitizers in TiO2-based photoelectrochemical solar cells to assess the impact 

of reaction by-products on device performance. Sensitized films were characterized with 

UV-vis spectroscopy, and, while the goal of this work was not to explore the optimization 

of thoroughly purified FCD samples, the temporal sensitization (2, 4, 6, 8, 12, and 24 h) of 

the TiO2 films with all sample fractions was monitored to assess the optimal sensitization 

times and probe for any fraction-dependent rates of sensitizer uptake (Figures D.2–D.5). 

While the apparent uptake rates varied between certain fractions within each respective 

system, these absorption differences between the adsorbed sensitizers likely arose from 

markedly different extinction coefficients for the various constituents. Regardless, the 

fractions within a single system appeared to reach maximal sensitization in comparable 

time frames, therefore, based on this data, as well as reported sensitization times,15, 67 TiO2 
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films were sensitized with the CA–NH4OH, Arg, CA–U, and GSH–F fractions for 2, 12, 

2, and 24 h, respectively. Devices with the architecture FTO/TiO2/FCD fractions/I–:I3
–/Pt 

were then assembled and characterized with J-V curve and external quantum efficiency 

(EQE) measurements (see the “Photovoltaic Device Preparation and Assembly” and 

“Photovoltaic Device Characterizations” subsections in the “Experimental” section above 

for details). 

PV Characterizations of TiO2 Films Sensitized in CA–NH4OH Fractions 

Of the four precursor systems studied in this work, particular emphasis was placed on 

thoroughly exploring the fractions generated from the thermal treatment of citric acid 

dissolved in a dilute aqueous ammonia solution (i.e., CA–NH4OH) due to preliminary, 

screening studies indicating that the reaction by-products contributed significantly to the 

observed photocurrent (>50%) and, therefore, the overall device performance of the 

nonpurified, as-synth. fraction; however, the samples for these initial studies were dialyzed 

against water, which, as we will show, negatively impacted the observed results for the 

dial. fraction, leading to erroneous conclusions about the photocurrent origin. Indeed, in-

depth studies of FCD sensitizer solutions (5 mg mL–1 in acetone), where the dial. and retent. 

fractions were obtained from dialysis against a 50:50 vol% mixture of acetone:ethanol, 

show that the by-product species that permeate the membrane (i.e., dial. fraction) are the 

undeniable origin of the observed performance for the unfractionated, parent sample, while 

the FCD-containing fraction (i.e., retent.) produced substantially lower PV action, 

marginally increasing the performance above that of unsensitized, bare TiO2 (Figure 5.1). 

Specifically, devices containing films sensitized with the as-synth., dial., and retent. 

fractions presented with short-circuit current densities (JSC), open-circuit voltages (VOC), 
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Figure 5.1 (A) Average J-V curves (with corresponding standard deviations) of illuminated 

devices employing TiO2 films sensitized in 5 mg mL–1 CA–NH4OH-derived fractions 

dispersed in 100% acetone or 50:50 vol% acetone:ethanol (denoted by “EtOH”). (B) 

Average device metrics. *Note, efficiency (η) is reported in percent and FF is a unitless 

parameter but both values are on the same scale as the left and right y-axes, respectively. 

(C) Average EQE and UV-vis absorbance (inset) spectra. (D) Photographs of 

representative films used in the devices. The performance of bare TiO2 (black curves) is 

provided in all plots for comparison. 



148 
 

and fill factors (FF) of 0.827 ± 0.043 mA cm–2, 0.512 ± 0.007 V, and 67.05 ± 3.50%, 0.828 

± 0.058 mA cm–2, 0.516 ± 0.007 V, and 67.50 ± 4.19%, and 0.317 ± 0.037 mA cm–2, 0.474 

± 0.011 V, and 66.44 ± 3.54%, respectively, which yielded average power conversion 

efficiencies (η) of 0.284 ± 0.027%, 0.289 ± 0.036%, and 0.100 ± 0.015% (Figure 5.1B). Note, 

bare TiO2 produced values of 0.184 ± 0.027 mA cm–2, 0.463 ± 0.042 V, and 54.75 ± 4.73%, 

leading to an η of 0.048 ± 0.015%.  

While the as-synth. and dial. fractions produced comparable increases in photovoltages 

relative to bare TiO2, an improvement not observed for the retent. fraction, the main source 

of the prominent performance deviation between the dial. and retent. fractions is the stark 

difference in photocurrent, the origin of which was elucidated with EQE measurements 

(Figure 5.1C). All three fractions displayed increased photon-to-electron conversion 

(relative to bare TiO2) from 360 to 600 nm, however, the as-synth. and dial. fractions, 

showing comparable EQE to one another, as expected, presented distinct EQE peaks 

ranging from 9 to 12% at 430 nm, whereas the retent. fraction produced a less discernable 

peak, presenting more like a pseudo-shoulder, with a statistically significant drop in EQE 

to 1–3.5% and a shift in the peak maximum to 410 nm (Figure D.6A). Additionally, all 

three fractions negatively impacted the photon-to-electron conversion originating from the 

TiO2 film (λ = 300–375 nm) and, on average, the extent of the EQE reduction increased as 

such: as-synth. < dial. < retent. Interestingly, UV-vis spectra (and photographs) of the 

sensitized films revealed that the as-synth. and dial. fractions possessed nearly identical 

optical absorption while the retent. fraction was markedly darker and had stronger 

absorbance (Figures 5.1C–D and D.6B), presumably, due to the presence of nanoscale 

carbons, which are reported to possess high absorption coefficients.94-95 The striking 
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similarity between films sensitized with the as-synth. and dial. fractions and the 

pronounced difference between these fractions and films sensitized with the retent. fraction 

undoubtedly originates from the predominance of by-product production over nanoscale 

carbon generation within this reaction system. Indeed, crude calculations of retent. yield 

for this synthetic approach revealed that nanocarbon production was near or less than 1% 

meaning that a 5 mg mL–1 as-synth. fraction roughly consisted of 4.95 mg mL–1 dial. 

species and 0.05 mg mL–1 retent. species, hence, why the observed properties of as-synth.- 

and dial.-sensitized films and their corresponding device metrics are nearly identical. In 

fact, it was this poor yield that dictated the concentration employed for these studies since 

5 mg mL–1 was the highest concentration of retent. that we could reasonably obtain while 

still retaining a utilizable solution volume. Although the retent. fraction displayed 

potentially beneficial UV-vis optical properties for PV applications, clearly the 

nanocarbons stemming from this precursor system are inefficient sensitizers due to weak 

photon-to-electron conversion that could stem from poor band alignment, weak 

photoelectron injection, or the promotion of parasitic back reactions, whereas the dial. 

fraction consists of by-product species that are largely responsible for the induced 

photocurrent and can be more effectively utilized as sensitizers due to improved photon-

to-electron conversion despite weaker absorptivity. 

Interestingly, we found that when the TiO2 films were sensitized in as-synth. and dial. 

solutions with a solvent composition of 50:50 vol% acetone:ethanol (denoted by “EtOH” 

in all relevant plots), the photoactive species appeared to “selectively” sensitize, evidenced 

by the comparable performance to films sensitized in 100% acetone despite having slightly 

lower absorbance between 375 and 600 nm, which was visualized in the film color 
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changing from orange/light brown to yellow/orange. Note, while we state selective 

sensitization, since the exact chemical compositions of the by-product species contained in 

the as-synth. and dial. fractions are unknown, we cannot conclude that the sensitized 

species producing the yellow/orange film color are all photoactive and contribute to the 

generated photocurrent. Although, the more prominent shoulder observed near 450 nm in 

the UV-vis spectra of films sensitized in the presence of EtOH correlates quite well with 

the EQE spectral profiles, implying that the species responsible for this absorption feature 

may be the source of the photocurrent. This “selective” effect was more pronounced for 

films sensitized in 10 and 30 mg mL–1 solutions of the as-synth. and dial. fractions as shown 

in Figures D.7 and D.8, which clearly demonstrate that the photocurrent originates from 

certain by-product species generated in route to the desired FCDs. Additionally, 

sensitization in the presence of EtOH resulted in more distinct EQE peaks due to lower 

photon-to-current conversion between 390 and 410 nm, an effect that was most prominent 

at higher concentrations, particularly for the dial. fraction. Therefore, at lower 

concentrations, the observed photocurrent for acetone-dispersed fractions originates almost 

solely from by-product species due to the small nanocarbon content, whereas, at higher 

concentrations, specifically, 30 mg mL–1, the increase in EQE between 390 and 410 nm 

can be attributed, in part, to photocurrent contributions from the nanocarbons since this 

wavelength range coincides with the highest EQE values for the retent. fraction. However, 

these results also clearly indicate that the dial. fraction consists of multiple species that 

contribute to the photocurrent to varying degrees (or not at all), evidenced by the differing 

film optical properties stemming from the two sensitizer-solvent systems and the slight 

increase in EQE between 390 and 410 nm, relative to the max, for films sensitized in 100% 
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acetone. Direct comparisons of the results for the 5, 10, and 30 mg mL–1 as-synth. and dial. 

fractions are provided in Figure D.9. Although films sensitized in 100% acetone showed 

clear concentration-dependent sensitizer uptake, the resulting PV performance was 

essentially independent of concentration or employed solvent system, except for films 

sensitized in the ethanolic dial. fraction, which showed a uniform increase in average 

photocurrent as concentration increased. 

PV Characterizations of TiO2 Sensitized in CA–NH4OH Dial.-spiked Retent. Fractions 

Further undisputable evidence that the observed PV metrics for the as-synth. fraction, 

specifically, the photocurrent, predominately arise from reaction by-products, and not 

nanoscale carbons, is provided through the statistically significant performance changes 

observed for films sensitized with varying concentrations (0, 1, 2.5, 5, 10, or 30 mg mL–1) 

of dial.-spiked 5 or 1 mg mL–1 retent. solutions (Figures 2, D.10, and D.11). The specifics 

of solution preparation for these studies are detailed in the “CA–NH4OH Dialysate-spiked 

Retentate Studies” subsection under the “Experimental” section above. For both retent. 

concentrations explored, spiking in increasing quantities of dial. fraction to yield the listed 

concentrations led to continual increases in photocurrent and photovoltage, despite 

minimal changes to film optical properties for dial. concentrations lower than 30 mg mL–

1, except for films sensitized in the 5:1 mg mL–1 retent.:dial. solution, which oddly led to a 

slight decrease in performance relative to neat 5 mg mL–1 retent. Additionally, upon 

increasing the dial. concentration from 10 to 30 mg mL–1, the performance remained static 

(5 mg mL–1 retent.) or decreased (1 mg mL–1 retent.); however, when the solvent system 

was 50:50 vol% acetone:EtOH instead of 100% acetone, the performance of films 

sensitized in the 5 or 1 mg mL–1 retent. solutions containing 30 mg mL–1 dial. increased 
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Figure 5.2 (A–B) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films sensitized in dial.-spiked (A) 5 mg mL–1 or (B) 

1 mg mL–1 CA–NH4OH retent. fractions dispersed in 100% acetone or 50:50 vol% 

acetone:ethanol (denoted by “EtOH”). Appropriate quantities of dial. fraction were spiked 

in the retent. solutions to yield concentrations of 1, 2.5, 5, 10, or 30 mg mL–1. (C–F) 

Average EQE and absorbance spectra for the dial.-spiked (C and E) 5 mg mL–1 or (D and 

F) 1 mg mL–1 CA–NH4OH retent. fraction with magnified versions of the EQE spectra 

provided as insets in panels C and D. (G–H) Photographs of representative films sensitized 

with dial.-spiked (G) 5 mg mL–1 or (H) 1 mg mL–1 CA–NH4OH retent. fractions. The 

performance of bare TiO2 (black curves) is provided in all plots for comparison. 

markedly. In fact, the highest performances obtained across all studies performed on the 

CA–NH4OH-derived samples were for films sensitized in the ethanolic 1:30 mg mL–1 
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retent.:dial. solution. The exact origins of this noteworthy increase are unclear since films 

sensitized in the ethanolic solution of neat 30 mg mL–1 dial. yielded slightly lower 

photocurrent and performance. However, given that the concentrations of the dial. and 

retent. fractions were not optimized, as such studies were beyond the scope of this work, it 

is possible that at the optimal ratio of nanocarbons and photocurrent-producing by-

products, synergistic effects arise and yield performances higher that those obtained for the 

individual constituents, since FCDs have previously been employed as photoanode dopants 

to enhance the performance of sensitizer-based PVs.57-58 Indeed, performance metric 

comparisons of the 10 mg mL–1 dial.-spiked retent. solutions to the 10 mg mL–1 as-synth. 

solution, which contains ~0.1 and nominally 10 mg mL–1 of the retent. and dial. species, 

respectively, reveal that this may indeed be the case (Figure D.12A). Although ratio-

dependent synergistic effects between these species are evident, in general, increased 

concentrations of the species comprising both the dial. and retent. fractions, which 

translated to increased uptake, negatively impacted the performance, particularly for the 

latter fraction. This is clearly seen in head-to-head comparisons of the performances for 

the different dial. concentrations in the spiking studies, as decreasing the retent. 

concentration from 5 to 1 mg mL–1 led to markedly higher performances, even for the 

ethanolic sensitizer solutions. Therefore, at higher concentrations of retent. species, the 

apparent “selectivity” previously observed in the presence of EtOH may begin to fail and 

marginal nanocarbon uptake occurs, which could explain why films sensitized in an 

ethanolic solution of 1:30 mg mL–1 retent.:dial. yielded the highest performance (Figure 

D.12B–C); possible synergistic effects arose due to optimal uptake of nanocarbons and 

photocurrent-producing species. 
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Effects of 24 h Sensitization in CA–NH4OH Fractions on PV Performance 

The negative impact on performance imparted by increased sensitizer uptake was further 

revealed by 24 h sensitization studies (Figures D.13–D.15); in all conditions explored, the 

PV performance decreased regardless of concentration, solvent system, or fraction. Note, 

due to the observed trends for the as-synth. fraction 24 h uptake, extensive studies of 24 h 

dial. uptake were not conducted and, due to the unchanged performance upon increasing 

the neat retent. concentration from 1 to 5 mg mL–1, PV characterizations on 24 h retent. 

uptake were not explored. While increased uptake of species that negatively impact 

performance could explain the drop in performance for longer sensitization times, TiO2-

induced degradation of photoactive species cannot be ruled out even though films were 

sensitized under dark conditions. 

Aging and Water-exposure Effects on PV Performance of As-synth. CA–NH4OH Samples 

Additionally, slight aging effects were observed for 30 mg mL–1 as-synth. fractions that 

were 1–4 weeks old (Figure D.16), however, no noteworthy trends emerged after the initial 

performance decrease that occurred roughly 1 week after synthesis. Although degradation 

of the photoactive species as the origin of this decrease cannot be ruled out, the same 

decrease was not observed for films sensitized in ethanolic solutions or at any other 

concentrations, therefore, the decrease in performance may originate from the degradation 

of a non-photoactive species of low concentration to a compound that negatively impacts 

performance. Moreover, as previously mentioned, our initial studies revealed that exposure 

to water appeared to negatively impact the photoactive species, presumably through 

irreversible aggregation. To verify this, studies were conducted in which as-synth. samples 

were intentionally exposed to water and dried via two different means (details can be found 
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in Appendix D), redispersing the solid in acetone. As shown in Figure D.17, exposure to 

water clearly produced a negative impact on the photoactive species present in the sample 

but the negative effects appear to depend on the contact time with water and are potentially 

exacerbated by elevated temperatures. 

PV Characterizations of TiO2 Films Sensitized in Arg-derived Fractions 

Contrary to the trends observed for CA–NH4OH samples, purification of Arg produced the 

opposite effect. That is, instead of the photocurrent arising from species within the dial. 

fraction and the retent. performance being the lowest of the three fractions, for Arg, upon 

fractionating away reaction by-products, device performance improved markedly (Figure 

5.3). Four different fractions were generated and tested for the Arg-derived samples: as-

synth., an as-synth. fraction filtered with a 0.20 μm pore size syringe filter (denoted as “as-

synth. filt.”), dial., and retent. The performance of films sensitized with the as-synth. and 

as-synth. filt. fractions were almost identical, indicating that syringe filtration had minimal 

effects on the sample, despite material clearly being deposited in the filter, although, the 

photocurrent for the filtered fraction was statistically lower so removal of certain species 

may have marginally impacted current production. Regardless, the photocurrent for both 

fractions falls within the range generated by bare TiO2 so the species within these fractions 

are clearly ineffective sensitizers, however, a statistically significant increase in 

photovoltage was observed for both fractions. The dial. fraction, on the other hand, did not 

show this same increase in photovoltage and also yielded the lightest colored films, lowest 

average photocurrent, and lowest EQE. Conversely, the retent. fraction, showing the 

darkest films of all fractions and most intense absorbance, produced a massive increase in 

photocurrent and slight improvement to FF while retaining the higher photovoltage, all of 
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Figure 5.3 (A) Average J-V curves (with corresponding standard deviations) of illuminated 

devices employing TiO2 films sensitized in 10 mg mL–1 Arg-derived fractions dispersed in 

EtOH. (B) Average device metrics. *Note, efficiency (η) is reported in percent and FF is a 

unitless parameter but both values are on the same scale as the left and right y-axes, 

respectively. (C) Average EQE and UV-vis absorbance spectra with a magnified version 

of the EQE spectra provided as an inset. (D) Photographs of representative films used in 

the devices. The performance of bare TiO2 (black curves) is provided in all plots for 

comparison. 
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which led to nearly a doubling in device efficiency. Specifically, devices containing films 

sensitized with the as-synth., as-synth. filt., dial., and retent. fractions presented with short-

circuit current densities (JSC), open-circuit voltages (VOC), and fill factors (FF) of 0.190 ± 

0.007 mA cm–2, 0.541 ± 0.008 V, and 59.86 ± 3.88%, 0.173 ± 0.005 mA cm–2, 0.547 ± 

0.009 V, and 57.99 ± 1.80%, 0.171 ± 0.009 mA cm–2, 0.472 ± 0.012 V, and 57.76 ± 2.11%, 

and 0.297 ± 0.016 mA cm–2, 0.551 ± 0.005 V, and 66.36 ± 2.09%, respectively, which 

yielded average η of 0.062 ± 0.007%, 0.055 ± 0.003%, 0.047 ± 0.005%, and 0.109 ± 0.009% 

(Figure 5.3B). Again, bare TiO2 produced values of 0.184 ± 0.027 mA cm–2, 0.463 ± 0.042 

V, and 54.75 ± 4.73%, leading to η = 0.048 ± 0.015%. Thus, syringe filtration, following 

centrifugation, is not a sufficient purification protocol for removing reaction by-products, 

consistent with the (fluorescence) conclusions we previously arrived at.23 Akin to the CA–

NH4OH samples, all four fractions negatively impacted the EQE of TiO2 (λ = 300–375 nm) 

but presented with increased EQE over TiO2 from 375 to 550 nm, effects that yielded 

similar photocurrents for the first three fractions to that of bare TiO2 while the retent. 

fraction produced a large enough EQE in this range to increase the JSC by approximately 

0.1 mA cm–2. Additionally, the EQE for the retent. fraction showed marked increases on 

the bathochromic side of the curve, harvesting more UV photons over the other fractions 

(Figure D.18). These results clearly show that the photovoltage improvements stem from 

the putative nanocarbons in the retent. fractions and these species can generate appreciable 

photocurrent over bare TiO2, however, when the reaction by-products are not removed, 

these species negatively impact the performance, possibly through parasitic charge 

scavenging. Although, given the prevalence of the dial. species in the as-synth. fraction 

(approximately 70:30 dial.:retent. by mass) and the fact that the optical properties of the 
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as-synth. sensitized films are closer to those of the dial. over the retent., the poor observed 

performances for the as-synth. fractions likely arise from competitive adsorption between 

the dial. and retent. species, with the former dominating uptake and adsorption sites due to 

its higher concentration, severely restricting nanocarbon adsorption. We also note that, 

similar to the CA–NH4OH system, dialyzing Arg against water negatively impacted the 

sample but, in this case, the retent. fraction; less than 5 mg of product was obtained when 

dialyzing against water with 15 or 50 kDa membranes. Therefore, regardless of the 

purification mode employed (e.g., dialysis, liquid chromatography), care must be taken 

when choosing the solvent system since the negative impacts of water, such as irreversible 

aggregation, were not always immediately detectable by the naked eye and only became 

apparent upon conducting careful UV-vis (both in solution and on film) and J-V 

measurements. 

PV Characterizations of TiO2 Films Sensitized in CA–U- and GSH–F-derived Fractions 

Purification of the other two precursor systems explored in this work (i.e., CA–U, GSH–

F) did not result in such drastic performance differences between the fractions, with most 

of the performances minimally deviating from that of bare TiO2. Although, the results 

clearly demonstrate the role purification plays on the proper reporting of PV action arising 

from nanoscale FCD sensitizers since by-product species in the dial. fractions impacted the 

observed performance and generated photocurrent at incident wavelengths of 375–550 nm 

(Figures D.19–D.20). Additionally, essentially all fractions stemming from both precursor 

systems severely impacted the EQE attributed to TiO2, decreasing and shifting the EQE 

maximum for TiO2 from approximately 40% at 340 nm to approximately 20% (on average) 

at 330 nm. Furthermore, apparent aging effects were observed in every fraction for both 
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precursor systems, presumably due to sample degradation (Figures D.19–D.21). Since the 

previous two systems (i.e., CA–NH4OH, Arg) were negatively impacted by water, it is 

possible that these latter two systems were affected as well, however, such explorations 

were beyond the scope of this work.  

Interestingly, the GSH–F as-synth. and retent. fractions featured two minor peaks in 

the UV-vis spectra centered near 645 and 690 nm that yielded stark differences in film 

color (brown vs vibrant green) and distinguishable photon-to-electron conversion at red 

wavelengths (Figure D.20). Specifically, the as-synth. fraction produced a distinct peak at 

650 nm with an EQE of 0.15%, whereas, upon purification, the EQE at 650 nm for the 

retent. fraction promisingly jumped up to 0.25% with the EQE between 620 and 720 nm 

also showing an increase relative to the as-synth. fraction, a trend that correlates well with 

the observed changes in absorbance upon fractionation. Conversely, the dial. fraction 

displayed little to no peak between 620 and 720 nm with a maximum EQE of 0.05% 

occurring at 650 nm. Although extremely low, the minor peak appearing at 650 nm in the 

EQE spectrum of the GSH–F retent. fraction is highly encouraging, as with a more 

fundamental understanding of the exact origin of these absorbance features (i.e., 

originating from FCDs or quasi-molecular species), the chemical composition and 

resulting photophysics of this FCD system could be better tailored to simultaneously 

increase the absorbance in the red end of the visible spectrum and improve the photon-to-

electron conversion to yield more efficient FCD sensitizers. As a step towards this, samples 

were generated at a higher carbonization temperature (200 vs 180 °C) to assess the 

influence on overall PV performance and, in particular, any deviations in the photophysics 

of the species giving rise to the peaks between 600 and 800 nm (via UV-vis and EQE). A 
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more detailed analysis is provided in Appendix D but, briefly, increasing the reaction 

temperature led to a decrease in all PV metrics for all three fractions, however, only a 

marginal drop in photocurrent occurred while the VOC and FF experienced marked 

reductions, resulting in negative deviations away from the performance of bare TiO2 

(Figure D.22). Most notably, the distinct UV-vis and EQE peaks observed for the as-synth. 

and retent. fractions between 600 and 750 nm almost completely disappeared and a further 

reduction in the EQE attributed to TiO2 occurred, indicating that the higher carbonization 

temperature negatively affected the species responsible for the observed PV action, in 

particular, the photocurrent, and especially the photon-to-current conversion at redder 

wavelengths. We postulate that the higher reaction temperature led to the degradation of 

quasi-molecular moieties tethered to the nanocarbons via increased carbonization, species 

that are responsible for the distinct green coloration and, in part, a fraction of the 

photocurrent, particularly at redder wavelengths. Thus, it stands to reason that the increased 

reaction temperature reduced the molecular and sp3 characteristics of the materials, 

resulting in higher sp2 content (i.e., higher degree of carbonization), a well-known 

occurrence in FCD syntheses,10, 35 that apparently leads to poorer PV performance for the 

device architecture employed herein. Further detailed analyses of the CA–U and GSH–F 

results can be found in Appendix D. 

PV Characterizations of TiO2 Films Sensitized in Coal-derived GQDs 

In a similar vein, all FCD-containing retent. fractions performed poorly, producing power 

conversion efficiencies of ~0.1% or lower, loosely implying that thoroughly purified 

nanoscale carbons may not function as sufficient sensitizer replacements to the higher 

performing, albeit more toxic semiconductor QDs. Further evidence of this notion is 
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provided via characterizations of devices sensitized with extensively purified coal-derived 

GQDs,93 a subset of the FCD family with more well-defined, graphitic nanostructures (i.e., 

highly carbonized). In line with the molecularly derived, FCD-containing retent. fractions, 

these GQD sensitizers produced adverse effects on PV performance relative to bare TiO2, 

however, the deleterious consequences were even more drastic, plummeting device 

efficiency to essentially 0% (Figure D.23). The origin of this negligible power conversion 

was from a reduction in all PV metrics; specifically, the VOC and FF decreased by over half 

and one third, respectively, while the JSC dropped nearly 10-fold (relative to bare TiO2). 

Despite the immense uptake of the GQDs, as evidenced by the deep brown color of the 

films and their corresponding UV-vis spectra, EQE measurements revealed that the source 

of the marked reduction in photocurrent was a lowering in photon-to-electron conversion 

to below 10% across all wavelengths, even at the wavelengths that the GQD sensitizers 

absorb strongly, such that the EQE was well below that observed for bare TiO2. 

Furthermore, akin to other systems studied herein, the GQDs produced a large 20 nm shift 

in the EQE attributed to TiO2 implying modification of the semiconductor band properties, 

which could account for the substantially lower photovoltage. Given these results, we 

speculate that the photocurrent observed in the molecularly derived, FCD-containing 

retent. fractions arises, at least in part, from quasi-molecular moieties tethered to the FCD 

surface, while the nanocarbon core mostly functions as a conduit for delivering 

photogenerated charge carriers to the semiconductor but, in some instances, negatively 

impacts the semiconductor scaffold to such an extent that these adverse effects outweigh 

the desired photosensitizer charge generation. 
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Mass Spectrometric Analyses of CA-based FCD Systems 

As previously mentioned, bottom-up FCD syntheses are known to generate a variety of 

molecular by-products, 10, 23, 35-39 especially those employing CA as the carbon source,40, 

43-50 therefore, ESI-TOF mass spectrometry was conducted (in positive ion mode) on select 

as-synth. fractions to identify potential molecular species that could be responsible for the 

observed PV action, namely, the photocurrent. Specifically, the CA-derived as-synth. 

fractions, as well as neat CA and CA–U precursor solutions, were analyzed since the 

reactions, although differing in synthetic approach, share similar precursors (that is, CA 

and ammonia; in the CA–U system the latter is generated in situ from the breakdown of U) 

but yield products exhibiting drastically different PV performances. Thus, direct 

comparisons between the mass spectra were made to identify molecular species that could 

be responsible for the substantially larger photocurrent observed in the CA–NH4OH system 

over CA–U, as well as potential species (other than nanocarbons) that negatively impacted 

the performance of the CA–U as-synth. and dial. fractions. The spectra of the precursor 

solutions, shown in Figure D.24, displayed numerous peaks attributable to various sodiated 

adducts of CA or U, including mono- or dibasic species of the former, labeled as NaCA or 

Na2CA, respectively. Specifically, the peaks at a m/z of 215, 237, 407, 429, and 643 were 

assigned to [CA+Na]+ (or [NaCA+H]+), [NaCA+Na]+ (or [Na2CA+H]+), [2CA+Na]+, 

[2Na2CA+H]+, and [3Na2CA+H]+, respectively, while the peak at a m/z of 143 was 

attributed to [2U+Na]+. Upon reaction, essentially all of the peaks ascribed to the employed 

precursors vanished (Figure D.25) indicating complete degradation of the N-dopants and 

carbon source, CA, processes that are quite complex for the latter. Indeed, CA is known to 

go through multistep and multi-pathway degradation processes leading to a host of 
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carboxylic acid by-products through various dehydration and decarboxylation steps.96-97 

Specifically, one of the primary thermal decomposition pathways for CA involves two 

dehydration steps to produce the cis- and trans-isomers of aconitic acid and then their 

corresponding anhydride versions, followed by a decarboxylation step to yield itaconic 

acid and citraconic acid anhydrides. These anhydrides can then be hydrolyzed to form 

itaconic and citraconic acids. Additionally, CA can go through an immediate 

decarboxylation step yielding 3-hydroxyglutaric acid.96 Although CA was reacted in the 

presence of potential N-dopants in this work, some of these decomposition products were 

still observed, where the exact carboxylic acid formed was dependent on the reaction. 

Specifically, the thermal reaction of CA and NH4OH appeared to result in more complete 

decomposition as itaconic and citraconic acids (abbreviated ICA) were the main 

decomposition species observed (m/z = 132) with very little aconitic acid (AA) detected 

(m/z = 175), whereas, for CA–U, aconitic acid was the main decomposition product 

observed with little to no itaconic and citraconic acids detected. Interestingly, aconitic acid 

was also observed in the CA–U precursor solution. Since all these species are colorless 

solids in their virgin forms, it is highly improbable that they are responsible for the 

observed photocurrent, however, since they all possess carboxyl groups, they could be 

impacting the photovoltaic performance through modification of TiO2; whether they impart 

positive or negative effects is unclear.  

Since the CA-based precursor systems explored in this work employed potential N-

dopants in the reactions, the presence of N-containing molecular by-products was highly 

anticipated. Indeed, the reaction of CA with ammonia-generating compounds (e.g., 

NH4OH, U) has been reported to result in various 2-pryidone derivatives such as citrazinic 
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acid (CzA)45, 98 and 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-trione (HPPT);45 

however, the production of these species did not appear to occur, an observation that could 

be due to the employed reaction conditions since the reported generation of these by-

products arose from lower reaction temperatures (<160 °C vs 200 °C) and higher N-

dopant:CA mole ratios (≥3:1 vs ≤3:1). Furthermore, the reported peak absorbance of these 

by-products45 does not coincide with the observed absorbance for sensitized films; that is, 

the reported peak absorbance (350–400 nm) is blueshifted relative to the sensitized species 

(450 nm). Additionally, HPPT does not possess carboxyl moieties that would allow it to 

strongly chemisorb to the TiO2 film. While the photocurrent does not appear to arise from 

CzA or HPPT, the reaction of CA with hexamethylenetetramine, which yields ammonia 

upon decomposition, has been proposed to generate CzA derivatives functionalized in the 

three and five positions.44 Therefore, under the appropriate conditions, the generation of 

3,5-derivatized CzA species in the reaction of CA with NH4OH or U cannot be discounted. 

Indeed, a peak was observed at m/z of 186 in both systems which could be attributed to an 

aminated derivative of CzA, such as 2,6-dihydroxy-3,5-diaminopyridine-4-carboxylic acid 

(HAPCA). Furthermore, a peak was observed at m/z of 142 in both precursor systems that 

could correspond to a decarboxylated version of the proposed CzA derivative, HAPCA. 

Since CzA absorbs UV to blue wavelengths, this feature may be retained upon 

derivatization, with a possible redshift in peak absorbance, as long as the aromaticity is not 

lost. Thus, this species could be responsible for the observed photocurrent. However, since 

a peak at m/z of 186 is observed in both systems, as well as the precursor solutions, we 

suspect that this peak arises from tributylammonium (tba), a species originating from 

tetrabutylammonium (TBA), which is an ever-present contaminant in the ESI source used 
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as an internal lock mass for yielding high mass accuracies. Therefore, we suspect that the 

observed photocurrent in the CA–NH4OH as-synth. and dial. fractions does not originate 

from any known or proposed CzA-derived species. Since further functionalization of CzA 

to HPPT produces redshifted absorbance peaks, namely a shift from 350 to 400 nm, it is 

plausible that a more extensively derivatized form of CzA (possibly in the 1, 3, or 5 

positions) was produced, a species that absorbs around 450 nm, possesses aromaticity, and 

still contains a carboxyl headgroup, all of which would be minimum requirements to yield 

the observed sensitization and PV performance. Indeed, CzA derivatives functionalized 

with various uret species (e.g., urea, biuret) have been proposed,99 however, these 

postulated species were not observed either.  

Although appreciable photocurrent production was only observed in the CA–NH4OH 

as-synth. and dial. fractions, it is possible that the species responsible for the photocurrent 

is present in both the CA-derived samples, however, in the case of CA–U, a different by-

product species, distinct to this system, is negatively impacting photocurrent production. 

Indeed, both systems displayed similar (major) peaks at m/z of 142, 184, 258, 307, and 413 

while prominent, seemingly system-specific, peaks were observed at m/z of 279, 308, 330, 

336, 352, and 379 and 277, 291, 383, 468, and 493 for CA–U and CA–NH4OH, 

respectively. Note, the listed peaks may still appear in the other system, however, for any 

shared peaks designated as system-specific, the peak intensities in one system are 

extremely low relative to the other. Despite the prominence of the above peaks within their 

respective systems, essentially all of these peaks were also identifiable in the spectra of the 

precursor solutions, indicating that the species giving rise to these m/z values were not from 

reaction by-product formation. Thus, given the lack of evidence for the existence of a 
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molecular by-product that could be responsible for the generated photocurrent, the 

sensitized species responsible for the observed performance in the CA–NH4OH as-synth. 

and dial. fractions could be a large, poorly carbonized polymeric species possessing a 

molecular weight between 2 and 50 kDa such that its presence was not observed in the 

probed m/z range but its size (i.e., hydrodynamic radius) was small enough that the species 

could still permeate the dialysis membrane. That said, the lack of current evidence for the 

formation of molecular by-products does not preclude their existence since the resultant 

positive ion mass spectra do not necessarily represent every species constituting the 

analyzed fractions. Therefore, further analyses are warranted to elucidate the exact origin, 

whether molecular or polymeric, of the produced photocurrent. Regardless, the results 

clearly indicate that the species responsible for the majority of the observed performance 

in the CA–NH4OH system, specifically, the photocurrent, is not a nanocarbon. 

While the results obtained herein imply that FCDs may not hold the perpetuated 

promise as greener, inexpensive sensitizer replacements, further studies are necessary to 

better understand the exact origin of why these purified nanocarbons negatively impact PV 

performance such as poor band alignment or weak/slow photogenerated charge-carrier 

injection into the semiconductor. Additionally, as FCDs are reported to possess both donor 

and acceptor properties, for the investigated systems, the nanoscale carbons could be 

behaving as electron sinks accepting but retaining more electrons than they donate. 

Furthermore, the FCDs could be strong electron donors toward triiodide reduction, 

promoting parasitic back reactions that substantially reduce the photocurrent produced. 

Regardless, before such studies exploring the exact origins of the observed effects on PV 

devices, particularly sensitizer-driven architectures, are undertaken, analytically rigorous 
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purification of the FCD parent samples and subsequent systematic characterization of the 

fundamental chemical, physical, and photophysical properties of the nanocarbon-

containing fractions must be conducted to provide a better context for why these materials 

behave as they do when employed in PV devices, namely, as sensitizers. Moreover, every 

fraction in all four precursor systems displayed some form of instability such as water-

induced irreversible aggregation or sample degradation and, in fact, every fraction 

displayed solution instabilities with sedimentation or electroless deposition occurring 

within days to weeks after synthesis, regardless of the storage container (i.e., glass, plastic) 

utilized, thus, these sample instabilities must also be addressed.  

Conclusions 

In conclusion, we have attempted to draw further attention to the improper and insufficient 

purification of FCDs, particularly those derived from molecular precursors, through the 

exploration of membrane-separated fractions to better understand how these nanocarbons, 

as photosensitizers, contribute to and affect PV performance in mesoporous TiO2-based 

solar cells, a common area of FCD application that has yet to implement analytically 

rigorous purification protocols. This detrimental issue, that is still unsettlingly common, 

has hindered the field in elucidating these nanocarbons true properties, particularly, the 

origin of their reported photoluminescence. The results disseminated herein further 

illuminate how the lack of sufficient purification is impeding the field in arriving at a 

fundamental understanding of these nanocarbons’ inherent properties, particularly in 

relation to their photophysical and photoelectric properties, revealing that scrupulous 

purification is necessary to properly report the source of the observed PV action and the 

devices’ corresponding performance metrics. Specifically, in some precursor systems, the 
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observed PV action may not originate from the nanocarbons themselves but from 

molecular by-products generated alongside the nanocarbons, as was apparent for CA–

NH4OH, or from quasi-molecular functional groups on the FCD core, as the results for 

GSH–F may indicate. Conversely, in other instances, such as the Arg system, proper 

fractionation may lead to even higher PV performance than that observed for nonpurified 

samples due to reaction by-products negatively impacting performance and masking the 

true potential of the nanocarbon sensitizers. Additionally, in all systems except Arg, 

substantial uptake of the various sensitizing species was observed resulting in dark, 

strongly absorbing films yet devices containing these films produced very little 

photocurrent implying that some of the chromophoric species, whether molecular or 

nanocarbon, do not contribute meaningfully to photocurrent production. Therefore, 

remedial studies employing analytically rigorous purification should be undertaken to 

reassess previously reported properties, particularly those that are highly relevant to PV 

applications such as band gap, band alignment, donor/acceptor capabilities, charge 

injection, and heteroatom doping. 
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Chapter 6: Conclusions 

In conclusion, FCDs constitute an emerging class of highly intriguing carbon-based 

nanomaterial that possess a host of promising properties such as chemical inertness, high 

thermal stability, compositional tunability, and, most notably, exceptional luminescent 

characteristics that have been reported to be dependent on size, graphitic content (that is, 

size and quantity of sp2 islands), or core/surface composition. Additionally, these green 

nanocarbons can be synthesized through several different approaches, deriving from a 

myriad of (sustainable) carbon precursors, such as low-value wastes, including human 

urine, often resulting in heteroatom-doped FCDs whose absorbance and luminescent 

properties are bathochromically shifted relative to undoped nanocarbons. Furthermore, 

these carbonaceous nanomaterials’ donor/acceptor capabilities afford noteworthy 

exploitations in a variety of applications such as surface enhanced Raman spectroscopy 

and (noble) metal nanoparticle formation. Regarding the latter, FCDs can act as dual 

reducing and capping agents in the synthesis of both mono- and bimetallic nanoparticles, 

resulting in FCD/MNP composites whose optical properties (i.e., surface plasmon 

resonance) can be experimentally tuned through systematic variation of the FCD:metal and 

metal:metal ratios. Due to the ability to sustainably synthesize these green nanocarbons 

from heteroatom-containing carbon precursors, yielding improved optical properties, and 

the ability to generate FCD/MNP composites with tunable plasmon resonances, these 

materials hold enticing prospects for exploitation in PV applications, namely, as 

inexpensive, non-toxic sensitizer alternatives and plasmonic performance enhancers, 

respectively. Furthermore, coupling the alluring properties of heteroatom-doped FCDs 
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with those of FCD/MNP composites could result in further improvements to PV device 

performance metrics, affording cheaper and more efficient solar energy harvesting. 

Undoubtedly the biggest hurdles in achieving these realizations though are the 

mysterious mechanism of FCD formation and how altering the precursor chemistry 

influences these formation pathways. Stemming from these issues is the exact origin of 

FCDs’ purportedly distinguishing characteristics from their nanocarbon relatives; that is, 

their excitation wavelength-dependent emission, the genesis of which continues to elude 

the field. Historically, the source of these intriguing luminescent properties has been 

attributed to carbon core size and compositional variation. However, in recent years, 

mounting evidence has surfaced demonstrating that the intense blue luminescence, and 

corresponding high fluorescence quantum yields, originates not from the FCDs but from 

molecular by-products produced during the carbonization, a severe oversight emanating 

from the naïve concept that these materials are the exclusive product generated, negating 

any need for postsynthetic purification. Indeed, unequivocal evidence to the contrary has 

been provided herein, demonstrating that this notion is assuredly not the case; adequate 

purification of these materials is absolutely necessary prior to detailed characterization and 

implementation in applied technologies. The unsettling and recurring trend of insufficient 

separation of reaction by-products from the target nanocarbons currently plaguing the FCD 

field is undoubtedly hindering maturation of the area, particularly, with respects to 

illuminating the exact origin of their purported luminescence, and, worse, has led to a 

number of misconceptions entering the publication record. Furthermore, this widespread 

lack of mandatory purification not only influences the observed optical properties but the 

presence of molecular by-products drastically affects the characteristics and performance 
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of common applications for these materials, namely, quenchometric-based detection and 

sensitizers in PV devices. 
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Chapter 7: Future Outlooks 

Looking to the future, given the relentless fervor and intense velocity of research that has 

led to thousands of published FCD works in recent years with a disconcerting percentage 

ignorantly performing inadequate purification (based on the representative sampling 

provided in Chapter 4), the field needs to temporarily restrain and then redirect this zeal 

toward reassessing the employed fractionation practices (or lack thereof) in order to 

uncover the true nature of these nanocarbons’ properties. For instance, until the exact 

compositions of these carbonaceous cocktails are deconvoluted, the precise formation 

mechanisms and origin of FCDs’ properties, namely, the genesis of their luminescence, 

will continue to evade the field. To address this need, a proposed path forward is outlined 

below. 

First, the comprehensive implementation of an analytically rigorous and thoroughly 

scrutinized separation technique that yields high-purity, single-component FCD samples is 

of utmost importance since as-synthesized FCDs are complex, multicomponent systems 

whose constituents and, therefore, chemical compositions, vary widely depending on the 

precursor(s) employed. While membrane-based separations, such as dialysis, offer an 

unrivaled convenience for purifying FCD samples, due to as-synthesized FCDs’ 

multifarious nature and the separation restrictions inherent to these membranes (that is, 

only select molecular weight cut-offs, and, therefore, membrane pore sizes are 

commercially available), these techniques may not be a satisfactory mode of purification 

in some instances. Thus, the prime candidate for analytically sound fractionation of these 

intricate mixtures is chromatographic techniques since a hallmark of these methodologies 

is naturally a reduction in sample complexity, however, these approaches have only been 
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championed by select groups and currently constitute less than 10% of all reported 

purification protocols. Therefore, adequate purification needs to be implemented 

immediately for all future FCD studies, in which, at minimum, the FCD samples are 

initially fractionated with careful and thorough membrane-based purification to begin to 

isolate and understand the properties of specific size regimes, followed by chromatographic 

separations to further deconvolute the still diverse composition of these membrane-

restricted size regimes. In the ideal scenario, chromatographic separations would become 

the benchmark mode of purification, however, given the, often, costly nature of and lack 

of easy access to these high-end fractionation techniques, rigorous membrane separations 

and characterizations of the resulting fractions would lay the foundation for groups well-

equipped to undertake sophisticated chromatographic separations of these prefractionated 

size regimes. 

Once a purification standard is meticulously vetted and unanimously put into practice, 

revisiting previous works concerning the inherent properties of FCDs is necessary to verify 

the authenticity of these preceding claims, particularly, the luminescent nature of these 

materials. As the complexity of these samples is deconvoluted and a new, correct 

understanding of their inherent properties is established, then (and only then) can the field 

begin to truly exploit these materials. At this point, however, additional remedial studies 

will be warranted to reassess the performance of the pure FCDs in the many applications 

that they have previously been employed in, especially those reliant on the luminescent 

properties. While the continual rampant lack of adequate purification in the FCD field is 

disheartening, as future research begins to uncover the exact nature of these nanocarbons 
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and their true properties, their previously hypothesized potentials may finally come to 

fruition.  
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Appendix A: Supporting Figures for Chapter 2 

 
Figure A.1 Key suspected products of the metabolic breakdown of (A) asparagusic acid: 

(B) methanethiol, (C) dimethyl sulfide, (D) dimethyl disulfide, (E) dimethyl sulfoxide, and 

(F) dimethyl sulfone. 
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Figure A.2 (A) An extended pyrolysis time (24 h) of urine collected during the donor’s 

unmodified diet phase generated a redshift in peak emission relative to the emission arising 

from a 12 h thermal treatment of the same urine (panel B). Specifically, the peak emission 

for the latter occurred at 392 nm under 325 nm excitation while the peak emission shifted 

to 445 under 350 nm excitation after an additional 12 h of pyrolysis. (C) The CPDs 

displayed a slight redshift in emission over the UPDs (12 h) but did not show as large of a 

redshift as the APDs (Figure 2.2A) or the UPDs from the 24 h pyrolysis. This loosely 

implies that a longer treatment time of the dietary-doped urine samples could lead to an 

even further redshift in emission. (D–E) TEM imaging analysis of the UPDs (24 h) 

confirmed that small, presumably carbonaceous, nanocrystals were still generated when a 

longer pyrolysis time was employed. Note, the abbreviation “F.I.” used in the inset plots 

of panels A–C stands for fluorescence intensity. 
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Figure A.3 Confocal fluorescence micrograph of APD-labelled BT-474 (human mammary 

gland, ductal carcinoma) cells adhered to a 96-well plate. 
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Figure A.4 (A) Quenching curves for UPDs (green), CPDs (magenta), and APDs (cyan) 

in the presence of Hg2+ (circles) and Cu2+ (triangles). Both metal ions showed fluorescence 

quenching with Hg2+ displaying stronger quenching over Cu2+. Each respective metal 

quenched all three samples in a similar manner. (B–F) Quenching curves used for the 

determination of quenching constants and limit of detection (LOD) calculations. The color 

and shape schemes employed in panel A were kept consistent for all panels (i.e., B–F). 

Note, the quenching curve used for the LOD calculation of APD quenching in the presence 

of Hg2+ is provided as panel B of Figure 2.6. 



188 
 

 

 
Figure A.5 PD fluorescence signal recovery using EDTA to preferentially chelate Hg2+, 

restoring the previously quenched fluorescent site to >90% of the original signal. 

Specifically, the (A) UPDs, (B) CPDs, and (C) APDs displayed 97.2%, 96.0%, and 93.6% 

recovery, respectively. 
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Appendix B: Supporting Figures for Chapter 3 

 
Figure B.1 (A) Photophysical properties of the CA-derived FCDs employed in this work. 

Akin to other reported FCDs, these carbon dots displayed excitation wavelength-dependent 

emission and quantum yields (panel A inset). (B) Representative TEM micrograph of the 

CA-derived sample indicating that, presumably carbonaceous, nanodots, 30–60 nm (up to 

100 nm) in size were produced. (C) FTIR spectrum of the CA-derived FCDs revealing that 

the nanocarbons possessed alcohol, carboxyl, epoxy, ester, and ether surface 

functionalities, moieties that account for the FCDs’ high aqueous solubility. The FTIR 

peaks were assigned as such: stretching vibrations of O–H (νO–H, 3600–3000 cm–1), 

stretching vibrations of C=O (νC=O, 1800–1600 cm–1), skeletal vibrations of aromatic 

groups (νC=C, 1800–1600 cm–1), stretching vibrations of C–O moieties (νC–O–C and νC–OH, 

1300–1000 cm–1), and aliphatic carbon stretches (νC–H and ν=C–H, 2900, 1400, and 915 cm–

1). The outset panel to the right of panel C is an expanded plot of the area within the red 

box shown in panel C. 
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Figure B.2 UV-vis spectra of the resultant Au@FCD NP solutions when the concentration 

of Au salt was held constant at 0.3 mM and the FCD concentration was increased from 

0.05 to 0.60 mg mL–1. As the FCD concentration increased up to 0.30 mg mL–1, the Au NP 

SPR appeared and hypsochromically shifted. For the three highest concentrations of FCDs, 

the Au NP SPR remained relatively constant in intensity and peak position. 
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Figure B.3 Representative TEM micrographs of the resultant Au@FCD NPs when the 

FCD concentration was held at 0.3 mg mL–1 and the Au concentration was (A) 0.20 mM, 

(B) 0.35 mM, (C) 0.45 mM, or (D) 0.60 mM. Such FCD:Au ratios resulted in average 

quasi-spherical particle sizes of (A) 17.8 ± 6.4, (B) 26.7 ± 10.0, (C) 47.8 ± 20.7, and (D) 

96.7 ± 29.9 nm, respectively. For the higher Au:FCD ratios, large hexagonal and trigonal 

Au plates formed with average particle sizes of 266.7 ± 99.3 and 528.8 ± 214.3 nm for Au 

concentrations of 0.45 and 0.60 mM, respectively. The higher Au:FCD ratios also produced 

much smaller quasi-spherical particles in the 5–20 nm regime as evidenced by the insets of 

panels C and D but these particles were less concentrated than the larger quasi-spherical 

particles and platelets. 
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Figure B.4 (A) Time-dependent UV-vis spectra of the room temperature Au reduction (0.3 

mg mL–1 FCDs:0.35 mM HAuCl4) showing that the reduction was near completion after 3 

h. (B) Time-dependent fluorescence spectra (λex = 350 nm) of the room temperature Au 

reduction (0.3 mg mL–1 FCDs:0.35 mM HAuCl4). After the reduction, the Au@FCD NPs 

still retained approximately 25% of the original FCD fluorescence. Since HAuCl4 did not 

show any absorbance or fluorescence features within the wavelength range of interest, the 

increase in absorbance and decrease in fluorescence intensity was solely attributed to the 

growth of Au NPs. 
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Figure B.5 UV-vis spectra of the resultant Ag@FCD NP solutions when the concentration 

of Ag salt was held constant at 1.0 mM and the FCD concentration was increased from 

0.05 to 0.60 mg mL–1. In general, as the FCD concentration increased, the Ag NP SPR 

displayed a slight bathochromic shift. Interestingly, at the lowest concentration of FCDs 

(0.05 mg mL–1), a broad shoulder centered at approximately 535 nm appeared in addition 

to the SPR peak at 396 nm, a feature that is indicative of larger Ag nanostructures with 

high polydispersity.  
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Figure B.6 Representative TEM micrographs of the resultant quasi-spherical Ag@FCD 

NPs when the FCD concentration was held at 0.3 mg mL–1 and the Ag concentration was 

(A) 0.30 mM, (B) 1.00 mM, or (C) 3.00 mM. Such FCD:Ag ratios resulted in average 

particle sizes of (A) 11.1 ± 9.9, (B) 6.9 ± 3.4, and (C) 6.0 ± 4.0 nm, respectively. 



195 
 

 
Figure B.7 Resultant Au@FCD NP SPR as a function of the Au concentration within 

samples synthesized at 100 °C. Similar to the room temperature reductions of Au salt using 

FCDs, the 100 °C reductions resulted in a bathochromic shift of the SPR with increasing 

Au concentration, a transition indicative of the formation of larger Au NPs and further 

highlighting the degree of SPR tunability, even when using elevated temperatures. 

 

 
Figure B.8 UV-vis spectrum of a control sample that was heated at 100 °C in the presence 

of 50:50 mol% Au:Ag but in the absence of FCDs. The lack of a discernable SPR peak 

provides further evidence that the CA-derived FCDs act as reducing agents towards 

AuxAg1–x NP formation. 
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Figure B.9 Representative TEM micrographs of the (A) Au0.9Ag0.1@FCD, (B) 

Au0.7Ag0.3@FCD, (C) Au0.3Ag0.7@FCD, and (D) Au0.1Ag0.9@FCD BMNPs. Interestingly, 

the size of the AuxAg1–x NPs decreased slightly with increasing Ag content. Specifically, 

size analyses of the imaged BMNPs yielded average particle sizes of 4.1 ± 1.4, 3.4 ± 0.9, 

2.4 ± 0.8, and 1.9 ± 0.7 nm for the Au0.9Ag0.1@FCD, Au0.7Ag0.3@FCD, Au0.3Ag0.7@FCD, 

and Au0.1Ag0.9@FCD BMNPs, respectively. 
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Figure B.10 (A–B) Time-dependent UV-vis absorption spectra of the NaBH4-assisted 

reduction of 4-NP catalyzed by (A) Au0.5Ag0.5@FCD NPs and (B) Ag@FCD NPs. (C) 

Plots of ln(At/A0) of 4-NP absorbance at 400 nm vs time for various aged MNP@FCD 

catalysts. 
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Figure B.11 Normalized UV-vis absorption spectra of freshly prepared and aged (for 5 

months in a lab drawer) MNP@FCD NPs highlighting the stability of the (A) Au@FCD, 

(B) Au0.5Ag0.5@FCD, and (C) Ag@FCD NPs. Comparison of the spectral profiles for fresh 

samples to those arising from their aged counterparts reveals that the Au@FCD NPs 

remained essentially unchanged after storing for 5 months while the aged Au0.5Ag0.5@FCD 

and Ag@FCD NPs displayed increased absorbance at longer wavelengths, features that 

likely stem from marginal particle aggregation. 
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Figure B.12 Concentration-dependent, peroxidase-mimicking activity of the Au@FCD 

NPs assessed by temporally monitoring absorbance changes of ABTS (0.805 mM) at 418 

nm in the presence of 5.4 mM H2O2 and 3.0–48.3 μg mL–1 Au@FCD NPs. Note, the 

reported concentrations indicate the quantity of FCDs present in the Au@FCD aliquot 

added; the concentration of Au (in μM) within each Au@FCD sample is half the value of 

the corresponding FCD concentration (e.g., the 24.2 μg mL–1 FCD sample contains 12.1 

μM Au). Results of a control experiment using a 9.7 μg mL–1 solution of neat FCDs (i.e., 

metal-free) are also provided (brown circles). While no activity was observed on this 

timescale for the “naked”, metal-free FCDs, the Au@FCD NPs clearly showed higher 

activity with increasing nanocatalyst concentration. 
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Appendix C: Supporting Figures for Chapter 4 

 
Figure C.1 Excitation wavelength-dependent emission of the microwave-generated, CA–

U-derived (A) as-synth. sample and its filtrate fractions after ultrafiltration with (B) 1 kDa, 

(C) 10 kDa, or (D) 100 kDa MWCO membranes or bulk filtration with syringe filters of 

(E) 0.20 µm or (F) 0.45 µm pore size. The excitation wavelength-dependent emission 

profiles of all filtrate fractions were essentially identical to those of the as-synthesized 

sample indicating that the small organic material (<1 kDa) that traverses the membrane is 

associated with the majority of the observed fluorescence. Further, these results highlight 

that the common practice of purifying solely with a syringe filter is entirely inadequate. 
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Figure C.2 Excitation wavelength-dependent emission of dialysis fractions stemming from 

membrane purification (MWCOs of 1, 3.5, 8, 15, and 50 kDa) of the CA–U-derived, 

microwave-generated sample, specifically the (A, C, E, G, and I) retent. and (B, D, F, H, 

and J) dial. fractions. Within each respective category (i.e., retent., dial.), the fractions 

displayed similar spectral characteristics to one another regardless of the membrane 

MWCO employed; however, the emission profiles in cross-category comparisons were 
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markedly different, alluding to the existence of at least two distinct populations of 

fluorophores. Even further, when the emission was collected on fractions “normalized” to 

similar absorbance values in the near-UV region, the retent. fractions presented drastically 

lower emission intensities compared to the dial. fractions. That is, the y-axis maxima of 

the retent. emission plots are an order of magnitude lower than the maxima used for the 

plots of the dial. emission; the data were plotted as such to better show the spectral features 

of the retent. fractions. These results indicate that the retent. fractions, which should contain 

the desired FCDs (if present), are not nearly as fluorescent as once thought and that the 

majority of the fluorescence arises from small molecular species (<1 kDa) that permeate 

the membrane. 

 

 
Figure C.3 Sequence of photographs showing the progress of dialysis for a microwave-

generated, CA–U-derived sample after 48, 72, 96, and 120 h of dialysis. The images were 

collected immediately before replenishing the exchange solvent (i.e., ultrapure water). 

These results highlight the sheer quantity of small molecular material (<1 kDa) that 

continues to permeate the membrane even after four additional 24 h dialysis periods against 

fresh exchange solvent. 
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Figure C.4 Sequence of photographs showing the dialysis progression of a 1 kDa CA–U 

retent. fraction dialyzed with a 50 kDa MWCO membrane. That is, the retent. fraction 

employed in this study was a microwave-generated, CA–U-derived parent (as-synth.) 

sample that had previously been extensively dialyzed with a 1 kDa MWCO membrane. 

These images further highlight that the resulting product consists of two size-disparate 

species: one less than 1 kDa (e.g., molecular/polymeric material) and the other greater than 

50 kDa (e.g., FCDs). 
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Figure C.5 Representative TEM micrographs of (A–B) citrate- and (D–E) NaBH4-

stabilized Au NPs. Corresponding histograms from the size analysis of the citrate- and 

NaBH4-stabilized Au NPs are shown in panels C and F, respectively. The Au NPs were 

employed as a convenient means to clarify nanoscale membrane permeability for a given 

MWCO. 

 

 

 

 

 

 

 



205 
 

 
Figure C.6 UV-vis spectra of the dialysate (dial.) and ultrafiltration (filt.) fractions of the 

14 nm citrate-stabilized and 6 nm NaBH4-stabilized Au NPs compared to their parent 

(nonpurified) solutions. These benchmark experiments reveal that neither Au NP samples 

permeate the 50 kDa dialysis membrane, whereas minute quantities of both Au NP sizes 

pass through the 100 kDa ultrafiltration membrane, with the larger citrate-stabilized Au 

NPs mobilizing to a lesser extent. The inset panel is a magnified plot of the spectra for the 

dialysate and filtrate fractions to better highlight these revelations. 
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Figure C.7 Representative TEM micrographs of the (A, B, E, and F) 1 kDa and (C, D, G, 

and H) 50 kDa MWCO retent. (panels A–D) and dial. (panels E–H) fractions from dialysis 

of the microwave-generated, CA–U-derived material. Some FCDs were visible in the 1 

kDa MWCO retent. fraction but proved difficult to image due to the large quantity of film-

forming, molecular by-products still present. Contrarily, FCDs were more prominent in the 

50 kDa retent. fraction and were more easily imaged due to fewer (or no) by-product 

impurities still contaminating the fraction. However, some apparent FCDs were visible in 

the 50 kDa MWCO dial. fraction indicating that, in general, dialysis may be less than ideal 

due to the difficulty in segregating the target FCDs from molecular (oligo- or polymeric) 

by-products, a scenario worsened by the potential for small, organic fluorophores to form 

supramolecular aggregates that resemble FCDs under TEM imaging. 
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Figure C.8 Excitation wavelength-dependent emission of the hydrothermally treated, Arg-

derived (A) as-synth. sample and its corresponding (B, D, and F) retent. and (C, E, and G) 

dial. fractions arising from the membrane MWCO-dependent dialysis study. All fractions 

had similar spectral characteristics to one another; however, the emission of the retent. 

fractions was drastically lower despite all fractions possessing similar absorbance values 

in the near-UV region. These results, in combination with the fluorescence quantum yield 

data (Figure C.10), further iterate that the majority of the photoluminescence arises from 

small molecular species (<1 kDa) and not FCDs. 
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Figure C.9 Sequence of photographs showing the dialysis progression of a hydrothermally 

treated, Arg-derived sample dialyzed with a 1 kDa MWCO membrane. The continued 

mobilization of material through the membrane out to 24 h further highlights that a single 

dialysis treatment of <24 h is wholly insufficient to fully fractionate the target FCDs from 

small molecular by-products. 
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Figure C.10 Wavelength-dependent fluorescence quantum yields of hydrothermally 

synthesized, Arg-derived as-synth. samples and their corresponding retent. (closed circles) 

and dial. (open circles) fractions after dialysis for (A) 6 h and (B) 24 h with 1, 15, or 50 

kDa MWCO membranes. Panel C compares the measured fluorescence quantum yields of 

the 24 h dial. fractions to those determined for retent. fractions after an additional 48 h of 

dialysis (72 h in total with the exchange solvent replenished every 24 h). The results clearly 

show that 6 h of dialysis is insufficient, as evidenced by the quantum yields of the retent. 

fractions continually decreasing with longer dialysis periods, trends that further support the 

notion that the majority of the observed fluorescence of the as-synth. sample originates 

from material constituting the dial. fraction (i.e., by-products). 



210 
 

 
Figure C.11 Excitation wavelength-independent emission of hydrothermally treated, CA–

EDA-derived (A) as-synth. samples and their corresponding (B, D, and F) retent. and (C, 

E, and G) dial. fractions from the membrane MWCO-dependent dialysis study. All 

fractions had similar spectral characteristics to one another although the emission of the 

retent. fractions was drastically lower even for samples with comparable absorbance 

values. These trends are consistent with the other systems explored in this work and, again, 

allude to small molecular species (<1 kDa) accounting for the majority of observed 

emission. 
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Figure C.12 Fluorescence quantum yields of a hydrothermally synthesized, nonpurified 

CA–EDA-derived sample (i.e., as-synth.) and its corresponding 72 h retent. (closed circles) 

and 24 h dial. fractions (open circles). The results are consistent with all other dialysis 

studies and clearly show that the retent. fractions consist of less photoluminescent species, 

whereas the majority of the fluorescence of the as-synth. sample originates from species 

comprising the dial. fractions. The excitation wavelength (λex) employed for these quantum 

yield assessments was 350 nm for all fractions. 
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Figure C.13 UV-vis spectra of as-synth. samples from syntheses that employed (A) CA–

U or (B) CA–EDA as precursors, as well as the spectra of their corresponding retent. and 

dial. fractions that were obtained after dialysis of the as-synth. samples with 1 or 50 kDa 

MWCO membranes. Stark spectral differences between the retent. and dial. fractions were 

evident, where the latter fractions displayed identical features to their corresponding as-

synth. sample, indicating that the species constituting the dial. fractions dominate the 

observed spectral properties of their respective parent, as-synth. sample. 
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Figure C.14 Excitation wavelength-dependent emission of an electrochemically produced, 

graphite-derived (A) as-synth. sample and its corresponding (B, D, and F) retent. and (C, 

E, and G) dial. fractions obtained from a membrane MWCO-dependent (1, 15, and 50 kDa) 

dialysis study. While all fractions had similar spectral characteristics to one another, the 

results highlight that top-down approaches are not exempt from purification due to small 

photoluminescent by-products generated in situ during FCD synthesis. 
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Figure C.15 Excitation wavelength-dependent emission of a (A) hydrothermally PEG-N-

functionalized (1.5 kDa) sample and its corresponding (B, D, and F) retent. and (C, E, and 

G) dial. fractions obtained from a membrane MWCO-dependent (1, 15, and 50 kDa) 

dialysis study. These results highlight that the products from FCD functionalization 

reactions are not solely comprised of passivated FCDs but also contain small fluorescent 

molecular species (<1 kDa), thus indicating that postfunctionalization purification is an 

absolute necessity. Note, the parent sample employed in this study was electrochemically 

synthesized from graphite rods. 
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Figure C.16 Excitation wavelength-dependent emission of a (A) hydrothermally PEI-

functionalized (1.2 kDa) sample and its corresponding (B, D, and F) retent. and (C, E, and 

G) dial. fractions obtained from a membrane MWCO-dependent (1, 15, and 50 kDa) 

dialysis study. Consistent with the fluorescence results obtained from the dialysis study of 

the PEG-N-functionalized sample, these results further reveal that postfunctionalization 

purification is essential to adequately separate the putatively functionalized FCDs from 

molecular (oligo- or polymeric) by-products. Note, the parent sample employed in this 

study was electrochemically synthesized from graphite rods. 
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Figure C.17 Excitation wavelength-dependent fluorescence quantum yields assessed for 

the (A) electrochemically synthesized (non-functionalized), (B) PEG-N-functionalized 

(1.5 kDa), and (C) PEI-functionalized (1.2 kDa) materials, as well as their respective retent. 

(closed circles) and dial. (open circles) fractions. The resultant values highlight that even 

for top-down syntheses and their subsequent functionalization, adequate purification is a 

necessity after the initial synthesis as well as postfunctionalization. 
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Figure C.18 (A) Excitation wavelength-dependent fluorescence quantum yields 

determined for an electrochemically synthesized (as-synth.) sample and its filtrate fractions 

obtained upon ultrafiltration (denoted by “UF”) of the as-synth. sample with 1, 10, or 100 

kDa MWCO membranes. The observed trends further highlight the need for adequate 

purification. (B) Excitation wavelength-dependent fluorescence quantum yields of the as-

prepared PEG-N-functionalized (1.5 kDa) and PEI-functionalized (1.2 kDa) materials and 

their corresponding filtrate fractions after ultrafiltration with a 1 kDa MWCO membrane. 

The results clearly show that highly fluorescent by-products are indeed generated, 

necessitating fractionation from the target, functionalized FCDs. The excitation 

wavelength-dependent quantum yields of the electrochemically synthesized (as-synth.) 

parent sample are included in panel B for comparison. 
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Figure C.19 Metal ion quenching studies of a hydrothermally treated, CA–EDA-derived 

as-synth. sample and its corresponding retent. and dial. fractions. In general, Cu2+ and Fe3+ 

induced little to no quenching for all fractions while Hg2+ quenched the emission of the 

retent. fraction more strongly than the as-synth. and dial. fractions. These results are 

consistent with the quenching studies of the microwave-generated CA–U-derived 

materials. 
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Figure C.20 Toxicity of microwave-generated, CA–U-derived (A) retent. and (B) dial. 

fractions toward mice embryonic fibroblasts. Although distinctive fraction- or membrane 

MWCO-dependent trends were not apparent for either fraction, minimal toxicity was 

observed for concentrations at or below 0.3 mg mL–1 while slight toxicities arose for 

concentrations of 1 mg mL–1, regardless of the fraction. The toxicity of the as-synth., parent 

sample is provided in both panels for comparison. 
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Figure C.21 Toxicity of microwave-generated, CA–U-derived (A) retent. and (B) dial. 

fractions toward human breast cancer cells (T-47D). Both retent. and dial. fractions for all 

membrane MWCOs studied had no toxic effects on this specific cell line. The toxicity of 

the as-synth., parent sample is provided in both panels for comparison. 
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Figure C.22 Toxicity of microwave-generated, CA–U-derived (A) retent. and (B) dial. 

fractions towards HeLa cells. For this cell line, the fractions did not display any 

concentration-, membrane MWCO-, or fraction-dependent trends in toxicity. The toxicity 

of the as-synth., parent sample is provided in both panels for comparison. 
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Figure C.23 Photographic comparison of (A and C) as-synth. samples to (B and D) 50 kDa 

retent. fractions for the (A–B) CA–U- and (C–D) Arg-derived materials under white light 

(left panels) and 354-nm UV light (right panels). This composite illustrates the misleading 

fluorescence results that arise when the samples are not properly diluted to a similar 

concentration (or absorbance value); that is, at higher concentrations, the samples will 

appear to fluoresce at longer (redder) wavelengths. However, this dubious observation is 

simply an artifact of the inner filter effect, arising from the (near complete) reabsorption of 

blue to green emission and the illumination of the already orange-, red-, or brown-colored 

solutions. 



223 
 

 
Figure C.24 Excitation wavelength-dependent emission spectra of a hydrothermally 

generated, Arg-derived (A) as-synth. sample as well as (B) 10-fold diluted and (C) 100-

fold diluted solutions. The results appear to indicate that the fluorescence blueshifts as the 

sample is diluted, which might lead one to believe that the samples emit redder wavelengths 

with increasing concentration. However, this apparent bathochromic shift simply arises 

from inner filter effects that lead to attenuation of the intense blue edge and subsequently 

render the weakly emitting red edge the only emission visible. (D) Plotting the wavelength 

of maximum emission (extracted from panels A–C) as a function of the excitation 

wavelength further highlights the perceived but deceptive emission shift. 



224 
 

Appendix D: Supporting Figures and Analyses for Chapter 5 

 
Figure D.1 (A) UV-vis and (B) fluorescence spectra of an as-synth. sample derived from 

GSH–F as well as its corresponding retent. and dial. fractions obtained after dialyzing with 

a 50 kDa MWCO membrane. The results further corroborate the need for adequate 

purification as the absorbance and emission profiles drastically change upon dialysis. 

Specifically, the as-synth. sample displays strong blue emission which decreased as the 

highly fluorescent by-products were removed leading to even stronger blue emission for 

the dial. fraction and the emergence of distinct red-emitting species (presumably FCDs) in 

the retent. fraction (see inset photograph). Normalized (C) absorbance and (D) fluorescence 

spectra of the retent. fractions compared to the results reported in the literature reveal the 

synthetic consistency of the published protocol. The data in panels C and D was reproduced 

with permission from reference 86 of Chapter 5. Copyright © 2019 Elsevier. 
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Figure D.2 Temporal uptake of 5 mg mL–1 CA–NH4OH-derived (A) as-synth., (B) dial., 

and (C) retent. fractions (dispersed in acetone) by TiO2 films, monitored with UV-vis 

spectroscopy. Panel D shows that the majority of uptake occurred within the first 2 h of 

sensitization with the retent. fraction showing higher apparent uptake, evidenced by more 

strongly absorbing films; however, this observation could arise from a larger extinction 

coefficient inherent to the adsorbed species. Additionally, continued but slowed uptake of 

the different fractions was observed after the initial, rapid adsorption during the first 2 h of 

sensitization. Given the spectral similarities between TiO2 films sensitized with the as-

synth. and dial. fractions, the species constituting the dial. fraction clearly account for the 

majority of the as-synth. product composition, materials that dominate adsorption and the 

resultant spectral features of the sensitized films. 
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Figure D.3 Temporal uptake of 10 mg mL–1 Arg-derived (A) as-synth., (B) syringe-filtered 

as-synth. (as-synth. filt.), (C) dial., and (D) retent. fractions (dispersed in EtOH) by TiO2 

films, monitored with UV-vis spectroscopy. Panel E shows that over 50% of the sensitizer 

uptake occurred within the first 2 h of sensitization, however, appreciable uptake still 

occurred up to 12 h with minimal to no additional uptake occurring after 24 h of 

sensitization. In fact, the two as-synth. fractions showed a slight decrease from 12 to 24 h, 

indicating undesirable sensitizer desorption. These fractions, as well as the retent. fraction, 

also showed absorbance decreases from 8 to 12 h total sensitization time. The widely 

varying values of ln(At/A0) for the studied fractions are attributed to drastically different 

extinction coefficients for the species comprising each fraction but could also arise from 

varying degrees of uptake. 
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Figure D.4 Temporal uptake of aqueous 10 mg mL–1 CA–U-derived (A) as-synth., (B) 

dial., and (C) retent. fractions by TiO2 films, monitored with UV-vis spectroscopy. Panel 

D shows that the majority of sensitizer uptake occurred within the first 2 h of sensitization 

with additional but minimal uptake occurring out to 24 h of total sensitization time. 

Interestingly, the dial. and retent. fractions showed almost identical uptake, both temporally 

and in terms of raw absorbance, while the as-synth. fraction showed a comparable trend in 

temporal uptake but yielded higher overall absorbance, the origin of which is currently 

unclear. 
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Figure D.5 Temporal uptake of GSH–F-derived (A) as-synth., (B) dial., and (C) retent. 

fractions by TiO2 films, monitored with UV-vis spectroscopy. Note, the as-synth. and dial. 

fractions were dispersed in 50:50 vol% formamide:water at unknown concentrations while 

the retent. fraction was dispersed in 100% water at 10 mg mL–1. Panel D shows that 

sensitizer uptake occurred rapidly within the first 4–6 h of sensitization and began to slow 

after 6 h but never fully levelled off, with sensitizing species still adsorbing out to 24 h of 

total sensitization time. Interestingly, the as-synth. and retent. uptakes were essentially 

identical despite the unknown concentration of the former, the different solvent systems 

employed, and the minor differences observed for the two fractions in their absorbance 

peaks between 600 and 750 nm. Additionally, substantially lower absorbance was observed 

for films sensitized in the dial. fraction, an occurrence that could stem from the 

concentration differences between the fractions since the concentration of the dial. fraction 

was not assessable due to residual formamide. However, given the stark differences in film 

color between the fractions (Figure D.20), the lower absorbance likely arises from 

markedly lower extinction coefficients for the species comprising the dial. fraction. 

 



229 
 

 
Figure D.6 TiO2-subtracted (A) EQE and (B) absorbance (abs.) spectra of TiO2 films that 

were sensitized in 5 mg mL–1 CA–NH4OH-derived fractions in 100% acetone or 50:50 

vol% acetone:ethanol (denoted by “EtOH”). The inset plot in panel A shows normalized 

(norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra. Clearly, the photocurrent 

generated by species in the as-synth. fraction predominately originates from reaction by-

products comprising the dial. fraction. Additionally, chromophoric but nonphotocurrent-

generating, by-product species exist within the dial. fraction evidenced by lower 

absorbance for films sensitized in ethanolic solutions compared to those sensitized in 100% 

acetone yet the former films yielded comparable performance to the latter. Furthermore, 

the above results indicate that the photocurrent generated by the as-synth. and dial. 

fractions is likely produced by the species responsible for the shoulder observed at 450 nm 

in the absorbance spectra. Conversely, the retent. fractions generated substantially lower 

photocurrent despite having markedly higher absorbance. Moreover, the maximum EQE 

for the retent. fraction is hypsochromically shifted by 20 nm relative to the maxima 

observed for the as-synth. and dial. fractions.  
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Figure D.7 (A) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films that were sensitized in 10 mg mL–1 CA–

NH4OH-derived fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol 

(denoted by “EtOH”). (B) Average device metrics. *Note, efficiency (η) is reported in 

percent and FF is a unitless parameter but both values are on the same scale as the left and 

right y-axes, respectively. (C) Average EQE and (D) UV-vis absorbance spectra with their 

corresponding TiO2-subtracted counterparts provided in panels E and F, respectively. A 

magnified plot of the EQE from 350 to 550 nm, photographs of representative films used 

in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) 

EQE spectra are provided in the insets of panels C, D, and E, respectively. The conclusions 

drawn from the above results are similar to those arrived at for the 5 mg mL–1 fractions; 

that is, device performance, mainly the photocurrent, arises from reaction by-products, 
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specifically, species responsible for the absorbance shoulder at 450 nm and the yellow-

orange color of the films. The performance of bare TiO2 (black curves) is provided in all 

relevant plots for comparison. 

 
Figure D.8 (A) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films that were sensitized in 30 mg mL–1 CA–

NH4OH-derived fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol 

(denoted by “EtOH”). (B) Average device metrics. *Note, efficiency (η) is reported in 

percent and FF is a unitless parameter but both values are on the same scale as the left and 

right y-axes, respectively. (C) Average EQE and (D) UV-vis absorbance spectra with their 

corresponding TiO2-subtracted counterparts provided in panels E and F, respectively. A 

magnified plot of the EQE from 350 to 550 nm, photographs of representative films used 

in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) 
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EQE spectra are provided in the insets of panels C, D, and E, respectively. The conclusions 

drawn from the above results are similar to those arrived at for the 5 and 10 mg mL–1 

fractions; that is, device performance, mainly the photocurrent, arises from reaction by-

products, specifically, species responsible for the absorbance shoulder at 450 nm and the 

yellow-orange color of the films. The performance of bare TiO2 (black curves) is provided 

in all relevant plots for comparison. 
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Figure D.9 Comparative analysis of the results for the 5, 10, and 30 mg mL–1 CA–NH4OH-

derived (A–E) as-synth. and (F–J) dial. fractions. (A and F) Average J-V curves (with 

corresponding standard deviations) of illuminated devices employing TiO2 films that were 

sensitized in the above fractions (“EtOH” denotes samples dispersed in 50:50 vol% 
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acetone:ethanol). (B and G) Average device metrics. *Note, efficiency (η) is reported in 

percent and FF is a unitless parameter but both values are on the same scale as the left and 

right y-axes, respectively. (C and H) Average EQE and (D and I) UV-vis absorbance 

spectra with their corresponding TiO2-subtracted counterparts provided as panel insets. (E 

and J) Photographs of representative films used in the devices. The performance of bare 

TiO2 (black curves) is provided in all relevant plots for comparison. 

 
Figure D.10 (A) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films that were sensitized in dial.-spiked, 5 mg mL–1 

CA–NH4OH-derived retent. solutions dispersed in 100% acetone or 50:50 vol% 

acetone:ethanol (denoted by “EtOH”). Appropriate quantities of the dial. fraction were 

spiked in 5 mg mL–1 retent. samples to yield 1, 2.5, 5, 10, or 30 mg mL–1 concentrations of 

the dial. species. (B) Average device metrics. *Note, efficiency (η) is reported in percent 
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and FF is a unitless parameter but both values are on the same scale as the left and right y-

axes, respectively. (C) Average EQE and (D) absorbance spectra with their corresponding 

TiO2-subtracted counterparts shown in panels F and G. (E) Photographs of representative 

films sensitized in the dial.-spiked, 5 mg mL–1 CA–NH4OH retent. solutions. A magnified 

plot of the EQE from 350 to 550 nm and a plot of normalized (norm.) spectra for the TiO2-

subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels C and F, 

respectively. The performance of bare TiO2 (black curves) is provided in all plots for 

comparison. 

 
Figure D.11 (A) Average J-V curves (with corresponding standard deviations) of 

illuminated devices employing TiO2 films that were sensitized in dial.-spiked, 1 mg mL–1 

CA–NH4OH-derived retent. solutions dispersed in 100% acetone or 50:50 vol% 

acetone:ethanol (denoted by “EtOH”). Appropriate quantities of the dial. fraction were 
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spiked in the 1 mg mL–1 retent. samples to yield 1, 2.5, 5, 10, or 30 mg mL–1 concentrations 

of the dial. species. (B) Average device metrics. *Note, efficiency (η) is reported in percent 

and FF is a unitless parameter but both values are on the same scale as the left and right y-

axes, respectively. (C) Average EQE and (D) absorbance spectra with their corresponding 

TiO2-subtracted counterparts shown in panels F and G. (E) Photographs of representative 

films sensitized in the dial.-spiked, 1 mg mL–1 CA–NH4OH retent. solutions. A magnified 

plot of the EQE from 350 to 550 nm and a plot of normalized (norm.) spectra for the TiO2-

subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels C and F, 

respectively. The performance of bare TiO2 (black curves) is provided in all plots for 

comparison. 
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Figure D.12 Select comparisons of the results from the CA–NH4OH dial. spiking studies. 

(A) Device metrics for TiO2 films sensitized in 1 or 5 mg mL–1 retent. fractions spiked with 

10 mg mL–1 dial. compared to films sensitized in a 10 mg mL–1 as-synth. fraction, which 

nominally contained 0.1 and 9.9 mg mL–1 retent. and dial. species, respectively. (B) Device 

metrics for TiO2 films sensitized in 1 or 5 mg mL–1 retent. fractions spiked with dial. to a 

concentration of 30 mg mL–1 compared to films sensitized in ethanolic 30 mg mL–1 as-

synth. fraction, which nominally contained 0.3 and 29.7 mg mL–1 retent. and dial. species, 

respectively. (C) Average UV-vis absorbance spectra for the films employed in the devices 

summarized in panel B. These results clearly show that synergistic effects between the dial. 

and retent. species exist, where an optimized nanocarbon content leads to improved device 
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performance, as widely reported in the literature. Furthermore, higher concentrations of the 

retent. fraction appear to diminish the apparent “selectivity” observed in ethanolic 

solutions, evidenced by increased film absorbance when sensitized in higher retent. 

content, even when in the presence of 50% ethanol (denoted by “EtOH”).  

 
Figure D.13 Comparison of 2 h vs 24 h uptake for CA–NH4OH-derived as-synth. fractions. 

(A) Average J-V curves (with corresponding standard deviations) of illuminated devices 

employing TiO2 films that were sensitized in 5, 10, or 30 mg mL–1 CA–NH4OH-derived 

as-synth. fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol (denoted by 

“EtOH”). (B) Average device metrics. *Note, efficiency (η) is reported in percent and FF 

is a unitless parameter but both values are on the same scale as the left and right y-axes, 

respectively. (C) Average EQE and (D) UV-vis absorbance spectra with their 

corresponding TiO2-subtracted counterparts provided in panels E and F, respectively. A 
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magnified plot of the EQE from 350 to 550 nm, photographs of representative films used 

in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) 

EQE spectra are provided in the insets of panels C, D, and E, respectively. The results 

clearly show that longer sensitization times negatively impacted device performance 

despite an increased uptake of chromophoric material, effects that were concentration 

dependent and, thus, most prominent for the 30 mg mL–1 as-synth. fraction. The 

performance of bare TiO2 (black curves) is provided in all relevant plots for comparison. 

 
Figure D.14 Concentration-dependent comparison of 2 h vs 24 h uptake for CA–NH4OH-

derived as-synth. fractions. (A) Average J-V curves (with corresponding standard 

deviations) of illuminated devices employing TiO2 films that were sensitized in 5 or 30 mg 

mL–1 CA–NH4OH-derived as-synth. fractions dispersed in 100% acetone or 50:50 vol% 

acetone:ethanol (denoted by “EtOH”). (B) Average device metrics. *Note, efficiency (η) 

is reported in percent and FF is a unitless parameter but both values are on the same scale 
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as the left and right y-axes, respectively. (C) Average EQE and (D) absorbance spectra 

with their corresponding TiO2-subtracted counterparts shown in panels F and G. (E) 

Photographs of representative films. A magnified plot of the EQE from 350 to 550 nm and 

a plot of normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are 

provided in the insets of panels C and F, respectively. The results clearly show that longer 

sensitization times led to diminished performance. Although, this observation is not solely 

a product of increased uptake, specifically, of nanocarbons, since 2 h sensitizations in 5 or 

30 mg mL–1 as-synth. fractions yielded comparable performance to one another and 24 h 

sensitizations in ethanolic solutions produced similar decreases in performance as their 

100% acetone counterparts. Therefore, the observed decreases in performance upon longer 

sensitizations may arise from TiO2-induced degradation of the photoactive species. The 

performance of bare TiO2 (black curves) is provided in all relevant plots for comparison. 
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Figure D.15 Fraction-dependent comparison of 2 h vs 24 h uptake for CA–NH4OH-derived 

samples. (A) Average J-V curves (with corresponding standard deviations) of illuminated 

devices employing TiO2 films that were sensitized in 30 mg mL–1 CA–NH4OH-derived as-

synth. and dial. fractions dispersed in 100% acetone. (B) Average device metrics. *Note, 

efficiency (η) is reported in percent and FF is a unitless parameter but both values are on 

the same scale as the left and right y-axes, respectively. (C) Average EQE and (D) 

absorbance spectra with their corresponding TiO2-subtracted counterparts shown in panels 

E and F. A magnified plot of the EQE from 350 to 550 nm, photographs of representative 

films used in the devices, and a plot of normalized (norm.) spectra for the TiO2-subtracted 

(TiO2-sub.) EQE spectra are provided in the insets of panels C, D, and E, respectively. 

Akin to the other 24 h sensitization studies, longer sensitization led to diminished 

performance for the 30 mg mL–1 as-synth. and dial. fractions, however, the decrease 
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observed in the latter was not nearly as prominent as that for the former, implying the 

nanocarbons may be playing a role in TiO2-induced degradation of the photoactive species. 

The performance of bare TiO2 (black curves) is provided in all relevant plots for 

comparison. 

 
Figure D.16 Aging effects of CA–NH4OH samples. (A) Average J-V curves (with 

corresponding standard deviations) of illuminated devices employing TiO2 films that were 

sensitized in fresh or aged (>1 week old) 30 mg mL–1 CA–NH4OH-derived as-synth. 

fractions dispersed in 100% acetone or 50:50 vol% acetone:ethanol (denoted by “EtOH”). 

(B) Average device metrics. *Note, efficiency (η) is reported in percent and FF is a unitless 

parameter but both values are on the same scale as the left and right y-axes, respectively. 

(C) Average EQE and (D) absorbance spectra with their corresponding TiO2-subtracted 

counterparts shown in panels E and F. A magnified plot of the EQE from 350 to 550 nm, 
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photographs of representative films used in the devices, and a plot of normalized (norm.) 

spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels 

C, D, and E, respectively. While not staggering, slight aging effects were observed in the 

30 mg mL–1 as-synth. fractions. Although, when the same samples were sensitized in the 

presence of EtOH, the minor decrease in performance was not apparent. Such an 

observation implies the lower performance likely does not originate from degradation of 

the photoactive species but stems from the degradation of another species that is only 

present in a sufficient enough concentration to induce a negative impact in the 30 mg mL–

1 as-synth. fraction, which could be the nanocarbons or an unidentified reaction by-product. 

The performance of bare TiO2 (black curves) is provided in all relevant plots for 

comparison. 
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Figure D.17 Effects of water exposure on CA–NH4OH samples. (A) Average J-V curves 

(with corresponding standard deviations) of illuminated devices employing TiO2 films that 

were sensitized in 30 mg mL–1 CA–NH4OH-derived as-synth. fractions dispersed in 100% 

acetone. (B) Average device metrics. *Note, efficiency (η) is reported in percent and FF is 

a unitless parameter but both values are on the same scale as the left and right y-axes, 

respectively. (C) Average EQE and (D) absorbance spectra with their corresponding TiO2-

subtracted counterparts shown in panels F and G. The inset in panel D illustrates the effects 

that water exposure (right) has on the acetone-dispersed solutions (left). (E) Photographs 

of representative films. A magnified plot of the EQE from 350 to 550 nm and a plot of 

normalized (norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided 

in the insets of panels C and F, respectively. The performance of bare TiO2 (black curves) 

is provided in all relevant plots for comparison. The experimental details for these studies 

and an in-depth analysis of the results are provided below. 
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Experimental Details and Analysis of Water-exposure Effects on CA–NH4OH Samples 

The volume of 30 mg mL–1 acetone-dispersed as-synth. samples was reduced by half via 

rotary evaporation (25 °C, <100 mbar), after which the samples were reconstituted with 

ultrapure water to their original volume such that the solvent system consisted of 50:50 

vol% acetone:water. The samples were then completely dried via thermal evaporation for 

24 h at 75 °C (“24 h Therm. Evap.”) or rotary evaporation (50 °C, <100 mbar) for 3 h (“3 

h Rotovap”) and reconstituted in 100% acetone. TiO2 films were sensitized in these 

solutions for 2 h, as well as in appropriate control solutions. Additionally, a separate set of 

sensitized TiO2 films was thermally treated at 100 °C for 15 min to rule out any thermal 

effects (“100 °C Therm. Treat.”). Note, two separate controls were employed in these 

studies to account for any aging effects present, which are denoted as “Control 1” and 

“Control 2”, since the latter two studies (“3 h Rotovap” and “100 °C Therm. Treat.”) were 

conducted with an aged sample; the first control is paired with the thermally evaporated 

sample and the second control corresponds to the remaining two samples. Figure D.17 

reveals that thermally treating the films had minimal impacts on device performance, 

relative to the corresponding control, showing just a slight decrease in photocurrent, 

whereas exposure to water and drying via rotary evaporation resulted in a larger decrease 

in photocurrent, as well as slight decreases in FF and photovoltage, leading to an 

appreciable drop in efficiency. On the other hand, exposure to water and thermally drying 

the sample yielded a substantial decrease in performance, relative to the sample’s control, 

a drop that was by far greater than the other conditions tested, resulting in the lowest 

observed performance. Additionally, exposure to water not only negatively impacted the 

photocurrent but also produced significant detriments to the FF and photovoltage. These 

adverse effects imparted by water exposure are attributed to water-induced irreversible 
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aggregation, evidenced by the observed solution darkening (inset of Figure D.17D), which 

led to higher solution absorbance (not shown). Interestingly, although the water-exposed 

solutions were darker, sensitization in these solutions led to drastically lighter colored 

films. Furthermore, due to the slow nature of the thermal evaporation treatment, this sample 

remained in contact with water for a much longer period than the sample dried via rotary 

evaporation, implying that temporal effects play a role in the extent of aggregation. EQE 

measurements demonstrated that the drop in photocurrent upon exposure to water 

originated from a loss in photon-to-electron conversion across all wavelengths, 

particularly, the peak from 375 to 600 nm, which is associated with the photoactive species 

of these samples, results that clearly indicate that these specific photosensitizers are 

negatively impacted by water. Further evidence for this is observed in the UV-vis spectra 

of the sensitized films where the two samples exposed to water show a marked decrease in 

absorbance across all wavelengths relative to their controls. Although the photographs and 

results shown here are for an extreme case of intentional aggregation, they clearly 

demonstrate that regardless of the purification mode (e.g., dialysis, liquid 

chromatography), care must be taken when choosing the solvent system as the water-

induced aggregation was not always visible by the naked eye and only upon conducting 

careful UV-vis and J-V measurements was the discrepancy revealed. 
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Figure D.18 TiO2-subtracted (A) EQE and (B) absorbance (abs.) spectra for 10 mg mL–1 

Arg fractions in EtOH. The inset plot in panel A shows normalized (norm.) spectra for the 

TiO2-subtracted (TiO2-sub.) EQE spectra. Clearly, photocurrent generation from the retent. 

fraction is negatively impacted by a species present in the dial. fraction since the 

photocurrent produced by the as-synth. fractions is only slightly higher than that created 

by the dial. fraction. Note, “as-synth. filt.” represents the as-synth. sample that was passed 

through a 0.20 μm pore size syringe filter. 
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Figure D.19 Aging effects of CA–U-derived samples. (A) Average J-V curves (with 

corresponding standard deviations) of illuminated devices employing TiO2 films that were 

sensitized in fresh or aged (>1 month old) 10 mg mL–1 CA–U-derived fractions dispersed 

in water. (B) Average device metrics. *Note, efficiency (η) is reported in percent and FF is 

a unitless parameter but both values are on the same scale as the left and right y-axes, 

respectively. (C) Average EQE and (D) absorbance spectra with their corresponding TiO2-

subtracted counterparts shown in panels E and F. A magnified plot of the EQE from 350 

to 550 nm, photographs of representative films used in the devices, and a plot of normalized 

(norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets 

of panels C, D, and E, respectively. The performance of bare TiO2 (black curves) is 

provided in all relevant plots for comparison. The experimental details for these studies 

and an in-depth analysis of the results are provided below. 
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Experimental Details and Analysis of Aging Effects on CA–U-derived Samples  

Samples denoted as “fresh” were synthesized and characterized within a week of sample 

preparation, whereas samples denoted as “aged” were fresh samples dispersed in water and 

stored in the dark for at least one month. Fresh solutions of all three CA–U fractions 

negatively impacted the PV performance relative to bare TiO2 with nearly a 2-fold 

reduction in photocurrent, a lowering of VOC by ~0.1 V, and a >50% loss in FF at 330 nm 

(~40% down to <20%), leading to efficiencies that were nearly one third of the values 

observed for bare TiO2 (Figure D.19). Despite the strong absorbance of all three fractions 

of the CA–U system, these sensitizers provided very little photon-to-electron conversion 

(<2%) between 375 and 800 nm, although, the EQE spectral profiles matched well with 

their corresponding absorbance profiles where the minor EQE shoulder between 390 and 

500 nm arose from the strong shoulder across the same wavelength regime of the 

absorbance spectra. Additionally, these sensitizers had a drastic, negative impact on the 

EQE attributed to the bandgap of TiO2, not only markedly decreasing the EQE but also 

hypsochromically shifting the entire EQE peak by 10 nm, possibly due to a band edge shift 

or alteration of the quasi-fermi level of TiO2, which could account, in part, for the 

substantial drop in photovoltage. Interestingly, aged CA–U fractions led to “improved” PV 

metrics relative to fresh samples, presumably due to degradation of the species responsible 

for hindering the overall performance, where the lessening of performance hindrance 

originated from increased EQE across the wavelength range of 300–450 nm. This apparent 

degradation is further confirmed by the decrease in absorbance from the sensitized species 

and a clear color change (brown to tan) of the sensitized TiO2 films. Interestingly, the fresh 

dial. fraction displayed the highest performance of the three fresh fractions while the aged 

dial. fraction showed the lowest performance of the three aged fractions implying that the 
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by-product species hinder the performance the least and degrade to a lesser extent than the 

retent. (presumably nanocarbon) species. 
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Figure D.20 Aging effects of GSH–F-derived samples. (A) Average J-V curves (with 

corresponding standard deviations) of illuminated devices employing TiO2 films that were 

sensitized in fresh or aged (>1 week old) solutions of the GSH–F-derived fractions. (B) 

Average device metrics. *Note, efficiency (η) is reported in percent and FF is a unitless 

parameter but both values are on the same scale as the left and right y-axes, respectively. 

(C) Average EQE and (D) absorbance spectra with their corresponding TiO2-subtracted 

counterparts shown in panels E and F. A magnified plot of the EQE from 350 to 550 nm, 

photographs of representative films used in the devices, and a plot of normalized (norm.) 

TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets of panels C, D, and E, 

respectively. Magnified plots of the EQE and absorbance from 550 to 750 nm are shown 

in panels G and H with their corresponding TiO2-subtracted counterparts shown in panels 

I and J, respectively. The performance of bare TiO2 (black curves) is provided in all 

relevant plots for comparison. The experimental details for these studies and an in-depth 

analysis of the results are provided below. 

Experimental Details and Analysis of Aging Effects on GSH–F-derived Samples  

Samples denoted as “fresh” were fractions that were characterized within a week of the 

individual fractions becoming available, whereas samples denoted as “aged” were fresh 

samples stored in the dark for at least one week after the fraction was ready. Specifically, 

fresh fractions were characterized no more than 10 days after synthesis, whereas all aged 

fractions were characterized at least 14 days after synthesis. All three fresh fractions 

produced slightly higher performance than that of bare TiO2 with the average improvement 

decreasing in the following order as-synth. > dial. > retent. (Figure D.20). EQE 

measurements revealed that these sensitizers yield photon-to-electron conversion between 

375 and 550 nm with the trend in increasing EQE correlating well with the trend in JSC, 

however, the slight increase in photocurrent for the as-synth. fraction relative to the other 

two fractions does not track with the substantially higher EQE values observed for the as-

synth. fraction, the origin of which is currently unclear. Additionally, the as-synth. fraction 
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produced higher EQE than bare TiO2 between 300 and 375 nm while the dial. and retent. 

fractions negatively impacted the EQE attributed to TiO2. The large discrepancy between 

the performance of the as-synth. fraction and that of the dial. and retent. fractions could 

stem from sample aging and degradation already taking affect since these fractions are not 

available for characterization until 3 and 7 days after synthesis, respectively, due to the 

slow processes inherent to dialysis purification. Furthermore, similar to the CA–U system, 

all three fractions produced a slight hypsochromic shift (~10 nm) in the EQE arising from 

TiO2. Interestingly, the as-synth. and retent. fractions feature two minor peaks in the UV-

vis spectra centered near 645 and 690 nm, which give rise to the distinct green color 

characteristic of this sample, particularly the retent. fraction. Indeed, upon purification of 

the as-synth. fraction, the solution color changed from dark brown/black with a slight green 

hue to a prominent dark black/green (i.e., retent.), a difference that was most notable upon 

sensitization of the TiO2 films, where the as-synth. fraction yielded dark brown films while 

the retent. fraction produced vibrant green films. Interestingly, the species responsible for 

these absorbance features yielded minor, albeit distinguishable, photon-to-electron 

conversion. That is, the UV-vis absorbance peak near 645 nm correlates fairly well with 

the EQE peak at 650 nm, however, since the UV-vis spectra display two peaks while the 

EQE spectra only show one, it is likely that both absorbance features contribute to the 

photocurrent to varying degrees such that the contributions converge into a single peak in 

the EQE. Although, a very minor shoulder was observed at 690 nm in the EQE spectra of 

the fresh retent. fraction, a feature that directly lines up with the absorbance observed at 

this same wavelength. Specifically, the as-synth. fraction produced a distinct peak at 650 

nm with an EQE of 0.15%, whereas, upon purification, the EQE at 650 nm for the retent. 
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fraction promisingly jumped up to 0.25% with the EQE between 620 and 720 nm also 

showing an increase relative to the as-synth. fraction, a trend that correlates well with the 

observed changes in absorbance upon fractionation. Conversely, the dial. fraction 

displayed little to no peak between 620 and 720 nm with a maximum EQE of 0.05% arising 

at 650 nm.  

Similar to the CA-derived systems (i.e., CA–NH4OH, CA–U), the GSH–F fractions 

displayed substantial temporal instability, especially the nanocarbon-containing retent. 

fraction. After an aging period of at least one week from the time the fractions became 

available, devices fabricated with films sensitized in these aged fractions produced slightly 

diminished average performance relative to their fresh counterparts, namely, the average 

VOC and JSC marginally decreased producing lower efficiencies. EQE measurements 

revealed that the decrease in photocurrent originated from a drop in photon-to-electron 

conversion across all wavelengths, indicating potential degradation of the sensitizing 

species. Further evidence of this degradation is in the observed color of the films and their 

corresponding UV-vis spectra. Both the as-synth. and retent. fractions showed marked 

decreases across their entire spectra, most notably, the shoulder around 425 nm for the 

retent. fraction nearly disappeared while the two peaks observed in their fresh counterparts 

at 645 and 690 nm became nearly indistinguishable for the aged as-synth. fraction and 

essentially merged into one peak for the retent. fraction, observations that correlate well 

with the diminished EQE.  
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Figure D.21 Effects of aging on GSH–F-sensitized TiO2 films. (A) Average J-V curves 

(with corresponding standard deviations) of illuminated devices employing TiO2 films that 

were sensitized in fresh or aged (>2 months old) films sensitized with the GSH–F-derived 

fractions. (B) Average device metrics. *Note, efficiency (η) is reported in percent and FF 

is a unitless parameter but both values are on the same scale as the left and right y-axes, 

respectively. (C) Average EQE and (D) absorbance spectra with their corresponding TiO2-

subtracted counterparts shown in panels E and F. A magnified plot of the EQE from 350 

to 550 nm, photographs of representative films used in the devices, and a plot of normalized 

(norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets 

of panels C, D, and E, respectively. Magnified plots of the EQE and absorbance from 550 

to 750 nm are shown in panels G and H with their corresponding TiO2-subtracted 

counterparts shown in panels I and J, respectively. The performance of bare TiO2 (black 

curves) is provided in all relevant plots for comparison. The experimental details for these 

studies and an in-depth analysis of the results are provided below. 

Experimental Details and Analysis of Aging Effects on GSH–F-sensitized Films  

Samples denoted as “fresh” were fractions that were characterized within a week of the 

fraction becoming available, whereas data denoted as “aged films” were films sensitized 

with fresh fractions and then intentionally aged for 2 months before characterization. An 

analysis of the results for the fresh data was provided in the discussion of Figure D.20, 

therefore, only the results for the aged films, relative to the fresh, will be discussed here. 

An even more drastic aging effect was observed for the fractions intentionally aged on film 

for 2 months (Figure D.21). The device metrics, and, thus, performance, for all three 

fractions decreased substantially relative to their fresh counterparts (and bare TiO2) 

implying potential degradation of the photoactive species and indicating that the degraded 

form(s) of these species greatly hinder device photophysics, especially in the case of the 

retent. fraction. While all PV metrics were affected by this apparent degradation, the main 

contributing factor to the decrease in efficiency was a loss in photocurrent, the origin of 
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which was diminished photon-to-electron conversion across all wavelengths of interest 

(i.e., 300–800 nm) as evidenced in the EQE spectra. Notably, the minor photon-to-electron 

conversion observed near 650 nm for the as-synth. and retent. fractions essentially 

disappeared, a reduction that corresponds well with the observed decrease in the UV-vis 

spectra, providing additional evidence for sample degradation. Given the apparent sample 

instability gleaned from the above results for both aging studies, we suspect that the 

prominent peaks in the UV-vis spectra at 645 and 690 nm, that produce the distinct green 

color of the retent. fraction and lead to the single EQE peak near 650 nm, originate from 

incompletely carbonized, N-/S-containing quasi-molecular species that are tethered to the 

nanocarbon but that are prone to oxidative degradation, a process which renders these 

species photo-inactive and, in fact, detrimental to PV performance. 
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Figure D.22 Effects of synthesis temperature on GSH–F-derived fractions. (A) Average J-

V curves (with corresponding standard deviations) of illuminated devices employing TiO2 

films that were sensitized in GSH–F-derived samples synthesized at either 180 or 200 °C. 

(B) Average device metrics. *Note, efficiency (η) is reported in percent and FF is a unitless 

parameter but both values are on the same scale as the left and right y-axes, respectively. 

(C) Average EQE and (D) absorbance spectra with their corresponding TiO2-subtracted 

counterparts shown in panels E and F. A magnified plot of the EQE from 350 to 550 nm, 

photographs of representative films employed in the devices, and a plot of normalized 

(norm.) spectra for the TiO2-subtracted (TiO2-sub.) EQE spectra are provided in the insets 

of panels C, D, and E, respectively. Magnified plots of the EQE and absorbance from 550 

to 750 nm are shown in panels G and H with their corresponding TiO2-subtracted 

counterparts shown in panels I and J, respectively. The performance of bare TiO2 (black 

curves) is provided in all relevant plots for comparison. The experimental details for these 

studies and an in-depth analysis of the results are provided below. 

Experimental Details and Analysis of Synthetic Temperature on GSH–F-derived Samples  

Although less than 0.5%, the minor EQE peak at 650 nm observed in the GSH–F-derived 

retent. fraction is promising, as with a more elementary understanding of these features, 

the nanocarbons could be better tailored to function as efficient photosensitizers. Towards 

this, samples were generated at a higher carbonization temperature (200 °C instead of 180 

°C) to explore any deviations in the photophysics of the species giving rise to the UV-vis 

and EQE spectral features between 600 and 800 nm. Other than the higher synthetic 

temperature, the samples and fractions were prepared and treated in the exact same manner 

as the 180 °C samples (see the “Solvothermal Approaches” subsection under “Fluorescent 

Carbon Dot Syntheses” in the “Experimental” section of Chapter 5 for details). Contrary 

to the fractions generated at a lower temperature, the EQE spectra for these higher 

temperature fractions were relatively consistent across all wavelengths, however, the subtle 

trends in the average EQE near the TiO2 bandgap, which account for the majority of the 
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photocurrent, line up closely with the trends observed in the average JSC, specifically the 

dial. fraction showed the highest values. Although the as-synth. fraction showed the lowest 

EQE between 300 and 350 nm but the average JSC was slightly higher than that of the 

retent. fraction, a crossover in EQE occurs around 375 nm where the as-synth. fraction 

produced marginally higher EQE than the retent. fraction, which could account for the 

slight increase in JSC. While the EQE is quite low (<4%) in the wavelength range associated 

with sensitized species (>375 nm), the trends in average EQE correlate well with those 

observed in the UV-vis spectra; however, the marginal differences in the EQE are not 

mirrored in the UV-vis spectra, as large differences between the absorbance spectra were 

present, implying that some of the chromophoric species within these fractions likely do 

not contribute to photocurrent. Although the EQE spectra were relatively consistent across 

most wavelengths, statistically significant, albeit minor, differences in photon-to-current 

conversion did arise between 550 and 750 nm with the trends in EQE matching those 

observed in the UV-vis spectra; that is, the as-synth. fraction showed the highest 

absorbance and EQE followed by the retent. and dial. fractions. Interestingly, when 

compared to the lower temperature fractions, the peaks observed at 650 nm for the as-

synth. and retent. fraction decreased markedly with the as-synth. fraction producing higher 

EQE between 575 and 750 nm. Specifically, the EQE at this wavelength decreased from 

0.16 ± 0.02, 0.25 ± 0.07, and 0.05 ± 0.02% to 0.09 ± 0.02, 0.07 ± 0.01, and 0.06 ± 0.01% 

for the as-synth., retent., and dial. fractions, respectively. Furthermore, the EQE for these 

respective fractions also decreased at two select wavelengths (320 / 400 nm) from 51.62 ± 

7.46 / 7.53 ± 0.87%, 26.54 ± 6.39 / 2.79 ± 0.46%, and 29.19 ± 5.39 / 3.60 ± 0.78% to 17.63 

± 3.64 / 2.83 ± 0.49%, 19.29 ± 2.04 / 2.37 ± 0.28%, and 23.51 ± 3.26 / 2.42 ± 0.30%. Thus, 
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the biggest effect of increasing the reaction temperature was on the EQE attributed to TiO2, 

which indicates increased carbonization within the produced materials negatively impacts 

TiO2’s photon-to-electron conversion ability. Furthermore, the above results indicate that 

the higher carbonization temperature induced negative alterations to the species 

responsible for sensitizer-generated photocurrent, leading to diminished charge-carrier 

harvesting such as lower photon-to-current conversion at these redder wavelengths. We 

postulate that the higher reaction temperature led to the degradation of quasi-molecular 

moieties tethered to the nanocarbons via increased carbonization, species that are 

responsible for the distinct green coloration and, in part, a fraction of the photocurrent, in 

particular, at redder wavelengths, as evidenced by the absorbance peaks at 645 and 690 nm 

becoming less prominent and less distinguishable, in conjunction with the decrease in EQE 

in this wavelength range. Furthermore, the greater extent of carbonization brought about 

by a higher reaction temperature negatively impacted the other PV metrics, implying that, 

for this specific system, the generated nanocarbons do not function as efficient 

photosensitizers. 
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Figure D.23 Average J-V curves (with corresponding standard deviations) of devices 

employing TiO2 films that were sensitized in an aqueous, 10 mg mL–1
, coal-derived retent. 

fraction that purportedly contains GQDs. (B) Average device metrics. *Note, efficiency 

(η) is reported in percent and FF is a unitless parameter but both values are on the same 

scale as the left and right y-axes, respectively. (C) Average EQE spectrum of the devices 

(left y-axis) and average absorbance spectrum of the films employed within (right y-axis). 

A representative photograph of the sensitized TiO2 films is provided in the inset. (D) Plot 

of the normalized EQE spectra. The performance of bare TiO2 (black curves) is provided 

in all relevant plots for comparison. Clearly, the highly graphitic nanocarbons negatively 

impacted PV action, decreasing the performance well below that of bare TiO2 and 

generating near-zero power conversion efficiency, despite the intense uptake or high 

extinction coefficient of the material. Furthermore, the graphitic nanocarbons produced 

essentially no photocurrent and, in fact, substantially decreased the photocurrent arising 

from TiO2 and hypsochromically shifted the EQE peak by 20 nm. 
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Figure D.24 Mass spectra of (A) CA and (B–C) CA–U precursor solutions from a m/z 

range of (B) 100–242 and (C) 246–807. 
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Figure D.25 Mass spectra of (A–B) CA–NH4OH and (C–D) CA–U as-synth. fractions 

from m/z ranges of (A) 86–242, (B) 247–512, (C) 46–242, and (D) 251–470. An asterisk 

(*) next to a peak or peak assignment indicates that the peak was also observed in the 

precursor spectra. 
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Table D.1 Photovoltaic metrics for all device sets in Chapter 5 and Appendix D. 

Precursor Fraction Conc. 

(mg mL–1) 

Solvent 

System 

Sens. 

Time 

η 

(%) 

JSC 

(mA cm–2) 

VOC 

(V) 

FF 

(%) 

Bare TiO2 – – – – 0.048 ± 

0.015 

0.184 ± 

0.027 

0.463 ± 

0.042 

54.75 

± 4.73 

         

CA–

NH4OH 

 

As-

synth. 

 

5 mg mL–1 Acetone 2 h 0.284 ± 

0.027 

0.827 ± 

0.043 

0.512 ± 

0.007 

67.05 

± 3.50 

24 h 0.225 ± 

0.023 

0.732 ± 

0.083 

0.498 ± 

0.005 

61.94 

± 1.81 

Acetone/ 

EtOH 

2 h 0.280 ± 

0.030 

0.823 ± 

0.049 

0.513 ± 

0.004 

66.19 

± 3.45 

24 h 0.215 ± 

0.011 

0.709 ± 

0.019 

0.495 ± 

0.003 

61.15 

± 2.87 

10 mg mL–1 Acetone 2 h 0.269 ± 

0.020 

0.796 ± 

0.037 

0.507 ± 

0.004 

66.57 

± 3.37 

24 h 0.228 ± 

0.008 

0.733 ± 

0.012 

0.512 ± 

0.001 

60.77 

± 1.67 

Acetone/ 

EtOH 

2 h 0.301 ± 

0.032 

0.864 ± 

0.049 

0.514 ± 

0.004 

67.57 

± 3.37 

30 mg mL–1 Acetone 2 h 0.295 ± 

0.032 

0.850 ± 

0.054 

0.508 ± 

0.005 

68.23 

± 4.29 

24 h 0.199 ± 

0.015 

0.617 ± 

0.025 

0.498 ± 

0.001 

64.68 

± 2.01 

Acetone/ 

EtOH 

2 h 0.287 ± 

0.021 

0.807 ± 

0.047 

0.500 ± 

0.004 

71.09 

± 1.31 

24 h 0.199 ± 

0.020 

0.635 ± 

0.030 

0.485 ± 

0.004 

64.51 

± 3.89 

As-

synth. 

Aged 

Acetone 2 h 0.232 ± 

0.032 

0.695 ± 

0.062 

0.500 ± 

0.007 

66.43 

± 3.67 

As-

synth. 

Aged 

Acetone/ 

EtOH 

0.282 ± 

0.047 

0.842 ± 

0.071 

0.511 ± 

0.009 

65.10 

± 4.59 

As-

synth. 

Therm. 

Evap. 

Acetone 0.097 ± 

0.016 

0.373 ± 

0.069 

0.451 ± 

0.018 

57.91 

± 1.68 

As-

synth. 

Rotovap. 

0.161 ± 

0.009 

0.583 ± 

0.057 

0.490 ± 

0.006 

56.69 

± 3.10 

As-

synth. 

Therm. 

Treat. 

0.207 ± 

0.018 

0.631 ± 

0.034 

0.497 ± 

0.005 

65.93 

± 2.90 

        

Dial. 5 mg mL–1 Acetone 2 h 0.289 ± 

0.036 

0.828 ± 

0.058 

0.516 ± 

0.007 

67.49 

± 4.19 

Acetone/ 

EtOH 

0.302 ± 

0.030 

0.862 ± 

0.066 

0.517 ± 

0.008 

67.83 

± 2.97 

10 mg mL–1 Acetone 0.323 ± 

0.033 

0.897 ± 

0.059 

0.521 ± 

0.012 

69.00 

± 2.14 

Acetone/ 

EtOH 

0.319 ± 

0.041 

0.906 ± 

0.077 

0.516 ± 

0.006 

67.94 

± 2.48 
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CA–

NH4OH 

Dial. 30 mg mL–1 Acetone 2 h 0.278 ± 

0.011 

0.826 ± 

0.058 

0.510 ± 

0.006 

66.25 

± 4.04 

24 h 0.239 ± 

0.016 

0.743 ± 

0.032 

0.500 ± 

0.002 

64.30 

± 1.70 

Acetone/ 

EtOH 

2 h 0.337 ± 

0.034 

0.962 ± 

0.054 

0.517 ± 

0.006 

67.49 

± 3.54 

        

Retent. 1 mg mL–1 Acetone 2 h 0.101 ± 

0.017 

0.330 ± 

0.043 

0.471 ± 

0.002 

64.34 

± 2.88 

5 mg mL–1 0.100 ± 

0.015 

0.317 ± 

0.037 

0.474 ± 

0.011 

66.44 

± 3.54 

Acetone/ 

EtOH 

0.090 ± 

0.005 

0.294 ± 

0.012 

0.473 ± 

0.006 

64.46 

± 0.91 

        

Retent. + 

Dial. 

1 mg mL–1 + 

1 mg mL–1 

Acetone 2 h 0.141 ± 

0.012 

0.474 ± 

0.030 

0.492 ± 

0.001 

60.61 

± 2.68 

1 mg mL–1 + 

2.5 mg mL–1 

0.219 ± 

0.008 

0.649 ± 

0.036 

0.517 ± 

0.013 

65.24 

± 2.72 

1 mg mL–1 + 

5 mg mL–1 

0.264 ± 

0.010 

0.767 ± 

0.064 

0.521 ± 

0.011 

66.19 

± 1.64 

1 mg mL–1 + 

10 mg mL–1 

0.340 ± 

0.027 

0.932 ± 

0.042 

0.529 ± 

0.004 

68.95 

± 2.85 

1 mg mL–1 + 

30 mg mL–1 

0.280 ± 

0.022 

0.812 ± 

0.070 

0.524 ± 

0.003 

65.86 

± 1.32 

1 mg mL–1 + 

30 mg mL–1 

Acetone/ 

EtOH 

0.384 ± 

0.021 

1.083 ± 

0.059 

0.535 ± 

0.002 

66.26 

± 0.80 

       

5 mg mL–1 + 

1 mg mL–1 

Acetone 2 h 0.079 ± 

0.001 

0.267 ± 

0.005 

0.466 ± 

0.002 

63.43 

± 0.88 

5 mg mL–1 + 

2.5 mg mL–1 

0.122 ± 

0.008 

0.376 ± 

0.019 

0.479 ± 

0.002 

67.76 

± 1.30 

5 mg mL–1 + 

5 mg mL–1 

0.165 ± 

0.014 

0.488 ± 

0.039 

0.492 ± 

0.002 

68.71 

± 1.48 

5 mg mL–1 + 

10 mg mL–1 

0.228 ± 

0.007 

0.653 ± 

0.015 

0.507 ± 

0.004 

68.70 

± 0.80 

5 mg mL–1 + 

30 mg mL–1 

0.222 ± 

0.012 

0.633 ± 

0.029 

0.509 ± 

0.002 

68.69 

± 0.72 

5 mg mL–1 + 

30 mg mL–1 

Acetone/ 

EtOH 

0.329 ± 

0.029 

0.913 ± 

0.052 

0.521 ± 

0.001 

69.10 

± 2.16 

         

Arg As-

synth. 

10 mg mL–1 EtOH 12 h 0.062 ± 

0.007 

0.190 ± 

0.007 

0.541 ± 

0.008 

59.86 

± 3.88 

As-

synth. 

Filt. 

0.055 ± 

0.003 

0.173 ± 

0.005 

0.548 ± 

0.009 

57.99 

± 1.80 

Dial. 0.047 ± 

0.005 

0.171 ± 

0.009 

0.472 ± 

0.012 

57.76 

± 2.11 

Retent. 0.109 ± 

0.009 

0.297 ± 

0.016 

0.551 ± 

0.005 

66.36 

± 2.09 

As-

synth. 

30 mg mL–1 0.076 ± 

0.002 

0.196 ± 

0.003 

0.611 ± 

0.002 

63.25 

± 0.47 

Pellet ~8 mg mL–1 DMSO 0.061 ± 

0.001 

0.193 ± 

0.004 

0.510 ± 

0.003 

61.80 

± 0.43 
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CA–U As-

synth. 

10 mg mL–1 Water 2 h 0.017 ± 

0.005 

0.106 ± 

0.021 

0.359 ± 

0.029 

42.60 

± 3.11 

As-

synth. 

Aged 

0.042 ± 

0.014 

0.178 ± 

0.043 

0.421 ± 

0.019 

54.94 

± 5.81 

Dial. 0.025 ± 

0.008 

0.127 ± 

0.023 

0.394 ± 

0.023 

48.13 

± 5.84 

Dial. 

Aged 

0.035 ± 

0.014 

0.163 ± 

0.044 

0.416 ± 

0.018 

49.96 

± 6.21 

Retent. 0.019 ± 

0.006 

0.110 ± 

0.029 

0.380 ± 

0.018 

45.10 

± 1.60 

Retent. 

Aged 

0.042 ± 

0.011 

0.176 ± 

0.037 

0.430 ± 

0.004 

55.43 

± 3.50 

         

GSH–F As-

synth. 

Unknown Form-

amide/ 

Water 

24 h 0.080 ± 

0.014 

0.266 ± 

0.028 

0.490 ± 

0.013 

61.05 

± 3.90 

As-

synth. 

Aged 

0.071 ± 

0.013 

0.250 ± 

0.039 

0.477 ± 

0.007 

59.05 

± 2.15 

As-

synth. 

Aged 

Films 

0.042 ± 

0.003 

0.168 ± 

0.010 

0.444 ± 

0.017 

56.43 

± 1.74 

As-

synth. 

200 °C 

0.035 ± 

0.011 

0.202 ± 

0.031 

0.397 ± 

0.013 

43.34 

± 5.06 

Dial. 0.067 ± 

0.015 

0.230 ± 

0.025 

0.479 ± 

0.022 

59.96 

± 7.80 

Dial. 

Aged 

0.058 ± 

0.008 

0.208 ± 

0.022 

0.463 ± 

0.004 

59.65 

± 2.08 

Dial. 

Aged 

Films 

0.040 ± 

0.004 

0.157 ± 

0.011 

0.443 ± 

0.010 

57.61 

± 2.24 

Dial. 200 

°C 

0.051 ± 

0.002 

0.212 ± 

0.002 

0.444 ± 

0.006 

54.53 

± 1.99 

Retent. 10 mg mL–1 Water 0.057 ± 

0.008 

0.225 ± 

0.030 

0.452 ± 

0.012 

56.25 

± 2.27 

Retent. 

Aged 

0.044 ± 

0.009 

0.187 ± 

0.028 

0.440 ± 

0.004 

53.75 

± 2.58 

Retent. 

Aged 

Films 

0.014 ± 

0.003 

0.078 ± 

0.008 

0.375 ± 

0.013 

45.62 

± 4.33 

Retent. 

200 °C 

0.041 ± 

0.010 

0.193 ± 

0.023 

0.434 ± 

0.009 

48.89 

± 4.93 

         

Coal Retent. 10 mg mL–1 Water 24 h 0.002 ± 

0.001 

0.029 ± 

0.012 

0.216 ± 

0.037 

37.22 

± 1.54 
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Appendix E: Solar Simulator Setup and Operation† 

†This appendix derives, in part, from material contained in the MS thesis entitled “Dye Sensitized Solar Cells: 

Optimization of Grätzel Solar Cells Towards Plasmonic Enhanced Photovoltaics” by J. Essner (Kansas State 

University, 2011). The information presented herein has been used with permission from the author.  

 
Figure E.1 (A) Photograph of the solar simulator system employed in all the studies 

discussed within this dissertation. (B–C) Schematical representation of the components 

comprising the solar simulator system shown in panel A. Specifically, panels B (solid lines) 

and C (dashed lines) represent the instrumentation/modules on the lower breadboard and 

upper shelf, respectively, where the provided identifiers correspond to the elements listed 

in Table E.1. 

Solar Simulator System Components 

The solar simulator system, shown in Figure E.1, both (A) photographically and (B) 

schematically, was sourced solely from Newport® Corporation and consists of the various 

(major) components listed in Table E.1. At the heart of the system are two separate light 

sources employed for producing the desired types of light common to solar cell 

characterizations, specifically, (I) broadband and (II) monochromatic light. The former,  
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Table E.1 Major components comprising the solar simulator system. 

I. Solar simulator (broadband light) III. Characterization instrumentation 

A. 100 W Xe arc lamp and housing A. Keithley SourceMeter™ 

B. Shutter and power supply B. Laptop (not shown in Figure E.1) 

C. AM1.5G filter with 90° beam turner C. Certified Si reference cell 

II. Monochromatic light IV. Miscellaneous 

A. 300 W Xe arc lamp, housing, and power 

supply 

A. Vision IsoStation Workbench 

B. Motorized filter wheel and filters B. 24” optical rails and rail carrier 

C. Motorized dual-grating monochromator C. Uninterrupted power supply 

D. Power meter and detector  

 

which is a class ABB Newport® Oriel® LCS-100™ solar simulator (94011A-ES), consists 

of a 100 W Xe (ozone free) arc lamp (I.A), a motorized shutter (I.B), and, the key 

component, an air mass (AM) 1.5G filter affixed within a 90° beam turner (I.C). This 

precalibrated setup is certified (by Newport’s Photovoltaic Calibration and Test 

Laboratory) to produce a collimated 100 mW cm–2 beam of simulated solar radiation at a 

specified distance from the beam turner. The vital element, the AM1.5G filter, is a unique 

optical filter specially designed to mimic the electromagnetic radiation of the sun (i.e., 

ultraviolet, visible, infrared) incident on the Earth’s surface at an angle of 48.2° (relative 

to the Zenith angle) and after atmospheric absorption by greenhouse gases (e.g., CO2, H2O, 

O3, O2). Figure E.2 depicts the exact function of this filter and the origin of the filter’s 

name, AM1.5G. Specifically, Figure E.2A schematically shows the origin of select air mass 

designations while panels B and C display solar radiation spectra above the atmosphere,  
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Figure E.2 (A) Schematic representation of the origin of various air mass (AM) 

classifications, specifically, AM0, 1, 1.5D, and 1.5G, which are the solar radiation at the 

top of the Earth’s atmosphere at the Zenith angle, solar radiation at the Earth’s surface at 

the Zenith angle, direct solar radiation at the Earth’s surface at a 48.2° angle (relative to 

Zenith), and both direct and diffuse solar radiation at the Earth’s surface at a 48.2° angle 

(relative to Zenith), respectively. The solar radiation spectra arising from AM0 and AM1.5 

conditions are shown in yellow and red, respectively, in panel B, with simulated spectra of 

these conditions (i.e., AM0, AM1.5D, AM1.5G) provided in panel C. AM1.5G filters 

employed in photovoltaic characterizations are designed to mimic the blue “AM1.5 

Global” spectrum shown in panel C. Panels B and C were used with permission from 

references 1 and 2, respectively. Copyright © 2007 Robert A. Rohde (panel B) and 

Copyright © 2010 Christiana Honsberg and Stuart Bowden (panel C; original work and 

data from SMARTS modeling program used at the National Renewable Energy 

Laboratory). 

below the atmosphere, and simulated solar radiation for these air mass (i.e., AM0, 

AM1.5D, AM1.5G) conditions, where the latter is the spectrum the filter is designed to 

mimic.1-2 Due to the variability in solar irradiance on the Earth’s surface from fluctuating 
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atmospheric conditions, the systematic characterization of photovoltaic devices 

necessitated the development of standardized solar radiation spectra and incident power. 

These standardized light intensities are designated as AM0, 1, 1.5, and 2 for outside the 

atmosphere at the Zenith angle (red spectrum in Figure E.2C), on the Earth’s surface at the 

Zenith angle, on the Earth’s surface at a 48.2° angle (relative to Zenith), and on the Earth’s 

surface at a 60.1° angle (relative to Zenith), respectively. Furthermore, AM1.5 solar 

radiation has two distinctions, specifically, AM1.5D (green spectrum in Figure E.2C), 

which only includes direct radiation, and AM1.5G, where “G” stands for global, which 

includes both direct and diffuse radiation (blue spectrum in Figure E.2C). The solar 

intensity of AM1.5G sunlight is calculated to be ~970 W m–2 but, due to the 

aforementioned variations in intensity from changing atmospheric conditions, the value is 

standardized to 1000 W m–2, although the most widely employed value is 100 mW cm–2, 

commonly referred to as 1 sun. To ensure that the simulated solar light is within its certified 

100 mW cm–2 output prior to each use, the system is armed with a calibrated (by VLSI 

Standards, Inc., using a master reference cell certified by the National Renewable Energy 

Laboratory) Newport® Oriel® silicon reference cell and meter (91150V; III.C) whose 

performance metrics are certified to fall within a specific range under 1 sun illumination. 

Since the solar simulator unit is suspended above the breadboard table via attachment to a 

pole with an inset track that permits alteration of the vertical distance between the light 

source and solar cell, the certified Si reference cell allows the height to be adjusted as the 

lamp ages such that the system remains calibrated at 100 mW cm–2. Additionally, the 

system is equipped with a neutral density filter set (FS-ND), that includes eight filters, for 

conducting low-light intensity measurements that mimic solar conditions less than 1 sun 
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such as intense cloud cover or small angle incidence (i.e., sunrise, sunset). A final important 

component of the broadband light setup is the motorized safety shutter, which enables the 

incident light to be interrupted during data collection to assess how devices, specifically, 

their photocurrent and photovoltage, behave under rapidly changing illumination. 

The other light source arrangement, which generates monochromatic light, consists of 

a (II.A) power supply (OPS-A500) to drive a housed (67005) 300 W ozone-free Xe arc 

lamp (6258), whose collimated irradiation is directed through 280, 550, or 1000 nm 

longpass filters (10CGA-280, -550, and -1000, respectively), secured in a (II.B) motorized, 

6-position filter wheel (74010), prior to wavelength selection with a (II.C) Newport® CS 

130 dual grating monochromator (CS130-USB-1-MC). The separation of broadband light 

into its monochromatic components is crucial for understanding observed device 

performance, specifically, the photocurrent, since irradiating the device with 

monochromatic light allows the exact origin of the photocurrent to be elucidated via 

external quantum efficiency measurements (described in Appendix G). To conduct such 

measurements, the power density at each wavelength must be measured, a task that is 

accomplished with a (II.D) Newport® power meter (1936-R) equipped with a UV silicon 

detector (918D-UV-OD3R). Both the monochromator and power meter are controlled with 

Newport’s TracQ™ Basic Data Acquisition and Spectroscopy software (version 6.5). 

The system also consists of a (III.A) Keithley 2400 SourceMeter™ for biasing the 

devices and measuring the resultant photocurrent (PVIV-1A), Oriel® I-V Test Station 

software for collecting and analyzing all J-V data (part of the PVIV package), (IV.B) 

multiple optical rails (PRL-24) and a rail carrier (PRC-3) with micrometer-driven (SM-50) 

translation stages (433), and all necessary hardware and accessories. Lastly, all the 
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aforementioned components are mounted to a (IV.A) Newport® Vision IsoStation 

breadboard-topped workbench (VIS3048-IG2-125A), as shown in Figure E.1, sporting 

front and rear support bars (VIS-HG-48), an overhead shelf with built-in power strips (VIS-

ATS-48), and a sliding lower shelf (VIS-S1430; not shown in Figure E.1). The laptop 

computer (III.B) and uninterrupted power supply (IV.C) were sourced separately. 

Solar Simulator System Setup and Calibration 

Once the solar simulator system was procured, it was fully assembled (as shown in Figure 

E.1) and the lamps were aligned and calibrated. As previously mentioned, the Newport® 

Oriel® LCS-100™ solar simulator is certified to produce a uniform, 100 mW cm–2 beam of 

collimated, simulated solar radiation at a designated distance, therefore, this setup only 

required proper calibration of the height of the simulator above the breadboard with the Si 

reference cell. On the other hand, since the housed 300 W ozone-free Xe arc lamp was not 

precertified, the lamp required alignment and calibration, where the uniformity of the 

incident beam is absolutely critical to safe and stable operation, as well as appropriate 

characterization. Figure E.3 schematically shows potential beam irradiances emanating 

from the lamp. Ideally, the incident radiation from the arc lamp would be of equal power 

across the entire beam face (perfectly uniform/collimated) as visualized in Figure E.3A. In 

reality though, there is a power maximum at the center of the beam and the beam power 

drastically decreases as a function of distance from the apex (Figure E.3B). Thus, the goal 

is to align the lamp and internal mirrors in the housing in such a manner that the maximum 

power is nominally the same across a substantially larger area (Figure E.3C). 
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Figure E.3 (A) Ideally, an incident beam of light irradiating from the lamp would possess 

uniform power across the entire beam. (B) Realistically though, the power magnitude of 

the incident beam is more conically shaped; that is, a Gaussian distribution with high power 

at the center and decreasing power away from the apex. (C) Therefore, the goal is to align 

the lamps and collimate the emanating light such that a more uniform power distribution 

(i.e., dome-shaped) is achieved. 

To accomplish this (i.e., maximize beam uniformity), four critical parameters were 

optimized: (i) the position of the lamp arc, (ii) the reflector mirror position, (iii) the distance 

between the arc and the condenser lens, and (iv) device placement, that is the distance from 

the lamp and position within the collimated beam. Specifically, the first steps for alignment 

were to position the arc in the center of the reflector mirror and the condenser lens through 

horizontal and vertical adjustments of the arc lamp mount using the appropriate knobs on 

the outside of the lamp housing. Once the lamp was roughly centered in the reflector mirror, 

the condenser lens was slid as close as possible to the lamp housing and peering down the 

condenser tube (with the lamp off!), the arc was further centered in the back reflector mirror 

and the condenser lens. This was done by adjusting the vertical and horizontal positions on 

the lamp, as well as the x, y, and z axes of the reflector mirror until the inverted arc image 

(seen in the reflector mirror) was overlain and aligned nicely with the actual arc.  
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Figure E.4 For proper alignment of the 300 W arc lamp, the (A) actual arc and the (B) arc 

image created by the back reflector mirror need to be (C) superimposed in such a manner 

that the “hot spots” of the electrodes (tip of point electrode) do not lie directly over the 

larger curved anode. 

The ideal placement of the inverted arc image over the arc can be seen in Figure E.4 

(A - arc, B - inverted arc image, C - superimposed arc and arc image). For ideal alignment, 

the inverted arc image (outlined in black) would be perfectly superimposed over the actual 

arc but this would put the arc hot spots (point electrode - cathode) directly over the curved 

electrode (anode) and would cause the lamp to overheat. Therefore, the inverted arc image 

was superimposed over the arc such that the arc hot spots were just inside the anode and 

anode image. The hot spots were situated far enough from each other to keep them from 

directly overlapping but they were placed close enough so that they did not fall onto the 

anode or anode image. This placement allowed for the brightest points of the arc and the 

arc image to overlap such that a near circular beam was irradiated from the lamp housing 

(condenser lens).  

With the inverted arc image aligned nicely over the actual arc, the lamp was turned on 

and fine tuning of the beam uniformity was conducted. Before fine tuning though, the 
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condenser lens was slid forward to diverge the beam and using the monochromatic-capable 

power meter and detector, a suitable distance from the lamp was chosen to yield the highest 

power density while still providing a large enough beam area to encompass devices 

undergoing testing. Once the distance from the lamp was set, the other three parameters 

could be slightly adjusted to bring the beam uniformity as close to unity as possible. To 

assess the wavelength-dependent beam uniformity, power readings as a function of 

wavelength were recorded in both the x (horizontal) and y (vertical) directions using the 

power meter and the rail carrier/translation stage. After each uniformity test, slight 

adjustments in the reflector mirror position, lamp position, and/or condenser lens position 

were made and the uniformity was re-assessed. Note, tuning in the y-direction also affects 

the x-direction uniformity so both axes must be aligned simultaneously. Lastly, this entire 

process must be repeated upon installation of a replacement lamp. 

Solar Simulator Operation 

The appropriate lamp(s) for the desired characterization(s) to be conducted should be 

turned on at least 30 minutes prior to commencing measurements; the 100 W solar 

simulator system is for collection of illuminated, broadband J-V curves while the 300 W 

lamp is for monochromatic power and short-circuit current density measurements for 

external quantum efficiency (EQE) calculations. The details of these measurements and 

their results are described in Appendix G. If EQE measurements will be conducted, this 

lamp should be powered on first as it requires a massive power dump to initiate the arc, a 

current surge that could negatively impact other instrumentation or components on the 

same circuit if they are powered on. Note, all instrumentation, except the power supply for 

controlling the 300 W lamp, is plugged into the power strips along the front and back of 
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the upper shelf of the IsoStation breadboard-topped workbench; the power supply for 

controlling the 300 W lamp is plugged directly into a wall outlet due to the power surge 

required to ignite the arc. The two plugs providing power to the power strips are plugged 

into an uninterrupted power supply (UPS) so that surges do not destroy any instrumentation 

and the UPS is plugged directly into a wall outlet.  

To power on the 100 W lamp, flip the switch on the back and allow the lamp to warm 

up; for lamp shutdown, simply toggle the same switch. Conversely, powering on the 300 

W lamp is a little more complex. First, the lamp’s power supply must be turned on using 

the large, black “Power” switch on the far right of the front of the power supply. The power 

supply was previously setup upon initial installation, following the instructions in the 

appropriate manual, so the supply should be prepared for use once on. Allow the supply to 

power up, which should take <30 s, and then press the “Lamp Mode” button (elliptical 

button on the bottom left) to verify that it is in constant power mode; the power and power 

limit should be set at 300 and 330 W, respectively. Firmly press the square “Lamp” button 

once to initiate the arc; a small click or pop should be heard if the arc was initiated. 

Additionally, if the lamp is on, illumination should be visible through the cracks of the 

lamp housing. The power applied to the lamp will rapidly rise to around 250 W and then 

slowly climb to 290–300 W as the lamp warms up. Once the lamps are on, the other 

components can be powered up. Specifically, the monochromator (via a metal toggle 

switch on the back of the housing), the power meter and detector (via a black push button 

on the front of the meter), and the source unit (via a grey push button on the front). All of 

these components will take 1–2 min to fully power on. Additionally, the shutter attached 

to the 100 W solar simulator could be powered on, however, it will have to be shut back 
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off to collect J-V curves under dark conditions, therefore, the shutter is usually left off until 

collection of curves under illumination. 

Once the lamps and all other components are powered on and warmed up, the reference 

Si solar cell needs to be characterized to ensure the system is properly calibrated. The black 

and red wires (two black and two red; one of each for “4-Wire Sense”, or “Sen”, and the 

other for “Input/Output”, or “I/O”) should be removed from the back of the source unit (if 

they are still plugged in) and the single gray wire with four banana plugs on one end should 

be plugged in. The plugs are appropriately labeled for their designated location but, for 

clarity, the male “Sen” plugs go in the two female receptacles on the left while the male 

“I/O” plugs, with the black resistor box, go in the two female receptacles on the right; the 

central bulge on the banana clips, where the single wire bundle comes into the clips, should 

face to the right when looking at the back of the source unit. The other end of the wire is 

plugged directly into the reference Si cell housing (there is only one alignment where the 

wire properly interfaces with the Si cell receptacle) and the reference cell is placed in the 

appropriate location beneath the beam turner attached to the solar simulator housing/shutter 

assembly; the system is now ready for a calibration check. The laptop and appropriate 

software for the solar simulator will control all instrumentation and testing. The software 

for collecting J-V curves (Oriel® I-V Test Station) should be opened and the appropriate 

recipe should be loaded. Note, multiple preprogrammed recipes already exist for 

characterizing the reference cell and dye-sensitized solar cells (with different upper voltage 

limits), as well as collecting external quantum efficiency (described below), however, new 

recipes may be created where the bias direction (forward vs reverse; typically the latter is 

employed), voltage limits (depends on device architecture), the scan rate, the number of 
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data points collected, and the voltage dwell time are all adjusted. Dark and illuminated 

scans should be conducted on the reference cell; for the latter, the shutter should be turned 

on prior to collection by flipping the switch on the back of the shutter power supply module. 

The software has built-in functions to automatically analyze the J-V curves and calculate 

all relevant device metrics, which can be viewed on different tabs within the software, 

however, the generated files should be saved as text (.txt) files and then imported into Excel 

for further analysis. Since the device metrics can be viewed in the software, the files for 

the reference cell only need to be saved (i.e., no further analysis is typically necessary) and 

the metrics can be directly compared to those specified for the reference cell when 

illuminated with 100 mW cm–2. If all metrics fall within the specified ranges then the solar 

simulator is properly calibrated, however, if the values are outside of these ranges, 

adjustments to the height of the solar simulator off the breadboard need to be made until 

all metrics are within the specified ranges. Note, as the lamp ages, the solar simulator will 

slowly have to be lowered closer to the breadboard to keep the system within calibration. 

Eventually the system will not be able to be lowered any further so cells being characterized 

will have to be raised up closer to the simulator such that the irradiance is nominally 100 

mW cm–2 (i.e., the reference cell stays within the certified values). Once system calibration 

is verified, the reference cell should be safely stored away in its appropriate box, the grey 

wire should be removed, and the black and red wires are then put back in the source unit. 

The system is now ready to collect J-V curves of devices slated for characterization. To 

characterize individual devices, the black wires are connected to separate alligator clips 

attached to the cathode while the red wires are attached to separate alligator clips affixed 

to the photoanode. 
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To conduct external quantum efficiency (EQE) measurements, the power density at 

each wavelength of interest should first be collected. To ensure proper calibration of the 

lamp employed for these measurements, the EQE of the reference cell should be 

periodically collected, however, since the power density is collected during each 

measurement session, changes in these values provide a reliable indication if the lamp is 

aging. Furthermore, due to the nature of these measurements, as long as the power density 

and short-circuit current values are collected at the same distance from the lamp, minute 

changes to the power density over time are inconsequential. Based on the present 

calibration/alignment, the following steps should be followed for EQE collection. The 

center hash on the translation stage should be placed at 10.5” on the translation track and 

the vertical micrometer should be adjusted to 50 mm. Two bolts are then screwed into the 

translation stage, specifically, in the outer screw holes in the 3rd row down from the top, 

and the detector is carefully placed atop these screws (after removing the black plastic 

cover) such that the back of the detector is flush with the translation stage. A thick, black 

posterboard is arced over the translation track, keeping it flush against the monochromator 

housing, to create a tunnel for blocking as much stray light as possible. Wavelength-

dependent power densities are then collected under dark and illuminated conditions using 

the Newport® TracQ™ Basic software, which is currently preprogrammed to collect power 

densities from 300 to 800 nm at a 10 nm interval with a one second dwell time at each 

wavelength using only “grating 2” in the monochromator and conducting a filter change 

from the 280 nm to the 550 nm longpass filter at the 550 to 560 nm grating transition. Note, 

the USB plugs for both the monochromator and power meter need to be plugged into the 

computer prior to initiating the software. Additionally, the built-in monochromator shutter 
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should be closed and opened via the software for the collection of dark and illuminated 

power densities, respectively. The generated files should be saved as text files (i.e., .txt) 

for easy viewing and importing into Excel for further analysis, the software should be 

closed, and the detector should be carefully set aside, replacing the plastic cover for 

protection.  

For collection of wavelength-dependent short-circuit current values of devices, the 

center hash of the translation stage should be shifted to 10” on the track and the vertical 

micrometer should be adjusted to 35–38 mm to account for differences in detector and 

device position within the beam. Note, this positioning places the cells nominally in the 

same beam area that the power densities were collected, although, minor adjustments may 

need to be done. The device, with the black and red leads still connected, is carefully shifted 

over to the translation stage, turning the device vertical, and placing a bolt through the top 

binder clip and mounting the cell directly to the translation stage by screwing the bolt into 

the top center screw hole. This latter step should be done cautiously as overtightening the 

bolt could force the binder clip open, causing catastrophic electrolyte leakage, while under 

tightening the bolt may cause the device to undesirably shift prior to or during 

measurements. Specifically, the bolt should be snuggly hand-tightened only to an extent 

that the mounted device has very little horizontal sway; keeping the aforementioned bolts 

(that support the detector) in place will help reduce this potential sway. Short-circuit 

current values (illuminated conditions implied) are then collected at a 10 nm interval from 

300 to 800 nm using the Oriel® I-V Test Station software with the desired EQE recipe 

loaded, controlling the monochromator (i.e., gratings, filters) with the Newport® Mono 

Utility (version 5.0.4) software. Note, different EQE recipes are already set up for 
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collecting a variety of data points (e.g., 5, 10, 15, 30) per wavelength and, upon opening 

the Mono Utility software, the appropriate number of gratings should be selected (i.e., 2) 

and the desired filter change at 550 nm must be input in the software every time. Upon 

completion of the data collection, the power densities should be re-collected such that the 

before and after values can be averaged and employed for data analysis. When all EQE 

characterizations are complete, the lamp should be shut off by firmly pressing the “Lamp” 

button once, however, the power supply for the lamp should not be turned off until the fan 

on the lamp housing conducts its cooling cycle and automatically powers down. For 

additional detailed operation of the individual components, as well as replacing the arc 

lamps, consult the provided user manuals. 
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Appendix F: Detailed Preparation and Operation of Sensitized 

Solar Cells 

Preparation of Substrates for use as Photovoltaic Electrodes 

The industry standard substrate that is employed, for both the photoanode and cathode, in 

rigid, sensitized solar cells is soda-lime glass coated with a transparent conductive oxide 

(TCO), typically indium- or fluorine-doped tin oxide (ITO or FTO). Since the latter is 

known to possess a higher thermal stability, FTO-coated glass is the substrate of choice for 

the works described herein. Specifically, TEC™ 7 and TEC™ 8 (MS001695) FTO-coated 

glass were sourced from Pilkington Glass (Toledo, OH) and GreatCell Energy® (formerly 

Dyesol; Queanbeyan, Australia), respectively, where the number associated with each 

TEC™ product (i.e., “7”, “8”) represents the sheet resistance of the FTO coating (i.e., 7, 8 

Ω sq.–1). To ready the FTO-coated glass (referred to simply as “FTO”) for electrode 

preparation, large plates (12” x 12”) are first cut into nine smaller squares (4” x 4”) with a 

laboratory glass cutting table (GC0101) procured from MSE Supplies (Tucson, AZ), after 

which each 4” x 4” square is then cut into 24 electrode-sized pieces (21/32” x ~1”). The 

cut glass should then be cleaned by sequentially sonicating the substrates for 60 min in a 

dilute solution of Alconox® detergent (0.5 wt%), an ethanolic solution of 0.1 M HCl, 

isopropanol, and acetone. After cleaning with detergent and ethanolic HCl, the glass needs 

to be thoroughly rinsed with water before proceeding to the next cleaning step and, after 

sonication in acetone, the substrates should be dried upright at 50–70 °C. The substrates 

should then undergo a TiCl4 treatment to deposit a thin layer (i.e., nanometers thick) of 

TiO2 through the hydrolysis of TiCl4 by placing them in a 40 mM aqueous TiCl4 solution 

for 40 min at 70 °C (FTO side up). The deposition of this thin TiO2 layer has been 
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demonstrated to be a crucial step in electrode preparation as the layer helps the thicker, 

photoactive layer better adhere to FTO and behaves as a blocking layer, preventing charge 

recombination between FTO and the electrolyte, a well-documented source of parasitic 

losses to performance.1-4 Note, a well-trained hand can distinguish the FTO side from the 

bare glass side by lightly dragging a spatula across both sides, where the latter will result 

in little to no drag, however, measuring the electrical resistance with an ohm meter provides 

conclusive evidence for the FTO-coated side, as the nonconductive, bare-glass side is 

highly insulating. After the TiCl4 treatment, the treated substrates need to be thoroughly 

rinsed with water and EtOH and dried upright at 50–70 °C. Note, the TiCl4 treatment is not 

necessary for substrates to be employed as counter electrodes so cleaned FTO is used 

directly in the preparation of these, without any additional treatment(s). 

Photovoltaic Photoanode Preparation 

The intended area of TiO2 application is first defined by placing either Scotch™ brand tape 

(two layers thick, ~60 μm per layer) or adhesive-backed, removable Cricut® Premium 

Vinyl™ (one layer thick, ~100 μm) onto the FTO side of the substrates as application 

masks; in the case of the former, a mask that is approximately 0.5–1.0 cm2 is formed with 

four pieces of tape to generate a “window” and a second layer of tape is applied over the 

existing layer, whereas, for the latter, the adhesive-backed, removable masks are simply 

placed directly onto the substrate. The vinyl masks are typically fabricated with outer 

dimensions of 1” x 0.620” (or ~25 mm x 15.8 mm) and a 1 cm2 (1 cm x 1 cm) centered 

window, cut from a 12” x 48” roll of black Cricut® Premium Vinyl™ - Removable using 

Cricut Explore Air™ 2 or Cricut Maker® machines. A small amount of commercial 

transparent titania (TiO2) paste (e.g., GreatCell Energy® 18NR-T – MS002010, Sigma-
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Aldrich – 791547) is then placed along any edge of the defined window and the paste is 

carefully spread across the mask in a single fluid pass with uniform pressure using a 

modified doctor blade approach (e.g., a small glass stir rod turned sideways). Alternatively, 

in-house TiO2 paste can be generated following well-established protocols,5-7 however, this 

route often requires methodical refinement of the paste composition prior to use to obtain 

the desired consistency for easy application. After the deposition of TiO2 paste, the masks 

should be cautiously removed to avoid perturbation of the applied paste and minimize 

adhesive transfer to the substrate, especially in the vicinity of the paste. The films should 

then be relaxed at room temperature in the dark for approximately 24 h, followed by drying 

in a programmable oven at 125 °C and 200 °C for 24 and 6 h, respectively. The dried films 

are transferred to a muffle or tube furnace and annealed at 525 °C for 1 h using a ramp rate 

of 1 °C min–1 to the sinter the TiO2 nanoparticles into an interconnected, mesoporous 

network. Note, the films must be in direct contact with the ceramic base as any air gap 

between the substrates and the ceramic will result in poor film yield due to cracking and 

delamination. After the 1 h sintering period, the furnace is shut off and allowed to cool 

naturally with the films inside. Once at room temperature, if the films are opaque and white, 

the TiO2 layer is poorly adhered to the substrate, which will lead to cracking/flaking or 

worse, delamination upon the slightest stress, meaning these films are unusable, however, 

if the preparation is performed properly, the resultant films will be semitransparent (i.e., 

non-opaque) with a slight blue hue.  

A second TiCl4 treatment (40 mM at 70 °C for 30–40 min, TiO2 side up) can then be 

conducted as this additional treatment is known to enhance performance by improving 

photoanode electronic properties,3, 8 although, it has also been demonstrated that the 
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observed enhancement is sensitizer dependent.9 If a second treatment is conducted, 

afterwards, the films should be carefully rinsed with water and EtOH, dried at 100–120 °C, 

and annealed at 500 °C for 1 h following the exact same protocol as the first annealing step. 

Again, if all steps are carefully and properly performed, the films should retain their 

semitransparency and blue hue. High quality films can be stored in the dark for months 

until needed. 

To finalize the photoanode preparation, the high-quality TiO2 films are then submersed 

in a solution of the desired sensitizer; the experimental conditions employed here (i.e., 

solvent system, sensitizer concentration, adsorption time) are highly dependent on the exact 

sensitizer, therefore, if a published protocol is not followed, these parameters require 

optimization as part of the course of study. For devices employing the industry standard 

dye, N719 (procured from GreatCell Energy® – MS003190 or Sigma-Aldrich – 703214), 

TiO2 films are sensitized for 12–24 h (some papers report < 4 h sensitization time) using a 

0.5 mM solution of the dye dissolved in 1:1 v/v acetonitrile:t-butyl alcohol.  

Photovoltaic Cathode (Counter Electrode) Preparation 

Industry standard platinum (Pt) counter electrodes are prepared on precleaned FTO-coated 

glass by placing strips of Scotch™ brand tape (one or two layers thick) along the long 

edges of the glass to generate a “trough” and commercial Pt paste (e.g., GreatCell Energy® 

PT-1 – MS006210, Sigma-Aldrich – 791512) is applied via the doctor blade technique. 

After carefully removing the tape layers, the films should be dried at 70–100 °C for 24 h 

and then fired at 450 °C for 1 h in a muffle furnace. The prepared Pt films can be stored 

for months before use and can also be reliably used in multiple devices as long as the Pt 
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film is still visibly intact and uniform; that is, if the spacer or electrolyte start to remove 

sections of the Pt film, the electrical discontinuity will start to show in device performance.  

Electrolyte Preparation 

In most instances, a commercial electrolyte solution containing the industry standard I–/I3
– 

redox couple (e.g., Iodolyte AN-50 sourced from Solaronix, Aubonne, Switzerland) is 

employed for ease and to avoid any necessary optimizations of the electrolyte composition. 

The provided example electrolyte (Iodolyte AN-50) consists of a propriety blend of iodine, 

a lithium salt (likely, lithium iodide), an iodide-containing ionic liquid (i.e., 1,2-dimethyl-

3-propylimidazolium iodide), and a pyridine derivative dissolved in acetonitrile. 

Alternatively, in-house electrolyte blends can be prepared, however, similar to employing 

in-house paste formulations, if reported electrolyte compositions, such as those described 

in these reviews,10-12 are not being employed then compositional optimizations must be 

undertaken. 

Photovoltaic Device Assembly 

Full devices are assembled by sandwiching a DuPont™ Surlyn® 25 or 60 μm spacer 

(Meltonix 1170-25 or 1170-60; sourced from Solaronix, Aubonne, Switzerland) between 

a sensitized TiO2 photoanode and a Pt counter electrode, where the spacer has a precut 

window with inner dimensions slightly larger than the sensitized TiO2 film and outer 

dimensions at least 1/8” greater than the inner measurements; that is, the spacer material 

should be ~1/16” wide on all four sides. These low melting point spacers are designed to 

effectively “glue” the two electrodes together upon mild heating, sealing the device, 

however, once sealed, the created void still needs to be filled with electrolyte. The easiest 

way to accomplish this is to drill two small holes in the Pt electrodes prior to device 
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assembly and, while the electrode “sandwich” is still warm from melting the spacer, 

electrolyte solution is continually pipetted onto one of the holes as the device is rapidly 

cooled to draw the electrolyte into the void, however, this approach can still lead to air 

bubbles within the spacing between the electrodes, an undesirable scenario that can 

negatively impact performance. This issue can be circumvented by employing a 

microfluidic setup sourced from IDEX® Health & Science. Specifically, NanoPort™ 

assemblies are epoxied over each hole in the Pt-coated substrate and microfluidic tubing is 

interfaced with the attached assemblies, with two microfluidic shut-off valves placed in 

line with the tubing; all tubing connections are made with the appropriate microfluidic 

adaptors. To fill the device, one valve is kept closed and a vacuum is pulled through the 

other, open valve. After pulling vacuum for ~5 min, the open valve is closed while still 

pulling vacuum, an electrolyte-filled syringe (completely purged of air) is attached to the 

other valve, and this valve is rapidly opened so that the electrolyte solution is drawn in by 

the vacuum. This methodology provides efficient filling, however, the aforementioned 

process may have to be carefully repeated multiple times to get the gap completely filled 

and devoid of air bubbles. Additionally, the required components are costly. An alternate, 

facile approach, that is both inexpensive and effective, is to sandwich the spacer between 

the electrodes with two 1” binder clips placed on the long sides of the device, leaving the 

spacer unmelted, and depositing electrolyte into the void by slightly relieving the pressure 

from one binder clip such that a small-bore needle can be carefully slid into the gap to 

slowly inject electrolyte, expelling excess electrolyte and air upon clamping the electrodes 

back together. While this latter methodology is the cheapest and simplest approach, the 

binder clips do not provide the necessary pressure to keep the device fully sealed for 



289 
 

extended (>1 day) studies of device performance, thus, if temporal stability studies are 

desired, the substrate interfaces of the sandwiched device should be liberally coated in the 

strongest epoxy available after assembly to seal off all possible (microscopic) gaps for 

electrolyte losses via evaporation of the volatile solvents. Additionally, while epoxying, 

the device should be held together with a clamp that provides stronger pressure than small 

binder clips (e.g., plastic-coated c-clamp). Even if one of the two former filling approaches 

are employed, fully sealing the device with epoxy, most importantly, the drilled filling 

holes, is a wise decision to ensure any temporal stability studies undertaken can be 

conducted worry-free, alleviating any concerns of the device catastrophically failing due 

to electrolyte evaporation. Note, while devices can be refilled if they leak, the performance 

typically plummets upon refilling which is an undesirable outcome when attempting to 

conduct temporal stability studies. Regardless of the filling technique employed, the 

external areas of the sealed device should be carefully wiped down with an EtOH-soaked 

Kimwipe™ to remove any residual electrolyte and potential light scattering contaminants. 

Photovoltaic Device Architecture and Operation 

As detailed above, sensitized semiconductor-based solar cells typically consist of a 

mesoporous network of thermally fused, interconnected TiO2 (or ZnO) nanoparticles 

sensitized with a photocurrent-producing chromophore (a dye or fluorescent nanoparticles 

(NPs) such as semiconductor quantum dots (QDs), carbon nanodots (CNDs), or 

nanoclusters (NCs)) as the photoanode and a catalytically active cathode (e.g., Pt) with a 

redox-active electrolyte (e.g., I–/I3
–) sandwiched between the two electrodes, an 

architecture that is schematically depicted in Scheme F.1. Assuming proper band alignment 

between the sensitizer/semiconductor and redox couple/sensitizer (shown schematically in  
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Scheme F.1 Schematic representation of the components of a fully assembled sensitized 

solar cell. 

the inset of Scheme F.1) the following processes should occur: the chromophoric sensitizer 

will absorb incident light of the appropriate wavelength, exciting electrons from the highest 

occupied molecular orbital (HOMO) or valence band (VB) to the lowest unoccupied 

molecular orbital (LUMO) or conduction band (CB). The excited state electrons will then 

be injected into the semiconductor, oxidizing the sensitizer in the process, and the electrons 

randomly percolate through the interconnected network to the transparent electrode, where 

they are collected and leave the device to conduct external work such as illuminating a 

light bulb. The electrons re-enter the device through the cathode or counter electrode where 

they reduce the oxidizing agent of the redox couple (e.g., I3
–) to generate its reducing agent 
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counterpart (e.g., I–). The electron-carrying reducing agents then diffuse across the 

electrolyte gap between the electrodes and, upon reaching the electrolyte/sensitizer 

interface, reduce the oxidized sensitizer, regenerating it, as well as the oxidizing agent of 

the redox couple, such that another absorption event may occur to initiate the entire process 

again. 
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Appendix G: Interpretation and Analysis of Photovoltaic 

Data† 

†This appendix derives from material contained in the MS thesis entitled “Dye Sensitized Solar Cells: 

Optimization of Grätzel Solar Cells Towards Plasmonic Enhanced Photovoltaics” by J. Essner (Kansas State 

University, 2011) and should be cited as: Essner, J., Dye Sensitized Solar Cells: Optimization of Grätzel 

Solar Cells Towards Plasmonic Enhanced Photovoltaics. Department of Chemistry, Kansas State University, 

2011. The information presented herein has been used with permission from the author.  

J-V Curves and Extracted Performance Metrics 

The benchmark characterization for PV devices is the collection of current-voltage (I-V) 

curves under dark and illuminated conditions. For these measurements, the applied voltage 

on the device is systematically modulated and the resulting current is monitored, where the 

device can be either forward- or reverse-biased; that is, sweeping the voltage from negative 

to positive or positive to negative. Although, certain device architectures such as 

perovskite-based PVs can present with strong hysteresis between forward- and reverse-

biasing. In our lab, devices are typically reverse-biased, sweeping the voltage from 0.75 V 

to -0.2 V but the exact voltage range depends on the device architecture, mainly, the 

employed sensitizer. The measured device current is typically reported in milliamps (mA), 

however, the collected current is dependent on the active area of the device, therefore, to 

normalize the photocurrent, the values are divided by the active area to yield current density 

(i.e., mA cm–2) and current density-voltage (J-V) curves.  

J-V curves collected under illuminated conditions are the cornerstone of all PV 

measurements. Typically, devices are illuminated under the industry standard irradiance of 

1 sun (or 100 mW cm–2), although higher or lower power densities can be employed for 
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Figure G.1 (A) Schematic of representative J-V curves of a photovoltaic device collected 

under dark and illuminated conditions with major device metrics and their origins shown, 

specifically, short-circuit current density (JSC), open-circuit voltage (VOC), theoretical 

power output (Ptheo), maximum power output (Pmax), current density at Pmax (Jmax), and 

voltage at Pmax (Vmax). Additionally, the equations for calculation of fill factor (FF) and 

efficiency (η), as well as the approximation of shunt (RSH) and series (RS) resistances, are 

also provided in the inset. Such photovoltaic devices can be modeled by simple equivalent 

circuits such as that shown in panel B.  

targeted high- or low-light conditions. Regardless of the intensity of the incident light, well-

behaved devices should yield J-V curves comparable to that schematically shown in Figure 

G.1. A number of critical device metrics are then extracted from the illuminated curve, 
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specifically, the short-circuit current density (JSC), current density at the maximum power 

(Jmax), open-circuit voltage (VOC), the photovoltage at the maximum power (Vmax), fill 

factor (FF), shunt resistance (RSH), series resistance (RS), the theoretical power density 

(Ptheo), and the maximum power density (Pmax), which is equivalent to efficiency (η) when 

devices are illuminated under 100 mW cm–2. The exact origin of these metrics from the 

illuminated J-V curve are shown in Figure G.1. 

The JSC arises when the applied voltage on the device is zero and is the maximum 

possible current that the cell can generate, while the VOC occurs when there is not any 

current flow through the device and is the maximum obtainable voltage of the cell. 

Therefore, since current times voltage equals power, the product of these maximal 

photocurrent and photovoltage values yields the maximum theoretical power output (Ptheo) 

that a device can generate. To provide a better context for discussing the other device 

metrics, specifically, FF and efficiency, an understanding of the (parasitic) device 

resistances (RSH and RS) and their origins is first necessary; RSH arises from an absence of 

alternate current pathways (i.e., power losses) in the device while RS results from the 

combined (interfacial) charge transfer resistances throughout the entire device. Ideally, RSH 

is large, meaning there are little to no alternate pathways for the current to flow other than 

the desirable pathway, which translates to very little power losses occurring throughout the 

device. Conversely, in the ideal scenario, RS is extremely low due to minimal electrical 

resistance to charge transport through the device. These resistances can be approximated 

from the slopes of the J-V curve near zero current and zero volts, respectively. Specifically, 

RSH is approximated by calculating the inverse of the J-V slope around JSC (m@JSC; orange 

line in Figure G.1A) while RS is approximated by calculating the inverse of the J-V slope 
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about VOC (m@VOC; pink line in Figure G.1A). Thus, in the ideal scenario, devices produce 

essentially no slope near JSC and an extremely large slope near VOC yielding high shunt 

(i.e., 1 / an infinitesimal slope = large value) and low series (i.e., 1 / a prodigious slope = 

small value) resistances, respectively. In this theoretical scenario of a flawless device, an 

ideal J-V curve, represented by the green box in Figure G.1A, would arise, however, due 

to inherent charge-carrier losses from these unavoidable but minimizable parasitic 

resistances, the J-V curve deviates from the quintessential state, yielding a curve 

comparable to that shown (solid black line in Figure G.1A). 

The charge-carrier losses stemming from non-ideal resistances that are observed in 

device I-V responses, under both dark and illuminated conditions, can be better visualized 

by representing the various device components with equivalent circuit models, as shown 

in Figure G.1B. Under dark conditions, the ideal device behaves like a diode, producing 

current, Idark, while, under illumination, the device generates photocurrent, Iill, which is 

modeled as an additional current-producing component in the circuit model. Thus, the total 

current produced by the device, I, is equal to the sum of Idark, Iill, and ISH. Again, in an ideal 

device, RSH is near infinite and RS is near zero, resulting in the total current produced 

equivalent to the sum of just Idark and Iill, as evident in the circuit model. Specifically, if RS 

is large, then charge transport through the circuit (i.e., the device) is hindered, thereby 

decreasing I and the overall efficiency of the device (discussed below). Likewise, if RSH is 

infinitesimal, then the device possesses undesirable, alternate pathways for charge 

transport which would result in a voltage drop across the circuit (i.e., lower photovoltage) 

and, again, decreased device efficiency. 
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Figure G.2 The maximum power density output of a device can be determined by plotting 

the product of the current and voltage values vs the original voltage values. A near parabolic 

curve should be obtained where the apex of the curve equates to the maximum power 

output.  

The aforementioned deviations from the ideal J-V curve give rise to other vital PV 

metrics utilized to characterize device performance, specifically, Jmax, Vmax, FF, Pmax, and 

η. Since the product of current and voltage equals power, the corresponding photocurrent 

and photovoltage values can be multiplied together to yield power and the resulting power 

values can be plotted vs the applied voltage, which should produce a curve comparable to 

that shown in Figure G.2, where the vertex is equivalent to Pmax and the specific 

photocurrent and photovoltage values that give rise to this power are represented by Jmax 

and Vmax, respectively. Then, using these determined parameters, the FF of the device can 

be calculated with the following formula: 

𝐹𝐹 =  
𝐽𝑚𝑎𝑥  ×  𝑉𝑚𝑎𝑥

𝐽𝑆𝐶  ×  𝑉𝑂𝐶
=  

𝑃𝑚𝑎𝑥

𝑃𝑡ℎ𝑒𝑜
 

Therefore, a device’s FF is simply the ratio of the maximum power output (Pmax) to the 

theoretical maximum power output (Ptheo), which is essentially the ratio of the area of the 
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blue square to the area of the green square shown in Figure G.1A. Thus, FF provides a 

metric for the extent that the parasitic resistances are influencing the device; that is, low 

RSH produces a decrease to Jmax while high RS yields a diminished Vmax, scenarios that lead 

to poor FFs.  

The final device metric, and undoubtedly the most critical in terms of device 

characteristics since it is the benchmark of device performance, is the power conversion 

efficiency (η), which is defined as the ratio of the maximum power output (Pmax) to the 

power of the incident radiation (Pin) and is derived as such:  

 

𝜂 (%) =  
𝐹𝐹 ×  𝐽𝑆𝐶  ×  𝑉𝑂𝐶

𝑃𝑖𝑛
 × 100 

𝜂 (%) =  
 𝐽𝑚𝑎𝑥  ×  𝑉𝑚𝑎𝑥

𝑃𝑖𝑛
 × 100 

𝜂 (%) =  
 𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
 × 100 

Given this, if devices are illuminated with the industry standard irradiance (i.e., 100 mW 

cm–2), the efficiency is simply equivalent to Pmax. 

While the J-V curves generated under illuminated conditions provide the majority of 

information pertinent to the observed device performance, J-V curves generated under dark 

conditions also provide vital information about charge transport, specifically, these curves 

can be used to determine the cathodic current of the device; that is, undesirable back 

reactions occurring within the device. This is accomplished by plotting the dark current 

over a specified voltage range, such as that highlighted by the red box in Figure G.3, on a 

log scale vs the applied voltage, which should yield a (relatively) straight line as shown in 

the inset. Comparisons of the resulting lines (i.e., positioning of the lines on the y-axis) and 
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Figure G.3 Critical information regarding charge transport properties can be inferred from 

the J-V response under dark conditions by plotting the dark current density on a log scale 

vs a specified voltage range.  

their corresponding slopes elucidate crucial details about the cathodic current and the 

charge transport properties of the device.1 

External Quantum Efficiency 

Of particular interest to device operation is the exact origin of the observed photocurrent. 

Specifically, since photocurrent is generated through incident electromagnetic radiation on 

the device’s photoactive layer, it is useful to know which wavelengths within the 

electromagnetic spectrum are responsible for the production of photocurrent. Such 

characterizations are known as incident photon-to-current conversion efficiency (IPCE) or 

external quantum efficiency (EQE) measurements. Simplistically, EQE is the percentage 

of incident photons at each wavelength that are converted to harvested charge carriers; that 

is, converted electrons that are not lost to parasitic recombination and leave the device to 

do external work. For example, a wavelength-specific EQE of 50% indicates that for every 

electron produced and harvested, two photons of that wavelength were required. A 

schematic of a representative EQE spectrum for a dye-sensitized solar cell is provided in 
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Figure G.4 Schematic representation of external quantum efficiency (EQE) for a device 

with a dye-sensitized semiconductor photoanode. EQE is a direct measure of how 

efficiently the device converts incident photons to electrons, and then current, at each 

wavelength. Ideally, the observed EQE peaks will correspond to the characteristic UV-vis 

absorption peaks of the photoactive sensitizer. 

Figure G.4. While the derivation of EQE is quite complex,2 the resulting formula for 

calculation of EQE only requires the wavelengths (λx) tested and the JSC and Pin values that 

result from each wavelength probed, typically in μA cm–2 and μW cm–2, respectively, as 

shown in the following equation: 

𝐸𝑄𝐸 @ 𝜆𝑥 (%) =  
𝐽𝑆𝐶  @ 𝜆𝑥 (𝜇𝐴 𝑐𝑚–2)

𝑃𝑖𝑛 @ 𝜆𝑥(𝜇𝑊 𝑐𝑚–2)
 × 

1240

𝜆𝑥 (𝑛𝑚)
 × 100 

Therefore, to assess the EQE, the short-circuit current density and incident power at each 

wavelength (JSC @ λx and Pin @ λx, respectively) are measured with a source measure unit 

or potentiostat and a monochromatic-capable power meter and detector, respectively, and 

the resultant values are analyzed with the above equation. In general, the EQE spectrum 

should correlate well with the absorption spectrum of the photoactive electrode, assuming 

all absorbing species/centers are capable of generating photocurrent (to some extent). 
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Specifically, the EQE spectral profile for a dye-sensitized solar cell employing the industry 

standard dye, N719, should strongly correlate with the UV-vis absorption spectrum of the 

sensitized film. Additionally, an EQE peak could also be present for the employed 

semiconductor such as the peak at ~350 nm in the schematic graph, which is attributable 

to the TiO2 film. 

Chronoamperometry and Chronopotentiometry 

Two powerful techniques that allow the measurement of device stability and charge 

transport properties, particularly in photosensitizer-driven solar cells, are 

chronoamperometry and chronopotentiometry. For both temporal techniques the device is 

illuminated for a set time period and the irradiance is briefly interrupted (usually with a 

shutter) at designated intervals to observe how the respective photocurrent or photovoltage 

behaves under rapidly changing light conditions. Specifically, for chronoamperometry, the 

device is biased at 0 V and the short-circuit current (JSC) is monitored during these 

illuminated/dark periods (Figure G.5). The stability of the device’s photocurrent is easily 

visualized from the chronoamperogram; if the measured current density during the 

illuminated period remains virtually unchanged then the device is stable. The critical 

information that comes from chronoamperometry is whether photocurrent production is 

diffusion-limited due to slow charge-carrier transport through the electrolyte. If the device 

is not diffusion-limited, indicated by steady photocurrent during the illumination period, 

then the redox mediators are able to regenerate the sensitizer (i.e., reduction of oxidized 

sensitizer) at the same rate that it is being excited and injecting electrons into the 

semiconductor support (i.e., sensitizer oxidization). Conversely, when the device is 

diffusion-limited, a decay in photocurrent will be visible as shown in the second two 
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Figure G.5 Chronoamperometry provides vital information about device charge transport, 

namely, temporal stability of photocurrent, whether the photocurrent production is limited 

by diffusion, and, if so, what the diffusion coefficient of the electrolyte is. As the 

illumination is continually interrupted, a stable device will have the same current response 

during each illumination period; that is, a drop in photocurrent will not be observed over 

multiple dark/illuminated cycles. Conversely, if a decay in photocurrent is visible during 

each illumination period then the device’s photocurrent production is limited by electrolyte 

diffusion. In this scenario, the photocurrent decay can be plotted vs time–0.5 as shown in the 

outset plot and the apparent diffusion coefficient can be extracted from an appropriate 

fitting of the curve. 

illumination periods of Figure G.5. Such a scenario arises as follows: upon illumination, 

the sensitizer species are excited and start to inject electrons into the semiconductor. The 

now oxidized sensitizer species are instantly regenerated by the redox couple present at the 

sensitizer/electrolyte interface, allowing continuity of the process. However, as the 

reducing agent of the redox couple that is in direct contact with the photoanode is quickly 

depleted, the oxidized sensitizer species now have to wait for more reducing agent to 

diffuse across the electrode gap to the photoanode before regeneration can occur. In other 

words, the sensitizer species are being oxidized faster than the redox couple can reduce 
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Figure G.6 Similar to chronoamperometry, chronopotentiometry can provide critical 

information regarding device stability and charge transport properties, specifically, the 

decay in the photovoltage can be used to determine the recombination lifetime of electrons 

within the electrolyte. 

them, leading to the consumption of reducing agent before it can penetrate deeply into the 

semiconductor support network, a scenario that leaves many sensitizer species, particularly 

those deep within the network, in an oxidized state, rendering them effectively useless. As 

this process occurs over time, there is a buildup of ineffective, oxidized sensitizer species 

resulting in a decrease in photocurrent. Eventually, these processes, specifically, the 

diffusion limitation, reach equilibrium and the photocurrent no longer decays, reaching 

steady-state operation. The critical information that can be extracted from this photocurrent 

decay is the apparent diffusion coefficient of the redox couple. To do so, the photocurrent 

decay is plotted vs the inverse square root of time (t–0.5) and, if a linear dependence is 

present, then the apparent diffusion coefficient of the redox couple can be extracted from 

a linear regression analysis (Figure G.5).1 
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Conversely, in chronopotiometry, the open-circuit voltage is monitored while the 

incident light is repeatedly interrupted at set intervals. However, similarly to 

chronoamperometry, chronopotiometry can be used to determine the stability of the 

photovoltage of the device (Figure G.6). The critical information that can be extracted from 

the chronopotentiogram is the recombination lifetime of electrons with oxidized species in 

the electrolyte through the photovoltage decay upon interrupting the illumination.3-4 

Electrical Impedance Spectroscopy 

One of the most powerful characterization tools for probing the charge transport properties 

of photovoltaic devices is electrical impedance spectroscopy (EIS). EIS can be performed 

under any bias within the working range of the solar cell and under any illumination 

conditions but conventional conditions are open-circuit (i.e., zero current flow) and an 

incident power of zero or 100 mW cm–2. In EIS, a harmonically modulated small-amplitude 

voltage is superimposed over the bias voltage (i.e., open-circuit) which allows a small AC 

current to flow.5 The resultant current is monitored over a predetermined frequency range 

and the impedance at each of the frequencies is calculated. A typical EIS spectrum, called 

a Nyquist Plot (Figure G.7A), is a plot of the real impedance (x-axis) vs the negative value 

of the imaginary impedance (y-axis). For photosensitizer-driven devices, typically three 

semicircles will appear, although the 3rd semicircle in the mHz region, which is the finite-

Warburg impedance of electrolyte mass transport, can often vanish into the 2nd semicircle 

or may not be visible for devices with small electrode gaps.5-6 The first semicircle, which 

represents the charge transfer resistance at the counter electrode, is usually in the kHz 

region while the 2nd semicircle, which represents the charge transfer resistances throughout 

the semiconductor and at the semiconductor/sensitizer/electrolyte interfaces, is usually in 

 



305 
 

 
Figure G.7 (A) Schematic representation of a Nyquist plot obtained from the electrical 

impedance spectroscopic characterization of a dye-sensitized solar cell. The resulting 

Nyquist plot from such characterizations will typically consist of three semicircles which 

arise from: (i) the charge transfer resistance at the counter electrode (kHz region), (ii) the 

charge transfer resistance in the photoanode (Hz region), and (iii) the finite Warburg 

impedance (mHz region). The semicircles will be shifted to the right, or to higher resistance 

values, depending on the electrolyte and contact resistance. Plotting the same data in a 

Bode phase plot and extracting the peak frequency of the 2nd semicircle provides 

information about the electron lifetime within the semiconductor film. (B) The Nyquist 

plot can also be modeled by a resistor and two RC circuits in series, with one RC circuit 

containing a finite-Warburg Impedance element, ZW. RS corresponds to the resistance of 

the electrolyte and the electric contacts while the two RC circuits (Q = capacitor, C, of 

variable capacitance) represent the charge transfer resistances at the counter 

electrode/electrolyte interface (RCTCE) and the dye/semiconductor/electrolyte (photoanode) 

interface (RCTPA) as well as the double layer capacitances at each interface (Q). 
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the Hz region. Additionally, the electron lifetimes in the semiconductor layer can be 

determined through EIS by plotting the data in a Bode phase plot and extracting the peak 

frequency of the 2nd semicircle. Furthermore, using the appropriate software, the EIS data 

can be fit to an equivalent circuit (Figure G.7B). The resistance that arises from the 

electrolyte and the electrical contacts can be represented by a simple resistor labeled, RS. 

The first and second semicircles are represented by simple RC circuits (a resistor and a 

capacitance component) in series. Both the first and 2nd semicircles require a capacitor of 

variable capacitance, represented by Q. This component arises from double layer 

capacitance at both the cathode/electrolyte (1st semicircle) and photoanode/electrolyte (2nd 

semicircle) interfaces. The resistors for the 1st semicircle (RCTCE) and the 2nd semicircle 

(RCTPA) correspond to the charge transfer resistances at the respective interfaces; that is, 

for the 1st semicircle, RCTCE = charge transfer resistance at the counter electrode, while for 

the 2nd semicircle, RCTPA = charge transfer resistance at the photoanode. Combining RS, 

RCTCE, and RCTPA together yields the overall series resistance of the solar cell obtained from 

J-V analyses. To account for the third semicircle, the ZW component, which models the 

finite-Warburg impedance of the electrolyte mass transport, needs to be incorporated. If 

the circuit model did not contain the ZW component then only two semicircles would arise. 

Even with this component included, the 3rd semicircle is often not visible due to the thin 

nature of the device (not diffusion-limited) and/or the 2nd semicircle overlapping the 3rd; 

that is, the diffusion component is masked by the 2nd semicircle.1, 5-6 
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