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ABSTRACT: In the past few years, there has been an immense interest in the preparation of
sustainable photocatalysts composed of semiconductor nanocrystals (NCs) as one of their
component. We report here, for the first time, the effects of structural parameters of copper
indium diselenide (CulnSe,) NCs on visible light driven photocatalytic degradation of pollutants
under homogeneous conditions. Ligand exchange reactions were performed replacing insulating,
oleylamine capping with poly(ethylene glycol) thiols to prepare PEG-thiolate-capped, 1.8 to 5.3
nm diameter CulnSe, NCs to enhance their solubility in water. This unique solubility property
caused inner-sphere electron transfer reactions (O, to O,*—) to occur at the NCs surface allowing
for sustainable photocatalytic reactions. Electrochemical characterization of our dissolved
CulnSe, NCs showed that the thermodynamic driving force (-AG) for oxygen reduction, which
increased with decreased NCs size, was the dominant contributor to the overall process when
compared to the contribution light absorption and the coulombic interaction energies of electron-
hole pair (J,,). A two-fold increase in phenol degradation efficiency (from 30 to ~60%) was
achieved by controlled variation of the diameter of CulnSe, NCs from 5.3 to 1.8 nm. The surface
ligand dependency of photocatalytic efficiency was also investigated and a profound effect on
phenol degradation was observed. Our PEG-thiolate-capped CulnSe, NCs showed photocatalytic
activity towards other organic compounds, such as N, N-dimethyl-4-phenylenediamine,

methylene blue, and thiourea, which showed decomposition under visible light.



INTRODUCTION

Simple and cost effective destruction of toxic organic pollutants is an ever-increasing need.
Sunlight is the most abundant energy source, which can be used to perform various
photocatalytic reactions mediated by semiconductor nanocrystals (NCs).'® Given the NC
composition, there are two important structural parameters - size (“‘quantum confinement effect’)
and the surface ligand chemistry of NCs - that control light absorption, enhance photogenerated
charge separation, and reduce charge recombination, which together determine the catalytic
efficiency.”'* Anatase TiO, is considered to be the most efficient and environmentally friendly
photocatalyst.'” However, its large band gap (~3.4 ¢V) allows only ultraviolet light absorption,

which hinders its potential photocatalytic applications and commercialization. The size
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dependency of photocatalytic solar hydrogen production and water splitting” '® were
investigated using suspended CdE (E = S and Se) quantum dots (QDs) as a model system, but Cd
cytotoxicity hinders their use in future applications. In addition, quantitative information about
(1) energy levels of the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals and (2) coulombic interaction energy of photogenerated electron hole-pair (J.,) in NCs
are extremely important to facilitate interfacial (e.g., solid-liquid) charge transfer to prepare
unique nanomaterials with advanced photocatalytic activities. In this article we report for the first
time a correlation between size and thermodynamic driving force (-AG) for molecular oxygen
reduction, which controlled the photocatalytic efficiency of chalcopyrite copper indium
diselenide (CulnSe,) NCs under homogeneous reaction condition.

In recent years, copper-based ternary semiconductor NCs (e.g., CulnS, and CulnSe,) have

shown immense promise as sensitizers in designing solar cells aimed at replacing

environmentally toxic elements (e.g., Cd and Pb)."* Moreover, these NCs display band-gaps of



<1.5 eV, which are in the visible region of the solar spectrum, and large absorption coefficients
that are ideal for solar energy conversion.”*”* In this context, there are few reports available
demonstrating the photocatalytic activity of these NCs, and in all cases they were used in
sensitizing wide band-gap semiconductors (e.g., ZnS, ZnO, and TiO,)." *"* To the best of our
knowledge, no experimental reports are available showing quantum-confinement controlled
photocatalytic degradation of pollutants [e.g., phenol, dimethyl-4-phenylenediamine (DMPD),
methylene blue, and thiourea] in water with CulnSe, NCs, as presented in this article.

To better understand the effect of size and surface ligand chemistry of CulnSe, NCs on
photocatalytic efficiency, we first develop a non-phosphinated synthetic method to prepare
oleylamine (OLA)-coated, 1.8 to 5.3 nm NCs. Ligand exchange reactions were performed with
polyethylene glycol (PEG)-thiols with varying glycol units (n = 6, 18, 60, 150) to replace the
insulating ligand OLA in order to enhance the solubility properties in water and to facilitate
inner-sphere electron transfer reaction. For the first time, we investigated size-dependent
electrochemical properties of fully diffused CulnSe, NCs, through cyclic voltammetry (CV) and
have shown the most pristine voltammograms ever reported for semiconductor NCs. A
combined electrochemical and optical characterization demonstrated that the smallest diameter
NCs exhibited the most efficient interfacial electron transfer and reached a -AG up to 0.254 eV
for reduction of O, to O,*—. This facile electron transfer enhanced phenol degradation efficiency
up to ~60% for 1.8 nm diameter NCs. We have also shown that a nearly four-fold higher
catalytic efficiency could be achieved for PEG-thiolate-coated CulnSe, NCs versus those coated
with OLA or PEG,,,-thiolate. We believe, our experimental results will facilitate the use of
ternary semiconductor NCs as photocatalysts for solar energy conversion. Moreover, the unique

solubility properties of the PEG-thiolate-coated CulnSe, NCs will allow the detailed study of



charge transfer dynamics” ® to enhance our fundamental understanding of electronic properties
for faster and highly efficient catalytic reactions.

RESULTS AND DISCUSSION

Synthesis and Characterization of Oleylamine-Coated CulnSe, NCs. In order to determine
the quantum confinement effects on photocatalytic efficiency of CulnSe, NCs, we developed a
new phosphine-free synthetic method to prepare ~1.0 to 5.3 nm NCs. As detailed more fully in
the Methods section, CuCl and InCl; were mixed with OLA in a 25 ml two-neck round-bottom
flask at 130 °C. The reaction mixture was stirred under vacuum for 2 h and then switched to N,
and stirred for another 1 h. Separately, Se-precursor was prepared by dissolving Se powder in a
mixture OLA and hexanethiol at room temperature. The precursor was stirred for 90 min at room
temperature under N, atmosphere. Next, Se-precursor was injected into the metal precursor and
the formation of CulnSe, NCs was monitored by UV-visible spectroscopy at different time
points, as shown in Figure 1A. The continuous red-shifting of the absorption peak — 697, 735,
and 777 nm at 15, 30, and 60 min, respectively — suggests an increase in NC’s size over time due
to the growth process. The detailed growth mechanism for the formation of CulnSe, NCs was
reported earlier and believed to be the initial formation of binary metal selenides, which fused
together yield CulnSe, NCs.” Approximately 90 min after the injection of the Se-precursor, a
stable absorption peak at ~800 nm was observed and no further shift in the peak position was
observed upon heating for an additional 30 min, indicating the growth was completed at the 90
min time point. The CulnSe, NCs were purified using the solvent arrested precipitation
technique and the detail procedure is presented in the Materials and Methods section. Different
sizes of CulnSe, NCs were synthesized by a systematic manipulation of the reaction parameters

such as reaction temperature, growth time, and amount of Se-precursor, as listed in Table 1.



Figure 1B illustrates the UV-visible absorption spectra of different sizes of CulnSe, NCs where
the temperature of the precursors at the injection time was varied from 100 — 150 °C. It appears
that the absorption peak red-shifted due to the increase in size as a consequence of quantum
confinement, as reported in the literature.’™ *' We determined the optical band-gap (in eV)

directly from the band-edge absorption peak.
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Figure 1. (A) UV-visible absorption spectra of CulnSe, NCs at different time points of the
synthesis after addition of Se-precursor at 130 °C. (B) UV-visible absorption spectra of CulnSe,
NCs synthesized at (a) 100, (b) 110, (¢) 120, (d) 130, (e) 140, and (f) 150 °C. Each sample was
purified by solvent arrested precipitation before optical analysis. All spectra were collected in
toluene.

TABLE 1. Comparison of UV-visible Absorption Peak Position, Optical Band-Gap, and Size of

CulnSe, NCs at Different Time Intervals After Injection of Se-Precursor

growth temperature time (min) absorption peak optical band-gap NCs size (nm)*<¢
(°C) position (nm) (eV)
100 150 705 1.76 -
110 90 740 1.67 1.8 (04)
120 90 765 1.62 24(0.5)
130 90 800 1.55 3.5(0.8)
140 120 845 1.47 4.1(0.9)



150 180 915* 1.35 53(1.2)

“The synthesis was conducted using (0.825 mL, 0.627 mmol) of Se-precursor and all other
reaction conditions were identical. "In each case, 300 NCs were counted to determine the size
and the size dispersion. “The CulnSe, NCs were close to 1.0 nm, and we were unable to
determine the diameter due to very low contrast in the TEM image. ‘The number in the
parentheses indicates the standard deviation.

Figure 2. TEM images of CulnSe, NCs displaying different UV-visible absorption peak
positions: (A) 705, (B) 740, (C) 800, and (D) 915 nm. The corresponding average diameter is
listed in Table 1. Scale bars are 100 nm.

The size of the CulnSe, NCs was determined by transmission electron microscopy

(TEM) of the purified samples. Figure 2 shows the TEM images of the CulnSe, NCs. The



average size of the NCs synthesized using our phosphine-free approach is listed in Table 1 and
Figure S1. High-resolution TEM analysis showed that all the NCs appeared to be spherical in
shape (Figure S2). It is evident the size of the NCs can be controlled by manipulating the
reaction temperature, growth time, and amount of Se-precursor used in the synthesis. We
performed an X-ray diffraction (XRD) analysis to determine the structural phases of our CulnSe,
NCs. Figure 3A illustrates the XRD pattern of the CulnSe, NCs, which were synthesized at
different temperatures. The XRD pattern of the NCs did match the diffraction pattern as reported
earlier for CulnSe, NCs*"" ** and JCPDS database (JCPDS no. 75-0107). Importantly, the
appearance of a diffraction peak of (211) at 35.68° (Figure S3) of CulnSe, NCs suggests the
chalcopyrite phase as opposed to the sphalerite phase.”> As expected, the diffraction peaks
became shaper as the size increased, which is due to better crystallinity character. We also
analyzed the chemical composition of CulnSe, NCs by energy dispersive X-ray (EDS) analysis
and a representative EDS spectrum is shown in Figure 3B. Analysis of five randomly selected
areas provided an average Cu:In:Se composition of 0.94:0.79:2.00. The CulnSe, NCs were
slightly Cu- (Cu/In = 1.19) and Se- [Se/(Cu +In) = 1.16] rich. The formation of Se-rich NCs is
also supported by a broad photoluminescence (PL) peak and very low peak intensity (see Figure
S4). Similar PL characteristics were previously reported for Se-rich CdSe quantum dots.* The

surface of our CulnSe, NCs is coated with OLA, which is a L-type ligand*’

and only passivates
surface metal sites, leaving the Se sites unpassivated. This type of surface chemistry creates
dangling bonds and defect sites that together reduce the PL properties. Cu- and Se-rich CulnSe,

NCs and unpassivated surface Se-sites decrease the PL properties. Perhaps, post-synthetic

surface ligand treatment®™ ** of OLA-coated CulnSe, NCs could partially enhance the PL



emission characteristic by passivating nonradiative trap states, which is currently under

investigation.
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Figure 3. (A) XRD patterns of different sized CulnSe, NCs. The stick pattern represents bulk
tetragonal chalcopyrite CulnSe, (JCPDS#75-0107) is shown as a reference. (B) A representative

EDS spectrum of purified CulnSe, NCs.

Our synthetic approach for the preparation of different sizes of CulnSe, NCs is markedly
different than literature procedures. Firstly, we synthesized our NCs at moderately low
temperature (100 -150 °C) in comparison to other non-phosphinated methods, which required
very high temperature (240 -290 °C).” ** ****Secondly, the NCs described in the literature are
either polydispersed and much larger in diameter (~30 nm),** or anisotropic in shape* * in
comparison to our spherically-shaped <6.0 nm diameter CulnSe, NCs. Lastly and most
importantly, our phosphine-free synthetic procedure is nontoxic compared to other methods,
which use unstable and hazardous, trioctylphosphine, tributylphosphine, and diphenylphosphine

21, 32, 47-49

to dissolve elemental Se. We believe our size-controlled synthesis of CulnSe, NCs at



<150 °C could be due to the high reactivity of the Se-precursor [(Se),(OLA),] used in the
synthesis.” We and others have previously used a similar Se-precursor for the synthesis of CdSe
QDs,* Cu,SnSe;,,”" and Cu,ZnSnSe, NCs,” respectively. Here have demonstrated the first, non-
phosphinated synthetic route to prepare nearly monodispersed CulnSe, NCs (<6.0 nm in
diameter) coated with soft-ligand OLA at moderately low temperature.” The purified NCs were
found to be stable for at least a week inside a N,-filled glovebox. The soft ligand coating
provided us the unique opportunity to modify the surface of the NCs with ligands, which not
only enhance the solubility properties but also facilitate charge transfer process for sustainable

photocatalytic applications, as discussed later.

Size Dependent Electrochemical Properties of Fully Diffused CulnSe, NCs in Solution.
Because of the increasing potential for application in solar cells and photocatalysis, it is
important to determine the energy level position of HOMO and LUMO, ], of semiconductor
NCs, flat-band potential to extract the maximum number of charge carriers. This critical
information cannot be determined by simple optical absorption measurements. Since the initial
report of determining size-dependent electrochemical band-gap of dispersed CdS NCs in
DMF/electrolyte, electrochemical properties of dispersed CdSe,”>® CdTe,™ " © CdS,Se.,”
and CdSe,Tey..,”* NCs were also investigated, but to the best of our knowledge size-dependent
electrochemical characterization of CulnSe, NCs has not been reported. However, in all cases
appearance of multiple peaks in the CV were observed, which could be either presence of free,
unbound surface passivating ligands and/or existence of surface trap states of NCs.> **

Additionally electrochemical measurements are frequently conducted in a solvent system

(toluene) that does not allow for a large window potential scan.®> Moreover, it has also been
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reported that optical band-gap (E;g;) is higher than the electrochemical band-gap (nglp) and

according to Eq. 1.°">% %

this confounds the quantum confinements. We suggest that the NCs
were not completely soluble in the solvent/electrolyte media, and thus electron injection and

extraction processes may have been hindered by slow charge transfer kinetics.
Egtp = Eqap + Jen (1)
Recently, size- and composition-dependent electrochemistry of copper-based ternary
semiconductor (e.g., CulnS,, Cu,SnSe;, and CuZnSeS) NCs were investigated using CV

67-69
However, such

technique where NCs were deposited as a film onto an electrode surface.
current potential profiles do not represent the electrochemical characteristics (position of the
HOMO and LUMO, and also nglp) of fully diffused and isolated NCs. This is because the NCs
are present in an aggregated state in the film, which results in discrepancy in the quantum
confinement effects, as reported for Cu,SnSe; NCs.” Moreover, an insulating ligand coating
[OLA and/or dodecanethiol (DDT)] inside the NCs film would cause a sluggish electron transfer
which could trigger chemical reactions inside the film, causing a change in the film morphology
and degradation of the sample. Therefore, current literature reports®’’”® demonstrating

electrochemical information of copper-based ternary semiconductor NCs may not represent

quantitative information about the HOMO and/or LUMO position and J./,. To overcome the

above-mentioned limitations in electrochemical analysis and to fully exploit the potential
application of semiconductor NCs as photocatalysts, we here report for the first time the design
of a unique ligand-coated semiconductor NC system that is completely soluble in an
electrochemically friendly solvent (e.g., acetonitrile) to perform solution electrochemistry of

fully diffused NCs.
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In our initial investigation, electrochemistry of OLA-coated, different-sizes of CulnSe,
NCs dispersed in a toluene/DCM/BusNPFs solution showed an appearance of multiple peaks in
CV (Figure S5). In the voltammograms we used onset potentials from which oxidation (removal
of electrons from HOMO) and reduction (addition of electrons to LUMO) waves appeared to

el
calculate Egqp,

and Jen values. To perform a solution-phase electrochemical analysis of OLA-
coated CulnSe, NCs, 0.02 mmol of the NCs were suspended in a 3.0 mL (1:5 mixture of

toluene:DCM) 0.1 M BuNPF; electrolyte solution. Figure S4 shows the CV of different-sizes

CulnSe, NCs in which onset of oxidation and reduction peaks were used to determine the Egép.

is higher than the E %Pl (see Table S1), which is in agreement with the

l
Importantly, the E; gap

gap

. . 53 . 1
theoretical calculation.”™ Higher Egq,

and J./, for smaller NCs nicely corroborated with size-
dependent quantum confinement as well.”

However, some unwanted features appeared in the voltammograms. Firstly, several peaks
were observed (Figure S4, black dots), which do not correspond to the HOMO or LUMO states.
These peaks could correspond to the presence of deep and surface trap states, as previously
described in electrochemical characterization of CdSe QDs.”* *® Secondly, a large oxidation peak
current was observed at higher potential (after the band-gap). It is know that OLA could undergo
dynamic exchange and be present unbound in solution’' and thus we believe large anodic peak
current could be due to oxidation of free OLA. Thirdly, after two potential cycle scan (+1.8 to -
2.5 V vs. Ag QRE) we observed the appearance of a brown precipitate at the bottom of the
electrochemical cells, which was not soluble in toluene. We believe that the OLA-coated
CulnSe, NCs decomposed during the potential scanning. Therefore, electrochemical data may

not represent the true value of Egép and /., and perhaps, insulating ligands such as OLA-

coating used in our study, or trioctylphisphine-, stearic acid-, and DDT-coated semiconductor

12



NCs*> 2646768 may not be suitable for quantitative electrochemical characterization and further

determination of electronic and thermodynamic parameters.
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Figure 4. (A) Photograph of PEGs-thiolate-coated CulnSe, NCs dissolved in different solvents:
(a) water, (b) ethanol, (c) acetonitrile, (d) benzonitrile, (e) chloroform, and (f) dichloromethane.
(B) UV-visible absorption spectra of 1.8 nm diameter CulnSe, NCs coated with OLA (black) and
PEGg-thiolate (red).

Recently, we have shown that exchanging the hydrophobic ligand, OLA from the surface
of CdSe QDs with PEG,-thiols (n = 6, 18, 60, and 150) resulted in diverse solubility properties
of newly formed PEG;-thiolate-coated QDs. These QDs are soluble in electrochemistry friendly
solvent like acetonitrile and DCM.” Moreover, these two solvents allow electrochemical
measurements in a larger potential window,® which is critical to precisely determine the EgL,
and J,/, for smaller NCs.” Furthermore, polyether chains such as PEG display “solvent-like”

properties and enable faster charge transport through the polymer layers.”> 7

In the quest of
obtaining clear voltammograms of semiconductor NCs, we decided to study the electrochemistry
of dissolved PEGg-thiolate-coated CulnSe, NCs in BuyNPF¢/CH3CN. The PEGg-thiolate-coated
CulnSe, NCs were prepared via ligand exchange reaction of OLA-coated NCs (see Methods

Section for detailed procedure).
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Figure 5. (A) Size dependent CV of PEGe-thiolate-coated CulnSe; NCs, (a) 1.8, (b) 2.4, (c) 3.5,
(d) 4.1, and 5.3 nm in diameter, in a BuuNPF¢/CH3CN solution at a potential scan rate of 0.1 V/s
with a 3.0 mm glassy carbon working electrode, Pt wire counter electrode, and Ag wire quasi
reference electrode (QRE). (B) The HOMO and LUMO positions of different sizes CulnSe, NCs
determined from CV shown in A. The dotted lines represent HOMO and LUMO position of bulk
CulnSe;. (C) The relationship between reduction potential of CulnSe, NCs and confinement
energy, R* = 0.993. A direct band-gap of 1.04 ¢V for bulk CulnSe, was used for the confinement
energy calculation.”> *°
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'H NMR spectrum showed the disappearance of double bond peak of the OLA at 5.4
ppm, confirming the CulnSe, NCs were coated with PEGe-thiolate after the exchange reaction
(Figure S6A). Furthermore, as shown in Figure 4A, PEGs-thiolate-coated NCs were soluble in a
diverse range of solvents, indicating the surface of the NCs was coated with PEGg-thiolate since
OLA-coated NCs are not soluble in solvents such as water, ethanol, and acetonitrile. UV-visible
spectroscopic (Figure 4B) and TEM (Figure S6B) analyses showed no distinct difference in the
optical property and size of CulnSe, NCs before and after PEGe-thiolate exchange, suggesting
that the NCs maintained their electronic and structural properties.

Figure 5A illustrates the CV of PEGg-thiolate-coated, different sizes of CulnSe, NCs in
BusNPF¢/CH3CN electrolyte solution. Clean voltammograms without the presence of additional
peaks were observed from which the HOMO and LUMO positions and Egép were determined
(Figure 5B). Even though very clean CVs of gold nanoparticles are reported in the literature,”
to the best of our knowledge, these are the most pristine voltammograms reported in the
literature for ligand-coated semiconductor NCs. As expected, the position of the HOMO shifted
to more positive (on NHE scale) and LUMO towards more negative (on NHE scale) with
decreasing size, which is in agreement with the theoretical calculations. The position of LUMO
could approximately be defined as the reduction potential of the CulnSe, NC. Therefore, a plot
of reduction potential (vs. NHE) versus confinement energy (optical band-gap minus bulk band
gap of 1.04 eV) showed a linear relationship as demonstrated in Figure 5C. The bulk reduction
potential was calculated from the extrapolation to zero confinement energy and determined to be

0.16 V (vs. NHE). As mentioned for CdSe QDs,” this bulk reduction potential should be the

“flat band” potential of PEGg-thiolate-coated bulk CulnSe, in BusNPF¢/CH3;CN solution. Our

15



flat band potential value of CulnSe, is comparable to the previous report of 0.15 V determined

from Mott-Schottky plot.”
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Figure 6. (A) Comparison of size-dependent electrochemical (red diamonds) and optical (blue
triangles) band-gaps of PEGe-thiolate-coated CulnSe; NCs. (B) Coulombic interaction energy of
electron-hole pairs (Je/h) as a function of NC diameter. (C) A schematic diagram representing
rough energy level of PEGe-thiolate-coated 1.8 nm diameter CulnSe, NCs considering solvent
has negligible effects on band-gap and energy level position. The absorption edge was
determined from Tauc plot (see Figure S7). The image is not to scale.

> E°P! and the difference between them

el
E gap

As shown in Figure 6A, we observed Egg),

could approximately define as J,,,, which reduces with decreasing NCs size (Figure 5C).
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Interestingly, the /., is nearly 90 meV higher for PEGs-thiolate coating than OLA for 1.8 nm
CulnSe, NCs. This is because the replacement of OLA by PEGe-thiolate shifts the LUMO
towards more positive on the vacuum scale (more negative vs. NHE), thus increasing the Egép.
Such a large difference is not surprising. It is reported that the interaction of electron donating
ligands (e.g., thiols) with bulk CdSe electrodes could shift the reduction potential more than 500
mV in the negative direction (vs. NHE).” Our result is in agreement with the previous report on
electrochemical characterization of trioctylphisphine oxide (TOPO)- and DDT-capped CdSe

QDs in which reduction potential was found to be more negative for DDT than TOPO (vs.
NHE).” Figure 6B illustrates a comparison of J,,, with PEGs-thiolate-coated, different sizes
CulnSe; NCs. A linear relationship is observed between J,/, and diameter up to 4.1 nm but 5.3
nm diameter CulnSe, NCs deviate from linearity. This could be due to presence of nonradiative
trap states near to the LUMO, where electrons were injected during the potential scanning before
the actual reduction potential of the NCs. Nevertheless, we have shown that the electrochemical
analysis of semiconductor NCs could be the simple analytical characterization approach for

. . el
determining E¢g,

and J¢/,, and HOMO and LUMO position without confounding the quantum
confinement. This demonstrates the importance of surface ligand coating: appropriate ligands
enable measurements in electrochemically suitable solvent/electrolyte systems as shown in this
present investigation. Thus, electrochemical techniques could obviate the need of expensive
spectroscopic techniques commonly used to determine the band gap and HOMO and LUMO
position of semiconductor NCs.***' Finally, similar to thiolate-protected gold nanoparticles,”® and
CdSe* and InAs QDs.” we also developed a basic energy level diagram (Figure 6C) of PEGg-

thiolate-coated 1.8 nm diameter CulnSe, NCs from UV-visible and PL spectroscopic, and CV

characterizations.
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Size-Dependent Photocatalytic Activity of PEG-thiolate-Coated CulnSe, NCs. Ternary
semiconductor NCs/metal oxide heterostructures are commonly used to investigate the NC-
induced catalytic transformation of various substrates under heterogeneous reaction conditions.
The excellent solubility property of the PEGe-thiolate-coated CulnSe, NCs allowed us to study
the size dependent photocatalytic activity for degradation of four different pollutants under
visible light irradiation (<450 nm) in water, making our catalytic systems fully sustainable. Now
we were poised to test the hypothesis that the largest band-gap (smallest size) CulnSe; NCs will
display the highest photocatalytic degradation efficiency (%) under visible light due to their
highest interfacial charge transfer efficiency. To test this hypothesis, we studied
photodegradation of phenol as a model system because it is not only water soluble but also a
commonly found pollutant in petroleum products.

To investigate the size-dependence of photocatalytic activity, first PEGe-thiolate-coated,
1.8 nm diameter CulnSe; NCs and phenol were dissolved in water, stirred for 30 min under dark
and then illuminated with a 350 W xenon arc lamp (light intensity 34.8 mW/cm®) fitted with a
450 nm cut-off filter for 2 h. The detailed procedure is provided in Materials and Methods
section. The phenol decomposition was determined via UV-visible spectrophotometer
monitoring of peak intensity (see Figure S8) at 268 nm at different time points. As shown in
Figure 7A, nearly 60 and 30% phenol decomposition were observed for 1.6 and 5.3 nm diameter
CulnSe; NCs, respectively. In Figure 7B, the decomposition efficiency compared with the

diameter and Egép were found to be linear. Thus photocatalytic efficiency is a direct function of

the E¢.

gap of CulnSe; NCs in the range of 1.84 to 1.41 eV. One might expect that the smallest

diameter CulnSe; NCs would absorb less total light than the larger NCs and would therefore
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display the lowest catalytic activity. However, smaller NCs have a larger surface-to-volume ratio
that results in a higher density of surface orbitals (e.g., LUMOs), more similar to isolated
molecules when compared to larger NCs. Therefore, interfacial charge transfer is directly related
to the size of the NCs, where the smallest NCs are expected to display the highest rate of

'2 1% perhaps, interfacial charge transfer

interfacial electron transfer from NCs to acceptors.
(highest for smallest NCs) is a more important factor than light absorption by NCs (highest for
largest NCs). It is clear that the size-dependent photocatalytic activity agrees nicely with the
literature, where the highest rate of photocatalytic hydrogen evolution was observed for the
and is also in agreement with

smallest size CdSe QDs dispersed in an aqueous medium'®

theoretical prediction.®
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Figure 7. (A) Photo-decomposition efficiency of phenol using PEGg-thiolate-coated, different
sized CulnSe, NCs under irradiation of visible light (<450 nm). (B) Decomposition efficiency as
a function of electrochemical band-gap and diameter, showing linear relationship, R* = 0.957.
(C) Schematic representation of photoexcitation to generate electrons and holes, followed by
reduction of O, and oxidation of H,O, respectively. Photogenerated O,*— performs
photodegradation of pollutants. (D) The dependence of decomposition efficiency on the
thermodynamic driving force for the electron transfer, R = 0.961.

We propose that the photocatalytic decomposition of phenol is initiated by the O,*— as
shown in Figure 7C as a second step of the process, and according to our mechanism the first
step involves photoexcited electron transfer from CulnSe; NCs to O, followed by one electron
reduction of O, to O,*— which is the rate limiting step. In order to investigate the electron
transfer mechanism we performed a controlled experiment in which 1.2 x 10° M benzoquinone
(BQ) was added into an aqueous solution containing 5.0 x 10 M and 1.2 x 107 M of phenol and
PEGg-thiolate-coated 1.8 CulnSe, NCs, respectively. After 120 min of light illumination (light
intensity, 34.8 mW/cm?), <8% phenol decomposition was observed (see Figure S9). In contrast,
when the same batch of NCs was used to perform the identical photocatalytic reaction without
BQ, we determined nearly 56% decomposition efficiency. According to the literature, BQ
scavenges the photogenerated electrons before they can react with O, to form O,*—, thereby

preventing the photocatalytic reaction,* ®

as observed in our investigation. Taken together, the
control experiment supports our hypothesis of an electron transfer process that generates O,*— in
order to initiate pollutant decomposition.

The photoexcited electrons undergo thermodynamically-controlled interfacial charge

transfer and react with dissolved O,. We have determined that the first order rate (min™') of

decomposition with respect to EE.

gap (size) is small (See Figure S10). Moreover, our

photocatalytic reaction was performed under homogeneous condition, therefore interfacial (solid-

liquid) kinetics - possibly one electron reduction of O, to O,*— - could be the rate-limiting step
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not the mass transport of the reactants to the CulnSe, NCs surface.*® Moreover, oxygen reduction
in water is an inner-sphere electron transfer reaction.”” Therefore, we also suggest that the
CulnSe, NC-induced reduction of O, to O,*— follows an inner-sphere electron transfer
mechanism, similar to literature report for the metalloenzyme, Cu-amine oxidase.®” According to

. 88, 89
Marcus theory, under such circumstances”

the electron transfer rate constant from donor (e.g.,
CulnSe; NCs) to acceptor (e.g., Oz) under homogenous reaction conditions depends on -AG and

follows Eq. 2.

krea o exp (=220 @)

4KkTA
Here, k;.q is the electron transfer rate constant, and A and k are the reorganization energy and
Boltzmann constant, respectively. The thermodynamic driving force, AG, is the electrochemical
energy difference between the acceptor and donor systems.”' In the case of the semiconductor-
electrolyte interface, AG is the difference between the quasi Fermi level of the semiconductor

16,91

and acceptor. However, in the case of QDs, the Fermi level is generally estimated as the

1.2 12 Based on our electrochemical characterization of CulnSe,

conduction band-edge potentia
NCs, we determined these energy levels were the HOMO and LUMO levels. Therefore, we
could determine the AG as the difference between the LUMO of the CulnSe, NCs and the
oxygen reduction potential (Ereq’, -0.046 vs. NHE).”> We calculated the AG from Eq. 3 utilizing

the LUMO position for PEGe-thiolate-coated different sizes CulnSe, NCs as shown in Figure

5B.

AG = —e(Eyymo —  Efeq) (3)
The inner-sphere electron transfer mechanism is very complicated, and will require in-

depth analysis under various experimental conditions that are not within the scope of this
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manuscript. In Figure 7D, the decomposition efficiency compared with the -AG is found to be
linear where a strong driving force is observed for smallest NCs. We would expect such
thermodynamic behavior, because as the size decreases, the LUMO of NCs shifts towards more
negative (vs. NHE) making AG more negative. Thus, position of the LUMO of CulnSe; NCs is
critical solid-liquid charge transfer, which eventually controls the rate of transformation of O, to
O,*—. The experimental data presented here nicely corroborate with the previous studies
demonstrating the size dependent electron transfer process in solid-solid interface (CdSe QD-

TiO, conjugates), where the smallest size displays the highest transfer rate constant.'> '*

Finally,
we present a qualitative free-energy vs. reaction coordinate diagram for an electron transfer

reaction and reduction of O, to Q,e—.'¢

Free EnerAgy vs. NHE

E (LUMO)} ------------n--- -2
E (02/02") -------------------------

Reaction Coordinate

Figure 8. Change in free energy as a function of reaction coordinates for O, to O,*— reduction'®
under homogeneous condition in which O, reacts at the surface of CulnSe, NCs. The electron
(red dot)-hole (blue dot) pair is generated under illumination of visible light. The thermodynamic

driving force for electron transfer can be defined as AG = —e(ELUMO - E(OO2 / 0-2—)). To

simplify this energy diagram, the contribution of solvent molecules in activation energy was not
considered.
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We also compared the decomposition efficiency with the J,,, because one may expect
that higher /., value (smallest NCs, see Figure 6B) suppresses the charge separation, resulting
in slow interfacial charge transfer and low catalytic activity. As shown in Figure S11, a nearly
linear relationship between J,,, with respect to decomposition efficiency was observed for
diameters < 4.1 nm. Moreover, computational studies have shown that the electron-hole
recombination probability increases with an increase in J.,, and decrease in NC size” that
effectively hinders the interfacial charge transfer as well. In this context, perhaps, it is also not
surprising that the 1.6 nm diameter CulnSe, NCs displayed the highest photocatalytic activity.
Theoretical calculations have shown that the kinetic energy of electrons and/or holes is higher
than the J.,, for smaller sized NCs,*" which would facilitate the expansion of electron wave
functions inside the inorganic core easily, leak through the core boundary, and promote the
charge transfer process in the solid-liquid interface.

Taken together, size dependence — a combination of AG, J,/,, and kinetic energy of the
electrons - photocatalytic activity of PEGe-thiolate-coated CulnSe, NCs demonstrated above is
the first example of its kind, thus obviating the need for large-band gap semiconductors, which
act as electron collectors and perform the catalytic reactions.' *” ** Moreover, the CulnSe, NCs
were stable during the catalytic reaction in water (see Figure S12) without the use of hole
scavengers, which makes the reaction conditions sustainable. It is known that in many systems
photogenerated holes decompose the semiconductor NCs and to prevent such degradation,
sacrificial hole scavengers are commonly used either in liquid junction solar cells’ or
photocatalytic reactions.” '® However, in our system, the excellent solubility property of PEGe-
thiolate-coated CulnSe; NCs in water appear to allow the photogenerated holes to oxidize water

to H and OH’and prevent the NCs decomposition (Figure 7C). Unlike the long-chain
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hydrophobic ligand OLA, which inhibits charge transport, PEGe chains are capable of
transporting photogenerated charges effectively and inducing the formation of O,*—, resulting in
an observed catalytic reaction. Recently, we have shown that PEGe-thiolate-coated CdSe QDs
display unprecedented stability under harsh experimental condition such as light and air’” that are
essential for photocatalytic reaction. Therefore, it is extremely important to investigate the
effects of surface passivating ligands chemical structures on photocatalytic activity of CulnSe,

NCs under our experimental conditions, as discussed below.

Effect of Surface Ligand Chemistry on Photocatalytic Properties of CulnSe, NCs.
Semiconductor NC surface ligands not only determine solubility properties, they also control the
effective charge transport through ligand monolayers, where insulating ligands (e.g., OLA)
impede efficient transport of charge carriers. We hypothesized that the longest PEG, chains (n =
150) would enable the slowest charge transport through the ligand monolayer and the lowest
photocatalytic activity due to the thick insulating barrier around the NCs. To evaluate the role of
surface passivating ligands on photocatalytic activity, we utilized 1.8 nm diameter CulnSe; NCs
with different PEG ligands (See Figure 7C), and finally we compared the experimental data with

OLA-coated CulnSe, NCs under identical reaction conditions.
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Figure 9. (A) A comparison of photocatalytic phenol decomposition efficiency of 1.8 nm
diameter CulnSe, NCs coated with different chain length PEG,-thiolate and OLA under
illumination of visible light <450 nm for 2h. (B) Log of decomposition efficiency versus log of
glycol unit (n), where n = 6, 18, 60, 150. (C) Photocatalytic decomposition efficiency of various
water soluble pollutants utilizing PEGe-thiolate-coated, 1.8 nm diameter CulnSe, NCs under
illumination of visible light (<450 nm) for 2 h.

Photocatalytic decomposition efficiency of CulnSe, NCs as a function of PEG chain
length is shown in Figure 9A and Figure S13. The NCs coated with the shortest PEG¢ chain

displayed highest catalytic efficiency. According to calculation (ChemBioDraw 14.0) the fully
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stretched length of PEGe- and PEG s-thiolate is ~2.2 and 6.2 nm, respectively. Therefore, a 4.4
nm difference in chain length resulted in ~10% decrease in the degradation efficiency.
Importantly, the degradation efficiencies of PEGg-thiolate-coated NCs were at least four fold
higher than the OLA-coated CulnSe, NCs. interestingly, the photocatalytic activity of even the
PEGso-thiolate-coated NCs is nearly comparable to the insulating ligand- (OLA) coated NCs.
Therefore, the PEGso layer (too thick for an effective transport of photogenerated charge
carriers) behaves as an insulating ligand layer. A log-log plot of decomposition efficiency versus
glycol unit (n) shows that the decomposition efficiency follows negative power of n function.
The experimental data proved our hypothesis that as PEG, chain length increases, it behaves like
an insulating barrier, which hinders the charge transport and reduce photocatalytic activity. We
believe in this case, charge transfer at the solid-liquid interface is not the controlling factor since
same the size NCs were used for the catalytic reaction, instead the thickness of the ligand
monolayer determines the efficiency, where the shorter and more conductive ligand monolayer is
ideal for most the effective photocatalytic reaction. Based on our previous stability studies on
PEG,-thiolate-coated CdSe QDs, we would expect a greater stability for PEGso-thiolate-coated
CulnSe; NCs, which is extremely important for a sustainable photocatalyst, but their slow charge
transport properties would effectively hinder their potential use.

Finally, in order to generalize the effectiveness of our photocatalysts, we studied the
photocatalytic activity of our PEGe-thiolate-coated 1.8 nm diameter CulnSe, NCs for
degradation of a diverse range of pollutants, including those that are colorless, see Figure 9C.
The semiconductor NC-mediated photocatalytic efficiency is generally studied using dye
degradation as a model system. Colorless pollutants do not display photoexcitation like dyes do

because of the band gap in the UV region of the solar spectrum, thus it is more difficult to
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perform their photodegradation under illumination of visible light. Importantly, we demonstrated
photodegradation of pollutants such as phenol, N,N-dimethyl-p-phenylenediamine (DMPD), and
thiourea, in which PEGg-thiolate-coated 1.8 nm diameter CulnSe, NCs acted as the best
photocatalyst for decomposition of DMPD (decomposition efficiency = 65%), demonstrating the
unique catalytic behavior under our experimental conditions.

Large band-gap metal oxides are often used to extract the photogenerated charges from
semiconductor NCs in order to enhance catalysts performances. Here we show that good
photocatalytic efficiency of semiconductor NCs could be achieved without the use of metal
oxide by simply coating the CulnSe, NCs surface with short chain, PEG¢-thiolate. Therefore,
surface ligand chemistry plays a very significant role not only to enhance the solubility
properties for a homogeneous catalytic reaction, but also obviates the need for metal oxide to
extract photogenerated charges. We found it surprising that PEGe-thiolate-coated CulnSe, NCs
were stable during photocatalytic reaction in water and light. We believe that due to covalent
character of Cu-S and In-S bonds, CulnSe, NCs displayed an excellent stability property than
literature report demonstrating stability of alkylthiolate-coated QDs (e.g., CdSe QDs) in water
under light illumination.”®

We found that using our PEG,-thiolate-coated CulnSe, NCs, the degradation rate
constant is significantly low (Figure S8). This could be due to the presence of presence of
surface defects that hinder the effective interfacial charge transfer. Therefore, with an appropriate
surface coating, the formation of nonradiative trap states could be prevented, resulting in
enhanced catalytic performance. Another important aspect would be promoting faster charge
separation; attaching surface ligands, which are capable of forming interfacial orbitals with NCs

and allow hole wave functions expansion to ligand monolayer’’ that would facilitate the
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interfacial electron transfer processes. Moreover, stabilizing photogenerated holes will also
enhance the long-term stability of the nanomaterials. Taken together, we believe a mixed surface
ligation, PEGy-thiolates and hole accepting ligands, will allow the preparation of unique
nanomaterials with unprecedented photocatalytic activity for either hydrogen production'® or

. 86 . . . .
oxygen evolution,~ which are under our investigation.

CONCLUSION

In conclusion, we have presented, for the first time, the structure-property relationship of ligand-
coated CulnSe, NCs for visible light driven photocatalytic efficiency under homogeneous
conditions, where the smallest NCs displayed the highest decomposition efficiency of pollutants
in water. The success of this investigation relied heavily on exchanging the native, insulating
OLA ligands with more conductive PEGy-thiolates. The PEG,-thiolate-coated CulnSe, NCs have
displayed unique solubility properties that have allowed us to perform solution-phase
electrochemical analysis, which provided quantitative information about the thermodynamic
driving forces for molecular oxygen reduction as a consequence from facile electron transfer at
the solid-liquid interface. Our studies have demonstrated that the free energy of electron transfer
is the most dominating factor than the capability of visible light absorption and/or probability of
electron-hole recombination of NCs. Finally, we have also shown that the appropriate selection
of surface ligand’s chemical structure is also extremely crucial to the photocatalytic
performances of CulnSe, NCs NCs due to the ability to improve charge transport efficiency
through ligand monolayers. We believe, these findings will expedite the quantitative
electrochemical characterization of semiconductor NCs in general, and will open up new

avenues to design highly efficient, sustainable photocatalysts.
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EXPERIMENTAL METHOD

Materials. Copper(I) chloride (CuCl, 99.99%), indium(IIl)chloride (InCls, 98%), elemental
selenium (pellets, 99.9%), oleylamine (OLA, 70%), 1-hexanethiol (HT) (95%), phenol (99%),
thiourea (>99%), N,N-dimethyl-p-phenylenediamine (DMPD, 97%) and methylene blue (MB,
95%), toluene (HPLC grade), ethanol (98.5%), hexanes (99%), chloroform (>99%),
dichloromethane (DCM, >99%), ethyl acetate (99.5%), benzoquinone (BQ) and tetrahydrofuran
(99.9%) were purchased from Sigma-Aldrich. Sureseal acetonitrile (CH3;CN), DCM, and toluene
were also purchased from Sigma-Aldrich. All chemicals were used as received without any
further purification. Different chain length polyethylene glycol thiols [PEG,-SH (n= 6, 18, 60,
and 150)] were synthesized according to our published procedure.”

Size-Dependent Synthesis of Oleylamine-Coated CulnSe, NCs. In a N,-filled glove box, CuCl
(0.033 g, 0.33 mmol) InCl; (0.273 g, 1.23 mmol), and 7.5 mL degassed OLA were loaded into a
25 mL two-neck flask. The flask was sealed, removed from glove box, and attached to a Schlenk
line. The reaction mixture was heated at desired growth temperature (see Table 1) under vacuum
with stirring for 2 hr and then transferred to N, and heated for additional 1 hr. The Se-precursor
was separately prepared by dissolving 0.240 g of freshly ground Se powder in a mixture of 3.14
mL OLA and 0.860 mL HT at room temperature and stirred for 90 min. under N, atmosphere at
room temperature (Caution: Selenium is toxic, and as such, human exposure should be
minimized). A 0.8 mL Se-precursor (0.608 mmol) was injected in the metal precursor and the
reaction was allowed to proceed for 2 hr. The NCs growth was quenched by injecting 20 mL of
toluene. The NCs were purified by drop wise addition of ethanol (~20 mL) and centrifuged at

5000 rpm for 5 min) to yield a brown solid. The solid then redisperssed in toluene (10 mL) and
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precipitated with ethanol (5 mL). This purification technique was followed once more and then
CulnSe; NCs were dried by blowing N, and stored inside the glovebox for further
characterization.

Ligand Exchange Reaction with PEGn-thiols (n = 6, 18, 60, 150). Purified OLA-capped
CulnSe,; SNCs were dissolved in 5 mL of nitrogen-purged chloroform to obtain a concentration
of 1 mM. PEGe-SH (0.1 mmol) was added to the OLA-coated CulnSe, SNCs at room
temperature and stirred (~12 h) under N,. To remove excess PEG¢-SH, the solution was then
brought to dryness and the solid was redissolved in a minimum amount of chloroform and
precipitated with hexane. The resulting solid was collected by centrifugation (7000 rpm, 5 min).
Optical Spectroscopy Characterization. UV—vis absorption spectra were collected using a
Varian Cary 50 UV—vis spectrophotometer scanning through a range of 300—1100 nm. All
spectra were collected in toluene to determine the optical band gap. Toluene was used as a
background for these measurements, and the background was run before collecting the
absorbance spectra. The photoluminescence emission (PL) spectra were recorded using a Cary
Eclipse fluorescence spectrophotometer from Varian Instruments using 600 nm excitation.
Structural Characterization by TEM, XRD, and "H NMR. For high-resolution TEM analysis,
samples were prepared by placing 10 uL of dissolved CulnSe; NCs in toluene onto a formver
coated copper grid (Electron Microscopy Science). The sample was allowed to sit for 30 sec and
any excess solution was removed by wicking with a Kimwipe to avoid particle aggregation.
Images were obtained using a JEOL-3200FS-JEM instrument at 200 kV beam energy. The
diameter of CulnSe, NCs was determined using ImageJ software. At least 300 NCs were counted
to determine the average size. Wide-angle XRD was recorded on a Rigaku MiniFlex™ II (Cu

Ka) instrument. Dry samples (typically ~2-4 mg) were placed in a hole of the sample holder and
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secured on both sides using Kapton tape. '"H NMR was recorded on a Bruker AVANCE III 500
instrument at 500 MHz. Typically 6 mg of sample were dissolved in 0.6 mL of CDCl; at room
temperature and a minimum of 1000 scans were collected.
Elemental Analysis. A field-emission scanning electron microscopy (FE-SEM) system, which
was equipped with a energy dispersive X-ray (EDS) was used to determine the composition of
CulnSe, NCs.
Electrochemical Characterization. Voltammetry was done with a CH Instruments (Austin, TX)
model 760D electrochemical analyzer in a conventional three electrodes set-up, which was
constructed of a 3.0 mm glassy carbon disk working electrode, a Pt wire counter electrode, and a
0.6 mm diameter Ag wire quasi-reference electrode (QRE). Prior to use, the working electrode
was polished with a diamond polishing compound (Buehler), washed with nanopure water,
sonicated for 10 min in nanopure water, washed with DCM, and finally dried with N,. All
electrochemical measurements were conducted inside a nitrogen filled glovebox, and sureseal
solvents were used for the analysis. A 3.0 ml solution of 0.1 M Bu,NPF;, containing 0.02 mmol
CulnSe, NCs was used for CV analysis. The scan rate for all samples was 0.1 V/s. The potential
of the Ag QRE was calibrated using Fc/Fc™ redox couple in acetonitrile vs. Ag/AgCl/3 M KCl
(aq) and then converted versus absolute scale (eV) or normal hydrogen electrode (NHE).
Photocatalytic Activity Measurement. The photocatalytic studies were carried out using a
350 W xenon arc lamp (Oriel, Newport Corporation), which was fitted with a 450 nm cut-off
filter (light intensity 34.8 mW/cm®). Irradiation was carried out via side-on illumination onto a
20 mL glass vowel placed 9.0 cm away from the lens adapter. Phenol was chosen as standard
substrate to investigate the photocatalytic performance of PEG, -thiolate-coated CulnSe, NCs. In

a typical experimental set-up, the photocatalyst (1.2 x107 M) and phenol (5 x 10° M) were
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dissolved in water in a 20 mL glass vial with a total volume of 10 mL. The homogeneous
solution was stirred for 20 minute under dark with closed capped and then irradiated with light
source. To monitor the reaction progress, 70 ul of the reaction mixture was diluted with 3 mL of
water and then the concentration of the phenol was determined by measuring the maximum
absorbance at 268 nm considering C/C, = A/A,.. The degradation efficiency and the pseudo-first-

order kinetics of the NCs was then determined using Eq. 4 and Eq. 5, respectively:

Decomposition efficiency (%) = C(’C‘C %100 (4)
0
Pseudo-first-order kinetics, In(C/C,) = -kt 5)

Where C, and C are the concentration of phenol before (t = 0) and after (t) light irradiation,
respectively, during the photocatalytic reaction. k is the pseudo-first-order rate constant. The
same protocol was followed to study the degradation of thiourea, N,N-Dimethyl-p-
phenylenediamine, and methylene blue, monitoring the absorption maximum at 235 nm, 242 nm
and 664 nm, respectively (Figure S14). We also determined the pseudo-first-order rate constant
of phenol degradation using PEG6-thiolate-coated CulnSe, NCs of different sizes, as shown in
Figure S15. For OLA-coated CulnSe, NCs, prior to measure UV-visible absorbance, the aliquot

was centrifuged at 7000 rpm for 2 minute, and then supernatant was diluted with 3 ml water.

ASSOCIATED CONTENT

32



Supporting Information Available. Additional optical characterization, histograms, TEM
image, cyclic voltammograms, graphs, and tables. This material is available free of charge via
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