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ABSTRACT

Changes in the optical properties of Graphene Quantum Dots (GQD) during electrochemical
reduction and oxidation were investigated by photoluminescence (PL) spectroelectrochemistry,
which provided direct in-situ evidence of the dependence of GQD luminescence on their redox
state. We demonstrated that GQD PL intensity was enhanced upon reduction (quantum yield

increased from 0.44 to 0.55) and substantially bleached during oxidation (quantum yield ~0.12).
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Moreover, PL emission blue/red shifted upon GQD reduction/oxidation, rendering information
about electronic transitions involved in the redox processes, namely the 1 — n* and the n — ©*
transitions between energy levels of the aromatic sp? domains and the functional groups,
respectively. PL intensity changes during GQD reduction/oxidation resulted from a variation in
structural changes in GQD as a result of charge injection, as corroborated by in-situ Raman

spectroelectrochemistry.
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Graphene quantum dots (GQD) represent a new member of the graphene family with unique
and tunable electronic and optical properties arising from quantum confinement. Their size,
crystallinity and composition-dependent properties make them very promising materials for
applications in fields as diverse as energy conversion and storage,*? catalysis,® synthesis,*
sensing,” photovoltaics,*® lighting’, or biological applications.® It is expected that they can

replace the well-known quantum dots based on metal chalcogenides as a result of their excellent



biocompatibility and solubility, low toxicity, high photostability against bleaching and blinking
and low-cost preparation methods.”

In this context of broad multi-sectorial applicability, the optical properties of GQD are the
subject of intense research.>'** GQD exhibit broad and tunable light absorption, a strong
photoluminescence resulting from quantum confinement and high efficiency in up-conversion
photoluminescence, properties that are largely dependent on GQD size and chemical
composition.’® Thus, substantial efforts are devoted to investigate the influence of the synthesis
route and the resulting GQD features (size, number of layers, functional groups, defects,
hybridization of the carbon network, etc.) on their optical properties with the aim of tailoring the
material absorption, photoluminescence and photocatalytic properties according to the target
application.***"® Photoluminescence is typically investigated in chemical equilibrium,
comparing the experimental bands with theoretical studies for assignation of the bands to
different electronic transitions.

In contrast, the electrochemical behavior of GQD has been comparatively less investigated.
While the electrochemistry of graphene and related materials has been extensively explored®,
few reports have studied the redox properties of GQD. Indeed, most studies investigate the
electrocatalytic activity of GQD-coated electrodes towards different model redox probes and
electroactive analytes with a view of potential use for electroanalysis.””?® The intrinsic

2930 in order to characterize

electrochemistry of GQD has been investigated in different works
this type of compounds. However, there are not electrochemical studies about the influence of
the redox state of GQD on the optical properties of this new material. In this regard,
spectroelectrochemistry is a valuable tool to study carbon nanomaterials and, thus, carbon

nanotubes, graphene and carbon nanodots have been studied using spectroelectrochemistry.*=’



These techniques provide information about the dependence of the optical properties of these
materials on the applied potential, the effect of electrochemical charge injection and removal
to/from the nanomaterial and chemical transformations undergone by the nanostructures. Given

the high photoluminescence (PL) of GQD, PL spectroelectrochemistry®**°

in particular shall be
especially suited to investigate how the redox state of GQD affect their optical properties.
Indeed, PL dependence on the oxidation/reduction degree of GQD, graphene oxide quantum dots
(GOQD) or reduced graphene oxide quantum dots (RGOQD) is still a current subject of debate
due to controversial results.>**> While it seems that GQD multicolor emissions depend on the
amount of oxygen, some studies showed that the emission of RGOQD does not match that of
GOQD with comparable oxygen contents.”® All studies on graphene derivatives so far differ in
the oxidation/reduction method used, which comprise chemical methods,® high-temperature

1441 and/or photothermal methods.'® However, to the best of our knowledge, there have

annealing
not been attempts to tune the GQD redox state by electrochemical methods while simultaneously
following changes in their optical properties. In this work, we have investigated PL changes
induced by electrochemical charge injection and removal to/from GQD in order to shed more
light on these complex processes, illustrating the potential of PL spectroelectrochemistry in the
characterization and understanding of properties of this type of material. Moreover,
electrochemistry allows more gradual and precise control of the reduction/oxidation degree,
which combined with in-situ PL emission measurements provide direct information on the
electronic and optical properties of GQD in each redox state.

GQD were synthesized by hydrothermal condensation of 1,3,6-trinitropyrene in a mixture of

hydrazine hydrate and ammonia according to a protocol reported elsewhere.”” Briefly, in a

typical procedure pyrene (1 g) was nitrated into 1,3,6-trinitropyrene in 65% wt. HNO3 (80 mL)



under refluxing and stirring for 16 h. After cooled to room temperature, the mixture was diluted
with deionized (DI) water and filtered through a 0.22 um nylon membrane. Part of the resultant
1,3,6-trinitropyrene (1 g) was dispersed by ultrasonication in a deionized water solution (0.1 L)
containing 0.4 M ammonia and 1.5 M hydrazine hydrate for 1 h. The suspension was transferred
to a Teflon-lined autoclave and heated at 200 °C for 8 h. After cooled to room temperature, the
GQD solution was filtered through a 0.22 um nylon membrane to remove insoluble carbon
product, and further dialysed in a dialysis bag (retained molecular weight: 3500 Da) for 1 day to
remove salt and small molecules. The method yields highly crystalline GQD functionalized by
OH and NHNH; moiety that exhibit a bright cyan fluorescence.

TEM and AFM images (Figure 1A and 1B) reveal that the GQD are very uniform in terms of
lateral size and thickness, with an average size of 2.7 £ 0.4 nm and height of 1.5 + 0.4 nm,

indicating that most of the GQD were composed of 2-5 layers.
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Figure 1. Microscopy characterization of GQD: (A) TEM image and corresponding lateral size

distribution of GQD; (B) AFM image with height profile and corresponding thickness



distribution.

Raman spectroscopy at 633 nm (Figure S1A) shows the characteristic ordered G and
disordered D bands of graphene-like materials at 1587 and 1372 cm™, respectively. The D to G
band intensity ratio (Ip/lg = 1.01) indicates the presence of a relative high proportion of defects
and edge functional groups in the GQD as a result of their small lateral size.>***® Further Raman
information was obtained at 532 nm (Figure S1B) where both D and G band were
asymmetrically broadened revealing other overlapped vibrational modes.**® The functional
groups in the GQD were identified by FTIR spectroscopy. The main bands in the FTIR spectra
(Figure S1C) can be assigned to the following vibrations: the C=C vibration at 1590 cm™, the N-
H vibration from the NHNH, moiety at 3216 and 1618 cm™, the O-H vibration at 3360 cm™ and
the C-OH vibration at 1280 cm™. That is, the GQD have both amine and hydroxyl groups
originated from the precursor and the media (hydrazine and ammonia) used in the condensation
reaction.*

The presence of these functional groups was also corroborated by XPS analysis, as the high-
resolution C 1s, O 1s and N 1s spectra revealed the signals from C-O (287.3 eV), C-N (401.2
eV), N-H (399.5 eV) and O-H (532.5 eV) bonds (Figure S2). The chemical composition of the
GQD estimated from the XPS survey spectrum indicates 71.1 at.% C, 18.2 at.% O and 10.7 at.%
N contents.

The optical properties of GQD were investigated by UV-visible absorption and fluorescence
spectroscopy (Figure S3A and S3B). The UV-visible absorption spectrum (blue line in Figure
S3A) exhibits three well-defined absorption bands located at 250, 290 and 400 nm, which can be
assigned to the m-n* transition of the aromatic sp?> domains and electronic transitions between

energy levels from the surface states arising from the functional groups.' In turn, the PL



excitation spectrum (black line in Figure S3A) features three intense bands at 260, 308 and 418
nm, in good agreement with the corresponding UV-vis absorption bands. The most intense PL
emission, centered at 496 nm (red line in Figure S3A), is obtained with an excitation wavelength
of 420 nm. However, the PL emission is excitation-dependent and when the excitation
wavelength is increased from 340 to 460 nm the PL emission peak slightly shifts to longer
wavelengths (from 475 to 505 nm) and at long excitation wavelengths the PL intensity decreases
sharply (Figure S3B). This excitation-dependent PL emission has been commonly observed in
GQD and has been ascribed to excitation of different sized GQD or conjugated sp” domains in
the GQD carbon network.

Charge injection/removal to/from GQD was carried out by cyclic voltammetry (Figure S4) at
different scan rates from 0.01 to 0.05 V s™ in a GQD solution (0.00145 mg L™) in 0.1 M LiClO,.
The potential was scanned from -0.20 V to -1.10 V and back to +1.10 V, finishing at -0.20 V. In
this potential range GQD were reduced and oxidized, undergoing two irreversible reduction
processes at -0.61 and -0.75 V during the cathodic scan and one irreversible oxidation process at
+0.46 V during the anodic scan (potential values obtained at the lowest scan rate). The reduction
process is dependent on the scan rate indicating an adsorption process and the oxidation peak is
dependent on the square root of the scan rate indicating a process controlled by diffusion. It is
noteworthy that a small oxidation prewave is observed around +0.10 V. The electrochemical
behavior is quite complex and although these voltammetric peaks are related to reduction and
oxidation of the GQD, a detailed interpretation of the cyclic voltammogram (CV) is not
straightforward from the electrochemical data alone. In order to understand the electron transfer
processes taking place at the GQD solution/electrode interface and to assess how these processes

affect the GQD luminescence, PL spectroelectrochemistry was used. A 385 nm LED light source



was selected to perform PL spectroelectrochemistry measurements using a near-normal

configuration, as described in the Supporting Information. This experimental setup enables

following not only the GQD PL but also absorbance changes at the LED wavelength during

cyclic voltammetry.

Figure 2A shows CV and voltabsorptogram (VA) at 385 nm recorded during the potential scan

in a 0.00145 mg L™ GQD solution in 0.1 M LiClO,, using an integration time of 200 ms. As can

be seen, an increase in absorbance at 385 nm from -0.75 V downwards occurs during the

cathodic sweep concomitantly with the two reduction peaks observed in the CV.
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Figure 2. (A) CV (brown line) and voltabsorptogram at 385 nm (blue line); (B) Evolution of the

PL emission spectra obtained during the cyclic voltammetry; (C) CV (brown line) and PL at 500



nm (blue line); and (D) CV (brown line) and derivative of PL intensity at 500 nm (blue line)
recorded during the potential scan carried out in a 0.00145 mg L GQD solution in 0.1 M

LiCIO,. Ei=Ef=-0.20 V, Ey;=-1.10 V, E,, = +1.10 V, v = 0.010 V s, integration time = 200 ms.

Spectroelectrochemistry was also carried out in a solution containing only the supporting
electrolyte (0.1 M LiClOy), Figure S5. In this case, Figure S5A, only the second reduction peak
is observed as well as a very small change in absorbance, Figure S5B, indicating the reduction of
defects on the carbon screen printed electrode. In the anodic scan, Figure 2A, absorbance at 385
nm remains almost constant in the cathodic region (between -1.00 and 0.00 V) but starts
decreasing at the oxidation prewave potential and continues decreasing simultaneously with the
oxidation peak at +0.46 V up to the end of the scan in the anodic region. This peak is not
observed in the blank experiment, Figure S5A, with the change of absorbance being also
negligible, Figure S5B.

The absorption of radiation at 385 nm has an associated PL emission band with a maximum at
ca. 500 nm, Figure S3B. Figure 2B shows the evolution of the PL emission spectra during the
voltammetric scan plotted against potential to follow better PL evolution. The PL band centered
at 500 nm increases during the cathodic scan and this trend is reversed in the anodic scan, with
PL decreasing drastically in the anodic region.

A more detailed picture of PL changes with GQD redox state can be drawn from Figure 2C,
where the CV and the evolution of PL emission intensity at 500 nm with the potential are plotted
together. Figure 2C corroborates once more that the potential changes of PL emission intensity at
500 nm are related to the redox processes in the CV. Thus, the first reduction peak at -0.46 V is

accompanied by an increase of PL emission intensity. This PL enhancement can be rationalized

10



in terms of reduction of defects in GQD, yielding a relative higher content of sp® domains. It is
noteworthy that PL changes are negligible during the second reduction process at -0.75 V, and
the change in PL is attributed to the first reduction peak, as it will be inferred from the derivative
PL shown below. Therefore, this second reduction process cannot be related to changes in the
energy levels of the GQD associated with PL emission. PL emission intensity decreases slowly
from the start of anodic scan and more abruptly at +0.10 V, potential of the anodic peak prewave
where there was also a pronounced absorbance drop. Hence quenching of both optical responses
are associated with the oxidation of GQD. PL intensity continues decreasing until the end of the
scan in the anodic region revealing the irreversible oxidation of GQD. This agreement between
the CV peaks and PL intensity changes is more clearly observed plotting the derivative of the PL
intensity at 500 nm (dPL/dt) against potential, Figure 2D. The first cathodic peak in the CV
matches the position of the maximum value of dPL/dt, while the minimum of the derivative of
PL intensity corresponds to the oxidation peak prewave.

Therefore, PL spectroelectrochemistry reveals that GQD PL intensity is enhanced upon
reduction and the process is electrochemically quasi-reversible, recovering the initial conditions
during the anodic scan in the cathodic potential region. However, when the anodic potential is
further increased, GQD are oxidized and PL intensity decreases below the initial value due to the
irreversible oxidation of GQD.

The spectroelectrochemical trends at one wavelength provide temporal information about
GQD PL intensity dependence on their redox state, but more insight about the origin of emission
enhancement/quenching can be gained analyzing the evolution of the PL emission spectra at all
wavelengths with potential. Figure 3A shows PL emission spectra at different potentials during

the cathodic sweep. As can be seen, the PL band increase is not symmetrical, resulting in a small

11



blue shifting from 507 to 497 nm. This shift is better resolved by plotting the variation of PL
intensity (APL) at each potential with respect to the initial PL emission spectrum at -0.20 V, a

potential where GQD are stable, Figure 3B.
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Figure 3. (A) PL emission spectra during the cathodic scan; (B) PL intensity change with
respect to the initial emission spectrum at -0.20 V during the cathodic scan: (C) PL emission
spectra during the anodic scan; and (D) PL intensity change with respect to the initial emission
spectrum at -0.20 V during the anodic scan. All signals obtained at different potentials in a
0.00145 mg Lt GQD solution in 0.1 M LiCIO,. E=Ef=-0.20 V, E,; =-1.10 V, E\, = +1.10 V,

v =0.010 V s, integration time = 200 ms.
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The growth of a APL band at shorter wavelengths (487 nm) than that of unbiased GQD (507
nm) is clearly observed, evidencing the blue shift of the PL emission spectrum upon charge
injection to GQD. In fact, the new band appearing during the reduction process peaks at 487 nm.
From the difference spectra, APL, the PL emission band can be deconvoluted into two different
bands corresponding to diverse electronic transitions in the GQD.'? The band at longer
wavelengths, around 507 nm, can be attributed to the n — 7* electronic transition between
energy levels arising from the functional groups and the band at shorter wavelengths, around
487 nm, can be assigned to the ® — 7* transition of the aromatic sp> domains in the GQD

network.

A similar analysis of the evolution of the PL emission spectra can be performed for the anodic
scan, Figure 3C and Figure 3D. Here, the PL band intensity decreases and red shifts with the
anodic potential and again the potential dependence of PL is better resolved by plotting PL
intensity changes with potential taking the PL emission spectrum at -0.20 V as reference (Figure
3D). Red shifting of the APL band largely depends on the applied potential, revealing the
guenching of different electronic transitions between energy levels in GQD at different oxidation
degree. As can be seen, at the onset of the anodic scan (from -0.4 V to 0.00 V) the APL band
centered at 487 nm, related to the 1 — = * transition in the aromatic sp? domains'? starts to
bleach first. At higher anodic potentials (from +0.20 V upwards), bleaching of the APL band at
longer wavelengths (peaking at 507 nm) occurs, which is related to the n — = * transition
between energy levels from the functional groups.*

As was stated above a control PL spectroelectrochemistry experiment was also performed in a

solution containing only the supporting electrolyte (0.1 M LiClO,), Figure S5. In this case, a
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single reduction peak around -0.85 V and the oxidation of the carbon screen printed electrode
were observed without changes of PL emission, Figure S5C, confirming that the potential
dependent PL intensity changes in GQD solutions are only related to electronic transitions in
GQD. The cathodic peak in LiClIO4 0.1 M (Figure S5A) can be assigned to the reduction of
oxygen and functional groups in the screen printed carbon electrode not inducing PL emission
(Figure S5C). Likewise, other carbon allotropes like carbon nanotubes or graphene did not yield
measurable PL emission under comparable experimental conditions. It has to be noted that when
a blank experiment (in a GQD-free solution) was performed with a SPE previously used to
reduce GQD, a small change of PL emission was observed, confirming GQD adsorption during
the cathodic scan.

Therefore, taking into account the spectroelectrochemical experiments in GQD solutions and
bare electrolyte, it can be concluded that PL intensity increases during GQD reduction as a result
of a migration of excitons from the sp* defect states to the sp? domains that are responsible of
the GQD blue PL emission.”® Raman spectroelectrochemistry experiments were performed in a
0.00145 mg L™ GQD solution in 0.1 M LiClO,, applying different cathodic potentials to show
the relationship between the charge injection and the change in the vibrational spectrum of the
GQD. A blank experiment was also performed in GQD-free 0.1 M LiClO, solution. In this blank
experiment, only the Raman bands ascribed to the carbon paste of the SPE were observed (1357
cm™ and 1600 cm™, Figure S6) and were unaffected by the potential. It is noteworthy that GQD
Raman spectra in solution at 532 nm (Figure S6) show the same vibrational bands as in the solid
samplebut with different intensity as a result of different interactions between GQD in powder
samples and dissolved. As can be observed in the evolution of the Raman spectra (Figure S6),

the intensity of the Raman bands decreased during the reduction of the GQD. These are
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preliminary results that confirm a change in the GQD structure during reduction, but more
experiments should be done to elucidate the exact nature of functional groups involved. The PL
emission blue shift occurring during reduction points at larger size/number of sp® carbon
domains associated to 1 — = * transitions. Similar blue shifting upon reduction was also
observed for carbon nanodots®’. This electrochemical process is quasi-reversible because the
oxidation prewave around +0.10 V is clearly related to depletion of 1 — = * transitions (Figures
2C, 3C and 3D) and PL intensity recovered the initial value when the voltammetric scan was
stopped at +0.20 V. However, when the anodic potential was higher, irreversible GQD oxidation
occurs, leading to PL bleaching. With increasing GQD oxidation level, the density and size of
sp? carbon domains is lowered and the content of oxygen-bonded sp® carbon increased, causing
the disappearance of blue emission from sp? nanodomains and the red shift of the PL emission
associated with the prevalent n — & * transition. It should be pointed out that irreversible GQD
oxidation and concomitant PL emission bleaching also take place when the potential was
scanned initially in the anodic direction (Figure S7).

Overall, the evolution of PL emission bands during the electrochemical oxidation and
reduction agrees with the behavior described in literature for GOQD and RGOQD where the
oxidation degree was tuned varying the ratio of oxidizing and reducing agents.> However, in
their case irreversible PL emission changes were noted for GOQD and RGOQD with similar
oxygen content. Here performing simultaneously charge injection and in-situ PL measurement
allowed us to identify the potential range and associated redox states where reversible PL
emission changes occur. Moreover, a relationship between the PL quantum yield (QY) value and
the electrical charge injected from/to the GQD was obtained. A QY of 0.44 was first determined

for the GQD using 9,10-diphenylanthracene as standard. This value was used to obtain the ratio
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of emitted-to-absorbed photons in the PL spectroelectrochemistry experiments. A maximum QY
of 0.55 was obtained at -0.80 V during the reduction process. On the contrary, a minimum QY of
0.12 was obtained at the end of the CV because most of the GQD were oxidized. An almost
linear relationship between injected charge and QY was observed during the reduction process,
from -0.40 V to -0.80 V, (Figure S8) reaching a plateau around -0.80 V where the first reduction
of the GQD has taken place. Therefore, this experimental setup allowed us to calculate the QY
for different redox states, providing information on the evolution of the QY with the injected
charge.

The PL and electrochemical behavior of GQD differs from that observed by Strauss et al. for
carbon nanodots,®” illustrating the complex electrochemistry of these carbon nanostructures.
Strauss et al. indicate that the fluorescence of CND is trap mediated, which could also explain PL
changes in GQDs. In this scenario, when the fermi level of the electrode increases (cathodic
scan) the trap states could be filled, enabling photoexcited electrons to relax from density of
states at higher energy level, yielding a blue shifting. In turn, depopulating the states by
scanning the potential in the anodic direction would dischar these states, yielding a decrease in
PL. This interpretation is compatible with a migration of excitons within the sp® clusters towards
the sp* defect states. That is, additional studies of this family of highly luminescent carbon
nanostructures would be required to fully understand the PL dependence on the injected charge
and the exact nature of the PL emission processes.

In conclusion, we have shown that the multiple-nature information obtained by combined
absorption and PL emission spectroelectrochemistry has proven very useful to characterize
luminescent GQD upon charge injection. PL emission spectroelectrochemistry yields direct in-

situ evidence of the redox state dependence of GQD luminescence, enabling us to identify the
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associated electronic transitions responsible for the enhanced/bleached emission. Moreover, in
contrast with ex-situ chemical tuning of GQD redox state and subsequent probing of GQD PL,
following in-situ PL change upon electrochemical charge injection makes it possible to tune
reversibly PL emission in GQD.

After this pioneer work illustrating the power of PL spectroelectrochemistry to investigate
GQD, further experiments will be done to study GQD with different chemical composition, band
gaps and emissive properties and their behavior under different charge conditions that can be

easily controlled by electrochemistry.
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