
Nanoscale

PAPER

Cite this: Nanoscale, 2023, 15, 17138

Received 19th July 2023,
Accepted 26th September 2023

DOI: 10.1039/d3nr03534d

rsc.li/nanoscale
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nanocrystals with electron donating graphene
quantum dots†
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Doped metal oxide nanocrystals are emerging as versatile multi-functional materials with the potential to

address several limitations of the current light-driven energy storage technology thanks to their unique

ability to accumulate a large number of free electrons upon UV light exposure. The combination of these

nanocrystals with a properly designed hole collector could lead to steady-state electron and hole

accumulation, thus disclosing the possibility for light-driven energy storage in a single set of nano-

materials. In this framework, it is important to understand the role of the hole collector during UV light

exposure. Here we show, via optical absorbance measurements under UV light, that well-defined gra-

phene quantum dots with electron-donating character can act as hole acceptors and improve the stability

of the photo-generated electrons in Sn-doped In2O3 nanocrystals. The results of this study offer new

insight into the implementation of photo-charged storage devices based on hybrid organic/inorganic

nanostructures.

1. Introduction

The need to overcome the current technological limitations in
solar energy conversion and storage1 calls for innovative
approaches toward integration into a single monolithic device.

To this end, doped metal oxide nanocrystals (NCs) are emer-
ging as light-driven electron collectors due to their ability to
store multiple delocalized electrons in the conduction band
upon ultraviolet (UV) light illumination.2 This latter mecha-
nism known as photodoping or photo-charging has been
thoroughly investigated in standard photocatalytic metal oxide
NCs such as ZnO3 and TiO2,

4 as well as Sn-doped In2O3

(ITO),5,6 and ITO-core/In2O3-shell
7,8 NCs. In brief, the material

is irradiated with above-bandgap light under anaerobic con-
ditions and in the presence of a sacrificial molecule (e.g.
ethanol, EtOH). The latter is able to quench the photo-excited
holes, leaving the NCs with a net excess of photo-excited elec-
trons in the conduction band. Local electrical neutrality is
then maintained by either the formation of a double layer at
the surface of the NCs or by the intercalation of a charge-com-
pensating ion (H+ cations) into the NC matrix.9

The possibility to effectively utilize the photogenerated
holes in order to achieve steady-state photo-driven electron–
hole storage, although so far highly overlooked, was recently
demonstrated by replacing the sacrificial hole quencher with
an efficient hole acceptor in close contact with the photodoped
NCs.10 In this context, one of the limiting factors for the estab-
lishment of steady-state electron–hole separation is rep-
resented by the temporal stability of the photodoped electrons
to prolonged UV exposure, in the presence of the hole accept-
ing agent. The aim of this work is to address the long-term
stability issue concerning the photodoped electrons in ITO
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nanocrystals by means of specifically designed graphene
quantum dots (GQDs).11 The combination of these two classes
of nanomaterials allows for an improvement in the stability of
the ITO excited charges over longer UV irradiation time,
thanks to the GQDs’ ability to permanently delocalize holes in
their highest occupied molecular orbital (HOMO) level.
Specifically, here we study the stability of photodoped elec-
trons in a functionalized mixture of ITO NCs and electron-
donating HBC–AOM graphene quantum dots, in which the
hexa-peri-hexabenzocoronene (HBC)12,13 has been decorated
with the functional anthracenyl units and N-octylmaleimide
(AOM) groups.

2. Materials & methods
2.1. Synthesis of HBC–AOM graphene quantum dots

The synthetic route towards HBC–AOM is shown in Scheme 1.
Firstly, N-octylmaleimide 1 was synthesized from maleic anhy-
dride in 75% yield. Then, 1,2-bis(4-bromophenyl)ethyne 2 was
obtained in 83% yield by a Sonogashira coupling reaction
between the commercially available 1-bromo-4-iodobenzene
and trimethylsilylacetylene. After that, a Suzuki coupling reac-
tion between 2 and 9-anthraceneboronic acid afforded 1,2-bis
(4-(anthracen-9-yl)phenyl)ethyne 3 in 79% yield. Subsequently,
the cobalt-catalyzed cyclotrimerization of 3 gave the key inter-
mediate 4 in 82% yield, followed by the Diels–Alder cyclo-
addition with 1 giving compound 5 in 88% yield. Finally,
HBC–AOM was achieved with a yield of 90% through the FeCl3-

mediated Scholl reaction of 5. The synthesis of 1 14 and 2 15

was performed in accordance with the literature protocol. A
detailed description of the synthesis of intermediate com-
pounds 3, 4, and 5 as well as additional characterization of
HBC–AOM GQDs can be found in the ESI (Fig. S1–S6†).

2.2. Synthesis and characterization of ITO NCs

Sn-doped In2O3 (ITO) nanocrystals were synthesized using a
slow injection approach, already reported in the literature.6

Briefly, indium(III) acetate and tin(IV) acetate were weighed in a
9 : 1 molar ratio, measuring 1 mmol in total. They were dis-
persed in 2 mL oleic acid (90%, technical grade) in a 50 mL,
three-necked flask. The mixture was left to stir at 150 °C for
3 hours, under argon flux, to prepare the oleate precursors. In
a 100 mL, three-necked flask, 13 mL oleyl alcohol (85%, tech-
nical grade) was heated to 150 °C, and left stirring under a
nitrogen flux of 0.130 L min−1, to degas for 3 hours. Finally,
after 3 hours the oleyl alcohol temperature was raised to
290 °C and the oleate mixture was injected into the flask using
a syringe pump, at a 0.3 mL min−1 injection rate. After finish-
ing the injection, the particles were left to grow for
15 minutes. Growth was then quenched by cooling the vessel
rapidly with a mixture of compressed air and acetone. An ice
bath was then used, at temperatures lower than 160 °C, to
avoid the thermal shock shattering the glass flask.

The content from the flask was then collected in falcon
tubes, and centrifuged twice at 6000 rcf for 10 minutes, adding
ethanol to precipitate and hexane to re-disperse. The final

Scheme 1 Synthetic route towards HBC–AOM. (a) Octylamine, ZnBr2, hexamethyl disilazane, toluene, 115 °C, and 2 h. (b) PdCl2(PPh3)2, CuI, DBU,
toluene/H2O, room temperature, and 18 h. (c) Pd(PPh3)4, K2CO3, 9-anthraceneboronic acid, dioxane/H2O, 100 °C, and overnight. (d) Co2(CO)8,
dioxane, 110 °C, and 14 h. (e) N-Octylmaleimide 1, o-xylene, 150 °C, and 48 h. (f ) FeCl3, CH3NO2, CH2Cl2, room temperature, and 5 h.
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colloid was stored in 3 mL of hexane, adding 10 µL oleic acid
as a stabilizing agent.

All the chemicals were purchased from Sigma Aldrich and
used as received. Metal acetates were stored in a nitrogen glo-
vebox, and oleic acid was stored at 4 °C.

To characterize the obtained NCs, TEM imaging (Fig. S7a†),
XRD (Fig. S7b†), ICP-OES analysis, and absorption spec-
troscopy (Fig. S8a,† black line) were carried out. The Sn doping
level and NC solution concentration were determined by
ICP-OES. The analysis revealed an Sn doping concentration in
the In2O3 matrix of 10.9%.

2.3. Oxidation of HBC–AOM graphene quantum dots

Evidence for hole storage in HBC–AOM GQDs was provided via
oxidative titration experiments by mixing a 12 μM solution of
HBC–AOM in anhydrous chloroform (total volume of 3 mL)
with increasing amounts of a 0.75 mM solution of 2,3,5,6-tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ, Ossila)
prepared in the same solvent. The amount of F4TCNQ added
each time was chosen to match molar ratios between F4TCNQ
and HBC–AOM of 0.5, 1, and 2. In order to prevent any
dilution effects on the overall response, the amounts of
F4TCNQ added to the HBC–AOM solution were low in volume:
23, 47, and 96 μL, respectively.

2.4. Functionalization of ITO NCs with HBC–AOM graphene
quantum dots

A functionalized mixture of ITO NCs and HBC–AOM GQDs was
obtained by mixing in a 10 mL vial (i) 10 μL of ITO NCs from a
9.1 mg mL−1 stock solution with (ii) 46 μL of HBC–AOM from a
1.7 mM freshly prepared stock solution and (iii) 1250 μL of
anhydrous toluene. Under these conditions, the solution is
characterized by a large excess of graphene quantum dots
(2.53 : 1 weight ratio, 1.18 × 104 molar ratio). To promote the
interactions and functionalization, the vial was sealed and
magnetically stirred in an Ar-filled glovebox at 400 rpm over-
night and for an additional hour before each optical character-
ization experiment.

2.5. Optical measurements

Absorption spectra of HBC–AOM and HBC–AOM/F4TCNQ in
anhydrous chloroform were recorded with a Varian Cary 5000
UV-Vis NIR spectrophotometer in the 250–1500 nm spectral
range using a 10 mm optical path absorption cell (110 – Macro
cells, Hellma). The photocharging dynamics of ITO NCs and
the HBC–AOM/ITO NCs functionalized mixture was obtained
by recording a temporal series of absorbance spectra during
UV light exposure with a 10 seconds step between subsequent
acquisitions. These experiments were performed in an Ar-filled
glovebox (<0.1 ppm of O2 and H2O) using a portable fiber-
coupled spectrometer (ASD LabSpec 4 Standard-Res Lab
Analyzer, Malvern Panalytical) able to collect a full spectrum
in the 350 nm to 2500 nm spectral range with an integration
time of 5–6 s. Two low-OH optical fibers connect an external
fiber optic illuminator source and the spectrometer to a four-
light port cuvette holder (CVH100, Thorlabs, Inc). A CaF2 lens

(LA5315, Thorlabs, Inc.) at the input port collimates the
incoming light through a 4 mm optical path cell with 4 optical
windows (114F – Semi-Micro cells, Hellma) that contains the
sample under investigation dissolved in anhydrous toluene
(typical concentration of ITO NCs ∼5 nM). A CaF2 lens at the
output port refocuses the transmitted light intensity into the
second optical fiber connecting the cuvette holder to the
spectrometer. UV light illumination is provided by a deep UV
LED (M300L4, nominal wavelength: 300 nm, bandwidth:
20 nm, Thorlabs, Inc) controlled by a power supply driver
(LEDD1B, Thorlabs, Inc). The LED is directly mounted on the
cuvette holder via a 1-inch length lens tube spacer (SM1S10,
Thorlabs, Inc.). The UV light illumination direction is orthog-
onal to the optical axis used for the absorbance measurements
and is outside the spectral range of the spectrometers, and
this does not affect the acquisition of the transmission/absor-
bance spectra. The extended UV transparency window of anhy-
drous toluene in the region covered by the UV LED spectra
ensures the stability of the solvent during UV illumination
allowing us to exclude any solvent decomposition that might
affect the outcome of the photodoping measurements.

3. Results & discussion
3.1. Oxidation of HBC–AOM graphene quantum dots

In the context of energy storage and conversion, graphene
quantum dots are attracting increasing attention16–19 due to
their peculiar optical and electronic properties as well as their
low environmental impact and versatility in terms of
functionalization with both electron withdrawing and donat-
ing functional groups.20,21 Precise control over their substitu-
tional groups makes graphene quantum dots ideal candidates
to address steady-state electron–hole separation in the pres-
ence of a heavily electron-doped counterpart, i.e. photodoped
ITO NCs. First, to analyze the ability of HBC–AOM graphene
quantum dots (Scheme 1) to act as the hole collector we pre-
pared a 12 μM solution of HBC–AOM with small amounts of
F4TCNQ. F4TCNQ with a concentration of 0.75 mM was
employed to prevent the formation of a saturated solution and
self-reduced anionic species.22 F4TCNQ, a 4-fold fluorinated
derivative molecule of TCNQ, is a widely used strong molecular
p-dopant.23,24 Depending on the relative position of the ioniza-
tion energy of the targeted molecule and the electron affinity
for the single and double reduction of F4TCNQ (5.2 and 4.7
eV, respectively23), this electron acceptor is able to extract
either one or two electrons from the targeted molecule. The
extraction of either one or two electrons is revealed by strong
modifications of the optical absorption properties. These
modifications provide a non-invasive optical tool to assess the
level of oxidation of the targeted molecule. In particular, a
single reduction of F4TCNQ leads to the formation of sub-
bandgap NIR absorption features characterized by two promi-
nent peaks at 1.45 and 1.65 eV, which are absent in the neutral
(i.e. non-ionized) F4TCNQ molecule optical response. Double
reduction instead leads to the formation of a single peak in
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the UV region centered around 3.7 eV.23 Fig. 1a shows the evol-
ution of the HBC–AOM absorbance spectra during the titration
with increasing equivalents of F4TCNQ molecules. Subsequent
additions lead to the formation of the F4TCNQ anion absorp-
tion peaks that are both clearly distinguishable in the region
between 1 and 2 eV (inset of Fig. 1a). The formation of single
F4TCNQ anion species is consistent with the HOMO energy
level of HBC–AOM as obtained by DFT calculations (−5.13 eV
vs. vacuum, Fig. S6†) which in absolute value is closer to the
electron affinity value for single reduction (5.2 eV) than for
double reduction (4.7 eV). As the double ionization of the
F4TCNQ is energetically unfavorable, no absorbance peak in
the UV region can be detected, which corresponds to the
dianion. Along with the formation of the F4TCNQ anion, the
spectra in Fig. 1a show that even after the first F4CTNQ
addition a strong absorbance band located at 3.1 eV appears.
This absorbance band, which is associated with the neutral
F4TCNQ species suggests that only a small fraction of F4TCNQ
molecules is reduced. A closer look at the relative absorbance
spectra (Fig. 1b) calculated with respect to the un-doped HBC–
AOM absorbance spectrum in the region of F4TCNQ anion
and HBC–AOM optical bandgaps shows the presence of an iso-
sbestic point located at 1.89 eV as a function of the increasing
F4TCNQ equivalents. This suggests that the increase of
F4TCNQ anion transition’s oscillator strength (Fig. 1c) occurs
at the expense of a reduction of HBC–AOM transition’s oscil-
lator strength, proving that F4TCNQ single reduction is inher-
ently connected to the ability of HBC–AOM GQDs to perma-
nently host one hole in their HOMO level.25

3.2. Photodoping of an ITO NC/HBC–AOM functionalized
mixture

After assessing the possible use of HBC–AOM GQDs to host
holes, we proceeded to investigate their role during the photo-
doping of ITO NCs. To this aim, we prepared a solution of
HBC–AOM/ITO NCs. Taking into consideration the imbalance
between the ability of ITO NCs to store more than hundreds of
electrons upon photodoping, as evidenced by previous oxi-
dative titration experiments,6,7 and of HBC–AOM to host one
hole in the HOMO level, we prepared a mixture with a large
excess of HBC–AOM GQDs, on the order of 104 (molar ratio).
Regarding the ITO NCs employed in this work, we made use of
nanoparticles with a diameter of ∼13 nm and a tin doping
level of ∼10.9% (Sn/Tot). The aliovalent Sn doping induces a
strong localized surface plasmon resonance (LSPR)26 in the
NIR range peaking at 0.74 eV (Fig. S8a,† black line) as a result
of the presence of free electrons confined in a nanometric
volume. By monitoring the absorption spectra through the
optical setup previously described, we first observed that a
simple solution obtained by mixing the HBC–AOM with ITO
NCs (Fig. S8a,† red line) does not cause any appreciable vari-
ation neither in the spectral position of the LSPR peak
(Fig. S8b†) nor in the spectral shape (Fig. S8c†). In contrast,
prolonged stirring under anhydrous conditions leads to a sig-
nificant modification of the absorbance spectrum of the
mixture (Fig. S8a,† blue line). An overall decrease in both the
LSPR peak and HBC–AOM absorbance and a small redshift of
the LSPR (Fig. S8b,† blue line) point toward an effective

Fig. 1 Oxidation of HBC–AOM graphene quantum dots induced by small additions of F4TCNQ molecules. (a) Absorbance spectra of the HBC–
AOM/F4TCNQ mixture for increasing F4TCNQ equivalents (# equivalents are defined as the ratio between F4TCNQ and HBC–AOM mole number).
Spectra in the inset for 0.5, 1, and 2 equivalents show the absorbance peaks associated with the F4TCNQ single anion. The shaded area in both the
main panel and inset represents the net contribution of F4TCNQ addition. (b) Variation of HBC–AOM/F4TCNQ absorbance with respect to the un-
doped HBC–AOM sample (dark violet spectrum in panel (a)) in the region of F4TCNQ anion and HBC–AOM optical bandgaps. Dark grey spectrum
shows the second derivative of the HBC–AOM absorbance spectrum and the associated optically allowed transitions (negative peaks at 2.37 eV and
2.54 eV, respectively). Panel (c) shows the variation of the area below the spectra of panel (b) in the regions of F4TCNQ anion and HBC–AOM optical
bandgaps for increasing F4TCNQ equivalents.
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functionalization of ITO NCs with HBC–AOM graphene
quantum dots. In particular, the redshift of the LSPR is a clear
indication that the ITO NC dielectric environment has
changed due to the progressive adsorption of HBC–AOM.27

The absence of a substantial broadening of the LSPR in the
functionalized mixture (Fig. S8c†) allows us also to exclude any
effect due to the aggregation of the NCs. Moreover, this evi-
dence precludes any strong hybridization between ITO NCs
and HBC–AOM28,29 allowing us to analyze the optical behavior
of the mixture in terms of the optical properties of its
constituents.

The photodoping process in doped metal oxide nanocrys-
tals is usually described in terms of the spectral evolution of
both the LSPR and bandgap upon UV light exposure. Fig. 2a
shows the result of the ITO photodoping in the functionalized
mixture of HBC–AOM/ITO NCs upon prolonged UV light
exposure (∼57 min) along with the energy level alignment of

ITO NCs and HBC–AOM. After the introduction of extra photo-
electrons, the LSPR peak value of ITO NCs increases in inten-
sity (Fig. 2b) and undergoes a shift to higher energies (Fig. 2c)5

until saturation is reached.30 In our case, saturation occurs
after ∼40 minutes of UV light exposure, whereas the main vari-
ations (∼80% of the full LSPR peak dynamic) occur within the
first 10 minutes of illumination. These time scales are compa-
tible with previous literature reports for photodoped ZnO NCs
in the presence of EtOH as sacrificial hole scavenger and are
representative of the time required to accumulate free elec-
trons following the quenching of the photogenerated holes in
the ITO NC valence band.30 The absorbance spectra of HBC–
AOM instead show a small decrease in their peak intensity on
the order of 4%, which can be likely related to a combined
effect of photobleaching of the graphene quantum dots due to
prolonged UV exposure and a reduction in the transition’s
oscillator strength due to hole accumulation during the photo-

Fig. 2 (a) Evolution of the absorbance spectra of the HBC–AOM/ITO NC functionalized mixture (2.53 : 1 weight ratio, 1.18 × 104 molar ratio) upon
UV light exposure. Time zero marks the start of UV light exposure. Inset shows the energy level alignment of ITO NC and HBC–AOM graphene
quantum dots (the latter obtained via DFT calculations, Fig. S6†). Zoom-in panels highlight the variation of ITO NC LSPR and HBC–AOM peak absor-
bance at selected UV exposure times. Panels (b) and (c) show the evolution of the ITO NC LSPR peak absorbance and the LSPR peak energy upon
UV light exposure, respectively. Both dynamics are obtained by fitting each spectrum in the LSPR region between 0.69 eV and 0.77 eV with a
Gaussian function. Standard errors of the fitting routine are observed between the data point dimensions.
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doping process. In this regard, it is worth noting that half of
the HBC–AOM peak absorbance bleaching occurs during the
first 10 minutes of UV illumination, that is, on the same time
scale of ITO NC LSPR main variations (Fig. S9†).

As discussed in ref. 30 the photodoping dynamics and the
maximum number of photo-electrons that can be stored in
each nanocrystal are strongly dependent on the nature of the
hole scavenger. It is worth noting that photodoping of ITO
NCs can still occur if the solution does not contain any sacrifi-
cial hole scavenger,7 suggesting that even the surrounding
media (e.g. capping ligands and solvent) can act as a hole sca-
venger. However, as shown in Fig. 3, the absence of any hole
scavenger or steady-state hole collector agent, such as HBC–
AOM graphene quantum dots, affects the stability of the
photo-doped electrons to prolonged UV exposure. Fig. 3, in
fact, compares the LSPR relative variations of ITO NCs calcu-
lated upon photodoping, under two conditions: for the HBC–
AOM/ITO NC functionalized mixture (data in Fig. 2) and for a
solution of the same ITO NCs without HBC–AOM graphene
quantum dots. A meaningful comparison between ITO NC
LSPR dynamics is ensured by preparing the ITO NC solution
without any variation of both ITO NCs concentration and total

volume of solvent as well as by observing that the ITO NCs
absorbance is not significantly modified around the UV LED
spectra where ITO NCs and GQDs have an overlapping absorp-
tion region (Fig. S10†). The results we obtained demonstrate
that the absence of graphene quantum dots precludes the
possibility of maintaining over prolonged UV exposure a
stationary state in which the maximum number of stored elec-
trons per NCs is saturated. In particular, in contrast to what we
observed in the case of the HBC–AOM/ITO NC functionalized
mixture (blue-to-green palette in Fig. 3), the LSPR relative vari-
ation of ITO NCs (magenta-to-yellow palette) undergoes a
decrease in its peak intensity and a redshift of its peak energy
(yellow diamonds in Fig. 3 and spectra in Fig. S11†) after
reaching its maximum values within the first 10 minutes of UV
exposure, indicating the occurrence of irreversible photoche-
mical processes in the ITO NCs solution.30 A comparison
between LSPR normalized dynamics vs. UV exposure time
(Fig. S12†) shows that the stability of the photodoped electrons
is strongly enhanced in the HBC–AOM/ITO NC functionalized
mixture from around 10 to nearly 40 minutes of UV exposure.
Overall, these observations suggest that the ability of HBC–
AOM graphene quantum dots to act as the hole collector sup-
ports the photodoping process of ITO NCs and stabilizes the
photodoped electrons to prolonged UV exposure. As photodop-
ing is a photochemical reduction process we can reason that
the oxidation of HBC–AOM graphene quantum dots improves
the stability of the photodoped electrons by competing with
any other hole-quenching processes such as ligand and
solvent oxidation. This further hole-quenching mechanism
provides an additional oxidation channel to suppress detri-
mental hole-mediated multi-electron processes that would
lead to a reduction in the number of photodoped electrons
(such as non-radiative Auger recombination31). Considering
the bleaching of the peak absorbance of HBC–AOM upon
functionalization (Fig. S8a†) as indicative of the adsorption of
the graphene quantum dots on the ITO NC surface and the
further bleaching of HBC–AOM upon UV exposure (Fig. S9†),
we can estimate that ∼30 electrons are transferred from the
HOMO levels of graphene quantum dots to the valence band
of photodoped ITO NCs (more details on the estimate can be
found in the ESI†). Moreover, as the initial LSPR variations of
both the HBC–AOM/ITO NC mixture and ITO NCs are similar
during the first 2 minutes of UV exposure (which in Fig. 3
corresponds to an LSPR peak intensity relative variation reach-
ing ∼1%), we can argue that the possible oxidation of HBC–
AOM graphene quantum dots prevails over other oxidative pro-
cesses once they are all completed. In this regard, the evidence
for the almost complete photodoping of ITO NCs even in the
functionalized mixture during the first minutes of UV exposure
suggests that the limiting factor to the saturation behavior is
primarily established by the oxidation of capping ligands and
solvent rather than GQD oxidation. The combination of a
kinetic process associated with ligand and solvent oxidation
with slower kinetics representing the GQD oxidation might
explain the apparent more efficient hole-scavenging role of
ligands and solvents observed in the normalized LSPR peak

Fig. 3 Characterization of the photodoping process of ITO NCs
(magenta-to-yellow color palette) and the HBC–AOM/ITO NC functio-
nalized mixture (blue-to-green palette) as a function of the UV exposure
time. Relative variations of the ITO NC LSPR peak intensity (y-axis) and
LSPR peak position (x-axis) are calculated with respect to the as-syn-
thesized conditions. Values of the LSPR peak intensity and position are
obtained by fitting each spectrum in the LSPR region with a Gaussian
function. Integration time and waiting time between subsequent spec-
tral acquisitions are common for both samples.
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dynamics in Fig. S12.† Finally, Fig. 3 and Fig. S12† allow us to
qualitatively comment on the effect of ITO NC functionali-
zation on the number of extra-electrons stored in the nanocrys-
tals. Both figures show indeed that the ITO NC LSPR peak
intensity reaches a common maximum value of +6% with
respect to the as-prepared, un-photodoped conditions. Due to
the proportionality between the LSPR peak and the number of
stored electrons32 as well as the fact that the two samples have
nominally the same ITO NC concentration we can safely con-
clude that the addition of GQDs does not significantly alter
the number of electrons stored in the ITO NCs upon
photodoping.

4. Conclusion

In summary, evidence for the stabilization of photodoped elec-
trons is provided by comparing the photodoping process in
ITO NCs and in a prototypical organic/inorganic functiona-
lized mixture of HBC–AOM graphene quantum dots and ITO
NCs. Comparative time-dependent analysis of absorbance
spectra upon prolonged UV exposure reveals that saturation in
the number of stored electrons is only reached when the
reduction of photogenerated holes in ITO NCs is assisted by
the oxidation of the graphene quantum dots. The results pre-
sented here highlight the role of a hole quencher in the photo-
doping process and support the implementation of metal
oxide nanocrystals functionalized with electron-donating gra-
phene quantum dots in the next generation of light-driven
energy storage devices. As a further step, we foresee that the
combination of ITO NCs with GQDs functionalized with
proper redox mediators might enable the possibility of
repeated and reversible photocharging.

Data availability

Data supporting the study are available in the Zenodo reposi-
tory under https://doi.org/10.5281/zenodo.8308892.

Author contributions

A. Camellini and A. Rubino performed the HBC–AOM GQDs
oxidation experiments. L. Rebecchi synthesized the ITO NCs
and performed the structural characterization. A. Camellini,
A. Rubino, and L. Rebecchi built the photodoping setup and
performed the photodoping experiments. W. Niu, J. Ma, and
X. Feng synthesized the HBC–AOM graphene quantum dots
and performed the related structural characterization. S. W.
Kim performed the optical characterization of HBC–AOM
GQDs. A. Camellini and I. Kriegel conceptualized the experi-
ment and wrote the manuscript with contributions from all
other co-authors.

Conflicts of interest

The authors declare no conflict of interest for the work herein
reported.

Acknowledgements

This work was supported by the European Union’s Horizon
2020 European Research Council under grant agreement no.
[850875] (Light-DYNAMO) and the European Union’s Horizon
2020 Research and Innovation program under grant agreement
no. [101017821] (LIGHT-CAP). A. Camellini acknowledges the
financial support from the European Union’s Horizon
Research and Innovation Programme under the Marie
Skłodowska-Curie Action INTRINSIC grant agreement no.
[101062400]. The authors thank Dr Xiuling Yu (TU Dresden)
for the scale-up of the HBC–AOM and Dr Yubin Fu (TU
Dresden) for the DFT calculations, and gratefully acknowledge
the GWK support for funding this project by providing com-
puting time through the Center for Information Services and
HPC (ZIH) at TU Dresden.

References

1 Q. Zeng, Y. Lai, L. Jiang, F. Liu, X. Hao, L. Wang and
M. A. Green, Integrated Photorechargeable Energy Storage
System: Next-Generation Power Source Driving the Future,
Adv. Energy Mater., 2020, 10, 1–30, DOI: 10.1002/
aenm.201903930.

2 M. Ghini, N. Curreli, A. Camellini, M. Wang, A. Asaithambi
and I. Kriegel, Photodoping of metal oxide nanocrystals for
multi-charge accumulation and light-driven energy storage,
Nanoscale, 2021, 13, 8773–8783, DOI: 10.1039/d0nr09163d.

3 C. K. Brozek, D. Zhou, H. Liu, X. Li, K. R. Kittilstved and
D. R. Gamelin, Soluble Supercapacitors: Large and
Reversible Charge Storage in Colloidal Iron-Doped ZnO
Nanocrystals, Nano Lett., 2018, 18, 3297–3302, DOI:
10.1021/acs.nanolett.8b01264.

4 U. Joost, A. Šutka, M. Oja, K. Smits, N. Döbelin, A. Loot,
M. Järvekülg, M. Hirsimäki, M. Valden and E. Nõmmiste,
Reversible Photodoping of TiO2 Nanoparticles for
Photochromic Applications, Chem. Mater., 2018, 30, 8968–
8974, DOI: 10.1021/acs.chemmater.8b04813.

5 A. M. Schimpf, S. D. Lounis, E. L. Runnerstrom,
D. J. Milliron and D. R. Gamelin, Redox chemistries and
plasmon energies of photodoped In2O3 and Sn-Doped
In2O3 (ITO) nanocrystals, J. Am. Chem. Soc., 2015, 137,
518–524, DOI: 10.1021/ja5116953.

6 M. Ghini, A. Rubino, A. Camellini and I. Kriegel, Multi-
charge transfer from photodoped ITO nanocrystals,
Nanoscale Adv., 2021, 3, 6628–6634, DOI: 10.1039/
d1na00656h.

7 M. Ghini, N. Curreli, M. B. Lodi, N. Petrini, M. Wang,
M. Prato, A. Fanti, L. Manna and I. Kriegel, Control of elec-

Paper Nanoscale

17144 | Nanoscale, 2023, 15, 17138–17146 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 4
:4

0:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.5281/zenodo.8308892
https://doi.org/10.5281/zenodo.8308892
https://doi.org/10.1002/aenm.201903930
https://doi.org/10.1002/aenm.201903930
https://doi.org/10.1039/d0nr09163d
https://doi.org/10.1021/acs.nanolett.8b01264
https://doi.org/10.1021/acs.chemmater.8b04813
https://doi.org/10.1021/ja5116953
https://doi.org/10.1039/d1na00656h
https://doi.org/10.1039/d1na00656h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03534d


tronic band profiles through depletion layer engineering in
core-shell nanocrystals, Nat. Commun., 2022, 1–9, DOI:
10.1038/s41467-022-28140-y.

8 N. Petrini, M. Ghini, N. Curreli and I. Kriegel, Optical mod-
eling of plasmonic nanoparticles with electronically
depleted layers, J. Phys. Chem. C, 2023, 127(3), 1576–1587,
DOI: 10.1021/acs.jpcc.2c05582.

9 O. Savateev, Photocharging of Semiconductor Materials:
Database, Quantitative Data Analysis, and Application in
Organic Synthesis, Adv. Energy Mater., 2022, 12, 2200352,
DOI: 10.1002/aenm.202200352.

10 I. Kriegel, M. Ghini, S. Bellani, K. Zhang, A. W. Jansons,
B. M. Crockett, K. M. Koskela, E. S. Barnard, E. Penzo,
J. E. Hutchison, J. A. Robinson, L. Manna, N. J. Borys and
P. J. Schuck, Light-Driven Permanent Charge Separation
across a Hybrid Zero-Dimensional/Two-Dimensional
Interface, J. Phys. Chem. C, 2020, 124, 8000–8007, DOI:
10.1021/acs.jpcc.0c01147.

11 R. Liu, D. Wu and X. Feng, Bottom-Up Fabrication of
Photoluminescent Graphene Quantum Dots with Uniform
Morphology, J. Am. Chem. Soc., 2011, 133, 15221–15223.

12 L. F. Dössel, V. Kamm, I. A. Howard, F. Laquai, W. Pisula,
X. Feng, C. Li, M. Takase, T. Kudernac, S. De Feyter and
K. Müllen, Synthesis and controlled self-assembly of co-
valently linked hexa- peri -hexabenzocoronene/perylene
diimide dyads as models to study fundamental energy and
electron transfer processes, J. Am. Chem. Soc., 2012, 134,
5876–5886, DOI: 10.1021/ja211504a.

13 Y. Z. Tan, S. Osella, Y. Liu, B. Yang, D. Beljonne, X. Feng
and K. Müllen, Sulfur-annulated hexa-peri-hexabenzocoro-
nene decorated with phenylthio groups at the periphery,
Angew. Chem., Int. Ed., 2015, 54, 2927–2931, DOI: 10.1002/
anie.201409932.

14 J. D. Douglas, G. Griffini, T. W. Holcombe, E. P. Young,
O. P. Lee, M. S. Chen and J. M. J. Fréchet, Functionalized iso-
thianaphthene monomers that promote quinoidal character in
donor-acceptor copolymers for organic photovoltaics,
Macromolecules, 2012, 45, 4069–4074, DOI: 10.1021/ma300589k.

15 D. Marinelli, F. Fasano, B. Najjari, N. Demitri and
D. Bonifazi, Borazino-Doped Polyphenylenes, J. Am. Chem.
Soc., 2017, 139, 5503–5519, DOI: 10.1021/jacs.7b01477.

16 S. Min, J. Hou, Y. Lei, X. Ma and G. Lu, Facile one-step
hydrothermal synthesis toward strongly coupled TiO 2/gra-
phene quantum dots photocatalysts for efficient hydrogen
evolution, Appl. Surf. Sci., 2017, 396, 1375–1382, DOI:
10.1016/j.apsusc.2016.11.169.

17 A. Raghavan, S. Sarkar, L. R. Nagappagari, S. Bojja,
S. Muthukondavenkatakrishnan and S. Ghosh, Decoration
of Graphene Quantum Dots on TiO2 Nanostructures:
Photosensitizer and Cocatalyst Role for Enhanced
Hydrogen Generation, Ind. Eng. Chem. Res., 2020, 59,
13060–13068, DOI: 10.1021/acs.iecr.0c01663.

18 E. Regulska, J. Breczko, A. Basa, B. Szydlowska,
K. Kakareko, A. Rydzewska-Rosołowska and T. Hryszko,
Graphene-quantum-dots-decorated NiAl2O4 nanostructure
as supercapacitor and electrocatalyst in biosensing, Mater.

Today Commun., 2022, 33, 104166, DOI: 10.1016/j.
mtcomm.2022.104166.

19 P. Han, I. C. Y. Hou, H. Lu, X. Y. Wang, K. Müllen,
M. Bonn, A. Narita and E. Cánovas, Chemisorption of
Atomically Precise 42-Carbon Graphene Quantum Dots on
Metal Oxide Films Greatly Accelerates Interfacial Electron
Transfer, J. Phys. Chem. Lett., 2019, 10, 1431–1436, DOI:
10.1021/acs.jpclett.9b00399.

20 M. R. Ajayakumar, J. Ma and X. Feng, π-Extended peri-
Acenes: Recent Progress in Synthesis and Characterization,
Eur. J. Org. Chem., 2022, 2022, 14–16, DOI: 10.1002/
ejoc.202101428.

21 Q. Liu, J. Sun, K. Gao, N. Chen, X. Sun, D. Ti, C. Bai, R. Cui
and L. Qu, Graphene quantum dots for energy storage and
conversion: From fabrication to applications, Mater. Chem.
Front., 2020, 4, 421–436, DOI: 10.1039/c9qm00553f.

22 J. Li, G. Zhang, D. M. Holm, I. E. Jacobs, B. Yin, P. Stroeve,
M. Mascal and A. J. Moulé, Introducing Solubility Control
for Improved Organic P-Type Dopants, Chem. Mater., 2015,
27, 5765–5774, DOI: 10.1021/acs.chemmater.5b02340.

23 D. Kiefer, R. Kroon, A. I. Hofmann, H. Sun, X. Liu,
A. Giovannitti, D. Stegerer, A. Cano, J. Hynynen, L. Yu,
Y. Zhang, D. Nai, T. F. Harrelson, M. Sommer,
A. J. Moulé, M. Kemerink, S. R. Marder, I. McCulloch,
M. Fahlman, S. Fabiano and C. Müller, Double doping of
conjugated polymers with monomer molecular dopants,
Nat. Mater., 2019, 18, 149–155, DOI: 10.1038/s41563-018-
0263-6.

24 H. Méndez, G. Heimel, S. Winkler, J. Frisch, A. Opitz,
K. Sauer, B. Wegner, M. Oehzelt, C. Röthel, S. Duhm,
D. Többens, N. Koch and I. Salzmann, Charge-transfer crys-
tallites as molecular electrical dopants, Nat. Commun.,
2015, 6, 8560, DOI: 10.1038/ncomms9560.

25 A. Lewandowska-Andralojc and B. Marciniak, Five Major
Sins in Fluorescence Spectroscopy of Light-Harvesting
Hybrid Materials, ACS Energy Lett., 2019, 4, 1898–1901,
DOI: 10.1021/acsenergylett.9b01146.

26 C. M. Staller, S. L. Gibbs, C. A. Saez Cabezas and
D. J. Milliron, Quantitative Analysis of Extinction
Coefficients of Tin-Doped Indium Oxide Nanocrystal
Ensembles, Nano Lett., 2019, 19, 8149–8154, DOI: 10.1021/
acs.nanolett.9b03424.

27 A. S. Dileseigres, Y. Prado and O. Pluchery, How to Use
Localized Surface Plasmon for Monitoring the Adsorption
of Thiol Molecules on Gold Nanoparticles?, Nanomaterials,
2022, 12, 292.

28 D. Zhou, X. Li, Q. Zhou and H. Zhu, Infrared driven hot
electron generation and transfer from non-noble metal
plasmonic nanocrystals, Nat. Commun., 2020, 11, 1–7, DOI:
10.1038/s41467-020-16833-1.

29 S. A. Lee and S. Link, Chemical Interface Damping of
Surface Plasmon Resonances, Acc. Chem. Res., 2021, 54,
1950–1960, DOI: 10.1021/acs.accounts.0c00872.

30 A. M. Schimpf, C. E. Gunthardt, J. D. Rinehart, J. M. Mayer
and D. R. Gamelin, Controlling carrier densities in photo-
chemically reduced colloidal ZnO nanocrystals: Size depen-

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2023 Nanoscale, 2023, 15, 17138–17146 | 17145

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 4
:4

0:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1038/s41467-022-28140-y
https://doi.org/10.1021/acs.jpcc.2c05582
https://doi.org/10.1002/aenm.202200352
https://doi.org/10.1021/acs.jpcc.0c01147
https://doi.org/10.1021/ja211504a
https://doi.org/10.1002/anie.201409932
https://doi.org/10.1002/anie.201409932
https://doi.org/10.1021/ma300589k
https://doi.org/10.1021/jacs.7b01477
https://doi.org/10.1016/j.apsusc.2016.11.169
https://doi.org/10.1021/acs.iecr.0c01663
https://doi.org/10.1016/j.mtcomm.2022.104166
https://doi.org/10.1016/j.mtcomm.2022.104166
https://doi.org/10.1021/acs.jpclett.9b00399
https://doi.org/10.1002/ejoc.202101428
https://doi.org/10.1002/ejoc.202101428
https://doi.org/10.1039/c9qm00553f
https://doi.org/10.1021/acs.chemmater.5b02340
https://doi.org/10.1038/s41563-018-0263-6
https://doi.org/10.1038/s41563-018-0263-6
https://doi.org/10.1038/ncomms9560
https://doi.org/10.1021/acsenergylett.9b01146
https://doi.org/10.1021/acs.nanolett.9b03424
https://doi.org/10.1021/acs.nanolett.9b03424
https://doi.org/10.1038/s41467-020-16833-1
https://doi.org/10.1021/acs.accounts.0c00872
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03534d


dence and role of the hole quencher, J. Am. Chem. Soc.,
2013, 135, 16569–16577, DOI: 10.1021/ja408030u.

31 A. W. Cohn, N. Janßen, J. M. Mayer and D. R. Gamelin,
Photocharging ZnO nanocrystals: Picosecond hole capture,
electron accumulation, and auger recombination, J. Phys.
Chem. C, 2012, 116, 20633–20642, DOI: 10.1021/jp3075942.

32 S. L. Gibbs, C. M. Staller, A. Agrawal, R. W. Johns,
C. A. Saez Cabezas and D. J. Milliron, Intrinsic optical and
electronic properties from quantitative analysis of plasmo-
nic semiconductor nanocrystal ensemble optical extinc-
tion, J. Phys. Chem. C, 2020, 124, 24351–24360, DOI:
10.1021/acs.jpcc.0c08195.

Paper Nanoscale

17146 | Nanoscale, 2023, 15, 17138–17146 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 3

/1
4/

20
26

 4
:4

0:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/ja408030u
https://doi.org/10.1021/jp3075942
https://doi.org/10.1021/acs.jpcc.0c08195
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr03534d

	Button 1: 


