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Photocarrier (e/h+) generation at low dimension graphene quantum dots offers multifunctional
applications including bioimaging, optoelectronics and energy conversion devices. In this context,
graphene quantum dots onto metal oxide electron transport layer ﬁnds great deal of attention in solar
light driven photoelectrochemical (PEC) hydrogen fuel generation. The merits of combining tailored
optical properties of the graphene quantum dots sensitizer with the transport properties of the host wide
band gap one dimensional nanostructured semiconductor provide a platform for high charge collection
which promotes catalytic proton reduction into fuel generation at PEC cells. However, understanding the
underlying mechanism of photocarrier transfer characteristics at graphene quantum dots/metal oxide
interface during operation is often difﬁcult as graphene quantum dots may have a dual role as sensitizer
and catalyst. Therefore, exploring photocarrier generation and injection at graphene quantum dot/metal
oxide heterointerfaces in contact with hole scavenging electrolyte afford a new pathway in developing
graphene quantum dots based photoelectrochemical fuel generation systems. In this work, we
demonstrate direct assembly of surface modiﬁed graphene quantum dots (2 nm particle size) onto TiO2
hollow nanowire (3 mm in length and 100 to 250 nm in diameter) by electrostatic attraction and
examine the photocarrier accumulation and recombination processes leading to device operation.
Optical characterization reveals that GQDs absorbed light photons at visible light wavelength up to
600 nm. Hybrid TiO2-GQDs heterostructures show a photocurrent enhancement of 70% for water
oxidation compared to pristine TiO2 using sacriﬁcial-free electrolyte, which is further validated by
incident photon to current efﬁciency. Additionally, the charge accumulation processes and charge
transfer characteristics are investigated by electrochemical impedance spectroscopy. These results
provide the platform to understand the insights of graphene quantum dots/metal oxide interfaces in PEC
reactions and discuss the feasibility of graphene quantum dots in wide range of electrochemical and
photoelectrochemical based fuel conversion devices.
ã 2015 Elsevier Ltd. All rights reserved.

Keywords:
TiO2
graphene quantum dots
water splitting
solar fuel
photoelectrochemical
charge transfer

1. Introduction
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Photoelectrochemical hydrogen generation by water splitting
with semiconductor materials constitutes the most attractive
approach towards the direct conversion of solar energy into chemical
fuels [1]. Since the pioneering report of Fujishima and Honda in 1972
[2], TiO2 has been intensively studied as the most stable
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photocatalyst to date. However, the negligible light harvesting
efﬁciency in the visible range of the spectrum constitute a serious
drawback of this material for energy conversion applications and
extensive exploration of different strategies to enhance the visible
absorption of TiO2 has been carried out in the last 40 years. Doping
with interstitial atoms like C [3], N [4] or S [5] has provided limited
success in extending the absorption range of TiO2. Another common
approach relies on sensitization with narrow bandgap semiconductors and generally entails the use of chalcogenide materials, (CdS,
CdSe, PbS, etc) which pose environmental problems and exhibit fast
photocorrosion in aqueous solutions unless a hole scavenger is
present in the solution [6–8].
On the other hand, graphene (a 2-dimensional network of
hexagonal structured sp2-hybridized carbon atoms) [9] has
emerged in the last years as a novel material with outstanding
optoelectronic properties able to revolutionize energy conversion
architectures and devices [10,11]. Its high conductivity (106 S
cm1), excellent room-temperature mobility of charge carriers
(2  105 cm2 V1 s1), large theoretical speciﬁc surface area
(2630 m2 g1) and high optical transmittance (98%) are some
of these unique features [12]. Although graphene is generally
considered a zero bandgap semiconductor, its electronic structure
can be engineered by heteroatom doping, electrostatic ﬁeld tuning
[13], and size control [14] and a n-type or p-type semiconductor
with a small bandgap can be obtained.
One of the interesting approaches to downsize layered
graphene [15–17] or graphite [18–20] by top-down methods or
carbonizing the organic precursors through bottom-up techniques
[21] leads to band gap induced graphene quantum dots (GQDs).
Apparently, these zero dimension GQDs show effective photocarrier generation and separation at metal oxide interface
compared to graphene layers, which may anticipate reducing
the charge recombination rate [22]. During the last few years
signiﬁcant research has been progressed to scale up the GQDs yield
in gram scale towards industrial applications [18,23]. Some reports
explore the possibility of GQDs synthesis from natural resources of
coal [24,25] and plant leafs [26] encouraging the utilization of
GQDs in a broad range of device applications at low cost.
The highly conducting behaviour of GQDs is widely implemented as tunnelling gate in gas sensors [27,28], and memory
devices [29]. In addition, GQDs serve as intermediate electron
acceptor layers in electrochromic displays and solar cells [30,31],
which facilitate the charge separation from photoactive layer to
electron transport layer. Therefore, the size and edge controlled
[32,33] band gap tuneable graphene quantum dots is an
appropriate choice in light harvesting agents compare to graphene
and can be utilized in multifunctional applications where the
photoexcited carriers takes a key role [34,35].
In this line, graphene GQDs have been recognized as a costcompetitive, environmentally benign, and stable photoactive
material in a broad range of light driven optoelectronic device
applications such as photodetector, photovoltaics, photocatalyst and
photoelectrochemical devices [31,36,37]. These reports strongly
corroborate that GQDs can access the light photons from wide solar
spectrum and can be utilized in electricity or fuel generation. Indeed,
aggregation of GQDs [21] in liquid medium could affect their optical
properties The assembly of GQDs monolayer onto mesoporous metal
oxide electron transport framework [38] shows analogous photosensitizer effect like organic dye molecules or semiconductor
quantum dots [39–41]. Comparing to common sensitization
strategies, this approach involves environmentally friendly materials and in contrast to metal chalcogenide QDs, the use of hole
scavengers is not needed, which greatly maximizes the potential of
this material for solar fuels applications.
However, the photoexcited charge carrier separation at GQDs/
metal oxide electronic interfaces is less understood, since GQDs

can play both photosensitizer and electrocatalyst roles simultaneously at metal oxide host surface, which often leads to problems
to recognize their effect. Therefore identifying the underlying
mechanism of GQDs under photoirradiation in conjugation with
metal oxide nanostructure could be informative to promote the
utilization of GQDs in solar to fuel generation process. In this work,
we demonstrate the photoelectrochemical reactions at GQDs/TiO2
hollow nanowire (HNW) architecture electrode and their charge
transfer characteristics in the context of solar to fuel conversion.
These TiO2 hollow nanowires appear as promising architectures for
solar energy conversion applications, due to the promotion of light
scattering effects, which leads to enhanced light harvesting
efﬁciency. More importantly, we correlate the functional performance of the devices with the mechanisms leading to device
operation, i.e., charge accumulation and recombination.
2. Experimental
2.1. Materials
Graphite powder was purchased from Asbury carbons (USA,
Grade: 2012). Potassium permanganate, hydrogen peroxide,
ammonia were purchased from Sigma-Aldrich and sulfuric acid
and hydrochloride were obtained from Samchun Chemical. All
chemicals were used as received without additional puriﬁcation.
Water was deionized using a Milipore MilliQ1 system.
2.2. Synthesis of graphene oxide and graphene quantum dots
Graphene oxide was synthesized from natural graphite by the
modiﬁed Hummers method, as described elsewhere [42,43]. The
aqueous GO dispersion was extensively washed and ﬁltered with
1 M HCl and was then dialyzed with a dialysis membrane (Spectra
Dialysis Membrane, MWCO: 6  8000) for 7 days to remove the salt
byproduct and excess acid. Dried GO powder was dissolved in DI
water at a concentration of 0.2 wt%. Then, an ammonia solution
was added to the GO suspension until pH value becomes 11. After
adding 1 mL of H2O2, GO solution underwent a hydrothermal
treatment in a sealed Teﬂon vessel in an autoclave for 5 hours at
150  C. After the synthetic reaction of the GQDs, the solution was
ﬁltered with a PTFE membrane (Millipore, pore size: 100 nm). The
pH value of resulting clear solution was 8.3.
2.3. Fabrication of TiO2 hollow nanowire array
The TiO2 hollow nanowires have already demonstrated to be
promising architectures for solar energy conversion applications,
due to the promotion of light scattering effects, which leads to
enhanced light harvesting efﬁciency.6a In the present study, we
synthesized these structures by using ZnO nanowire templates.6a
The zinc oxide (ZnO) ﬁlm of 200 nm was deposited on FTO
substrate using radio frequency magnetron sputtering. Vertically
aligned ZnO nanorods array were grown on the ZnO seed layer
coated FTO substrate via hydrothermal method. TiO2 layer was
coated on the ZnO nanorod template, and then ZnO was etched out
in boric acid solution. These ZnO nanorods only serve as template
to generate the hollow TiO2 nanowires and do not have any
functional role in the device. Details are well described on our
previous study [6]. TiO2 HNW array was calcined at 500  C for 0.5 h
under Ar atmosphere to obtain anatase phase TiO2.
2.4. Decorating TiO2 hollow nanowire with graphene quantum dots
The resultant GQDs 0.005 g was dispersed in 4 ml of ultrapure
deionized water. Then, the TiO2 HNW electrode was placed in the
GQDs solution overnight. The GQDs are uniformly decorated on
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TiO2 due to electrostatic attraction between TiO2 and GQD and the
white color TiO2 electrode turned light brownish. Finally the GQD
decorated TiO2 was washed with pure water and dried at N
atmosphere.
2.5. Characterization techniques
The photoluminescence (PL) emission was recorded using
Dongwoo Optron Co. Ltd. PL spectroscopy. The samples were
irradiating at ambient temperature with a HeCd laser source
(IK3501R-G, 325 nm). The beam width and resolution was
controlled by MonoRa-750i Monochromator. The whole system
equipped with a data acquisition unit (DAQ), a digitizer DAD1602U, and optics for guiding the excitation beam and collecting
luminescence signals. The optical absorbance measurements were
carried out using JASCO 570 spectrophotometer. Structural
morphology of the samples was studied using a JEOL JEM-3100F
ﬁeld emission scanning electron microscope (SEM) and a JEOL JSM
7600F ﬁeld emission transmission electron microscope (TEM).
Steady state current density voltage (j-V), measurements were
carried out using a FRA equipped PGSTAT-30 from Autolab. A threeelectrode conﬁguration was used, where the G-QD/TiO2 photoelectrode was connected to the working electrode, a Pt wire was
connected to the counter electrode and a saturated Ag/AgCl was
used as the reference electrode. The aqueous solution (0.5 M) of
Na2SO4 was used as the electrolyte. In order to avoid the presence
of oxygen (electron acceptor) in the solution, the electrolyte was
bubbled with nitrogen gas for 30 min. The pH of the solution was
5.9 and all the electrochemical measurements were referred to the
reversible hydrogen electrode (RHE) by the equation VRHE = V Ag/
AgCl + 0.197 + pH (0.059). The electrodes were illuminated using a
300 W Xe lamp and the light intensity was adjusted with a
thermopile to 100 mW/cm2, with illumination through the
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substrate. EIS measurements were carried out in a three electrode
conﬁguration, applying 20 mV AC signal and scanning in a
frequency range between 100 kHz and 0.1 Hz, at different applied
biases. The IPCE measurements were carried out by employing a
300 W Xe lamp coupled with a computer-controlled monochromator; the photoelectrode was polarized at the desired voltage
with a Gamry potentiostat, and the photocurrent was measured
using an optical power meter 70310 from Oriel Instruments.
3. Results and discussion
The as-synthesized GQDs suspension from chemical exfoliation
of graphene oxide exhibits a brownish colour as showed in Fig 1a
and is dispersed in deionized water. Upon illumination with
monochromatic UV light (365 nm), strong green ﬂuorescence can
be observed (Fig 1b). The PL spectrum ensures the visible light
band gap excitation at GQDs. Further, the visible light activity of
GQDs was veriﬁed with optical absorbance spectra, which clearly
indicates the band edge falls above 450 nm (Fig. 1c). The size of the
GQDs is analyzed with transmission electron microscopy (TEM)
(Fig 1d) and shows a narrow size distribution with the average
diameter of 2 nm (Fig 1e). The structural morphology of the
pristine TiO2 thin ﬁlms is showed in Fig 2a as vertically grown
HNWS. The characteristic dimensions of the individual wires can
be extracted from HRTEM micrographs (Fig 2b) and found to be
3 mm in length and 250 nm in diameter. After GQD sensitization
(Fig 2c), the presence of carbon can be locally detected at the
surface of the hollow nanowires through EDS analysis, see Fig 2d.
However, the morphology of these GQDs cannot be clearly
determined even at high magniﬁcation (Fig. 2c).
In order to further assess the presence of GQDs on TiO2 HNWs,
the optical absorbance of HNWs TiO2 (A) was determined from
transmittance (T) and diffuse reﬂectance (R) measurements using

Fig. 1. (a) Photograph of GQDs solution under visible illumination and (b) under monochromatic light illumination (lexc = 365 nm), (c) Photoluminesce and optical absorbance
spectrum of GQDs solution (lexc = 365 nm) (d) HRTEM image of GQD solution and (e) size distribution of GQDs estimated from Fig. 1d. (Consider changing “e” to black colour
instead of red.)
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Fig. 2. (a) Cross section SEM image and (b) HRTEM image of pristine TiO2 HNWs; (c) HRTEM image of GQDs-sensitized TiO2 HNWs (elemental mapping results recorded
across the TiO2 HNWs indicated in different yellow color line) (d) Elemental mapping results.

the expressionA ¼ logðT þ RÞ. The TiO2 HNWs absorb light up to
400 nm, although a large absorption tail extending up to 600 nm
exists due to scattering effects at the HNWs (Fig. 3). After GQD
sensitization, the absorption is signiﬁcantly enhanced both at the
ultraviolet (UV) and visible regions of the electromagnetic
spectrum. The high absorbance occurred at UV region is attributed
to the p–p* transition of aromatic sp2 domains in GQDs [44]. The
visible light absorption is originated from the excitation between s
and p orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) [45].

Fig. 3. Optical absorbance spectra of pristine and GQDs coated TiO2 electrode. (the
symbol indicated ‘D’ represents pristine TiO2 and ‘D’ indicates GQDs sensitized
TiO2).

The photocharge carrier generation at GQDs and TiO2 upon
photoirradiation is schematically explained in Scheme 1. The
charge transfer at heterostructured TiO2-GQDs system can be
qualitatively understood by the energy diagram showed in
Scheme 1, where the conduction band position of the GQDs is
more negative compared to that of TiO2.15 Therefore, both
materials are aligned in a type II conﬁguration and consequently
photogenerated holes at the GQDs can be injected to the solution

Scheme 1. Photoexcitation charge carriers generated at GQDs/TiO2 interfaces. The
photoholes from valence band of GQD and TiO2 involves in water oxidation
phenomena and produce oxygen gas molecules. The electrons from conduction
band of GQD and TiO2 will transport to charge collector.
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Fig. 4. (a) j-V curves and (b) IPCE spectra at 1.23 V vs RHE of pristine TiO2 nanowires
and after sensitization with GQDs (the symbol indicated ‘D’ represents pristine TiO2
and ‘D’ indicates GQDs sensitized TiO2).

(water oxidation), while photogenerated electrons are injected
into TiO2, and then to the contact (charge collector). This energy
diagram scheme is consistent with previous studies with carbon
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quantum dots.16 According to this energy diagram scheme, the
measured photocurrents can be related to water oxidation. The
enhanced optical absorption at the hybrid nanocomposite ﬁlms
leads to higher photocurrents for water oxidation, as showed in Fig
4a. At 1.23 V vs RHE, pristine TiO2 HNWs deliver a photocurrent of
0.12 mA cm2, while 0.18 mA cm2 are obtained after GQDs
sensitization.
The possibility of light scattering from GQDs may also enhance
optical path ways of TiO2. However, it is noticed that the
reﬂectance of TiO2 is found to reduce from 400-500 nm
wavelength after decorating GQDs (See supporting information
Fig. S1). This implies that GQDs could absorb the light photons at
400-500 nm wavelengths. Further the photocurrent enhancement
at TiO2 by GQDs is examined with external quantum efﬁciency
analysis. Fig. 4b, the IPCE spectra clearly evidence that this
enhancement is due to the extension of the optical absorption of
the heterostructure.
A contribution of scattering to the photocurrent after GQDs
sensitization is also deduced from the ﬂat IPCE signal above
450 nm. Integration of the IPCE spectra obtained at 1.23 V vs RHE
with the solar spectrum leads to photocurrent values very close to
those observed in the j-V curves of Fig. 4a (0.12 mA  cm2 and 0.19
mA  cm2 for TiO2 and TiO2-GQDs, respectively). At this stage,
optimization of the GQDs loading onto TiO2 HNWs is needed to
signiﬁcantly enhance the device performance targeting competitive efﬁciencies.
Further insight into the optoelectronic and photoelectrochemical behaviour showed in Fig. 4 can be gained on the basis of
physical modelling fed by results provided by impedance
spectroscopy. The experimental impedance spectra (Nyquist plots)
systematically showed a single arc in the dark and under
illumination for all applied voltages (Fig. 5a and b) and
consequently, we used the simple equivalent circuit showed in
Fig. 5c, to ﬁt these spectra. The electrical elements of the selected
equivalent circuit included a series resistance (Rs) accounting for
the resistance at the contacts and wiring elements connected in
series with the parallel combination of a charge transfer resistance
(Rct), which describes the charge transfer kinetics of electrons

Fig. 5. Representative Nyquist plots of the impedance spectra obtained on the tested samples in 0.5 M Na2SO4 solution in the (a) dark and (b) under illumination; (c) electrical
equivalent circuit used for ﬁtting the impedance response data of the tested materials.
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Fig. 6. (a) Charge transfer resistance and (b) Film capacitance on bare TiO2 (circles) and GQD decorated TiO2 electrodes (triangles) in the dark (black) and under illumination
(100 mW cm2) conditions (white).

recombining with the surface states/species in solution and a
capacitance (Cﬁlm), which conveys information of charge accumulation mechanisms at the semiconductor/solution interface. The
estimated charge capacitance (Cﬁlm) from equivalent circuit
analysis is presented at different scale in Fig. S2 (a, b and c).
Fig. 6 compiles the most relevant results for Rct and Cﬁlm. The
charge transfer kinetics is systematically faster for TiO2-GQDs
samples as evidenced by the higher charge transfer resistance
found for the pristine TiO2 architecture (Fig. 6a). Both, j-V curves
and Rct in the dark show increased recombination for TiO2-GQDs.
On the other hand, the capacitance in the dark (Fig. 6b) shows the
characteristic exponential dependence on voltage previously
reported for the distribution of interbandgap states in TiO2, for
both specimens below 0.8 V versus RHE.17 At more positive
potentials, the capacitive signatures are dominated by the FTO
substrate and the reasons for the different values are related to the
exposure of the substrate to the solution, (see Fig. S1 MottSchottky plots). The cyclic voltammetry curves before and after
impedance spectroscopy measurements were very similar indicating that the ﬁlms are stable for at least 2 hours under operation.
Under illumination, the chemical capacitance of TiO2 is
identical to that in the dark, since this capacitance is mainly
governed by the applied bias that controls the Fermi level of TiO2
HNWs. Under illumination, the resultant photoinduced charge
accumulation at the GQDs (white triangles in Fig. 7b) is believed to
be the reason for the signiﬁcantly increased capacitance at all
applied potentials. The possible mechanism of the observed
photoinduced charge accumulation at GQDs/TiO2 can be explained
on the basis of Long et al. [22], i.e.: GQDs can be chemisorbed onto
TiO2 (110) surface through the O-Ti covalent bonds.
As it is discussed above, photoexcited electrons generated at the
GQD enhance the charge density. This enhancement is reﬂected on
the decreased Rct under illumination (Fig. 6a). However the much
larger difference in the capacitance of TiO2-GQDs compared to the
small change in Rct suggests that recombination kinetics of GQDs
under illumination is slowed down compared to pristine TiO2.
4. Conclusion
In conclusion, we have prepared colloidal GQDs as effective
sensitizers of TiO2 hollow nanowires for enhancing the light
harvesting efﬁciency and the catalytic activity for water oxidation
of this material providing a promising demonstration of concept of
hybrid architecture for water photo-oxidation, without the need of
sacriﬁcial agents (hole scavengers). Due to their enhanced
properties, these heterostructures outperform pristine TiO2
electrodes, although water oxidation photocurrents must be

signiﬁcantly increased in order to attain reasonable energy
conversion efﬁciencies for technological exploitation. The impedance analysis on TiO2-GQDs provides a platform to understand the
energetic structure of heterophotocatalytic interfaces at working
condition. It is anticipated that this impedance model can be
further implemented in GQDs based solar light driven devices,
where GQDs perform as electron transporter or photosensitizers
[46,11,47,22,48]. In particular, the interrelationship between
charge capacitance and charge transfer resistance at metal
oxide-GQDs interfaces will be informative of the control the
recombination rate at photoelectrochemical fuel generation
systems.
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