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Abstract: CdS modified with reduced
graphene oxide (RGO) has been
widely demonstrated to be effective in
the field of solar-energy conversion.
However, the inherent mechanism of
this superior property is still not thor-
oughly understood. Thus the photo-
electrochemical method was employed

result shows that the photoelectro-
chemical properties of RGO/CdS sam-
ples are sensitive to the relative ratio
of RGO to CdS, and the photoelec-
trode with 1.0wt % ratio of RGO pos-
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sesses the best photoelectrochemical
performance. Further investigation
demonstrates that the synergetic effect
between CdS and RGO directly influ-
ences the charge-transport property
and band-structure of the composite,
which is also supported by the X-ray
photoelectron spectroscopy data and

to systemically investigate the synerget-
ic effect between CdS and RGO. The

Introduction

Progressive initiatives for efficient harvest and conversion of
solar energy are urgently needed to meet our demand for
renewable and clean energy.'! However, the lack of effective
functional materials has severely restricted further develop-
ment in this vital field. As is known, CdS is an important
material for solar-energy conversion because of its narrow
bandgap (~2.4eV), and relatively high conduction-band
position (—0.7V versus the normal hydrogen electrode
(NHE); pHO0). Unfortunately, CdS nanoparticles always
suffer from rapid electron-hole recombination, which heavi-
ly retards their photoconversion efficiency.’! Recently, gra-
phene as a building block for novel functional nanomaterials
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chemistry - semiconductors

first-principle simulation, respectively.

has attracted much attention for applications in solar-energy
conversion such as photocatalysis,””! solar cells,”) and solar
fuels®! due to its novel two-dimensional honeycomb crystal
structure and superior electronic properties.[’ Many works
demonstrate that nanomaterials modified with graphene
always show remarkable enhancement of the photoconver-
sion efficiency relative to the bare nanomaterials because
graphene can act as an excellent electron reservoir to sepa-
rate and transfer photoinduced carriers effectively.*”]
Hence, intensive scientific works have been focused on the
enhancement of the photocatalytic or photovoltaic perfor-
mance of CdS by introducing graphene.®! For example, our
group® has demonstrated that CdS/graphene nanocompo-
site exhibited enhanced photocatalytic H,-production activi-
ty relative to CdS nanoparticles. Xu et al.®™ have reported
that N-graphene as a charge collector can promote separa-
tion and transfer of the photogenerated carriers in CdS.

The photoconversion efficiency of the CdS/graphene
nanomaterial generally varies with the ratio of graphene in
the nanocomposite, and tuning the relative ratio of graphene
to CdS is an effective strategy to achieve the optimal photo-
conversion efficiency. The improved photoconversion effi-
ciency is mainly attributed to the unique abilities of gra-
phene to efficiently separate the photoinduced carriers and
consequently hinder the recombination of electrons and
holes in CdS nanoparticles. Recently, some theoretical re-
search!” has shown that, in addition to the promotion of the
separation of photogenerated charges, the interaction be-
tween semiconductor nanoparticle and graphene can also
modify the band structure of the nanocomposite, thus lead-
ing to the extended light absorption of the nanocomposite.
Unfortunately, the interaction between CdS and graphene is
given less consideration in previous reports. Consequently,
a systematic investigation of the synergetic interaction be-
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tween CdS and graphene is highly desired for an in-depth
understanding of the enhancement of the photoconversion
efficiency.

In recent years, electrochemical methods, particularly
cyclic voltammetry (CV) and electrochemical impedance
spectra (EIS), have been widely used to analyze the elec-
tronic properties of semiconductor materials.'”! CV has
been successfully employed for several decades in the quan-
titative estimation of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of polymers'!l and semiconductors!'? be-
cause of the mild experimental conditions relative to other
methods such as photoelectron spectroscopy. Meanwhile,
EIS can reveal the valuable information about the charge-
transfer kinetics of a photoelectrochemical cell, and the fre-
quency response shown by EIS can help identify the charge-
transfer resistance at an electrode interface.

Herein, CdS/RGO electrodes with different reduced gra-
phene oxide (RGO) contents were prepared and systemical-
ly investigated by photoelectrochemical methods combined
with first-principle simulation to gain an in-depth under-
standing of the origin of the excellent solar-energy conver-
sion efficiency of the CdS/RGO composite. Both the change
in charge-separation ability and the influence on band struc-
ture of these CdS/RGO nanomaterials are discussed in
detail.

Results and Discussion

CdS/RGO samples with several typical RGO contents, that
is, 0.5, 1.0, and 5.0 wt %, were prepared by a solvothermal
method and fabricated into thin film eletrodes by the
doctor-blade method followed by calcination. The obtained
products were labeled as GC0.5, GC1.0, and GC5.0, respec-
tively. Pure CdS (GCO0) was also prepared by using the same
method in the absence of graphene oxide (GO). The phases
of the calcined GCx (x=0, 0.5, 1.0, and 5.0) samples were
first determined by X-ray diffraction (XRD) measurement,
as depicted in Figure 1. For the calcined GC0, all of the dif-
fraction peaks can be satisfactorily indexed as the hexagonal
CdS phase (JCPDS 41-1049), which is different from the un-
calcined GCO sample with the cubic phase.®™ The phase
transition from cubic to hexagonal CdS is caused by the
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Figure 1. XRD patterns of GC0, GC0.5, GC1.0, and GCS5.0 samples after
calcination treatment.
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high-temperature calcination process.™® After the introduc-
tion of RGO, a mixture of cubic (JCPDS 10-0454) and hex-
agonal CdS phases could be observed for GC0.5, GC1.0,
and GCS5.0 samples in the present study. That is, the addition
of RGO can partially suppress the phase-transition process
of CdS during the calcination process.

Transmission electron microscopy (TEM) images of the
obtained samples are shown in Figure 2. It is clear that pure
CdS aggregates to form larger particles with diameters of
approximately 300 nm (Figure 2a). Figure 2b-d, however,

Figure 2. TEM images of a) GCO0, b) GCO0.5, ¢c) GC1.0, and a) GC5.0 after
calcination treatment.

shows that much smaller CdS nanoparticles are almost uni-
formly and tightly spread on the RGO sheets for GCO0.5,
GC1.0, and GC5.0 samples. Although the high-temperature
process partially induced the phase transition from a cubic
to hexagonal structure, there is almost no influence on the
dispersion of CdS nanoparticles. This is in accordance with
our previous report,®! as graphene can efficiently anchor
the CdS nanoparticles and inhibit aggregation of CdS nano-
particles in the CdS/RGO composites. Consequently, the
partial suppression of phase transition by graphene is rea-
sonable, because the phase change always starts from the in-
terface of the contact particles.!"!

To verify the effect of RGO content on the photoconver-
sion properties of CdS/RGO composites, the photoelectro-
chemical properties of the samples were investigated.
Figure 3 shows a comparison of the photocurrent density/ap-
plied potential (/-V) characteristics of the photoelectro-
chemical (PEC) cells fabricated from the CdS/RGO electro-
des under visible light in the potential range from 0 to 0.5V
(versus Ag/AgCl). Compared to pure CdS, an increase in
the photocurrent density at 0 V bias can be seen for GCO0.5
in Figure 3, and the photocurrent density of the GC1.0

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Photocurrent density-applied potential plots for the cells with
GC0, GCO0.5, GC1.0, and GC5.0 electrodes.

sample achieves the maximum value. With further increas-
ing the RGO content to 5 wt% ratio, the cell performance
begins to decrease. The as-prepared electrodes exhibit a sim-
ilar energy conversion tendency with increasing graphene
content with respect to photocatalytic hydrogen productio-
n.[Sa]

The transient photocurrent responses of GC0, GCO.5,
GC1.0, and GC5.0 photoelectrodes were recorded for typi-
cal on/off cycles of intermittent visible-light irradiation
(=60 s) at a bias potential of 0.5V, as shown in Figure 4, to
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Figure 4. The transient photocurrent responses of GC0, GC0.5, GC1.0,
and GC5.0 electrodes.

further prove the enhancement of the photoelectrochemical
performance. It can be seen that the photocurrent density is
drastically increased when the irradiation is on, and the
GC1.0 sample shows the highest photocurrent density rela-
tive to other samples, which is in accordance with the J-V
observation. Also, the appearance of an anodic photocurrent
spike at the initial irradiation can be derived from the sepa-
ration of photoinduced electron-hole pairs.™® Moreover,
a significant photocurrent decay is observed in the transient
photocurrent responses of GCO and GCO0.5 samples, whereas
no obvious photocurrent decay is observed for the GC1.0
photoelectrode. The result suggests that the photogenerated
carriers can be separated effectively in the GC1.0 sam-
ple.[mb]

The charge-transfer property of the photoelectrode also
plays an important role in determining the photoelectro-
chemical performance. Thus, EIS of the as-prepared electro-
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Figure 5. Nyquist impedance plots of GCO0, GC0.5, GC1.0, and GC5.0
electrodes in 0.1 m KNOj; aqueous solution under visible-light irradiation.

des was measured, as shown in Figure 5. The Nyquist plots
of the four electrodes were fitted by using the typical Ran-
dles circuit,"® in which R, R, Z,, and C represent the re-
sistance of the electrolyte solution, electron-transfer resist-
ance, Warburg impedance, and electrode/electrolyte inter-
face capacitance, respectively, as illustrated in the inset of
Figure 5. Herein, the high-frequency arc corresponds to the
charge-transfer resistance (R,) at the contact interface be-
tween the electrode and the electrolyte solution, and the
fitted R, of GCO, GCO0.5, GC1.0, and GC5.0 are 302.7,
225.9, 159.2, and 284.3 Qcm?, respectively. Apparently, the
charge-transfer resistance of the GCI1.0 electrode is much
smaller than those of other electrodes, thus indicating its ex-
cellent charge-transfer property, which is also agreement
with the above photocurrent response.

To thoroughly reveal the origin of this high charge-trans-
fer property, X-ray photoelectron spectroscopy (XPS) analy-
ses were performed to confirm the reduction level of RGO
in the samples. As shown in Figure 6, three peaks are ob-
served in the C 1s deconvolution spectra of GC0.5, GC1.0,
and GC2.0 samples, which correspond to sp>-bonded carbon
(C—C, 284.8 eV), epoxy/hydroxyl groups (C—O, 286.9 V),
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Figure 6. High-resolution XPS spectra of C 1s from GC0.5, GC1.0, and
GC2.0 samples, which can be deconvoluted into three Lorentzian peaks
at 284.8, 286.9, and 288.9 eV.
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and carboxyl (O—C=0, 288.9 V), respectively. The lower in-
tensities of C—O and O—C=0 peaks indicate the further re-
moval of the oxygen-containing functional groups for
GC1.0. The amount of oxygen-containing groups can also be
monitored by the relative content of graphitic carbon by the
following equation [Eq. (1)]:

AC—C
AC—C + AC—O + AO—C:C

graphitic carbon% = x 100% (1)

in which Ac ¢, Aco, and A - are the peak areas for C—C,
C—0, and O—C=0, respectively. GC1.0 was found to have
the highest graphitic carbon of 59 %, whereas the graphitic
carbon for GCO0.5 and GC2.0 samples decreases to 41 and
44 %, respectively. As known, RGO undergoes an insulator—
semiconductor—semimetal transition with the increase of its
reduction degree.'” And, RGO with higher reduction
degree possesses higher electronic conductivity, thereby re-
sulting in a better transfer property. Thus, GC1.0 should
possess higher electronic conductivity than other samples,
and the best performance of GC1.0 is reasonable because of
its ability for efficient separation and transfer of the photo-
generated carriers, which is also in accordance with the tran-
sient photocurrent response and EIS as discussed before.

However, as mentioned above, it is not appropriate to at-
tribute the improved photoelectrochemical performance
solely to the enhanced charge-separation and -transfer abili-
ty. It has been reported that graphene can be used to modu-
late the bandgap of semiconductors.'"®! For example, in gra-
phene-TiO, photocatalysts, the bandgap of the nanocompo-
sites was found to decrease along with the increase in gra-
phene content because of the interfacial electron coupling
between graphene and TiO,.'* Thus, to gain an in-depth
understanding on the other origin of the excellent property,
we will investigate the influence of RGO on the band struc-
ture of the nanocomposite, and more thoroughly reveal the
inherent mechanism of the high charge-separation ability.

CV was performed on these photoelectrodes to probe the
effect of the synergetic effect on the band-structure varia-
tion. According to the reported equations,'”! the HOMO
and LUMO levels [eV] of the samples can be evaluated by
Equations (2) and (3):

Eiumo = —(Ered +4.4) eV (2)

Enomo = —(Eox +4.4) eV (3)

in which E,4 and E_, are the onset of reduction and oxida-
tion potential, respectively. The electrochemical bandgap
can then be derived from the difference between the reduc-
tion potential and the oxidation potential. As shown in
Figure 7, the HOMO and LUMO level of the GCO sample
were calculated to be —6.14 and —3.28 eV, respectively,
which are close to the reported energy levels of CdS nano-
particles.””! The variation in the onset potential indicates
that the LUMO achieves the highest level at an RGO con-
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Figure 7. The onset reduction (E,.,) and oxidation (E,,) potentials versus
the Ag/AgCl reference electrode. The difference between E,, and E 4
can be used to estimate the electrochemical bandgap. The horizontal axis
is the weight ratios of RGO.

tent of 0.5%. Following a further increase in the ratio, the
LUMO level decreases and tends to be stable. First-princi-
ple calculations on the density functional theory (DFT)
were also performed with the VASP code!! for further un-
derstanding of the shifting of the LUMO and HOMO levels
(see the Supporting Information). The result shows that the
work function of CdS is 5.24 and 5.27 eV for the hexagonal
and cubic phase, respectively. After the introduction of gra-
phene, the work function of the graphene-hexagonal CdS
and graphene-cubic CdS system decreases to 3.82 and
4.30 eV, respectively, which is in agreement with the de-
crease in the electrochemical LUMO levels. The larger de-
crease in the LUMO level from the theoretical result rela-
tive to that of the experimental results might be attributed
to the quantum-confinement effect by the CdS quantum dot
that is not present in experimental systems. Normally,
a higher LUMO energy level possesses an increased driving
force for the injection of electrons to the H*/H, reduction
level, thereby benefitting the photoelectrochemical perfor-
mance.”? This significant role of graphene further demon-
strates that the synergetic interaction between RGO and
CdS affects the band structure of the CdS/RGO composite.
Meanwhile, the electrochemical bandgap of the samples is
2.86 eV for the GCO sample, and it decreases with the in-
crease in the RGO content of the CdS/RGO samples, which
is in agreement with the variation in the optical bandgap
(see the Supporting Information). The larger electrochemi-
cal bandgap relative to the optical bandgap is attributed to
the extra energy requirement beyond the bandgap for redox
in the electrochemical system.'™ Generally, the bandgap
narrowing is favorable for light absorption, which could be
a reason for the enhancement of the photoelectrochemical
performance for the CdS/RGO electrodes. Therefore, we
believe that the optimum bandgap and the moderate
LUMO level should also be responsible for the optimal per-
formance of the GC1.0 samples, which is also supported by
the phenomena of the balance between the bandgap and the
conduction-band position in the Cd,_,Zn,S solid-solution
photocatalyst system.*!
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Conclusion

In summary, the photoelectrochemical properties of various
CdS/RGO photoelectrodes that had different weight ratios
of RGO were investigated. The EIS and XPS spectra dem-
onstrated that the different charge-separation and -transfer
properties of CdS/RGO samples were in close relationship
with the reduction level of RGO in the composites. The ob-
servation of electrochemical CV combined with the first-
principle simulation indicated the successful modulation of
the band structure by varying the RGO content. Owing to
the synergetic effect between CdS and RGO on the band-
structure and charge-transfer property, CdS/RGO samples
exhibited improved photoelectrochemical performances rel-
ative to pure CdS, and the GC1.0 sample possessed the best
photoelectrochemical performance, which should be as-
cribed to maximizing the synergetic effect. This study pro-
vides a new insight into the inherent mechanism of the ex-
cellent photoelectrochemical performance of the graphene-
based composite, and will shed light on the future works of
solar-energy conversion applications of graphene-based ma-
terials.

Experimental Section

Synthesis of CdS/RGO Nanocomposites

GO powders were prepared from graphite powder according to a modi-
fied Hummers’ method.?” The as-prepared GO and Cd(Ac),2H,0O
(2 mmol, ~98.5%, Aladdin) were dispersed in dimethyl sulfoxide
(DMSO; 80 mL). The weight ratio of GO to Cd(Ac),22H,0 was 0, 0.5,
1.0, 2.0, 2.5, and 5%. After vigorous stirring and sonication, the solution
was transferred into a Teflon-lined autoclave (80 mL) and left at 180°C
for 12 h. The obtained solution was cooled to room temperature natural-
ly. Next, the leaching bottle with a microporous membrane filter
(0.22 um) was used to obtain the precipitate and remove the residue of
DMSO with acetone, alcohol, and deionized (DI) water. The final prod-
uct was dried in an oven at 60°C for 12 h, and the seven obtained sam-
ples were labeled GCO0, GC0.5, GC1.0, GC2.0, GC2.5, and GC5.0, respec-
tively.

Characterization of the Materials

Crystallographic information of the obtained samples were determined
by X-ray diffraction with a D/MAX-2500 diffractometer (Rigaku, Japan)
with Cuy, radiation source (4=1.54056 A). Transmission electron micros-
copy images were collected with a Tecnai G2 20 S-TWIN electron micro-
scope. X-ray photoelectron spectroscopy data were obtained with an ES-
CALab 220i-XL electron spectrometer from VG Scientific using 300 W
Alg, radiation. All binding energies were referenced to the Cls peak
(284.8 V) that arises from surface hydrocarbons.

Photoelectrochemical Experiments

To prepare the CdS/RGO electrode, the CdS/RGO samples (5 mg) were
mixed with ethanol (417 pL) that contained acetylacetone (41.7 uL) and
Triton X-100 (41.7 pL) to form a homogeneous colloid. Then the colloid
was coated onto conducting indium-tin oxide (ITO) glass by using the
doctor-blade technique. After air drying, the electrode was calcined for
30 min at 450°C under a nitrogen atmosphere. Photoelectrochemical
measurements were performed with a homemade three-electrode system
connected to a CHI-660B workstation (Shanghai Chenhua Limited,
China). The modified ITO electrode was used as the working electrode,
Pt wire as the counter electrode, Ag/AgCl as the reference electrode, and
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0.1m KNOsj as the electrolyte. A 350 W Xe lamp with cutoff filters (1>
420 nm) was used as a source of visible light.
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