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Abstract
This paper reports on the synthesis of reduced graphene oxide (RGO)-intercataled graphene oxide (GO) nano-hybrid and 
investigates its application in photoelectrochemical (PEC) water reduction. The optical, structural, and morphological prop-
erties of RGO-intercalated GO (RGO/GO) nano-hybrid were studied using UV–Visible spectroscopy, X-ray diffraction, and 
scanning electron microscopy, respectively. The reduction of GO to RGO was studied using FTIR spectroscopy. The XRD and 
FTIR investigation shows the strong π–π stacking interactions between the layered GO host–RGO guest sheets. An improve-
ment in PEC water reduction activity was exhibited by RGO/GO nano-hybrid photoelectrode, with a maximum photocur-
rent of − 61.35 μA/cm2 for RGO 1 wt% in GO versus − 42.80 μA/cm2 for pristine GO photoelectrode (43% improvement). 
The mechanism for photocurrent enhancement was studied by electrochemical impedance analysis. The PEC performance 
enhancement of RGO/RO nano-hybrid photoelectrode is attributed to the strong π–π stacking interactions between RGO and 
GO, leading to superior electron collection and transportation by RGO and hence reduced charge carrier recombination. In 
addition, the UV–Visible absorption and Taut plot analysis showed the higher light harvesting efficiency of the RGO/GO 
compared to GO, displaying a band gap of 2.58 eV and 3.11 eV for RGO/GO and GO, respectively. The findings of this work 
show the potential of a strongly coupled layered host–guest nano-hybrids for high-performance optoelectronic materials.
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Introduction

The rise in demand for sustainable and carbon-free energy 
production drives the advancement of solar to electrical 
energy conversion and solar to chemical energy storage 
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systems. Solar energy storage in hydrogen fuel generated 
through photoelectrochemical (PEC) water reduction, known 
since the first report by Fujishima and Honda [1], is a prom-
ising way to address energy and environmental issues. The 
realization of such energy storage technologies is limited by 
solar to hydrogen fuel conversion efficiency of the system, 
which mainly depends on the property of the material that 
captures light energy and also design and architecture of the 
device. Several metal oxide semiconductor materials, such 
as  TiO2 [2],  Fe2O3 [3], CuO [4, 5], and  WO3 [6] have been 
studied for PEC  H2 fuel production from water. However, 
only few non-metallic oxide semiconductor materials are 
available for this purpose. The most common are graphitic 
carbon nitride and graphene oxide. Graphene oxide (GO) is 
a polyaromatic two-dimensional carbon sheet produced by 
the exfoliation of natural graphite flakes. The advantages of 
GO include its non toxicity, low cost of the precursor mate-
rial, and easy synthesis. In addition, the lager surface area 
of GO relative to other inorganic metal oxide and chalcoge-
nide semiconducting materials [7]—one of the precondition 
for maximal adsorption of water molecule on the catalyst 
surface—caught researchers’ attention as a promising pho-
tocatalytic material [8, 9]. Moreover, the hydrophilic nature 
and electrical properties of GO can be tuned by controlling 
the amount of oxygen containing functional groups intro-
duced during oxidation of graphite. Due to the aforemen-
tioned advantages, GO is investigated for various purposes 
including photocatalytic and photoelectrochemical hydrogen 
fuel production from water [1, 9–16], photocatalytic decom-
position of organic pollutants [17, 18], photocatalytic  CO2 
to methanol and formic acid conversion [19–23], photocata-
lytic disinfection and water purification [24–26]. However, 
pristine GO has some limitations in photoelectrochemi-
cal energy conversion efficiency due to its lower electrical 
conductivity and higher photoelectron–hole charge carrier 
recombination. Several strategies have been proposed to alle-
viate these problems and enhance the photoelectrochemical 
hydrogen production efficiency. These are doping and cou-
pling of GO with other materials [27–29]. The best candi-
date materials for this purpose are one of the GO’s families, 
i.e., reduced graphene oxide (RGO). It is the reduced form of 
GO, where removing the oxygen containing functionalities 
and restoring the C=C double bond conjugation (aroma-
ticity) give better electrical conducting property. RGO has 
been used in several investigations to enhance the electri-
cal conductivity of semiconductor materials. For example, 
graphene has been used to improve the efficiency of solar 
hydrogen production with photoelectrode made from  Cu2O 
[5],  Fe2O3 [30],  BiVO4 [27],  TiO2 [31], and graphitic  C3N4 
[32–34]. However, to the best of our knowledge, there is no 
research report on the use of RGO-coupled GO to improve 
the limitations of pristine GO. Here, the paper reports on 
the synthesis of RGO-coupled GO to fabricate RGO/GO 

nano-hybrid photoelectrode and investigates its application 
in PEC water reduction.

In this study, RGO/GO nanocomposite was synthesized 
by impregnating solutions of RGO and GO followed by 
drop-casting the RGO/GO solution on FTO glass to make 
FTO/RGO/GO photoelectrode and investigated its photo-
electrochemical activity towards water reduction. The PEC 
activity improvement could be due to special π–π stacking 
interaction between the 2-dimensional structured RGO and 
GO. A strong π–π stacking interaction would be created 
between the e-rich RGO and e-deficient GO which leads 
to good photoelectron flow from GO to RGO according to 
Sanders and Hunters model [35]. Additional mode of inter-
action includes H-bonding due to the presence of O-con-
taining functional groups. This strong interaction between 
the RGO and GO sheets forms a strongly coupled RGO/
GO nanocomposite improving the electron transfer rate and 
lowering charge carrier recombination, thereby enhancing 
the PEC performance of RGO/GO nanocomposite relative 
to GO.

Experimental

Materials and preparation

The preparation of graphene oxide was based on the method 
reported by Hummer [36]. Ice-cooled concentrated  H2SO4 
(138 ml), graphite powder (3 g) and  NaNO3 (3 g) were 
mixed well by stirring.  KMnO4 (9 g) was added slowly under 
stirred and cooled condition. The mixture was removed from 
ice bath and stirred for 40 min. at 35 °C. Slow addition of 
water was performed which raised the temperature to 98 °C. 
Finally, 280 ml of deionized water and 18 ml of  H2O2 (30%) 
was added consecutively to end the reaction. The graphene 
oxide prepared was treated with 5% HCl to neutralize the 
pH. RGO was prepared by reducing graphene oxide (1 mg/
ml) using 4-ml hydrazine at 80 °C for 24 h. The RGO dis-
persion (0.5 mg/ml) obtained was mixed with GO solution 
with different weight percent of RGO (RGO x wt% in GO, 
where x = 0, 0.5, 1, 2, 5) and sonicated and stirred over-
night. For simplicity, RGO x wt% in GO matrix is here after 
referred to as RGO x%, where x = 0, 0.5, 1, 2, 5. The RGO/
GO nano-hybrid dispersion was drop-cast on FTO and dried 
overnight to make FTO/RGO/GO nano-hybrid photoelec-
trode the photoelectrode was characterized and PEC water 
reduction activity was investigated.

Characterization

X-ray diffraction characterization was carried out on a D-2 
phaser XRD300W diffractometer containing Cu K source. 
Field emission scanning electron microscopy (FESEM) 
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images were taken using JSM6500F, JEOL with an accel-
erating voltage of 15 kV. Diffuse reflectance UV–Visible 
spectra were acquired by JASCOV 560 UV–Vis spectropho-
tometer with  BaSO4 plate reference.

Photoelectrochemical measurement

The photoelectrochemical (PEC) characterization was 
measured using Ag–AgCl as reference electrode, Pt as 
counter electrode, and the RGO/GO nano-hybrid on FTO 
photoelectrode as the working electrode. HgXe (Newport, 
500 W) light source fixed with AM1.5 G filter and cali-
brated to 100 mW/cm2 (1 sun) was used. PEC characteriza-
tion was done using 1 M  H2SO4 electrolyte solution. An 
Autolab electrochemical work station with NOVA software 
was used for electrochemical measurement.

Result and discussion

The crystalline structure of the RGO/GO nano-hybrid was 
studied in comparison to GO and RGO. The XRD spec-
trum displayed in Fig. 1 presents peaks at 27°, 10.4°, 24°, 
and 12.2° for graphite, GO, RGO and RGO/GO nano-
hybrid, respectively. These diffraction angles correspond 
to the inter-layer distance between graphitic sheets. The 
graphite diffraction peak centered at 27° corresponds to 
the lowest inter-layer distance between the graphite sheets 
and shifted to 10.4° after its oxidation to GO, showing the 
increased inter-layer spacing between the GO sheets as a 
result of introduction of oxygenated functionalities (–COC–, 
C=O, –OH, COOH) in the basal plane and on the edges. 

Subsequent reduction removes most of the oxygenated func-
tionalities from the surface of graphene oxide sheet, reduc-
ing the inter-layer spacing and hence upshifting the diffrac-
tion angle to 24°. The diffraction angles of the RGO/GO 
nano-hybrid (12.2°) lie between the values of GO and RGO. 
We can see that the amount of RGO in the hybrid is 0.5, 1, 
2, and 5 wt% in the GO matrix. Regardless of its smaller 
amount, RGO causes a significant higher angle shift on the 
GO diffraction peak (a change of ~ 1.8°) implying that the 
addition of RGO influences the lattice structure of GO. In 
addition, the peak of RGO is absent in the RGO/GO, show-
ing the absence of aggregated or stacked RGO sheets but 
fully utilized as nucleation site for GO to produce strongly 
coupled RGO/GO nano-hybrid. The higher angle shift in 
RGO/GO with respect to GO implies the decrease of inter-
layer spacing as a result of strong coupling in RGO/GO. It 
could be due to a strong π–π stacking interaction between the 
electron-deficient GO and π-electron-rich RGO sheets. The 
increasing RGO loading amount from 0.5 to 5 wt% does not 
cause a significant change in the structure confirming that 
RGO sheets are acting as a nucleation center for growing 
a strongly coupled RGO/GO nano-hybrid. This is a result 
of strong π–π interactions between the graphitic planes of 
RGO and localized graphitic planes of GO. This strong inter-
action could have a positive effect on the charge transport 
properties of the composite material. In combining materials 
with conjugated π systems, it is reported that a stacked layer 
intercalation orientation is favorably formed by placing each 
conjugated π system in a parallel position over the plane of 
the other π system leading to strong π–π interactions [37]. 
Furthermore, XRD shows the absence of bulk phase separa-
tion between RGO and GO in the composite material.

The FTIR spectrum of GO, RGO, and RGO/GO nano-
hybrid is presented in Fig. 2. In the case of GO, broad and 
intense peaks at about 3457 cm−1 are due to the stretch-
ing vibrations of –OH group from different alkoxy and car-
boxy functional groups [38]. The peaks at about 1720 and 
1631 cm−1 are a result of C=O absorption from carboxylic 
species and C=C vibrations (O–H bending) from aromatic 
ring, respectively. The C–O–H vibration is also emerged at 
1113 cm−1. For RGO, the –OH vibrations peak is almost 
disappeared and an intense peak at 1557 cm−1 appeared, 
corresponding to the C=C stretching in the graphitic ring 
of RGO, confirming the formation of RGO. Moreover, the 
peak at 1203 cm−1 is due to the C–O–H vibrations. In RGO/
GO nano-hybrid systems, the peak due to RGO is absent as 
a result of its smaller amount. The –OH vibration is notably 
reduced in height and redshifted. The red-shifting of the 
O–H band (weaker bond) in RGO/GO may indicate stronger 
hydrogen bonding and electrostatic interaction between trace 
amounts of epoxy(carbonyl) oxygen of RGO and hydroxyl 
units of GO [39, 40]. The C=O stretching vibration peak 
still existed in the RGO/GO hybrid with no significant shift. 

Fig. 1  XRD spectra of pristine GO and different weight percent 
RGO-incorporated RGO/GO nano-hybrid
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Whereas, O–H bending/C=C stretching vibration exhibited 
a reduced intensity and red-shift relative to GO for RGO/
GO hybrid. In addition to the above-stated interactions, π–π 
stacking interactions between C=C in graphitic planes of 
RGO and localized benzenoid rings of GO play significant 
role for the red-shift [41–43]. The peak height of the OH 
bending and stretching vibrations are reduced for all compo-
sitions of RGO/GO hybrid which could be a result of lower 
water content due to lower hydrophilicity relative to GO. 
The FTIR analysis clearly indicates that the GO spectra are 
dominated by hydroxy, alkoxy, and epoxy groups, while the 

RGO is dominated by alkoxy and C=C bond. Therefore, we 
conclude that the coupling of GO and RGO was facilitated 
by hydrogen bond and π–π stacking interactions. The FTIR 
of the nano-hybrid illustrates the formation of a strongly 
coupled RGO/GO with an enhanced property suitable for 
optoelectronic applications.

UV–Vis absorption spectrum presented in Fig. 3a shows 
peak of GO dispersion at 296 nm. This is due to the n–π* 
transfer of the C=O bond in carbonyl and carboxyl func-
tional groups [44, 45]. In addition, it also can arise from 
electronic transfer involving π and π* orbitals in the sp2 clus-
ters remained in the structure of GO after its oxidation [46]. 
After reduction, RGO exhibited increased and featureless 
absorption between 340 and 800 nm, typical absorbance of 
graphene suggesting the restoration of electronic conjuga-
tion [47]. RGO/GO displays more increased absorption com-
pared with GO over wavelength range from 320 to 860 nm. 
This enhances the light collection efficiency of RGO/GO 
hybrid leading to better PEC efficiency. No significant dif-
ference in the absorption is seen with different weight per-
cent of RGO in the RGO/GO hybrid, showing THAT only 
small quantity of RGO can change the structural, electrical 
and optical property of GO by rendering strong coupling 
between the sheets.

Figure 3b displays the corresponding Tauc plot, (αhν)2 
with hν, of the GO and RGO/GO nano-hybrid, where h is 
the Planck constant and ν is the frequency. The energy gap 
Eg can be estimated by finding the x-intercept of an extrapo-
lated Tauc plot. The band gap of GO is found to be about 
3.11 eV and decreased to 2.58 eV for RGO/GO nano-hybrid. 
The lower energy gap for RGO/GO nano-hybrid leads to an 

Fig. 2  FTIR spectra of pristine GO and RGO/GO nano-hybrid with 
various RGO weight percent

Fig. 3  UV–visible absorption spectra (a) and corresponding Tauc plots of pristine GO and RGO/GO nano-hybrid with various RGO weight per-
cent (b)
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extended absorption range to the visible region of the elec-
tromagnetic spectrum, which enhances the light harvesting 
efficiency of the RGO/GO.

The morphology of GO, RGO and the RGO/GO nano-
hybrid is given in Fig. 4. A layered structure with some 
disorder is observed in each case, indicating their polycrys-
talline nature. Relatively, RGO/GO nano-hybrid exhibited 
more aggregation than GO. Incorporating small amount of 
RGO (e.g., 2 wt%) in the GO provides a seeding layer, lead-
ing to the formation of more compacted/stacked RGO/GO 
hybrid than GO. This is in agreement with the XRD, show-
ing the lower d-spacing of RGO/GO. This could increase the 
electronic conductivity of GO, which in turn enhances the 
photoelectrode performance.

The C:O ratio of GO, RGO, and RGO/GO hybrid was 
examined using the EDS measurement (Fig. 5). The C:O 
ratio in GO, RGO and RGO/GO (5%) was 1.48, 6.76, and 
2.53, respectively. As GO is the most oxidized form of 
graphite, its C:O is low due to high oxygen content; whereas 
in RGO, much of the oxygen content decreased and its C:O 
ratio is larger. In the RGO/GO, the C:O ratio is between the 
values of GO and RGO only. The EDS result confirms the 
conversion of GO to RGO. Due to the availability of a larger 
amount of oxygenated functionalities in GO, the ratio of C 
to O atoms is lower. After conversion of GO to RGO, the 
oxygenated functionalities were relatively removed, result-
ing in a higher amount of C–O ratio. The conversion pro-
cess restores the graphitic planes in RGO sheet with traces 
of oxygenated functionalities leading to an enhancement in 
conductivity. This trace amount of oxygenated functionali-
ties in RGO sheet could help it to interact with GO to build 
RGO/GO nano-hybrid.

The photoelectrochemical water reduction activities of 
pristine GO and different weight percent RGO (0.5, 1, 2, 
and 5 wt%)-incorporated GO nano-hybrid photoelectrode 
were studied in a three-electrode setup under chopped 
light illumination. A negligible current density (< − 5 μA/
cm2) was measured under dark condition (light off) for all 
photoelectrodes and when the light is on, the photocurrent 

density jumped to a larger value. The amount of RGO in 
GO matrix was varied from 0.5 to 5 wt%. in the nano-hybrid 
and the resulting photocurrent density was − 42.80, − 45.20, 
− 61.35, − 48.99, − 41.15 μA/cm2 for pristine GO, RGO 
0.5%, RGO 1%, RGO 2%, and RGO 5%, respectively, at a 
time of 60 s after light on during photoelectrolysis (Fig. 6a). 
Most of the nano-hybrids performed better than the pristine 
GO photoelectrode, where the maximum performance was 

Fig. 4  SEM image of a GO, b RGO/GO nano-hybrid (2%) and c RGO. Scale bar 1 μm

Fig. 5  EDS measurement of GO, RGO and RGO/GO hybrid (5%) 
and the corresponding C/O ratio
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recorded for nano-hybrid composed of 1 wt% RGO in GO. 
The result shows improvement in performance of GO pho-
toelectrode with increasing RGO amount from 0.5 to 1% and 
starts to decline when increasing its amount to 2 and 5%, 
with the maximum photocurrent density generated at 1% 
RGO (Fig. 6b). It is noted that RGO would promote charge 
carrier recombination if the concentration is too much [34]. 
This could be the reason for lower photocurrent generation 
for the higher percentage of RGO in GO nano-hybrid, sig-
nifying optimum RGO amount is 1% for best photocurrent 
conversion. Moreover, the stability of the nano-hybrid pho-
toelectrode is also improved.

Figure 6c shows the resulting photocurrent from the i–v 
plot investigated in a PEC cell under a chopped simulated 
sunlight. The observed photocurrent is mainly cathodic 
indicating the RGO/GO nano-hybrid photoelectrode is 
predominantly p-type semiconductor. In addition, the 
flat band potential (Efb) of the GO and RGO/GO com-
posites could be determined from the i–v plot using the 
onset potential methods [48]. The photocurrent changes 
sign at a potential greater than the flat band potential. 
Hence, the RGO 1% has more negative flat band poten-
tial compared to GO and other different compositions of 
RGO/GO nano-hybrid. This is one of the reasons why 

Fig. 6  a Photocurrent density–time profile obtained for GO and RGO 
(0.5, 1, 2, 5%)/GO nano-hybrid at 0  V vs. Ag/AgCl under chopped 
simulated sunlight. b Photocurrent density as a function of RGO wt% 
in GO after 60-s illumination. c Photocurrent density response versus 
applied for GO and RGO/GO hybrid photoelectrode under chopped 

simulated sunlight. d Electrochemical impedance spectroscopy meas-
urement at 0 V vs Ag/AgCl. All measurements were performed in a 
three-electrode setup at a scan rate of 10 mV/s in 1 M  H2SO4 aqueous 
solution. The light is calibrated to 1 sun simulated light (AM1.5 G, 
100 mW/cm2)
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RGO 1% has the best photocurrent compared to GO and 
other RGO/GO nano-hybrid. At more negative flat band 
potential, the nano-hybrid has sufficiently high potential 
to reduce water to hydrogen, and this reduction potential 
decreases with more positive flat band potential value of 
the photoelectrode.

The other mechanism of photocurrent enhancement for 
the RGO/GO nano-hybrid photoelectrode was investigated 
by electrochemical impedance spectroscopy measurement 
(Fig. 6d). The diameter of the semicircle in the impedance 
plot represents the charge transfer resistance between the 
photoelectrode and the solution. The smaller the diameter 
of the semicircle, the lower the charge transfer resistance 
of the materials (lower charge carrier recombination), and 
hence better charge conduction at the interface. GO exhib-
ited the largest semicircle diameter, showing larger charge 
transfer resistance created at electrode–electrolyte inter-
face. All RGO/GO electrodes resulted in lower semicircle 
diameter signifying the lower charge transfer resistance 
created at the electrode–electrolyte interface. Especially, 
the RGO 1% has lowest semicircle diameter indicating 
lowest charge transfer resistance of the electrode or lowest 
e–h recombination rate, and hence the best nano-hybrid 
photoelectrode with fast electron transfer kinetics for water 
reduction. This delivers maximum photoelectrochemical 
energy conversion.

The conduction band (CB) edge of GO and RGO/GO 
nano-hybrid was determined through the extrapolation of 
cathodic linear sweep voltammetry curves to the potential 
axis measured in dark condition as displayed in Fig. 7a 
[10, 12, 24]. The extrapolation crosses the potential axis at 
− 0.52, − 0.28, − 0.60, − 0.50, and − 0.55 V vs Ag/AgCl for 
GO, RGO 0.5%/GO, RGO 1%/GO, RGO 2%/GO, and RGO 
5%/GO, respectively. These potentials correspond to the con-
duction band CB edge. Hence, the nano-hybrid photoelec-
trode composed of RGO 1% in GO matrix possesses more 
negative CB edge relative to pristine GO and other RGO/
GO hybrid photoelectrodes, which exhibited high photo-
conversion efficiency relative to other photoelectrodes. The 
result suggests that more negative photoelectrode potential 
leads to faster electron transfer rate, and hence lower carrier 
recombination rate, for hydrogen ion reduction. This is in 
agreement with the EIS result having lower diameter for the 
RGO 1%, indicating the lower charge transfer resistance. 
Here, RGO is used as a superior channel for electron collec-
tion and transportation. Recently, reports have shown this 
kind of property for RGO-incorporated composite [31, 49, 
50]. In addition, RGO affects the band structure of the GO 
host as can be seen from the energy gap and conduction band 

edge values of pristine GO and RGO-incorporated GO. This 
is due to the strong π–π electronic interaction between GO 
and RGO sheets which is dependent on the concentration 
of RGO. The corresponding energy level diagram of GO 
and RGO (0.5, 1, 2, 5 wt%)/GO nano-hybrid with respect to 
water oxidation and reduction potentials is shown in Fig. 7b. 
From the energy level diagram, GO and all RGO/GO nano-
hybrid possessed a conduction band edge more negative than 
the water reduction potential (− 0.197 V vs Ag/AgCl) and 
the valence band edge more positive than the water oxida-
tion potential (1.03 V vs Ag/AgCl) in 1 M  H2SO4 electrolyte 
solution. This shows the potential of the hybrid semiconduc-
tor material for overall water splitting purpose.

Figure  8 shows the schematic diagram of proposed 
photoelectron transport in GO and RGO/GO nano-hybrid 
photoelectrode during photoelectrochemical water reduc-
tion. Water reduction at the p-type GO-based photocathode 
produces hydrogen and the oxidation at the Pt counter elec-
trode oxidizes water. The enhanced photocurrent generated 
in RGO/GO/FTO photoelectrode is due to the fast electron 
transport in the hybrid due to the superior electron collec-
tion and transportation property of RGO. The potential of 
the hybrid semiconductor material for overall water splitting 
purpose is encouraging. The method is feasible to apply for 
other layered semiconductor host materials and conjugated 
molecules which could create strong π–π interaction with 
RGO.

Conclusion

In summary, RGO-incorporated GO host was used to create 
RGO/GO nano-hybrid photoelectrode using a simple solu-
tion impregnation method. Due to a similar layered struc-
ture of GO and RGO, a strongly coupled RGO/GO structure 
was formed as a result of π–π stacking interaction between 
them. Moreover, the rich oxygenated functionalities of GO 
and rare oxygenated functionalities of RGO create hydrogen 
bonding and other noncovalent interactions between them 
as confirmed from FTIR analysis. As a result of this, an 
improved PEC performance was exhibited by the RGO/GO 
nano-hybrid compared to pristine GO. RGO exhibited faster 
electron acceptor and transporter role, in addition to affect-
ing the electronic band structure of GO. The method is fea-
sible to apply for other layered semiconductor host materials 
and conjugated molecules which could create π–π interac-
tion with RGO. The research shows this could be a good 
way in improving the optoelectronic properties of layered 
semiconductor materials and conjugated molecules.
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Fig. 7  a Cathodic linear sweep voltammetry in dark condition for 
determining the conduction band (CB) edge. All measurements were 
performed in a three-electrode setup at a scan rate of 10 mV/s in 1 M 

 H2SO4 aqueous solution. b Schematic energy level diagram of GO 
and RGO (0.5, 1, 2, 5 wt%)/GO nano-hybrid with respect to water 
oxidation and reduction potentials
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