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A B S T R A C T

Bismuth vanadate (BiVO4) is a promising photoanode material for solar water splitting due to its visible-light 
absorption and earth-abundant composition. Herein, we investigate how the spatial positioning of reduced 
graphene oxide (rGO) influences the photoelectrochemical performance of hydrothermally synthesized BiVO4 
photoanodes. Two heterostructures were examined, with rGO incorporated either beneath the BiVO4 layer 
(BVO/rGO/FTO) or on the surface (rGO/BVO/FTO). Both architectures exhibit enhanced photocurrent densities 
compared to pristine BiVO4. Surface-deposited rGO primarily improves interfacial charge extraction, resulting in 
the highest photocurrent and interfacial efficiencies exceeding 25–30%. In contrast, buried rGO enhances bulk 
charge separation and electron transport, leading to a nearly twofold increase in charge-transport efficiency and 
an fourfold enhancement in photovoltage. IPCE values increased by more than one order of magnitude relative to 
pristine BiVO4, demonstrating the importance of heterointerface engineering for optimizing charge-transfer 
pathways in ceramic photoanodes.

1. Introduction

Photoelectrochemical (PEC) water splitting is widely regarded as a 
promising strategy for sustainable solar-to-chemical energy conversion 
[1]. Among visible-light-responsive oxide semiconductors, monoclinic 
bismuth vanadate (BiVO4, BVO) has emerged as one of the most 
attractive photoanode materials due to its suitable bandgap (~2.4 eV), 
favorable valence band position for oxygen evolution, chemical stabil
ity, and earth-abundant composition [2]. Nevertheless, the practical 
PEC performance of BVO remains severely constrained by intrinsic 
limitations, including low bulk conductivity, short carrier diffusion 
lengths, and pronounced charge recombination at both bulk and surface 
sites [3].

To overcome these limitations, extensive efforts have been devoted 
to improving charge separation and transport in BVO through strategies 
such as doping, heterojunction formation, defect engineering, 
morphology control, and surface modification [4–7]. Among these ap
proaches, coupling BVO with graphene oxide-based conductive mate
rials has attracted considerable attention [8,9]. Reduced graphene oxide 

(rGO), in particular, has been widely explored due to its high electrical 
conductivity, large specific surface area, and ability to act as an efficient 
electron acceptor and transport medium [10]. rGO has been extensively 
investigated as a co-catalyst and charge-transport scaffold in photo
catalytic systems due to its excellent electron conductivity, high specific 
surface area, and ability to facilitate charge separation when coupled 
with semiconductors. In particular, coupling semiconductor photo
catalysts with rGO has been shown to enhance charge carrier separation 
and suppress recombination, often leading to significantly improved 
photocatalytic activity under visible light irradiation [11–14]. Early 
studies demonstrated that, compared to the pristine BVO, rGO/BVO 
hybrid systems can significantly enhance visible-light photoactivity and 
PEC water splitting performance by prolonging electron lifetimes and 
suppressing charge recombination [15].

Subsequent reports further confirmed that rGO/BVO composites 
exhibit improved photocurrent densities, enhanced charge transfer 
properties, and increased stability across a range of photocatalytic and 
photoelectrochemical applications [16–18]. Beyond the simple addition 
of rGO, increasing evidence suggests that the efficiency of rGO/BVO 
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systems is strongly governed by the nature of the interfacial interaction 
between the two components. Studies employing electrostatic 
self-assembly or engineered interfacial coupling have shown that con
tact between BVO and rGO can substantially enhance charge separation 
efficiency and interfacial electron transfer, leading to improved 
visible-light photocatalytic activity [19,20]. Moreover, it has been 
shown that the charge-shuttling behavior of rGO is sensitive to the local 
electronic structure and surface characteristics of BVO, including 
facet-dependent interactions that influence interfacial energetics and 
electron transport pathways [21].

Recent studies have demonstrated that interfacial engineering and 
charge-transfer mediation layers can substantially influence charge 
separation and water oxidation kinetics in BiVO4-based photoanodes, 
highlighting the importance of understanding how the spatial arrange
ment of additional functional layers affects photoelectrochemical per
formance [22]. In parallel, numerous BiVO4-based heterostructures and 
interfacial engineering strategies have been investigated to separately 
address limitations associated with bulk charge separation or sluggish 
surface water oxidation kinetics. Shao et al. demonstrated that Tb 
doping of BiVO4 can promote bulk charge separation by creating an 
efficient “electron highway”, while a CoFeMoCuOOH overlayer simul
taneously accelerates surface hole extraction and oxygen evolution ki
netics through multifunctional interfacial charge management [23]. In a 
similar study with NiFeOx/Tb(OH)x/BiVO4 photoanode architecture, Tb 
(OH)x nanoparticles acted as efficient hole-extraction mediators, rapidly 
transferring photogenerated holes from BiVO4 to the NiFeOx cocatalyst 
layer, thereby improving both bulk charge separation efficiency and 
water oxidation kinetics [24]. Also, orbital-engineered CoFeOP/BiVO4 
heterojunctions have been shown to enhance interfacial charge transfer 
and surface water oxidation kinetics by optimizing band alignment, 
reaction intermediate adsorption, and carrier dynamics at the semi
conductor/cocatalyst interface [25]. Similarly, the incorporation of 
polycarbazole hole-transport layers and NiFeOOH cocatalysts on BiVO4 
photoanodes has been shown to synergistically enhance interfacial hole 
extraction and surface water oxidation kinetics, leading to substantially 
improved photoelectrochemical performance [26].

However, similar mechanistic considerations regarding the spatial 
positioning of rGO within BiVO4 heterostructures remain largely unex
plored. The majority of literature reports about rGO/BVO systems still 
treat rGO as a generic conductive additive, with limited attention paid to 
its positioning within the heterostructure. In particular, systematic in
vestigations correlating the location of rGO relative to the semi
conductor absorber with interfacial charge-transfer behavior, surface 
chemical evolution during PEC operation, and long-term structural 
stability remain scarce. Overlooking the architecture of the hetero
structure limits a fundamental understanding of how its spatial posi
tioning of layers controls charge extraction and recombination processes 
under realistic operating conditions. Depending on its location, rGO can 
interact with BiVO4 in fundamentally different ways: when placed at the 
back contact, rGO may primarily enhance bulk electron extraction and 
reduce recombination within the semiconductor, whereas surface- 
deposited rGO can influence interfacial charge transfer, surface states, 
and reaction kinetics. Disentangling these effects is crucial for rational 
electrode design but is often overlooked, as many reports focus on rGO 
incorporation without explicitly addressing architectural control.

In this work, we address this gap by systematically investigating BVO 
photoanodes modified with rGO being deposited beneath (BVO/rGO/ 
FTO) and on top of the BVO layer (rGO/BVO/FTO). By combining 
photoelectrochemical measurements, spectral efficiency analysis, and 
post-operando structural and surface characterization, we elucidate how 
location of rGO affects charge transfer dynamics, structural, optical and 
surface chemistry evolution in neutral phosphate buffer. We show that 
placement of rGO at the back contact (BVO/rGO/FTO) predominantly 
improves bulk charge separation and electron transport, leading to an 
approximately twofold increase in charge-transport efficiency compared 
to pristine BiVO4. In contrast, surface-deposited rGO (rGO/BVO/FTO) 

primarily enhances interfacial charge extraction, doubling the interfa
cial efficiency and effectively suppressing surface recombination. These 
results provide new insights into spatially engineered rGO–oxide in
terfaces and offer guidelines for other 2D materials in designing durable 
ceramic photoanodes for solar water splitting.

2. Experimental methods

2.1. Chemicals

Bismuth (III) nitrate pentahydrate ((Bi(NO3)3⋅5H2O, ACS reagent, 
Acros Organics), ammonium mono-vanadate (NH4VO3, Carl Roth, 
99.8%), Poly(vinyl alcohol) (88% hydrolyzed, average M.W. 
85000–120000), 65% nitric acid (HNO3, Avantor Macron), graphene 
oxide (Advanced Graphene Products, 4 mg/ml), ethanol (Reahem), 
Milli-Q deionized water.

2.2. Preparation of the BiVO4 seed layer on FTO

The synthesis procedure of BVO was carried out using a slightly 
modified version of the previously reported protocol [6]. For the seed 
layer formation, the precursor solution was prepared by dissolving 
0.6486 g of Bi(NO3)3⋅5H2O in 2 mL of concentrated HNO3, followed by 
the addition of 4 mL of Milli-Q water and 0.1570 g of NH4VO3. After 
thorough mixing for 30 min, 0.3354 g of poly(vinyl alcohol) (PVA) was 
added and dissolved using ultrasonication. Prior to deposition, 
Fluorine-doped tin oxide (FTO) substrates were sequentially cleaned in 
an ultrasonic bath using toluene (10 min), acetone (10 min), ethanol (15 
min), and Milli-Q water (30 min). The BiVO4 seed layer was deposited 
via a three-step spin-coating process. In each step, 1 mL of the precursor 
solution was applied in 20 μL increments with 20 s intervals between 
steps at 8000 rpm. The first two coatings were calcined at 300 ◦C in air 
for 15 min. After cooling to room temperature, a third layer was applied 
under the same conditions but calcined at 450 ◦C for 2 h.

2.3. Preparation of the BiVO4 photoanode

For hydrothermal growth, a solution was prepared by dissolving 
0.1077 g of Bi(NO3)3⋅5H2O and 0.0264 g of NH4VO3 in 1.5 mL of 
concentrated HNO3 under magnetic stirring, followed by dilution with 
55 mL of Milli-Q water. The seed-coated FTO substrates were placed at a 
45◦ angle in a specially designed holder, with the seed layer facing 
downward, inside a Teflon-lined autoclave. The hydrothermal growth 
process was conducted at 180 ◦C for 24 h, after which the autoclave was 
naturally cooled to room temperature. The obtained films were rinsed 
with Milli-Q water and calcined at 450 ◦C for 2 h in air. This sample was 
denoted as BVO/FTO.

2.4. Preparation of the BiVO4 photoanodes with rGO

Reduced graphene oxide (1 mg/ml) was prepared from commercial 
aqueous suspension of graphene oxide (GO). In both electrode archi
tectures, GO was deposited by spin coating at 8000 rpm, using a total 
volume of 1 mL, applied in 20 μL portions with a 20 s pause between 
consecutive drops to ensure uniform film formation. Following spin 
coating, the deposited GO films were thermally reduced at 250 ◦C in an 
argon atmosphere for 2 h, yielding reduced graphene oxide (rGO). 
Temperature has been chosen as optimal for epoxy and alkoxy group 
removal [27].

For the sample denoted as BVO/rGO/FTO, GO was deposited directly 
onto the cleaned FTO substrates prior to the BiVO4 seed layer deposition. 
After spin coating, the GO-coated FTO substrates were thermally 
reduced at 250 ◦C in an argon atmosphere for 2 h to obtain an rGO 
interlayer. The rGO-modified FTO substrates were subsequently used for 
BiVO4 seed layer deposition and hydrothermal growth, following the 
procedures described in Sections 2.2 and 2.3.
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For the rGO/BVO/FTO, GO was deposited onto fully prepared BiVO4 
photoanodes after hydrothermal growth and post-calcination. The 
BiVO4 films were allowed to cool to room temperature prior to GO 
deposition. After spin coating of GO, the films were thermally reduced at 
250 ◦C in an argon atmosphere for 2 h, resulting in a conformal rGO 
overlayer on the BiVO4 surface.

3. Characterization techniques

3.1. Photoelectrochemical measurements

Photoelectrochemical (PEC) measurements were performed using a 
standard three-electrode configuration. The photoanodes served as the 
working electrodes, a platinum wire was used as the counter electrode, 
and an Ag/AgCl (3 M NaCl) electrode was used as the reference elec
trode. All PEC experiments were conducted under back-side illumina
tion through the fluorine-doped tin oxide (FTO). Solar simulator 
(Newport, 66984-300XF-R1) with AM 1.5 G filter was used and incident 
illumination was calibrated using Si reference cell at 100 mW/cm2. 
Photoelectrochemical measurements were performed in phosphate 
buffer (pH = 8) under simulated solar illumination. The potential scale 
was converted to the reference hydrogen electrode (RHE) scale using 
Nernst equation [28]: 

ERHE = EAg/AgCl + E◦
Ag/AgCl + 0.0591 × pH                                    (1)

where E◦
Ag/AgCl = 0.1976 V at 25 ◦C                                               (2)

For all measurements, Gamry’s 1010E potentiostat was used as a 
workstation. Linear sweep voltammetry (LSV) was carried out in the 
potential window from 0 to 1.23 V vs RHE with a scan rate of 2 mV s-1. 
Chronoamperometry measurements were performed at 1.23 V vs RHE 
for both short-term (chopped illumination) and long-term stability tests. 
Electrochemical impedance spectroscopy (EIS) measurements were 
conducted at a DC bias of 1.23 V vs RHE with an AC perturbation of 10 
mV (rms) over a frequency range of 0.1 Hz to 105 Hz. Mott–Schottky 
measurements were performed in the potential range of 0–1 V vs RHE 
with a voltage step of 0.05 V at a frequency of 1000 Hz. More details 
related to PEC measurements and calculations can be found in Supple
mentary information.

3.2. Other characterization techniques

Raman spectra were obtained using DXR Raman microscope 

(Thermo Scientific) operating at 532 nm excitation wavelength (at 2 
mW laser power) in the 50–3500 cm-1 range (exposure time: 10 s; spot 
size 2.1 μm; 3 spectra per sample). The crystal structure of materials was 
determined by X-ray diffraction (XRD, Bruker AXS D4 Endeavor 
diffractometer) with Cu K-α radiation in the range of 10 - 65◦ and step 
size 0.04◦. SEM measurements were performed using Jeol JSM-7600F 
microscope in the secondary electron mode at an accelerating voltage 
of 15 kV. X-ray photoelectron spectroscopy (XPS) measurements were 
performed on a spot size of 200 µm using PHI Versa Probe III with Al Kα 
radiation (1486.6 eV). All the high-resolution data was referenced with 
respect to C 1 s peak at 284.8 eV. The optical properties were charac
terized using a Shimadzu UV-2600 UV–Vis spectrophotometer equipped 
with an integrating sphere.

4. Results and discussion

4.1. Structural and morphological analysis

Raman spectroscopy was employed to probe the structural properties 
of pristine and rGO-modified BiVO4 photoanodes (Fig. 1a). The Raman 
spectrum is dominated by a strong band at 825 cm-1, corresponding to 
the symmetric V–O stretching mode (Ag) of the VO4 tetrahedra (υs), 
which is characteristic of monoclinic BiVO4 [29]. A weaker feature 
around 715 cm-1 is attributed to the antisymmetric V–O stretching 
mode, υas, (Bg). In the intermediate region, bands at 331 and 371 cm-1 

arise from antisymmetric (Bg) and symmetric (Ag) O–V–O bending vi
brations, δs and δas, respectively [29]. Additional low-wavenumber 
bands observed at ~130 and ~215 cm⁻¹ are associated with external 
lattice modes, corresponding to rotational and translational vibrations 
of the BiVO4 structure (Fig. 1b) [30]. For the BVO/rGO/FTO sample, the 
Raman spectrum remains nearly identical to that of pristine BVO/FTO, 
indicating that the incorporation of rGO beneath the BVO layer does not 
affect the crystal structure of BVO and that the rGO signal is not 
detectable due to its buried position. In contrast, the rGO/BVO/FTO 
sample shows weak but discernible D (~1350 cm-1) and G (~1580 cm-1) 
bands (dashed rectangle in Fig. 1a), confirming the presence of rGO at 
the surface [31]. The reference rGO/FTO spectrum exhibits pronounced 
D and G bands along with a weaker 2D band (~2700 cm-1). The 
extracted intensity ratio ID:IG ~ 1.2, determined from the integrated 
areas of the deconvoluted Raman peaks, indicates moderate structural 
disorder and defect density characteristic of rGO, together with reduced 
sp2 graphitic domain size [32]. In addition, weaker bands at 444 cm-1 

(Eg), 574 cm-1 (A1g), and 1104 cm⁻¹ (Eu × Eu) are attributed to the 

Fig. 1. a) Raman spectra of BVO/FTO and rGO modified BVO/FTO; b) magnified Raman spectrum of BVO/FTO.
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underlying FTO substrate [33].
Fig. 2 represents the XRD patterns for both pristine and rGO- 

modified BVO films, showing diffraction maxima typical of monoclinic 
scheelite BiVO4 along with contributions from the underlying FTO 
substrate (JCPDS No. 41–1445) [34]. The incorporation of rGO does not 
alter the bulk crystal structure of BVO, as no additional diffraction 
maxima are observed. The absence of distinct reflections associated with 
GO stacking or graphitic (002) planes indicate that rGO is present in a 
highly exfoliated form, without significant restacking of the nanosheets.

Pristine BVO/FTO exhibits a compact polycrystalline morphology 
composed of well-faceted grains with an average lateral size of 
approximately 600 nm, forming a relatively dense and continuous film 
(Fig. 3a) similarly observed for other films prepared via combination of 
spin coating and hydrothermal synthesis [35–37]. For the BVO/r
GO/FTO architecture (Fig. 3b), a clear reduction in grain size (~200 nm 
average lateral size) is observed compared to pristine BVO/FTO, with a 
higher density of smaller and a more heterogeneous grain-size distri
bution. This indicates that the presence of rGO beneath the BVO layer 
influences the nucleation and growth process during film formation. In 
the case of rGO/BVO/FTO, the surface morphology remains generally 
similar to that of pristine BVO/FTO, with comparable grain size and 
faceting; while no distinct rGO features are observed, subtle contrast 
variations are visible, consistent with a thin and discontinuous rGO layer 
conformally coating the BVO surface (Fig. 3c) [21].

4.2. Surface chemical analysis by XPS

XPS measurements were performed to investigate the surface 
chemical composition and electronic structure of BVO and rGO modified 
photoanodes. The C 1 s spectra of pristine BVO/FTO are dominated by a 
main maximum at 284.8 eV, attributed to adventitious carbon (C–C/ 
C––C), accompanied by higher binding energy components at 
~285.9–288.6 eV corresponding to C–O and C––O species (Fig. 4 and 
Table S1). These contributions are commonly observed for oxide sur
faces exposed to air and originate from surface contamination and 
weakly bound carbonate species [38,39]. For BVO/rGO/FTO, the C 1 s 
spectra is dominated by surface carbonaceous species associated with 
BVO rather than intrinsic rGO contributions, since the rGO layer is 
positioned beneath the BVO film and can only contribute to the XPS 
signal in localized regions between grains where open pathways provide 
access to the underlying FTO substrate supporting the rGO layer (Fig. 4b 
and Table S1). rGO/BVO/FTO exhibits different C 1 s spectra (Fig. 4c 
and Table S1) as additional high-binding-energy features at ~289–291 
eV are observed, assigned to oxidized carbon species (O–C––O) and π–π* 
shake-up satellites, characteristic of graphitic carbon networks [40–42]. 

For comparison, bare rGO exhibits a C 1 s spectrum dominated by the 
graphitic C–C/C––C peak at 284.8 eV with pronounced contributions 
from C–O, C––O, and O–C––O functional groups at higher binding en
ergies (Fig. 4d and Table S1).

Analysis of the O 1 s spectra provides further insight into surface 
processes. For pristine BVO/FTO and BVO/rGO/FTO, the O 1 s envelope 
consists of a dominant lattice oxygen peak at ~529.7 eV (from VO4 
tetrahedron), accompanied by higher-energy components at ~531–532 
eV associated with surface hydroxyl groups and adsorbed oxygen species 
(Fig. 4a, b and Table S1) [43]. In contrast, rGO/BVO/FTO shows a 
broader and more complex O 1 s spectrum, with multiple 
high-binding-energy components extending beyond 533 eV. These fea
tures are attributed to oxygen-containing functional groups on rGO 
(C–O, C––O, O–C––O) and adsorbed electrolyte species. O 1 s spectrum 
of rGO/FTO is composed of FTO oxygen components as well as of 
oxygen-containing carbon functionalities (Fig. 4d and Table S1).

The Bi 4f and V 2p spectra didn’t show significant difference among 
the samples. The Bi 4f spectra consists of the peaks at ~159 and 164 eV 
which are characteristic of the spin–orbit split of Bi 4f7/2 and Bi 4f5/2, 
and confirms the presence of Bi3+ [44]. The vanadium peak that cor
responds to V 2p3/2 was noticed at ~516 eV and indicates the presence 
of V5+ [44].

4.3. Photoelectrochemical performance

Photoelectrochemical measurements were performed in phosphate 
buffer (pH = 8) under simulated solar illumination using 3-electrode 
configuration. Based on LSV results, the pristine BVO photoanode ex
hibits relatively low photocurrent densities and a delayed photocurrent 
onset, indicative of inefficient charge separation and pronounced 
recombination under water oxidation conditions [2]. Upon incorpora
tion of rGO, a marked improvement in photoelectrochemical activity is 
observed for both, rGO/BVO/FTO and BVO/rGO/FTO, confirming the 
beneficial role of rGO integration in enhancing charge transport and 
extraction (Fig. 5a). Among all investigated samples, the rGO/BVO/FTO 
photoanode exhibited the highest photocurrent density, reaching 
approximately 0.3 mA cm-2 at 1.23 V vs. RHE. This result highlights the 
beneficial role of surface-deposited rGO in facilitating interfacial charge 
extraction and suppressing surface recombination under higher anodic 
bias. Although the absolute photocurrent values are modest, they are 
consistent with previously reported non-doped BiVO4/rGO systems 
measured under neutral or near-neutral electrolyte conditions in the 
absence of hole scavengers and catalytically active cocatalysts [15,21,
40]. Also, rGO/BVO/FTO shows a distinct current–potential behavior in 
the low-potential region (0–0.4 V vs RHE), which is attributed to a 
pronounced capacitive contribution arising from electric double-layer 
charging and discharging associated with surface-exposed rGO [45]. 
On the other hand, the BVO/rGO/FTO photoanode exhibits a more 
favorable photocurrent onset potential, consistent with improved bulk 
charge separation and electron extraction facilitated by rGO at the back 
contact [46,47]. Control measurements of rGO deposited on FTO reveal 
negligible photoelectrochemical response, however, a similar cur
rent–potential behavior is observed in the low-potential region (< 0.4 V 
vs RHE), indicating that the capacitive features originate from the rGO 
layer (Fig. S1).

Several studies have demonstrated that incorporation of rGO into 
BVO significantly improves photoelectrochemical performance by 
enhancing charge separation and electron transport. Ng et al. reported 
nearly a one order of magnitude increase in photocurrent for BVO/rGO 
photoanodes compared to pristine BVO under visible-light illumination, 
attributing the improvement to efficient electron injection from BVO 
into rGO and improved electrical contact with the FTO substrate [15]. 
Tan et al. further showed that the photoactivity enhancement in 
BVO/rGO composites strongly depends on the exposed crystal facets of 
BVO, where increased exposure of the {010} facets promoted more 
efficient electron transfer to rGO due to favorable interfacial electronic 

Fig. 2. XRD patterns of a) BVO/FTO, b) BVO/rGO/FTO, c) rGO/BVO/FTO and 
d) rGO/FTO. Only selected crystallographic planes are shown for clarity due to 
their large number; the complete set of reflections can be found in JCPDS card 
No. 014–0688.
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structure and reduced Schottky barrier height [21]. Their work 
demonstrated that rGO acts as an effective electron shuttle, suppressing 
recombination and improving photocurrent generation through 
facet-dependent charge extraction. More recently, Cheng et al. combined 
alkaline-etched BVO with commercial rGO (Ultraphene™), achieving 
photocurrent densities as high as 5.89 mA cm-2 at 1.23 V vs RHE, 
compared to only 0.70 mA cm-2 for pristine BVO [18]. The enhanced 
performance was attributed to the synergistic effect of morphology 
modification, increased active-site density, improved conductivity, and 
accelerated interfacial charge transfer introduced by the rGO 
incorporation.

Electrochemical impedance spectroscopy (EIS) measurements per
formed under illumination provide further insight into the charge- 
transport and interfacial processes governing the LSV behavior 
(Fig. 5b). Using the equivalent circuit (Fig. S2), it has been shown that 
pristine BVO photoanode exhibits relatively high bulk and interfacial 
resistances, consistent with inefficient charge transport and pronounced 
recombination losses (Table 1). Similar impedance characteristics, 
reflecting transport limitations and significant recombination in pristine 
BiVO4, have been widely reported in the literature [48]. Upon incor
poration of rGO, both architectures show a clear reduction in 
charge-transfer resistance, confirming the beneficial role of rGO in 
facilitating charge extraction. Notably, the rGO/BVO/FTO photoanode 
exhibits the lowest interfacial charge-transfer resistance, indicating 
highly efficient surface charge extraction and interfacial kinetics, in 
agreement with its superior high-bias photocurrent density observed in 
LSV measurements and other literature reports [49]. The BVO/rGO/FTO 
also displays reduced resistances compared to pristine BVO, but to a 
lesser extent, reflecting its primary role in improving bulk electron 
transport rather than surface charge transfer.

The dynamic photoresponse, evaluated by chopped-light chro
noamperometry (Fig. 5c), shows stable and reproducible photocurrent 
transients for pristine BVO/FTO and BVO/rGO/FTO, indicating efficient 
charge separation with minimal accumulation of surface-trapped 
charges. In contrast, the rGO/BVO/FTO photoanode exhibits a more 
pronounced decay in photocurrent during repeated on–off illumination 
cycles, suggesting increased charge accumulation and enhanced surface- 
related recombination processes associated with surface-exposed rGO. 
This behavior becomes even more evident during prolonged operation, 
where the rGO/BVO/FTO electrode shows an approximately 40% 
decrease in photocurrent after 2 h at 1.23 V vs. RHE (Figure S3), high
lighting the limited long-term stability of these pristine BiVO4/rGO- 
based photoanodes under the employed operating conditions. There
fore, while surface-exposed rGO effectively enhances initial charge 
extraction and photocurrent density, it also appears to introduce 
surface-sensitive degradation pathways during extended operation, 
emphasizing the trade-off between photoelectrochemical activity and 
operational stability.

Consistent with the LSV results, where rGO/BVO/FTO exhibited a 
pronounced capacitive contribution, transient photocurrent analysis 

(Eq. S1) confirms enhanced charge storage in rGO-modified photo
anodes (Figure S4) [50]. The highest stored charge is observed for 
rGO/BVO/FTO, in agreement with its strong capacitive response, 
whereas BVO/rGO/FTO shows lower charge accumulation, indicating 
more efficient charge extraction and reduced carrier trapping. Notably, 
a relatively large cycle-to-cycle variation is observed for all samples, 
reflecting the dynamic nature of the transient response and the sensi
tivity of the system to time-dependent processes under illumination 
[51].

To further investigate the electronic properties and interfacial charge 
behavior of the prepared photoanodes, frequency-dependent Mott–
Schottky measurements were performed in the 500–5000 Hz range 
(Fig. 5d,e,f). The BVO/FTO and BVO/rGO/FTO photoanodes exhibited 
two distinguishable linear regions with positive slopes: the first in the 
lower potential region (0–0.6 V vs. RHE) and the second at higher po
tentials (0.6–1.6 V vs. RHE). Both regions exhibited only minor 
frequency-dependent variations, indicating relatively stable capacitance 
behavior and reasonable agreement with the assumptions of classical 
Mott–Schottky theory. The low-potential region is likely associated with 
surface states and interfacial charging processes, whereas the higher- 
potential region predominantly reflects the depletion capacitance of 
the bulk BiVO4 space-charge layer [52]. A markedly different behavior 
was observed for the rGO/BVO/FTO photoanode, where negative slopes 
appeared at higher frequencies, indicating substantial interfacial 
charging contributions associated with the surface-exposed rGO layer. 
This behavior correlates well with the low-potential capacitive current 
response observed in the LSV measurements and further confirms the 
role of rGO in modifying interfacial charge accumulation and electric 
double-layer capacitance. Donor density and flat-band potential values 
were calculated from the second linear region of the Mott–Schottky plots 
recorded at 1000 Hz (Fig. 5d, e, f), where the response exhibited 
comparatively stable behavior and most closely satisfied the assump
tions of classical Mott–Schottky analysis [53]. The calculated donor 
density values were similar to all of the 3 samples, indicating relatively 
similar carrier concentrations among the investigated photoanodes. In 
contrast, the extracted flat-band potentials exhibited noticeable differ
ences depending on the rGO configuration. The BVO/FTO photoanode 
exhibited a flat-band potential of approximately 0.65 V vs. RHE, while 
BVO/rGO/FTO and rGO/BVO/FTO showed lower values of approxi
mately 0.31 V and 0.30 V vs. RHE, respectively (Table 1).

Linear sweep voltammetry performed in sodium sulfite electrolyte, 
acting as a fast hole scavenger, yields substantially higher photocurrent 
densities for all photoanodes compared to measurements in phosphate 
buffer, confirming that water oxidation kinetics impose a significant 
surface reaction limitation under operating conditions (Fig. 6a) [54]. 
Although pristine BVO/FTO still exhibits the lowest photocurrent den
sities, a clear architecture-dependent trend is observed. In sulfite elec
trolyte, BVO/rGO/FTO delivers higher photocurrents than 
rGO/BVO/FTO, indicating more efficient charge collection when rGO is 
positioned beneath the BiVO4 layer. This behavior highlights the role of 

Fig. 3. SEM micrographs of a) BVO/FTO, b) BVO/rGO/FTO, and c) rGO/BVO/FTO.
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back-contact rGO in facilitating electron extraction and improving bulk 
charge separation, thereby suppressing bulk recombination, which be
comes the dominant limiting factor once surface reaction kinetics are 
accelerated by the hole scavenger.

The difference between photocurrents measured in phosphate buffer 
and sodium sulfite was used to estimate the surface charge-transfer ef
ficiency (ηi) (Fig. 6b, Eq S3-S6) [55]. Under water oxidation conditions, 
rGO/BVO/FTO exhibits the highest ηi over the entire potential range, 
consistent with highly efficient interfacial charge extraction enabled by 
surface-deposited rGO. In contrast, pristine BVO/FTO and BVO/r
GO/FTO show lower ηi values, indicating a stronger influence of surface 
reaction losses. Notably, the relatively smaller photocurrent 

enhancement of rGO/BVO/FTO in sulfite electrolyte suggests that 
surface-exposed rGO does not purely act as an inert conductive pathway 
but may undergo partial chemical interaction or modification in the 
presence of sulfite species.

Incident photon-to-current efficiency (IPCE) measurements in the 
350–550 nm range further corroborate the architecture-dependent 
charge-management mechanisms (Fig. 6c and Eq S9). Pristine BVO/ 
FTO displays negligible IPCE values across the investigated spectrum, 
reflecting severe losses due to inefficient charge transport and interfacial 
recombination. Both rGO-modified photoanodes exhibit a pronounced 
enhancement in IPCE, with rGO/BVO/FTO showing the highest values 
(up to ~16%), indicating that efficient interfacial charge extraction 

Fig. 4. C 1 s, O 1 s, V 2p and Bi 4f core-level spectra of a) BVO/FTO, b) BVO/rGO/FTO, c) rGO/BVO/FTO and d) rGO/FTO.
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effectively mitigates surface recombination once sufficient bulk trans
port is achieved. The sharp decrease in IPCE above ~500 nm is consis
tent with the absorption edge of BiVO4 (Figure S5). A similar trend in the 
efficiency improvements was observed in other literature reports related 
to the rGO-modified BiVO4 [9,56,57].

Applied bias photon-to-electron conversion efficiency (ABPE) cal
culations (Fig. 6d and Eq S10) reveal a maximum efficiency of approx
imately 0.04% at ~0.8 V vs RHE for BVO/rGO/FTO, indicating a slightly 
more favorable balance between bulk charge transport and surface re
action kinetics in this architecture. In contrast, rGO/BVO/FTO and 
pristine BVO/FTO reach their maximum ABPE at higher applied bias 

Fig. 5. PEC characterization of BVO/FTO, BVO/rGO/FTO, and rGO/BVO/FTO in 0.1 M phosphate buffer (pH = 8) using a) LSV, b) EIS, c) chopped-light chro
noamperometry and d) Mott-Schottky analysis. The frequency-dependent Mott–Schottky measurements performed in the 500–5000 Hz range for d) BVO/FTO, e) 
BVO/rGO/FTO and f) rGO/BVO/FTO.

Table 1 
Results of EIS and MS fitting in the 0.1 M phosphate buffer.

Sample Re 

(Ω)
Rbulk 

(kΩ)
Rsurface 

(kΩ)
ND (cm-3 

⋅1019)
VFB vs RHE 
(V)

BVO/FTO 456 30.2 4.8 7.1 0.65
BVO/rGO/ 

FTO
443 13.1 3.7 5.7 0.31

rGO/BVO/ 
FTO

397 6.1 1.7 6.1 0.30
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(~0.9 V vs RHE), with lower peak efficiencies of approximately 0.03% 
and 0.01%, respectively. Although the differences in ABPE between the 
rGO-modified photoanodes are modest, the shift of the efficiency 
maximum toward lower bias for BVO/rGO/FTO highlights the beneficial 
role of back-contact rGO in improving bulk charge separation and 
enabling more efficient utilization of absorbed photons under moderate 
applied bias. The obtained ABPE values remain lower than those re
ported for more extensively engineered BVO/rGO-based systems incor
porating cocatalysts or highly optimized nanostructures, where ABPE 
values approaching or exceeding 1% have been achieved [17,58]. This 
difference likely originates from the absence of additional 
oxygen-evolution cocatalysts and the relatively compact morphology of 
the present hydrothermally synthesized films, which still limits overall 
charge-transport efficiency and interfacial water-oxidation kinetics.

Fig. 7 summarizes the optical transmission characteristics, light- 
harvesting efficiency, absorbed photon-to-current efficiency, and 
charge-transport behavior of pristine BVO and rGO-modified photo
anodes. As shown in Fig. 7a, both rGO-containing electrodes exhibit a 
decrease in transmittance in the visible region compared to pristine 
BVO, indicating enhanced light attenuation upon rGO incorporation. 
Notably, the magnitude of the transmittance decrease is relatively small 
(on the order of a few percent), which is consistent with the presence of 
only a limited number of rGO layers. Considering that a single graphene- 
based layer typically induces an optical attenuation of ~2–3% in the 
visible region, the observed change suggests that the rGO coverage 
corresponds to only a few stacked layers, in agreement with the expected 
thin and partially discontinuous nature of the spin-coated rGO film [59]. 

Importantly, the position of the absorption edge remains essentially 
unchanged for all samples, suggesting that rGO does not significantly 
modify the intrinsic optical band structure of BVO. The reduced trans
mittance observed for rGO-modified electrodes is therefore attributed 
primarily to the optical absorption of rGO and additional light scattering 
at the rGO/BVO interfaces rather than to band gap narrowing.

To further assess whether rGO incorporation affects the electronic 
structure of BVO, optical band gaps were evaluated using Tauc analysis 
assuming both direct and indirect transitions (Figure S5), as there is not 
definitively established consensus regarding the optical transition 
character of BVO. Indirect band gap in the range of 2.26–2.32 eV and 
apparent direct band gap of 2.51–2.58 eV was obtained for all samples, 
in good agreement with literature values for monoclinic BiVO4 [60–63]. 
No systematic shift in either the direct or indirect band gap is observed 
upon rGO incorporation within experimental uncertainty, confirming 
that rGO does not alter the bulk band structure of BVO.

The corresponding wavelength-dependent light-harvesting effi
ciency (LHE), derived from transmittance measurements (Eq. S7), is 
shown in Fig. 7b [64]. Compared to pristine BVO, both rGO-modified 
photoanodes exhibit moderately increased LHE below ~520 nm. Inte
gration of the LHE over the absorption range yields maximum photo
current densities (Eq. S8) (jabs) of 5.6, 6.1, and 6.4 mA cm-2 for 
BVO/FTO, BVO/rGO/FTO, and rGO/BVO/FTO, respectively. The rela
tively small increase in jabs (~10%) upon rGO incorporation, in this case, 
indicates that optical effects contribute only marginally to the overall 
photocurrent enhancement.

Despite these limited changes in light harvesting and band gap, a 

Fig. 6. a) LSV in 0.2 M sodium sulfite; b) charge transfer efficiency at the interface; c) IPCE and d) ABPE in the 0.1 M phosphate buffer of BVO/FTO, BVO/rGO/FTO, 
and rGO/BVO/FTO.
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pronounced enhancement in the absorbed photon-to-current efficiency 
(APCE) is observed upon rGO incorporation (Fig. 7c and Eq. S11). 
Pristine BVO/FTO exhibits very low APCE values (<2%) across the 
whole wavelength range, reflecting severe recombination losses. In 
contrast, both rGO-modified electrodes show substantially higher APCE 
values, with the rGO/BVO/FTO architecture exhibiting the highest 
APCE, reaching ~16% around 450–500 nm. The performance 
improvement in rGO-modified samples is believed to originate pre
dominantly from improved charge separation and collection rather than 
from enhanced optical absorption or band-gap modification.

The potential-dependent charge-transport efficiency (ηt), shown in 

Fig. 7d, further supports this interpretation (Eq. S3-S6). Pristine BVO 
displays a gradual increase in ηt with applied potential, reaching only 
~9% at 1.23 V vs RHE. In contrast, rGO-modified photoanodes exhibit 
significantly higher ηt, with BVO/rGO/FTO approaching ~19% at 1.23 
V vs RHE. Importantly, normalization by jabs confirms that this 
enhancement arises from reduced bulk recombination and more effi
cient electron extraction rather than increased photon absorption. The 
rGO/BVO/FTO architecture also improves ηt relative to pristine BVO, 
mostly in the potential region higher than 0.8 V vs RHE, consistent with 
its primary role in enhancing near-surface charge collection.

Additional insight into the enhanced charge-transport efficiency 

Fig. 7. a) Transmittance, b) Light harvesting efficiency, c) APCE and d) ηt of BVO/FTO, BVO/rGO/FTO and rGO/BVO/FTO.

Fig. 8. a) Open circuit potential without (black rectangle) and with illumination (red rectangle) and photovoltage (purple) for BVO/FTO, BVO/rGO/FTO and rGO/ 
BVO/FTO; Schematic representation of b) BVO/rGO/FTO and c) rGO/BVO/FTO where benefits of each heterostructure are emphasized by red color.
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upon rGO incorporation is provided by open-circuit potential (OCP) 
measurements performed under dark and illuminated conditions 
(Fig. 8a). Pristine BVO exhibits a relatively small photovoltage (∼110 
mV), determined as the difference between OCP in dark and illuminated 
conditions, reflecting limited separation between electron and hole 
quasi-Fermi levels due to pronounced bulk recombination [65].

The significantly enhanced photovoltage (∼400 mV) for BVO/rGO/ 
FTO indicates more efficient accumulation of photogenerated electrons 
at the back contact and a higher degree of band bending within the 
BiVO4 layer [37]. This behavior is consistent with the improved bulk 
charge transport and higher ηt values observed for BVO/rGO/FTO 
(Fig. 7d). The superior performance of this architecture can be attrib
uted to favorable band alignment between rGO and BiVO4. rGO pos
sesses a work function typically in the range of ~4.4–4.8 eV, which 
closely matches the conduction band position of n-type BiVO4, enabling 
efficient electron transfer from BiVO4 into the rGO layer and subse
quently to the FTO substrate [66–68]. This alignment reduces electron 
accumulation within the BiVO4 bulk, suppresses recombination, and 
enhances the separation of quasi-Fermi levels under illumination. Also, 
as observed in Fig. 3b, reduced grain size can shorten carrier diffusion 
lengths and facilitate more efficient electron extraction toward the back 
contact [69].

In comparison, although the rGO/BVO/FTO architecture also ex
hibits an increased photovoltage relative to pristine BVO/FTO (~40 
mV), the effect is less pronounced compared to the BVO/rGO/FTO. 
When rGO is deposited on the photoanode surface, its primary role is to 
modify surface of the BVO rather than to directly assist electron 
extraction to the back contact. Consequently, the improvement in pho
tovoltage and transport efficiency is smaller, consistent with the reduced 
advantage of rGO/BVO/FTO under bulk-transport-limited conditions, 
such as in sodium sulfite electrolyte. Schematic representation of these 
phenomena is represented in Fig. 8b,c. Although the proposed charge- 
transfer mechanism is supported by photoelectrochemical, impedance, 
and surface characterization analyses together with literature compar
ison, future in-situ/operando spectroscopic investigations will be 
necessary to obtain a more comprehensive understanding of the inter
facial charge-transfer and water oxidation processes in these systems.

4.4. Structural, morphological and surface analysis after PEC

After PEC operation, samples showed minimal changes in diffraction 
features (Figure S6), and morphology with maintained continuous 
coverage of the FTO substrate (Figure S7a, c, e). Nevertheless, high- 
magnification SEM images reveal the appearance of localized etched 
or roughened grains for all samples (Figure S7b, d, f). These features are 
attributed to localized photocorrosion and lattice destabilization asso
ciated with oxygen evolution under anodic bias in phosphate buffer.

Compared to the XPS spectra in Fig. 4, after PEC measurements, C 1 s 
spectrum of BVO/FTO exhibits an increase in the number and intensity 
of oxidized carbon components, with additional contributions appearing 
in the 286.5–288.9 eV range, indicating accumulation of surface hy
droxylated and carbonate-like species during operation in aqueous 
electrolyte (Figure S8a). BVO/rGO/FTO shows a modest increase in 
oxidized carbon components, similar to pristine BVO/FTO (Figure S8b). 
Also, compared to the C 1 s spectrum of rGO/BVO/FTO in Fig. 4, after 
PEC, there is a further broadening and the appearance of new high- 
energy components (>292 eV), indicating chemical modification and 
partial oxidation of the surface-exposed rGO during photo
electrochemical operation (Figure S8c).

Similarly, analysis of O 1 s spectra of BVO/FTO and BVO/rGO/FTO, 
after PEC, show an increase in the relative intensity of hydroxylated and 
adsorbed oxygen components, reflecting changes at the surface 
including hydroxylation, and possible formation of oxygen-rich/ 
deficient sites during water oxidation (Figure S8a, b) [70]. Similarly 
to the O 1 s spectra of rGO/BVO/FTO before PEC (Fig. 4c), Figure S8c 
shows a complex O 1 s spectrum, with multiple high-binding-energy 

components indicating increased surface oxidation and chemical insta
bility of rGO under oxidative PEC conditions.

The Bi 4f and V 2p spectra show no significant shifts in binding en
ergy or changes in spin–orbit splitting before and after PEC for any 
sample, confirming that bismuth and vanadium largely retain their Bi3+

and V5+ oxidation states.
Quantitative XPS analysis (Table S2) reveals pronounced surface 

non-stoichiometry for all photoanodes, with significant Bi enrichment 
relative to V compared to the ideal 1:1 BiVO4 composition. Such Bi 
enrichment is commonly observed for hydrothermally grown BiVO4 
films and is typically attributed to preferential vanadium depletion or 
surface segregation of bismuth species during synthesis and thermal 
treatment [71,72]. Pristine BVO exhibits a Bi:V ratio of ~3.8 prior to 
PEC operation, which increases dramatically after PEC (Bi:V = 12) due 
to substantial vanadium depletion, indicating preferential V destabili
zation under anodic conditions in phosphate buffer. A similar Bi-rich 
surface is observed for BVO/rGO/FTO and rGO/BVO/FTO before PEC 
(Bi:V = 4.4 and 6.3, respectively), which becomes more Bi-dominated 
after PEC in the case of BVO/rGO/FTO (Bi:V = 8.3) while it decreases 
to 4.1 in the case of rGO/BVO/FTO probably as rGO acted as a protective 
layer, mitigating direct exposure of BiVO4 to the electrolyte and sup
pressing vanadium loss. On the other hand, rGO/BVO/FTO shows high 
surface carbon content before PEC (≈70 at.%) due to rGO coverage, 
resulting in attenuated Bi and V signals. After PEC, the carbon content 
decreases (56 at.%) while oxygen increases markedly (to 40 at.%), 
consistent with partial oxidation of the surface rGO layer.

5. Conclusion

In summary, this study demonstrates that the photoelectrochemical 
performance of BiVO₄ photoanodes can be effectively tuned through the 
controlled integration of reduced graphene oxide in two distinct archi
tectures, either beneath the BiVO4 layer as a conductive back-contact 
interlayer or deposited on top of the semiconductor surface, high
lighting electrode architecture as a key design parameter. Compared to 
pristine BiVO4, both rGO-modified configurations exhibit significantly 
enhanced photocurrent densities and improved charge-transfer charac
teristics, with photocurrent densities increased by approximately 2.5 
times under water oxidation conditions. Importantly, the two architec
tures provide distinct yet complementary advantages. Placement of rGO 
at the semiconductor–electrolyte interface (rGO/BVO/FTO) primarily 
enhances surface charge extraction leading to the highest photo
electrochemical activity at 1.23 V vs RHE in sodium phosphate buffer, 
with interfacial efficiencies exceeding 25–30% at anodic bias. However, 
although surface-exposed rGO significantly enhances the initial photo
electrochemical activity, it also compromises long-term operational 
stability, highlighting an inherent trade-off between performance 
enhancement and durability that must be carefully considered for 
practical applications. In contrast, incorporation of rGO at the back 
contact (BVO/rGO/FTO) predominantly improves bulk charge separa
tion and electron extraction toward the FTO substrate, resulting in a 
nearly twofold increase in charge-transport efficiency, reaching values 
of approximately 19% at 1.23 V vs RHE under bulk-limited conditions. 
Spectroscopic and efficiency analyses further reveal that rGO integration 
enhances photon-to-current conversion across the visible spectrum, with 
absorbed photon-to-current efficiencies increasing from below 2% for 
pristine BiVO4 to approximately 15–16% for rGO-modified photo
anodes, while the optical band gap remains unchanged within experi
mental uncertainty. X-ray photoelectron spectroscopy suggests that the 
presence of rGO may influence the surface chemical environment and 
interfacial electronic interactions, which could contribute to the 
observed suppression of recombination and improved charge extraction.

Overall, these findings underscore the critical importance of spatially 
engineered rGO–oxide interfaces in governing charge separation, 
transport, and stability in ceramic photoelectrodes, which can be 
extended to other 2D materials as well. Rather than acting as a simple 
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additive, rGO fulfills architecture-dependent functional roles within the 
photoanode. The insights presented here provide a quantitative frame
work for the rational design of durable and efficient BiVO4-based pho
toanodes and are readily extendable to other oxide semiconductors and 
2D materials for solar-driven energy conversion.
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[67] S. Naghdi, H.Y. Song, A. Várez, K.Y. Rhee, S.W. Kim, Engineering the electrical and 
optical properties of graphene oxide via simultaneous alkali metal doping and 
thermal annealing, J. Mater. Res. Technol. 9 (2020) 15824–15837, https://doi. 
org/10.1016/j.jmrt.2020.10.016.

[68] Y. Hermans, A. Klein, K. Ellmer, R. van de Krol, T. Toupance, W. Jaegermann, 
Energy-band alignment of BiVO4 from photoelectron spectroscopy of solid-State 
interfaces, J. Phys. Chem. C 122 (2018) 20861–20870, https://doi.org/10.1021/ 
acs.jpcc.8b06241.

[69] M. Kölbach, H. Hempel, K. Harbauer, M. Schleuning, A. Petsiuk, K. Höflich, 
V. Deinhart, D. Friedrich, R. Eichberger, F.F. Abdi, R. van de Krol, Grain 
boundaries limit the charge carrier transport in pulsed laser deposited α-SnWO4 
thin film photoabsorbers, ACS Appl. Energy Mater. 3 (2020) 4320–4330, https:// 
doi.org/10.1021/acsaem.0c00028.

[70] F.M. Toma, J.K. Cooper, V. Kunzelmann, M.T. McDowell, J. Yu, D.M. Larson, N. 
J. Borys, C. Abelyan, J.W. Beeman, K.M. Yu, J. Yang, L. Chen, M.R. Shaner, 
J. Spurgeon, F.A. Houle, K.A. Persson, I.D. Sharp, Mechanistic insights into 
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M. Jelić et al.                                                                                                                                                                                                                                    Open Ceramics 27 (2026) 101009 

13 

https://doi.org/10.1038/ncomms12012
https://doi.org/10.1039/C8TA06269B
https://doi.org/10.1039/C8TA06269B
https://doi.org/10.1021/jp406019r

	Architectural engineering of reduced graphene oxide in BiVO4 photoanodes for enhanced photoelectrochemical performance
	1 Introduction
	2 Experimental methods
	2.1 Chemicals
	2.2 Preparation of the BiVO4 seed layer on FTO
	2.3 Preparation of the BiVO4 photoanode
	2.4 Preparation of the BiVO4 photoanodes with rGO

	3 Characterization techniques
	3.1 Photoelectrochemical measurements
	3.2 Other characterization techniques

	4 Results and discussion
	4.1 Structural and morphological analysis
	4.2 Surface chemical analysis by XPS
	4.3 Photoelectrochemical performance
	4.4 Structural, morphological and surface analysis after PEC

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Supplementary materials
	References


