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Abstract 19 

Herein, we performed an encyclopedic analysis on the photoelectrocatalytic hydrogen production 20 

of BiVO4/g-C3N4 decorated with reduced graphene oxide (RGO) or graphene quantum dots 21 

(GQDs). The differences between RGO and GQDs as an electron mediator was revealed for the 22 

first time in the perspective of theoretical DFT analysis and experimental validation. It was found 23 

that the incorporation of GQDs as an electron mediator promotes better photoelectrocatalytic 24 

hydrogen performance in comparison to the RGO. The addition of GQD can significantly improve 25 

the activity by 25.2 and 75.7% in comparison to the BiVO4/RGO/g-C3N4 and binary composite 26 

samples, respectively. Correspondingly, the BiVO4/GQD/g-C3N4 attained the highest photocurrent 27 

density of 19.2 mA/cm2 with an ABPE of 0.57 % without the presence of any sacrificial reagents. 28 

This enhancement is stemming from the low photocharge carrier transfer resistance which was 29 

further verified via DFT study. The DFT analysis revealed that the BiVO4/GQD/g-C3N4 sample 30 

shared their electronic cloud density through orbital hybridization while the BiVO4/RGO/g-C3N4 31 

sample show less mutual sharing. Additionally, the charge redistribution of the GQDs-composite 32 

at the heterostructure interface articulates a more stable and stronger heterojunction than the RGO-33 

composite. Notably, this study provides new insights on the effect of different carbonaceous 34 

materials (RGO and GQDs) which are often used as an electron mediator to enhance photocatalytic 35 

activity.  36 

 37 
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1 Introduction 41 

The burgeoning demand for rapid industrialization had exerted momentous pressure on the 42 

global environment. The onslaught of environmental pollution stemming from the overreliance of 43 

fossil fuels has provoked environmental threats that could affect the human being[1,2]. Thus, it is 44 

imperative to design a new energy technology via the utilization of renewable and sustainable 45 

resources in order to minimize the aforementioned environmental threats before it becomes 46 

irrevocable issues. Drawing inspiration from natural photosynthesis, photocatalytic water splitting 47 

via photocatalyst materials for the production of sustainable hydrogen energy has been regarded 48 

as a judicious strategy for future energy generation [3].  49 

Bismuth vanadate (BiVO4) has galvanized heightened interest among the scientific 50 

community as a promising material with peculiar photocatalytic features including moderate 51 

bandgap energy, excellent photochemical stability and environmentally friendly materials [4,5]. 52 

Generally, BiVO4 exists in three different crystal structures which are monoclinic clinobisvanite, 53 

orthorhombic pucherite and tetragonal dreyerite in which all of these structures possess different 54 

photocatalytic activity upon light illumination [6]. For example, the monoclinic structure was 55 

composed of additional Bi 6s orbitals in the valance band which allows a short transition of 56 

photocharge carriers to the V 3d orbitals in the conduction band and thus corresponds to the smaller 57 

bandgap energy. Meanwhile, the tetragonal structure was made up of only O 2p orbitals, 58 

consequently, lengthen the transition of the photocharge carrier which can promote the 59 

recombination rate and limits the photocatalytic performance. Nevertheless, there are several 60 

bottleneck issues of the pure BiVO4 which has hindered the overall practicality of this 61 

semiconductor material [7,8].  62 
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Hitherto, various efforts have been performed in mitigating the inherent limitations of BiVO4 63 

such as the formation of the heterostructure systems, introducing defects structures and 64 

nanoscaling [9]. Amidst the proposed strategies, the heterostructure system approach has been 65 

regarded as a promising strategy to significantly boost the photocatalytic performance owing to its 66 

smooth photocharge separation and migration; and limited photocharge recombination. [10,11]. 67 

Recently, graphitic carbon nitride (g-C3N4) photocatalyst has drawn prime attention in the area of 68 

photocatalyst as a metal-free polymeric two-dimensional (2D) materials with medium bandgap 69 

energy [12,13]. The structural advantages of the g-C3N4 such as high thermal stability, direct 70 

bandgap and appropriate flat band potential for hydrogen evolution suggest a complementary 71 

heterostructure combination with the BiVO4 [11,14]. For example, Wang et al. [15] developed g-72 

C3N4/BiVO4 photocatalyst with a high photocurrent density of 0.44 mA/cm2 at 0.56 V in the linear 73 

sweep current-voltage test. Subsequently, Safaei et al. [16] revealed that the g-C3N4/BiVO4 74 

achieved high photocurrent density of 0.42 mA/cm2 at 1.23 V vs. RHE which was attributed to the 75 

lower charge transfer resistance and high oxygen vacancy sites. However, the g-C3N4/BiVO4 76 

sample often possesses the Type II heterostructure system which has limited photocharge carrier 77 

redox abilities and not favourable for solar hydrogen production as it requires high redox potential 78 

of H2/H+. Recently, we have reported the promising potential of RGO as an electron mediator for 79 

mitigating the limitation that exists within the Type II system [17]. The addition of RGO has 80 

modified the Type II system into the novel Z-scheme system which possesses strong oxidation and 81 

reduction capability between the sample and fulfils the prerequisite of the solar hydrogen 82 

production [18,19].  83 

Notwithstanding the promising potential of the aforementioned binary system, the discussion 84 

on the effect of the different geometrical structures of the graphene-based materials, particularly 85 
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RGO and GQDs on enhancing the heterostructure photocatalytic performances are often not been 86 

exhaustively scrutinized. Additionally, to the extent of authors’ knowledge, the study on 87 

photoelectrocatalytic hydrogen evolution using natural lake water without sacrificial reagents 88 

instead of the chemical-based electrolyte solution is limited.  89 

Due to these Achilles’ heels, our group aims to provide an insight into all of these 90 

unanswerable questions by developing the BiVO4/g-C3N4 heterostructure photocatalyst with the 91 

addition of RGO or GQD for the first time. We evaluate the ternary structural differences via 92 

photoelectrocatalytic hydrogen production using natural lake water. The differences between both 93 

RGO and GQD as electron mediators were revealed in the view of experimental and DFT analysis. 94 

We systematically analyse the structural properties of each of the studied photocatalyst either in 95 

the pure form, binary structure and ternary heterostructure system. The electronic properties of 96 

these models are simulated to countercheck our experimental data. Simulated electronic properties 97 

include band structure (valence band, conduction band, and bandgap), the partial density of states 98 

(PDOS), Fermi energy level, electrostatic potential, charge difference density (CDD), surface 99 

formation energy and adsorption energy of water molecule. 100 

 101 

2 Materials and Methods 102 

 Preparation of Photocatalyst Sample 103 

The details of the purity and assay of the raw materials used in the synthesizing of the 104 

photocatalysts have been included in Supplementary Information. Generally, the pure BiVO4 and 105 

g-C3N4 were individually prepared via a modified hydrothermal method and thermal 106 

polycondensation of urea, respectively. The details of these synthesizing protocols can be found 107 
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elsewhere [7]. Meanwhile, the RGO was synthesized using a modified Hummer’s method reported 108 

by Samsudin et al. [17] and GQDs were prepared according to the previously reported literature 109 

[20]. For the binary BiVO4/g-C3N4 sample, a wet-impregnation technique was applied to prepare 110 

this composite in which 0.8 wt.% of g-C3N4 was thoroughly mixed with 1 g of BiVO4 in 40 mL of 111 

deionized water. Details of the procedure have been reported previously [7]. The same synthesis 112 

protocols were applied in preparing the ternary BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-C3N4 113 

samples in which each of the ternary structure contains 0.8 wt.% of the graphene-based materials. 114 

 PEC Measurement 115 

The physicochemical properties of the photocatalysts were thoroughly examined via X-ray 116 

diffraction (XRD), Brunauer-Emmet-Teller (BET), X-ray Photoelectron Spectroscopy (XPS), 117 

Fourier Transform Infrared (FTIR) spectra, Field-Emission Scanning Electron Microscopy 118 

(FESEM) and High-Resolution Transmission Electron Microscopy (HRTEM) in which details of 119 

these measurements can be found in the Supplementary Information. Meanwhile, the PEC analysis 120 

was performed in a standard three-cell configuration system using an Autolab potentiostat 121 

PGSTAT302N (Metrohm). The fabrication method for preparing the photoanode (working 122 

electrode) containing as-developed photocatalyst was detailed in our previous publication [21]. 123 

Meanwhile, the reference and counter electrodes were made up of Ag/AgCl and Platinum rod. 124 

Additionally, 0.5 M Na2SO4 and 500 W halogen lamp (AM 1.5G illumination) were employed as 125 

an electrolyte and visible-light-source. Furthermore, the I-V curves were measured using a Linear 126 

Sweep Voltammetry (LSV) procedure while the EIS was analyzed using a frequency response 127 

analyzer (FRA). Specific details on the measurement have been described previously [7]. 128 
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 Photoelectrocatalytic Hydrogen Evolution 129 

The photoelectrocatalytic hydrogen production was measured in a PEC-DSSCs setup as 130 

illustrated in Figure S1. The working anode was made up of the as-developed photoanode and the 131 

counter electrode was made up of platinum rod which was connected with DSSCs in a series 132 

arrangement to provide external bias energy. A 200 mL of natural lake water with pH 7.2 was used 133 

as a water source. The produced hydrogen analysed using Multiple Gas Analyzer software (SRI 134 

Instruments 8610-0071) equipped with TCD and a molecular sieve 13 X columns.  135 

 Density Functional Theory Calculations 136 

DFT calculations were performed on QuantumATK and the results were visualized on 137 

VESTA and Virtual NanoLab Version 2019.12. The details on the lattice parameters, hall 138 

symmetry, slab model calculations for surface energies and band edge locations, and other related 139 

DFT protocols for the pure BiVO4 and g-C3N4 has been well described in our recent paper [7]. 140 

Similarly, the protocols for measuring the surface formation energy and electrostatic potentials 141 

were included in our previous reports [16,22,23]. Meanwhile, in the case of RGO, GQDs, and g-142 

C3N4, we used a single layer structure for the aforementioned analysis. Furthermore, in order to 143 

represent and counterchecked the experimental data, we built the following models of 144 

photocatalyst which include the BiVO4/GQDs, BiVO4/RGO, BiVO4/g-C3N4, BiVO4/GQDs/g-145 

C3N4, and BiVO4/RGO/g-C3N4 heterostructures. The single layer of RGO, GQD, and g-C3N4 were 146 

adsorbed on the optimized surface of BiVO4 (vide infra). In order to avoid a higher mismatch in 147 

the heterojunctions, the cell parameters of all these species were kept similar. Geometries of all 148 

these species were optimized at generalized gradient approximation (GGA) with the Perdew-149 

Burke-Ernzerhof (PBE) exchange-correlation functional and double Zeta Polarized (DZP) basis 150 
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set [24]. Linear combination of atomic orbitals (LCAO) method has been employed for  Bi, V, C, 151 

N, H, and O atoms [25]. Different types and sizes of the Monkhorst-Pack k-grid and energy cutoff 152 

were employed for each individual sample. The TB09LDA functional of meta-GGA was 153 

performed to estimate the band structure properties by embedding with the Tran and Blaha XC 154 

functional equation [25]. Furthermore, we also measured the DOS, PDOS, band structure, EDD, 155 

electrostatic potential, and effective masses of the charge carriers according to the protocols 156 

described by Endres et al. [26]. 157 

3 Results and Discussion  158 

 FTIR Analysis 159 

Figure 1(a) manifests the Fourier Transform Infrared (FTIR) spectra of all of the as-160 

developed photocatalyst. The FTIR spectra of the pure BiVO4 and g-C3N4 sample has been 161 

comprehensively discussed in our previous publication [21,27]. Generally, the pure BiVO4 was 162 

made up of a broad peak and weak shoulder located around 750 cm-1  (v3 of the VO43-) and 530 163 

cm-1 ( v4 of the VO43-)  [17]. Moreover, the observed broad and small FTIR peaks monitored at 164 

3460 and 1500 cm-1, respectively were stemming from the O−H stretching and O−H bending 165 

mode, respectively [28]. The presence of the g-C3N4 photocatalyst was verified through the 166 

detection of the triazine units which can be detected at 813 cm-1 [29].  167 

Furthermore, the multiple peaks in the range 1300 – 1500 cm-1 corresponds to the typical 168 

stretching modes of C−N heterocycles [30]. The small peak located at 1240 and 1317 cm-1 were 169 

attributed to the partial condensation of C−NH−C and full condensation of C−N(−C) −C units, 170 

respectively. It is conspicuous that the heterostructure samples exemplified identical characteristic 171 

peaks of parent BiVO4 and g-C3N4, highlighting that the BiVO4/g-C3N4 heterostructure was 172 
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synthesized successfully. Interestingly, the FTIR patterns for the binary and ternary structure 173 

samples were almost identical with no evident signal of RGO and GQDs were detected. These 174 

similar FTIR patterns among the binary and ternary samples can be occurred due to the low loading 175 

amount of graphene-based materials used in this study.   176 

 177 

Figure 1: (a) FTIR spectra and (b) XRD spectra of the as-developed photocatalyst. 178 

 XRD, FESEM and TEM Properties 179 

The XRD analysis revealed that the photocatalyst sample feature two different 180 

crystallographic properties which were tetragonal and monoclinic structure, corresponds to the 181 

BiVO4 properties as shown in Figure 1 (b).  The peaks of the monoclinic structure located at 10.2, 182 

10.9, 30.6, 31.5 and 32.6° of 2θ while the peaks of the tetragonal structure located at 24.6 and 183 

25.3° of 2θ. Both crystal structures can be indexed to the JCPDS card no. 14−0688 and JCPDS 184 

card no. 14−0133 [21]. Meanwhile, peak detected at 28.5° of 2θ was belongs to the (002) facet of 185 

the g-C3N4 [31]. Nevertheless, there are no XRD diffraction peaks appeared corresponded to the 186 
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RGO and GQDs, presumably due to the low content and high dispersity in the heterostructure 187 

sample.  188 

 189 

Figure 2: FESEM micrograph images of (a) BiVO4/g-C3N4, (b) BiVO4/RGO/g-C3N4 (inset is the 190 

200 nm zoom micrograph image which detect the RGO layer in the composite sample), (c) 191 

BiVO4/GQD/g-C3N4 and (d) HRTEM image of GQD. 192 

 193 

The morphological structures of the binary and ternary heterostructure photocatalysts were 194 

scrutinized using FESEM and TEM. As depicted in Figure 2, the FESEM images revealed that the 195 

BiVO4 possesses the typical microflower shape like structure with distinctly sharp edges. Notably, 196 

the crumple two-dimensional (2D) porous structure was randomly distributed on the surface of the 197 

BiVO4 microflower corresponded to the g-C3N4, manifesting the intimate contact between BiVO4 198 
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and g-C3N4 particles. The inset FESEM image in Figure 2 (b) indicates the presence of the 199 

wrinkled thin-silk structure of RGO originated from the decomposition of the oxygen functional 200 

groups that leads to graphene-like sheets with a disordered stacking [32]. The detection of RGO 201 

in the heterostructure BiVO4/RGO/g-C3N4 sample signifies the successful fabrication of the 202 

composite sample.  203 

Similarly, the BiVO4/GQD/g-C3N4 sample exemplifies the typical identical morphological 204 

structure of individual BiVO4 and g-C3N4. However, there is no morphological structure 205 

corresponded to GQD was detected in the FESEM micrograph image, presumably due to the small 206 

size. Figure 2 (d) exhibits the HRTEM image of the as-developed GQDs which have a diameter 207 

range of 5 – 9 nm. The lattices of GQD can be clearly observed, attaining a high crystallization 208 

level of GQDs. The interplanar spacing of GQDs is 0.21 nm which coincides well with typical 209 

(101) spacing of graphitic carbon [33,34]. Furthermore, the top and cross-sectional FESEM images 210 

along with the EDX and elemental mapping of the BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-C3N4 211 

were demonstrated in Figure S2 and S3 which clearly suggesting the presence of all elemental 212 

footprints corresponds to the parental BiVO4, RGO, GQD and g-C3N4 sample. 213 

 Optical Properties 214 

Previously, we report that the pure BiVO4 and g-C3N4 photocatalyst possesses an absorption 215 

edge around 520 and 430 nm, conforming to bandgap energy of 2.40 and 2.80 eV, respectively 216 

[35–38]. Meanwhile, the binary BiVO4/g-C3N4 exhibits slightly increased in absorption intensity 217 

at 530 nm as shown in Figure 3 (a), evincing that the hybridization of individual photocatalyst 218 

does improve the light absorption capacity near the visible-light region. Meanwhile, both of the 219 
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ternary heterostructure samples manifest an almost similar absorption edge in comparison to the 220 

binary structure. Based on Figure 3 (b), it was estimated that the bandgap energy of BiVO4/g-C3N4, 221 

BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-C3N4 samples were calculated to be 2.74, 2.52 and 2.47 222 

eV. It is worth noting that the addition of RGO and GQDs as an electron mediator further enhanced 223 

the absorption capacity of the composite materials near the visible-light region, results in 224 

significant enhancement on the photoelectrocatalytic performance. Moreover, the RGO and GQDs 225 

can act as a photosensitizer for bandgap narrowing, endowing efficient electron-hole pairs 226 

separation and hindered the photocharge carrier recombination.   227 

 228 

Figure 3: (a) Absorbance spectra, (b) Tauc plot, (c) Photoelectrocatalytic hydrogen production, 229 

(d) EIS Nyquist plot, (e) Photocurrent density, and (f) Photoconversion efficiency of the as-230 

developed photocatalyst.  231 
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 BET Analysis 232 

Figure S4 depicts the N2 adsorption-desorption isotherms of the binary and ternary 233 

heterostructure photocatalysts. The linear isotherm plot exemplifies the characteristic nature of 234 

Type IV isotherms with the H3-type hysteresis loop at a relatively high P/P0 of 0.7 – 1.0. 235 

Additionally, the details on the BET analysis of the composite photocatalysts were summarized in 236 

Table 1. The BET surface area, pore volume and pore size of BiVO4/g-C3N4 were 5.20 m2g-1, 237 

0.023 cm3g-1 and 22.05 nm. Nevertheless, when the RGO and GQDs were incorporated into the 238 

ternary heterostructure, the BET surface area was slightly decreased. This phenomenon can be 239 

explained due to the potential blockage of some of the active sites by the RGO and GQDs.  240 

Table 1: BET specific surface area, pore volume and pore size of the as-developed photocatalyst. 241 

Sample SBET  
(m2g-1) 

Pore Volume  
(cm3g-1) 

Pore Size 
(nm) 

BiVO4/ g-C3N4 5.20 0.023 22.05 
BiVO4/RGO/g-C3N4 4.53 0.019 20.40 
BiVO4/GQD/g-C3N4 4.39 0.018 18.57 

 242 

 Photoelectrocatalytic Hydrogen Production  243 

The performance of the binary and ternary heterostructure samples was evaluated using 244 

natural lake water as illustrated in Figure 3 (c). There is no chemical electrolyte was added during 245 

the measurement in order to highlight the potential of green hydrogen production via natural water 246 

sources. Previously, our group reported that the photoelectrocatalytic hydrogen performance of the 247 

pure BiVO4 and g-C3N4 were found to be 9.5 and 11.9 mmol/h [21]. The low photoelectrocatalytic 248 

performance for pure samples was stemming from its natural limitation which is the fast 249 

recombination rate of the photogenerated charge carriers [6,19]. Interestingly, the hybridization of 250 

BiVO4 and g-C3N4 to form the heterostructure system significantly enhanced photoelectrocatalytic 251 
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activity despite being without any sacrificial reagents. Moreover, the addition of RGO in the 252 

ternary heterostructure system has a substantial effect on the performance compared to the binary 253 

system. The high photoelectrochemical hydrogen production of 63.5 mmol demonstrated by the 254 

BiVO4/RGO/g-C3N4 sample implying that the RGO serves as an excellent electron mediator for 255 

the reduction process which lowers the photocatalytic overpotential and thus minimizing the 256 

photocharge carrier recombination [39]. Moreover, the intimate interfacial interaction between the 257 

individual photocatalyst with the RGO, evidently from the FESEM micrograph image does allow 258 

a smooth and efficient photocharge carrier separation and migration between the adjacent 259 

photocatalyst. This phenomenon is aligned with principle akin to other reported studies, whereby 260 

the addition of the RGO does help in boosting the photocatalytic activity [17,40,41].  261 

Interestingly, the formation of the ternary heterostructure with the GQDs material 262 

demonstrates the highest photoelectrocatalytic activity of 84.9 mmol/h which was ~25% higher 263 

than the composite sample with RGO as an electron mediator. This scenario could be attributed to 264 

the strong quantum confinement effect and boundary effect of GQDs owing to its smaller size 265 

below 10 nm in comparison to the RGO which typically size range below 100 nm [42]. Moreover, 266 

the hybridization of GQDs in the composite heterostructure system not only promotes the π-267 

electron delocalization, but also creates a new photocharge carrier separation and migration 268 

pathways with lower energy, results in enhancement of visible-light harvesting [43].  269 

 Photoelectrochemical (PEC) Behaviour Analysis  270 

The EIS analysis was used to examine the properties of the photocharge carrier separation 271 

and migration within the binary and ternary structure as shown in Figure 3 (d). Generally, the 272 
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semicircle arc radius on the EIS Nyquist plot indicating the photocharge carrier resistance in which 273 

the bigger the arc radii, the higher the resistance, consequently jeopardizing the photocatalytic 274 

performance. As reported in our work previously [21,27,44], the EIS Nyquist plot for the pure 275 

BiVO4 and g-C3N4 shows a bigger semicircle arc diameter with high photocharge carrier resistance 276 

due to its inherent limitation as single photocatalyst materials [45]. However, the observed 277 

semicircle arc diameter of the ternary heterostructure possesses a small diameter than the binary 278 

heterostructure. This observation signifying the robust interfacial photocharge carrier migration 279 

and separation through the ternary heterostructure with the aids of either RGO or GQDs. 280 

Comparatively, the BiVO4/GQD/g-C3N4 sample exhibit the smallest semicircle arc diameter than 281 

BiVO4/RGO/g-C3N4 sample, indicating that the GQD serve better as an electron mediator at the 282 

interface heterojunction than RGO.  283 

The current-potential (I-V) curve of the studied photocatalyst was demonstrated in Figure 3 284 

(e). The binary BiVO4/g-C3N4 attained a photocurrent density of 9.62 mA/cm2 which is higher 285 

than the pure sample as reported by our group previously [21]. Interestingly, the photocurrent 286 

density of the binary BiVO4/g-C3N4 sample integrated either with RGO or GQD was considerably 287 

higher relative to the sample without an electron mediator, signifying that the ternary 288 

heterostructure sample has excellent photocharge carrier separation and migration upon light 289 

illumination. In addition, the ternary heterostructure embedded with the RGO achieved a 290 

photocurrent density of 14.6 mA/cm2 while the ternary heterostructure sample integrated with the 291 

GQD exhibit the highest photocurrent density of 19.2 mA/cm2 at 1.0 V vs Ag/AgCl. The enhanced 292 

by 24% of the photocurrent density by composite sample integrated with GQD compare to RGO 293 

further corroborated the EIS Nyquist analysis that the GQD serves better as an electron mediator 294 

at the interface heterojunction with a minimal photocharge carrier resistance.  295 
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The ABPE was measured to examine the relationship between the applied voltage and 296 

photocurrent density and the details on the ABPE can be referred elsewhere [8,38,45]. Previously, 297 

our group reported that the ABPE of the pure BiVO4 was only 0.056% in which confirming the 298 

limited photocatalytic nature of the single photocatalyst. However, after constructing the binary 299 

system with g-C3N4, the ABPE of this sample reaches 0.29%, indicating an 80% improvement in 300 

the ABPE when BiVO4 has formed a heterostructure system with the g-C3N4. Meanwhile, the 301 

formation of the ternary heterostructure sample with the RGO demonstrates superior ABPE with 302 

0.40% efficiency at -0.03 V vs. Ag/AgCl. Concomitant with this, the ternary heterostructure 303 

sample embedded with the GQDs displays the highest photoconversion efficiency (0.57%) in 304 

comparison to other samples as illustrates in Figure 3 (f). Such results can be ascribed to the 305 

decrease in the photocharge resistance at the electrode/electrolyte interface induced by the 306 

quantum size of GQD, evidently from the EIS Nyquist plot. Furthermore, the hybridization of 307 

GQD not only improved the ABPE of the composite BiVO4/g-C3N4 sample, but also significantly 308 

improved the resistance of the as-developed photocatalyst against photocorrosion, affirming it 309 

position as a frontier photocatalyst for a wide range of photocatalytic applications.  310 

 Photoelectrocatalytic Stability and Recyclability 311 

The stability and recyclability analysis of the BiVO4/GQD/g-C3N4 was essential for 312 

demonstrating its practical applications as the photocorrosion is one of the major limiting factors 313 

that affecting the photocatalytic activity. Figure 4 (a) demonstrates the stability and recyclability 314 

performance of the ternary heterostructure sample for three cyclic activity. It can be seen that the 315 

ternary heterostructure sample manifests an excellent photostability with only a 3.6% loss in 316 

comparison to the first cycle. The minimal loss in the hydrogen evolution performance inferred on 317 
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the great BiVO4/GQD/g-C3N4 stability against photocorrosion. Furthermore, we further justified 318 

the excellent photostability of this ternary heterostructure by comparing its XRD analysis before 319 

and after the performance testing. Figure 4 (b) shows that there is no noticeable change in the 320 

crystallographic structure of the BiVO4/GQD/g-C3N4 sample was monitored in comparison to the 321 

fresh sample even after three cyclic activity. These results further corroborated that the as-322 

developed BiVO4/GQD/g-C3N4 sample possesses exceptional stability against photocorrosion in 323 

which signifying the practicality of this developed material.  324 

 325 

Figure 4: (a) Photoelectrocatalytic stability and recyclability and (b) XRD analysis of the 326 

BiVO4/GQD/g-C3N4 photocatalyst under visible-light-irradiation. 327 

 DFT Analysis 328 

As discussed in the experimental section, the ternary BiVO4/GQD/g-C3N4 sample was 329 

superior to the RGO-ternary heterostructure. So, in order to correlate and confirm our observation; 330 

we performed DFT analysis for bare samples including BiVO4, g-C3N4, RGO, GQD, and also for 331 

the binary and ternary heterostructure samples which include BiVO4/g-C3N4, BiVO4/GQD, 332 
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BiVO4/RGO, BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-C3N4 heterostructures. The optimized 333 

relaxed structures of the investigated models are given in Figure 5. The positive value (1.95 J/m2) 334 

monitored from the surface formation energy of BiVO4 indicates that the sample retains a stable 335 

and non-polar characteristic [46]. Thus, the slab of BiVO4 was chosen to construct the mentioned 336 

binary and ternary heterostructures, with almost no lattice mismatch (0.02 %). 337 

 338 

Figure 5: Optimized geometries of (a) GQDs, (b) RGO, (c) g-C3N4, (d) BiVO4, (e) 339 

BiVO4/GQDs, (f) BiVO4/RGO, (g) BiVO4/g-C3N4, (h) BiVO4/GQDs/g-C3N4, and (i) 340 

BiVO4/RGO/g-C3N4 systems. The lattice mismatch in the heterojunctions are less than 0.02%. 341 

 342 

The successful incorporation of RGO, GQD, and g-C3N4 on the surface of BiVO4 was 343 

confirmed from their strong interaction energy, charge transfer, and electrostatic potential map. 344 

These can be seen from a strong electrostatic interaction of a non-covalent nature that was 345 
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developed with the Bi—N, Bi—C, O—C, O—N and H—O inter-bonding. Correspondingly, the 346 

calculated interaction/adsorption energy of these interactions was in the range of -0.58 to -0.83 eV, 347 

indicate the binary and ternary heterostructures were thermodynamically stable. The 348 

aforementioned energy value was calculated based on the following equation:  349 

∆Ead = EProduct − (EReactant 1 + EReactant 2)                              (1) 350 

Where E(Product), EReactant 1, and EReactant 2 are the sum of the energy of the relaxed composite 351 

system, layer(s) of RGO, GQD, and g-C3N4, and BiVO4, respectively. Comparative analysis of the 352 

electrostatic potential maps of all the investigated species led us to predict that BiVO4/GQD/g-353 

C3N4 was more stable than others. This can be seen from its homogeneous distribution of 354 

electrostatic potential maps, especially at the interface as shown in Figure 6.  355 

 356 

Figure 6: (a) 1-D projection of the electrostatic potential maps of BiVO4/RGO/g-C3N4 (black 357 

line) and BiVO4/RGO/g-C3N4 (red line) heterojunctions; and 1-D projection of the electrostatic 358 

potential maps of (b) BiVO4/RGO/g-C3N4 and (c) BiVO4/GQD/g-C3N4 heterojunctions. 359 

 360 

In addition, the inter-charge transfer within both ternary heterostructure samples was 361 

estimated with the help of charge density difference (CDD), and the results were shown in Figure 362 
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7, while that of other species was shown in Figure S5 and S6. Based on Figure 7, there are two 363 

areas under the curve was coloured in yellow which corresponds to the accumulation of the charge. 364 

Meanwhile, the green coloured curve represents the depletion charge region. It can be seen that 365 

the charge distribution of both ternary heterostructure samples dominantly occurs at the interface 366 

region. However, there was no accumulation and depletion region were observed on BiVO4; 367 

especially those parts which were far away from the interface. This phenomenon is important as it 368 

was responsible for creating an electric field at the heterostructure interface, results in enhancing 369 

the separation and migration of the photocharge carriers (vide supra). Moreover, the observed 370 

charge distribution patterns indicate the formation of a weak Vander Waal type interaction between 371 

the individual samples [47]. Therefore, it can be concluded that the studied ternary heterostructure 372 

system possesses a typical p-n heterojunction system [48].  373 

On the other hand, a slice of the planar-averaged CDD for both the ternary heterostructure 374 

system, along with the Z-direction was illustrated at the bottom of Figure 7. Interestingly, the 375 

individual photocatalysts in the ternary BiVO4/GQDs/g-C3N4 heterostructure shared their 376 

electronic cloud density through orbital hybridizations. Whilst, the electronic cloud density map 377 

of RGO, g-C3N4 and BiVO4 in BiVO4/RGO/g-C3N4 heterostructure, show less mutual sharing, 378 

especially between RGO and g-C3N4. This obvious observation signifies that the GQDs and g-379 

C3N4 form a more stable and stronger heterojunction with BiVO4 (BiVO4/GQDs/g-C3N4), as 380 

evident from its degenerate CDD plot. Moreover, the charge transferring phenomena occurring in 381 

this GQDs-ternary heterostructure was higher than the RGO-ternary heterojunction (Figure 7). 382 

This statement nicely correlates our experimental data where the GQDs significantly enhanced the 383 

photoelectrocatalytic performance than RGO in the ternary heterostructure system.  384 
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 385 

Figure 7: Average electron density difference (Δρ) along the Z-direction for (a) BiVO4/RGO/g-386 

C3N4 and (b) BiVO4/GQD/g-C3N4 along with pristine BiVO4. The green and yellow shaded areas 387 

indicate electron accumulation and donation, respectively. 388 

 389 

In order to correlate and confirm the high performance of our experimentally observed 390 

BiVO4/GQD/g-C3N4 photocatalyst, we calculated the band structure and PDOS of the mentioned 391 

models. Moreover, the energy bands of a single layer of individual bare samples were also 392 

calculated which were depicted in Figure S7 to S12 of the Supporting Information. The simulated 393 

bandgaps of BiVO4, BiVO4/g-C3N4, BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-C3N4 were 2.46, 394 

2.46, 2.40, and 2.45 eV, respectively (shown in Figure S7 and Table 2). These simulated bandgaps 395 

have a good correlation with our experimentally observed bandgaps of 2.40 eV for BiVO4, 2.80 396 

eV for BiVO4/g-C3N4, 2.52 eV for BiVO4/RGO/g-C3N4, and 2.47 eV for BiVO4/GQD/g-C3N4. It 397 
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was found that the theoretical data were in accordance with the experimental data which further 398 

justified our theoretical protocol as well as validating the significant enhancement of 399 

photoelectrocatalytic activity boosted by GQDs.  400 

The work function, valence band maximum (VBM), conduction band minimum (CBM), 401 

effective masses of electrons and holes of the investigated species were listed in Table 2. BiVO4 402 

has an indirect bandgap of 2.46 eV which remains similar upon interaction with g-C3N4 in the 403 

binary heterostructure. However, the direction of the Brillouin zone was changed due to the 404 

different geometrical structures of the binary heterostructure. From Figure S11, we can see that 405 

upon the interaction of g-C3N4, RGO, and GQD with BiVO4; extra flat bands were produced in 406 

the VB of the ternary heterostructure system. The additional of these flat bands results in the 407 

formation of the holes trapping centres which was responsible for minimizing the photocharge 408 

carrier recombination. The original VB and CB of BiVO4 in these ternary heterostructures were 409 

highlighted with blue and red lines, respectively (Figure S11 and S12). Correspondingly, we can 410 

safely infer that the enhanced photocatalytic activity and high photocharge carrier mobility were 411 

stemming from these flat bands (vide supra). Additionally, the C and N atoms of RGO, GQD, and 412 

g-C3N4, were also contributing to the formation of these additional flat bands (vide infra).  413 

On the other hand, the effective masses (me* and mh*) of the photogenerated charge carriers 414 

were measured by fitting the parabolic estimation at both CBM and VBM. The estimation is 415 

measured according to Equation 2 where the details of this equation have been discussed 416 

previously [23,46].  417 

m∗ = ħ2 (d2 E/dk2) −1                            (2) 418 
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Table 2 summarizes the details of DFT calculations for the effective masses of the 419 

photocharge carriers along with the work function (θ), Water molecule adsorption energy (EAd) 420 

and other parameters. Theoretically, the lighter the charge carriers’ properties along with the larger 421 

difference between both effective masses, the more efficient will the photocharge carriers be 422 

separated and migrated, thus augmented the overall photoelectrocatalytic performance. According 423 

to the DFT calculations tabulated in Table 2, it can be inferred that the effective masses of 424 

photogenerated electrons and holes for bare sample, binary and ternary heterostructure systems 425 

were substantially lighter, thus responsible for efficient photocatalytic activity. Among all of the 426 

studied samples, the BiVO4/GQD/g-C3N4 can be considered as the most efficient material owing 427 

to its larger difference of 0.45 me. This calculation was well aligned with our experimental findings 428 

as being discussed above.  429 

Table 2: Summarize of all of the DFT analysis which estimated from the calculated band 430 

structure along the appropriate Brillouin zone direction. 431 

 432 

It should be noted that the partial density of state (PDOS) is responsible for the contribution 433 

of VBM and CBM. The PDOS of the studied binary and ternary heterostructure was examined and 434 

the obtained results were illustrated in Figure 8 as well as in Figure S13 and S14 of the Supporting 435 

Information. From Figure 8 (a), the VBM and CBM of the BiVO4 were composed of the p orbitals 436 

Species θ me*/m0 
(me) 

mh*/m0 
(mh) 

VBM CBM ΔEgap EAd 

BiVO4 5.18 0.02 0.01 -7.03 -4.57 2.46 -2.52 

BiVO4/g-C3N4 4.43 0.01 0.10 -6.16 -3.70 2.46 -2.84 

BiVO4/RGO/g-C3N4 4.30 0.67 0.61 -6.57 -4.17 2.40 -3.02 

BiVO4/GQD/g-C3N4 4.21 0.73 0.28 -6.41 -3.96 2.45 -3.42 
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originated from the O atoms and 5d orbitals originated from the V atoms, respectively. These VBM 437 

and CBM were located at -7.03 and -4.57 eV at vacuum levels. Nevertheless, the VBM of the 438 

binary heterostructure system was mainly constituted by the p orbitals of N atoms, responsible for 439 

flat bands (vide supra). It is noteworthy to mention that the PDOS of N atoms, especially near the 440 

VBM was not hybridized with the orbitals of O, C, Bi, and V atoms. In fact, the bands of N at 441 

VBM have appeared as separate states which do not increase the overall stability and long-term 442 

catalytic activity of binary heterostructure sample. Nonetheless, the CBM of the binary 443 

heterostructure system does not change but the density of states of V was reduced compared to 444 

that of BiVO4.  445 

On the other hand, the PDOS analysis of the ternary heterostructure systems indicates that 446 

the orbital hybridization of N atom with O, C, Bi, and V atoms was comparatively stronger than 447 

the binary heterostructure photocatalyst as shown in Figure 8 ( c and d). Correspondingly, the 448 

orbitals of N, Bi, V, C, and O atoms in the VB of the GQD-ternary heterostructure system depicts 449 

the strongest hybridization than the other studied photocatalysts. Thus, it can be said that the GQD, 450 

g-C3N4, and BiVO4 in the ternary BiVO4/GQD/g-C3N4 system has strong overlapping, responsible 451 

for an efficient photoelectrocatalytic hydrogen production. This statement strongly corroborates 452 

our experimental observation as well.  453 



25 

 

 454 

Figure 8: Partial density of states plots of (a) BiVO4, (b) BiVO4/g-C3N4, (c) BiVO4/RGO/g-C3N4, 455 

and (d) BiVO4/GQD/g-C3N4 heterojunction; the Fermi energy is set to zero. 456 

 457 

The Schematic illustration of the band edge positions for all photocatalysts was shown in 458 

Figure 9. The band alignment of the investigated species was calculated according to Equation 3. 459 

Φ = Evac – EF                                       (3) 460 

The simulated work functions of BiVO4, binary heterostructure photocatalyst, RGO-ternary 461 

heterostructure photocatalyst and GQDs-ternary heterostructure photocatalyst were 5.18, 4.43, 462 

4.30, and 4.21 eV, respectively (refer Table 2 and Table S1). The simulated work functions suggest 463 
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that the incorporation of the carbonaceous materials in the ternary heterostructure system improved 464 

the photocharge carrier’s mobility across the heterostructure interface. Additionally, the obtained 465 

work function suggests that the photocharge carrier was moved towards the BiVO4 until the Fermi 466 

energy of these units were coordinated. 467 

From Figure 9, we can see that the VBM of BiVO4 was higher than the binary and ternary 468 

heterostructure photocatalysts. Similarly, the CBM of the BiVO4 was at lower potential (vs. 469 

vacuum) than the other studied photocatalysts. Nevertheless, the formation of the heterostructure 470 

system has shifted the Fermi energy and the band edge positions to become optimum compared to 471 

the individual entities (see Table S1). This shifting position is essential for establishing the internal 472 

electric field within the heterostructure system that is responsible for improving the overall 473 

photoelectrocatalytic activity. Surprisingly, the change in Fermi energy level (4.21 eV vs. vacuum) 474 

and band edge potentials of BiVO4/GQD/g-C3N4 were more prominent than the other studied 475 

photocatalysts. Thus, this observation further supported that the boosted photoelectrocatalytic 476 

performance of the BiVO4/GQD/g-C3N4 was mainly due to the ideal position of its VB and CB 477 

(straddle with the redox potential of water), and a larger difference between the effective masses 478 

of the photocharge carriers (0.45 me). As the location of the CB for this ternary heterostructure 479 

was higher than the standard H+/H2 at the vacuum level, more H+ were accessible for the reaction 480 

to occur, thus a significant amount of H+ can be converted into H2. Accordingly, as the CB of this 481 

ternary heterostructure photocatalyst was more negative than the standard O2/H2O, more water 482 

molecules can be oxidized into O2. 483 
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 484 

Figure 9:  Energy level diagram of the band edge positions of BiVO4, BiVO4/g-C3N4, 
485 

BiVO4/RGO/g-C3N4, and BiVO4/GQD/g-C3N4. 
486 

 487 

Finally, we interact water molecules over the surfaces of the studied photocatalysts systems, 488 

and allowed to relax, to find the overpotential for water. The optimized relaxed geometries were 489 

depicted in Figure 10 and Figure S15, while the per water molecule adsorption energy over the 490 

surfaces of investigated species was listed in Table 2. Again, it was found that BiVO4/GQD/g-491 

C3N4 has a higher potential for the water molecule, where the per water molecule adsorption energy 492 

was -3.42 eV. As shown in Figure 10, some of the water molecules were repelled in the 493 

BiVO4/RGO/g-C3N4 system which consequently decreased the adsorption energy of water and 494 

reduce its catalytic activity. The per water molecule adsorption energy of BiVO4@H2O, BiVO4/g-495 

C3N4@H2O, and BiVO4/RGO/g-C3N4@H2O were -2.52, -2.84, and -3.02 eV, respectively.  496 
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 497 

Figure 10: Optimized relaxed structures of (a) BiVO4@H2O, (b) BiVO4/RGO@H2O, (c) 498 

BiVO4/GQD@H2O, (d) BiVO4/g-C3N4@H2O, (e) BiVO4/RGO/g-C3N4@H2O, (f) 499 

BiVO4/GQD/g-C3N4@H2O. 500 

 501 

Conclusion 502 

In summation, the effects of RGO and GQDs as electron mediators on the 503 

photoelectrocatalytic hydrogen production of BiVO4/g-C3N4 have been studied and further 504 

corroborated and counterchecked with DFT analysis. The obtained experimental and 505 

computational analyses suggest that the GQDs serves as an excellent electron mediator than RGO 506 

within the ternary heterostructure system. Additionally, the ternary BiVO4/GQD/g-C3N4 possesses 507 

the highest photocurrent density in which ~24% higher than the BiVO4/g-C3N4 integrated with 508 

RGO. Moreover, the BiVO4/GQD/g-C3N4 sample showed the highest photoconversion efficiency 509 

in which ~90% enhancement in the efficiency in comparison to the pure sample. Our theoretical 510 

simulations strongly support the experimental performance, where it suggests that the atomic 511 

orbitals of GQD form strong overlapping with the BiVO4 and g-C3N4. Additionally, the ternary 512 

BiVO4/GQD/g-C3N4 was found to be more stable and have higher interaction energy with a water 513 

molecule (-3.42 eV), compared to BiVO4/RGO/g-C3N4. Thus, the aforementioned features possess 514 
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by the ternary BiVO4/GQD/g-C3N4 were responsible for boosting the photoelectrocatalytic 515 

performance. Thus, for the first time, it was revealed that the addition of GQD in the BiVO4/g-516 

C3N4 heterostructure system promotes better photocharge carrier separation and migration than 517 

RGO with higher ABPE. This finding offers a new paradigm in the view of the utilization of an 518 

electron mediator from the carbonaceous materials in which GQD can be regarded as a more 519 

efficient electron mediator than the RGO. 520 
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