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Abstract

Herein, we performed an encyclopedic analysis on the photoelectrocatalytic hydrogen production
of BiVO4/g-C3sN4 decorated with reduced graphene oxide (RGO) or graphene quantum dots
(GQDs). The differences between RGO and GQDs as an electron mediator was revealed for the
first time in the perspective of theoretical DFT analysis and experimental validation. It was found
that the incorporation of GQDs as an electron mediator promotes better photoelectrocatalytic
hydrogen performance in comparison to the RGO. The addition of GQD can significantly improve
the activity by 25.2 and 75.7% in comparison to the BiVO4/RGO/g-C3N4 and binary composite
samples, respectively. Correspondingly, the BiVO4/GQD/g-CsN4 attained the highest photocurrent
density of 19.2 mA/cm?with an ABPE of 0.57 % without the presence of any sacrificial reagents.
This enhancement is stemming from the low photocharge carrier transfer resistance which was
further verified via DFT study. The DFT analysis revealed that the BiVO4/GQD/g-C3N4 sample
shared their electronic cloud density through orbital hybridization while the BiVO4/RGO/g-C3Na
sample show less mutual sharing. Additionally, the charge redistribution of the GQDs-composite
at the heterostructure interface articulates a more stable and stronger heterojunction than the RGO-
composite. Notably, this study provides new insights on the effect of different carbonaceous
materials (RGO and GQDs) which are often used as an electron mediator to enhance photocatalytic

activity.

Keyword: photocatalyst, graphene quantum dots, photoelectrochemical cell, density functional

theory, reduced graphene oxide
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1 Introduction

The burgeoning demand for rapid industrialization had exerted momentous pressure on the
global environment. The onslaught of environmental pollution stemming from the overreliance of
fossil fuels has provoked environmental threats that could affect the human being[1,2]. Thus, it is
imperative to design a new energy technology via the utilization of renewable and sustainable
resources in order to minimize the aforementioned environmental threats before it becomes
irrevocable issues. Drawing inspiration from natural photosynthesis, photocatalytic water splitting
via photocatalyst materials for the production of sustainable hydrogen energy has been regarded
as a judicious strategy for future energy generation [3].

Bismuth vanadate (BiVOs) has galvanized heightened interest among the scientific
community as a promising material with peculiar photocatalytic features including moderate
bandgap energy, excellent photochemical stability and environmentally friendly materials [4,5].
Generally, BiVOq exists in three different crystal structures which are monoclinic clinobisvanite,
orthorhombic pucherite and tetragonal dreyerite in which all of these structures possess different
photocatalytic activity upon light illumination [6]. For example, the monoclinic structure was
composed of additional Bi 6s orbitals in the valance band which allows a short transition of
photocharge carriers to the V 3d orbitals in the conduction band and thus corresponds to the smaller
bandgap energy. Meanwhile, the tetragonal structure was made up of only O 2p orbitals,
consequently, lengthen the transition of the photocharge carrier which can promote the
recombination rate and limits the photocatalytic performance. Nevertheless, there are several
bottleneck issues of the pure BiVOs which has hindered the overall practicality of this

semiconductor material [7,8].
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Hitherto, various efforts have been performed in mitigating the inherent limitations of BiVO4
such as the formation of the heterostructure systems, introducing defects structures and
nanoscaling [9]. Amidst the proposed strategies, the heterostructure system approach has been
regarded as a promising strategy to significantly boost the photocatalytic performance owing to its
smooth photocharge separation and migration; and limited photocharge recombination. [10,11].
Recently, graphitic carbon nitride (g-CsN4) photocatalyst has drawn prime attention in the area of
photocatalyst as a metal-free polymeric two-dimensional (2D) materials with medium bandgap
energy [12,13]. The structural advantages of the g-CsNa such as high thermal stability, direct
bandgap and appropriate flat band potential for hydrogen evolution suggest a complementary
heterostructure combination with the BiVO4 [11,14]. For example, Wang et al. [15] developed g-
C3Na4/BiVOas photocatalyst with a high photocurrent density of 0.44 mA/cm? at 0.56 V in the linear
sweep current-voltage test. Subsequently, Safaei et al. [16] revealed that the g-C3N4/BiVOs
achieved high photocurrent density of 0.42 mA/cm? at 1.23 V vs. RHE which was attributed to the
lower charge transfer resistance and high oxygen vacancy sites. However, the g-CsN4/BiVOas
sample often possesses the Type Il heterostructure system which has limited photocharge carrier
redox abilities and not favourable for solar hydrogen production as it requires high redox potential
of H2/H™. Recently, we have reported the promising potential of RGO as an electron mediator for
mitigating the limitation that exists within the Type Il system [17]. The addition of RGO has
modified the Type |1 system into the novel Z-scheme system which possesses strong oxidation and
reduction capability between the sample and fulfils the prerequisite of the solar hydrogen
production [18,19].

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

on the effect of the different geometrical structures of the graphene-based materials, particularly
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RGO and GQDs on enhancing the heterostructure photocatalytic performances are often not been
exhaustively scrutinized. Additionally, to the extent of authors’ knowledge, the study on
photoelectrocatalytic hydrogen evolution using natural lake water without sacrificial reagents
instead of the chemical-based electrolyte solution is limited.

Due to these Achilles’ heels, our group aims to provide an insight into all of these
unanswerable gquestions by developing the BiVOa4/g-C3N4 heterostructure photocatalyst with the
addition of RGO or GQD for the first time. We evaluate the ternary structural differences via
photoelectrocatalytic hydrogen production using natural lake water. The differences between both
RGO and GQD as electron mediators were revealed in the view of experimental and DFT analysis.
We systematically analyse the structural properties of each of the studied photocatalyst either in
the pure form, binary structure and ternary heterostructure system. The electronic properties of
these models are simulated to countercheck our experimental data. Simulated electronic properties
include band structure (valence band, conduction band, and bandgap), the partial density of states
(PDOS), Fermi energy level, electrostatic potential, charge difference density (CDD), surface

formation energy and adsorption energy of water molecule.

2 Materials and Methods

2.1 Preparation of Photocatalyst Sample

The details of the purity and assay of the raw materials used in the synthesizing of the
photocatalysts have been included in Supplementary Information. Generally, the pure BiVOas and
g-CsNs were individually prepared via a modified hydrothermal method and thermal

polycondensation of urea, respectively. The details of these synthesizing protocols can be found
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elsewhere [7]. Meanwhile, the RGO was synthesized using a modified Hummer’s method reported
by Samsudin et al. [17] and GQDs were prepared according to the previously reported literature
[20]. For the binary BiVO4/g-C3N4 sample, a wet-impregnation technique was applied to prepare
this composite in which 0.8 wt.% of g-CsN4 was thoroughly mixed with 1 g of BiVOas in 40 mL of
deionized water. Details of the procedure have been reported previously [7]. The same synthesis
protocols were applied in preparing the ternary BiVO4/RGO/g-C3sNs and BiVO4/GQD/g-C3N4

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

2.2 PEC Measurement

The physicochemical properties of the photocatalysts were thoroughly examined via X-ray
diffraction (XRD), Brunauer-Emmet-Teller (BET), X-ray Photoelectron Spectroscopy (XPS),
Fourier Transform Infrared (FTIR) spectra, Field-Emission Scanning Electron Microscopy
(FESEM) and High-Resolution Transmission Electron Microscopy (HRTEM) in which details of
these measurements can be found in the Supplementary Information. Meanwhile, the PEC analysis
was performed in a standard three-cell configuration system using an Autolab potentiostat
PGSTAT302N (Metrohm). The fabrication method for preparing the photoanode (working
electrode) containing as-developed photocatalyst was detailed in our previous publication [21].
Meanwhile, the reference and counter electrodes were made up of Ag/AgCl and Platinum rod.
Additionally, 0.5 M Na2S04 and 500 W halogen lamp (AM 1.5G illumination) were employed as
an electrolyte and visible-light-source. Furthermore, the I-V curves were measured using a Linear
Sweep Voltammetry (LSV) procedure while the EIS was analyzed using a frequency response

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

The photoelectrocatalytic hydrogen production was measured in a PEC-DSSCs setup as
illustrated in Figure S1. The working anode was made up of the as-developed photoanode and the
counter electrode was made up of platinum rod which was connected with DSSCs in a series
arrangement to provide external bias energy. A 200 mL of natural lake water with pH 7.2 was used
as a water source. The produced hydrogen analysed using Multiple Gas Analyzer software (SRI

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

2.4 Density Functional Theory Calculations

DFT calculations were performed on QuantumATK and the results were visualized on
VESTA and Virtual NanoLab Version 2019.12. The details on the lattice parameters, hall
symmetry, slab model calculations for surface energies and band edge locations, and other related
DFT protocols for the pure BiVO4 and g-C3sN4 has been well described in our recent paper [7].
Similarly, the protocols for measuring the surface formation energy and electrostatic potentials
were included in our previous reports [16,22,23]. Meanwhile, in the case of RGO, GQDs, and g-
CsN4, we used a single layer structure for the aforementioned analysis. Furthermore, in order to
represent and counterchecked the experimental data, we built the following models of
photocatalyst which include the BiVO4/GQDs, BiVO4/RGO, BiV0O4/g-C3N4, BiVO4/GQDs/g-
CsN4, and BiVO4/RGO/g-CsNa4 heterostructures. The single layer of RGO, GQD, and g-C3sN4 were
adsorbed on the optimized surface of BiVOas (vide infra). In order to avoid a higher mismatch in
the heterojunctions, the cell parameters of all these species were kept similar. Geometries of all
these species were optimized at generalized gradient approximation (GGA) with the Perdew-

Burke-Ernzerhof (PBE) exchange-correlation functional and double Zeta Polarized (DZP) basis

7
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set [24]. Linear combination of atomic orbitals (LCAQO) method has been employed for Bi, V, C,
N, H, and O atoms [25]. Different types and sizes of the Monkhorst-Pack k-grid and energy cutoff
were employed for each individual sample. The TBO9LDA functional of meta-GGA was
performed to estimate the band structure properties by embedding with the Tran and Blaha XC
functional equation [25]. Furthermore, we also measured the DOS, PDOS, band structure, EDD,
electrostatic potential, and effective masses of the charge carriers according to the protocols

described by Endres et al. [26].

3 Results and Discussion

3.1 FTIR Analysis

Figure 1(a) manifests the Fourier Transform Infrared (FTIR) spectra of all of the as-
developed photocatalyst. The FTIR spectra of the pure BiVOs and g-CsNs sample has been
comprehensively discussed in our previous publication [21,27]. Generally, the pure BiVOs was
made up of a broad peak and weak shoulder located around 750 cm™ (v3 of the VO4*) and 530
cm (v4 of the VO4*) [17]. Moreover, the observed broad and small FTIR peaks monitored at
3460 and 1500 cm™, respectively were stemming from the O—H stretching and O—H bending
mode, respectively [28]. The presence of the g-CsNa4 photocatalyst was verified through the

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

Furthermore, the multiple peaks in the range 1300 — 1500 cm™ corresponds to the typical
stretching modes of C—N heterocycles [30]. The small peak located at 1240 and 1317 cm™ were
attributed to the partial condensation of C-NH—C and full condensation of C—N(—C) —C units,
respectively. It is conspicuous that the heterostructure samples exemplified identical characteristic

peaks of parent BiVOs and g-CsNs, highlighting that the BiVVOa4/g-CsNa4 heterostructure was
8
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synthesized successfully. Interestingly, the FTIR patterns for the binary and ternary structure
samples were almost identical with no evident signal of RGO and GQDs were detected. These
similar FTIR patterns among the binary and ternary samples can be occurred due to the low loading

amount of graphene-based materials used in this study.
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Figure 1: (a) FTIR spectra and (b) XRD spectra of the as-developed photocatalyst.

3.2 XRD, FESEM and TEM Properties

The XRD analysis revealed that the photocatalyst sample feature two different
crystallographic properties which were tetragonal and monoclinic structure, corresponds to the
BiVOa properties as shown in Figure 1 (b). The peaks of the monoclinic structure located at 10.2,
10.9, 30.6, 31.5 and 32.6° of 20 while the peaks of the tetragonal structure located at 24.6 and
25.3° of 20. Both crystal structures can be indexed to the JCPDS card no. 14—-0688 and JCPDS
card no. 14—0133 [21]. Meanwhile, peak detected at 28.5° of 20 was belongs to the (002) facet of

the g-CsN4 [31]. Nevertheless, there are no XRD diffraction peaks appeared corresponded to the



187 RGO and GQDs, presumably due to the low content and high dispersity in the heterostructure

188  sample.

189

190 Figure 2: FESEM micrograph images of (a) BiVO4/g-CsN, (b) BiVO4#/RGO/g-CaNs (inset is the
191 200 nm zoom micrograph image which detect the RGO layer in the composite sample), (c)
192 BiVO4/GQD/g-CsNs and (d) HRTEM image of GQD.

193

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

195  scrutinized using FESEM and TEM. As depicted in Figure 2, the FESEM images revealed that the
196  BiVOa4 possesses the typical microflower shape like structure with distinctly sharp edges. Notably,
197  the crumple two-dimensional (2D) porous structure was randomly distributed on the surface of the

198  BiVOa4 microflower corresponded to the g-CsNas, manifesting the intimate contact between BiVOa
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and g-CsN4 particles. The inset FESEM image in Figure 2 (b) indicates the presence of the
wrinkled thin-silk structure of RGO originated from the decomposition of the oxygen functional
groups that leads to graphene-like sheets with a disordered stacking [32]. The detection of RGO
in the heterostructure BiVO4/RGO/g-C3sN4 sample signifies the successful fabrication of the

composite sample.

Similarly, the BiVO4/GQD/g-CsN4 sample exemplifies the typical identical morphological
structure of individual BiVOs4 and g-CsN4. However, there is no morphological structure
corresponded to GQD was detected in the FESEM micrograph image, presumably due to the small
size. Figure 2 (d) exhibits the HRTEM image of the as-developed GQDs which have a diameter
range of 5 — 9 nm. The lattices of GQD can be clearly observed, attaining a high crystallization
level of GQDs. The interplanar spacing of GQDs is 0.21 nm which coincides well with typical
(101) spacing of graphitic carbon [33,34]. Furthermore, the top and cross-sectional FESEM images
along with the EDX and elemental mapping of the BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-C3N4
were demonstrated in Figure S2 and S3 which clearly suggesting the presence of all elemental

footprints corresponds to the parental BiVO4, RGO, GQD and g-C3Na4 sample.

3.4 Optical Properties

Previously, we report that the pure BiVO4 and g-C3N4 photocatalyst possesses an absorption
edge around 520 and 430 nm, conforming to bandgap energy of 2.40 and 2.80 eV, respectively
[35-38]. Meanwhile, the binary BiVVO4/g-CsNa4 exhibits slightly increased in absorption intensity
at 530 nm as shown in Figure 3 (a), evincing that the hybridization of individual photocatalyst

does improve the light absorption capacity near the visible-light region. Meanwhile, both of the

11
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ternary heterostructure samples manifest an almost similar absorption edge in comparison to the
binary structure. Based on Figure 3 (b), it was estimated that the bandgap energy of BiVVOa4/g-C3sNz,
BiVO4/RGO/g-C3N4 and BiVO4/GQD/g-CsN4 samples were calculated to be 2.74, 2.52 and 2.47
eV. Itis worth noting that the addition of RGO and GQDs as an electron mediator further enhanced
the absorption capacity of the composite materials near the visible-light region, results in
significant enhancement on the photoelectrocatalytic performance. Moreover, the RGO and GQDs
can act as a photosensitizer for bandgap narrowing, endowing efficient electron-hole pairs

separation and hindered the photocharge carrier recombination.
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Figure 3: (a) Absorbance spectra, (b) Tauc plot, (c) Photoelectrocatalytic hydrogen production,
(d) EIS Nyquist plot, (e) Photocurrent density, and (f) Photoconversion efficiency of the as-
developed photocatalyst.
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3.5 BET Analysis

Figure S4 depicts the N2 adsorption-desorption isotherms of the binary and ternary
heterostructure photocatalysts. The linear isotherm plot exemplifies the characteristic nature of
Type 1V isotherms with the H3-type hysteresis loop at a relatively high P/Po of 0.7 — 1.0.
Additionally, the details on the BET analysis of the composite photocatalysts were summarized in
Table 1. The BET surface area, pore volume and pore size of BiVOa/g-C3N4 were 5.20 m?g?,
0.023 cm®gtand 22.05 nm. Nevertheless, when the RGO and GQDs were incorporated into the
ternary heterostructure, the BET surface area was slightly decreased. This phenomenon can be

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

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

Sample Seet Pore Volume Pore Size
(m*g™) (cm’g?) (hm)
BiVOa4/ 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

3.6 Photoelectrocatalytic Hydrogen Production

The performance of the binary and ternary heterostructure samples was evaluated using
natural lake water as illustrated in Figure 3 (c). There is no chemical electrolyte was added during
the measurement in order to highlight the potential of green hydrogen production via natural water
sources. Previously, our group reported that the photoelectrocatalytic hydrogen performance of the
pure BiVO4 and g-C3N4 were found to be 9.5 and 11.9 mmol/h [21]. The low photoelectrocatalytic
performance for pure samples was stemming from its natural limitation which is the fast
recombination rate of the photogenerated charge carriers [6,19]. Interestingly, the hybridization of

BiVOa4 and g-C3N4 to form the heterostructure system significantly enhanced photoelectrocatalytic
13
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activity despite being without any sacrificial reagents. Moreover, the addition of RGO in the
ternary heterostructure system has a substantial effect on the performance compared to the binary
system. The high photoelectrochemical hydrogen production of 63.5 mmol demonstrated by the
BiVO4/RGO/g-CsN4 sample implying that the RGO serves as an excellent electron mediator for
the reduction process which lowers the photocatalytic overpotential and thus minimizing the
photocharge carrier recombination [39]. Moreover, the intimate interfacial interaction between the
individual photocatalyst with the RGO, evidently from the FESEM micrograph image does allow
a smooth and efficient photocharge carrier separation and migration between the adjacent
photocatalyst. This phenomenon is aligned with principle akin to other reported studies, whereby

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

Interestingly, the formation of the ternary heterostructure with the GQDs material
demonstrates the highest photoelectrocatalytic activity of 84.9 mmol/h which was ~25% higher
than the composite sample with RGO as an electron mediator. This scenario could be attributed to
the strong quantum confinement effect and boundary effect of GQDs owing to its smaller size
below 10 nm in comparison to the RGO which typically size range below 100 nm [42]. Moreover,
the hybridization of GQDs in the composite heterostructure system not only promotes the -
electron delocalization, but also creates a new photocharge carrier separation and migration

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

3.7 Photoelectrochemical (PEC) Behaviour Analysis

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

and migration within the binary and ternary structure as shown in Figure 3 (d). Generally, the

14
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semicircle arc radius on the EIS Nyquist plot indicating the photocharge carrier resistance in which
the bigger the arc radii, the higher the resistance, consequently jeopardizing the photocatalytic
performance. As reported in our work previously [21,27,44], the EIS Nyquist plot for the pure
BiVO4 and g-C3Na shows a bigger semicircle arc diameter with high photocharge carrier resistance
due to its inherent limitation as single photocatalyst materials [45]. However, the observed
semicircle arc diameter of the ternary heterostructure possesses a small diameter than the binary
heterostructure. This observation signifying the robust interfacial photocharge carrier migration
and separation through the ternary heterostructure with the aids of either RGO or GQDs.
Comparatively, the BiVO4/GQD/g-C3Na4 sample exhibit the smallest semicircle arc diameter than
BiVO4/RGO/g-C3N4 sample, indicating that the GQD serve better as an electron mediator at the

interface heterojunction than RGO.

The current-potential (I-V) curve of the studied photocatalyst was demonstrated in Figure 3
(e). The binary BiVOa4/g-C3Na attained a photocurrent density of 9.62 mA/cm? which is higher
than the pure sample as reported by our group previously [21]. Interestingly, the photocurrent
density of the binary BiVO4/g-C3N4 sample integrated either with RGO or GQD was considerably
higher relative to the sample without an electron mediator, signifying that the ternary
heterostructure sample has excellent photocharge carrier separation and migration upon light
illumination. In addition, the ternary heterostructure embedded with the RGO achieved a
photocurrent density of 14.6 mA/cm? while the ternary heterostructure sample integrated with the
GQD exhibit the highest photocurrent density of 19.2 mA/cm? at 1.0 V vs Ag/AgCI. The enhanced
by 24% of the photocurrent density by composite sample integrated with GQD compare to RGO
further corroborated the EIS Nyquist analysis that the GQD serves better as an electron mediator

at the interface heterojunction with a minimal photocharge carrier resistance.
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The ABPE was measured to examine the relationship between the applied voltage and
photocurrent density and the details on the ABPE can be referred elsewhere [8,38,45]. Previously,
our group reported that the ABPE of the pure BiVO4was only 0.056% in which confirming the
limited photocatalytic nature of the single photocatalyst. However, after constructing the binary
system with g-CsN4, the ABPE of this sample reaches 0.29%, indicating an 80% improvement in
the ABPE when BiVOs has formed a heterostructure system with the g-CsNa4. Meanwhile, the
formation of the ternary heterostructure sample with the RGO demonstrates superior ABPE with
0.40% efficiency at -0.03 V vs. Ag/AgCIl. Concomitant with this, the ternary heterostructure
sample embedded with the GQDs displays the highest photoconversion efficiency (0.57%) in
comparison to other samples as illustrates in Figure 3 (f). Such results can be ascribed to the
decrease in the photocharge resistance at the electrode/electrolyte interface induced by the
quantum size of GQD, evidently from the EIS Nyquist plot. Furthermore, the hybridization of
GQD not only improved the ABPE of the composite BiVO4/g-C3sN4 sample, but also significantly
improved the resistance of the as-developed photocatalyst against photocorrosion, affirming it

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

3.8 Photoelectrocatalytic Stability and Recyclability

The stability and recyclability analysis of the BiVO4/GQD/g-C3sN4 was essential for
demonstrating its practical applications as the photocorrosion is one of the major limiting factors
that affecting the photocatalytic activity. Figure 4 (a) demonstrates the stability and recyclability
performance of the ternary heterostructure sample for three cyclic activity. It can be seen that the
ternary heterostructure sample manifests an excellent photostability with only a 3.6% loss in

comparison to the first cycle. The minimal loss in the hydrogen evolution performance inferred on
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the great BiVO4/GQD/g-C3N4 stability against photocorrosion. Furthermore, we further justified
the excellent photostability of this ternary heterostructure by comparing its XRD analysis before
and after the performance testing. Figure 4 (b) shows that there is no noticeable change in the
crystallographic structure of the BiVO4/GQD/g-C3sN4 sample was monitored in comparison to the
fresh sample even after three cyclic activity. These results further corroborated that the as-
developed BiVO4/GQD/g-C3Na sample possesses exceptional stability against photocorrosion in

which signifying the practicality of this developed material.
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Figure 4: (a) Photoelectrocatalytic stability and recyclability and (b) XRD analysis of the
BiV0O4/GQD/g-CsN4 photocatalyst under visible-light-irradiation.

3.9 DFT Analysis

As discussed in the experimental section, the ternary BiVO4/GQD/g-CsN4 sample was
superior to the RGO-ternary heterostructure. So, in order to correlate and confirm our observation;
we performed DFT analysis for bare samples including BiVOs4, g-CsN4, RGO, GQD, and also for

the binary and ternary heterostructure samples which include BiVOa4/g-C3Na, BiVO4/GQD,
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BiVO4/RGO, BiVO4/RGO/g-CsNa and BiVO4/GQD/g-CsNa heterostructures. The optimized
relaxed structures of the investigated models are given in Figure 5. The positive value (1.95 J/m?)
monitored from the surface formation energy of BiVVO4 indicates that the sample retains a stable
and non-polar characteristic [46]. Thus, the slab of BiVOa4 was chosen to construct the mentioned

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

P\
; fﬂ

¥

e :
AN NN
i f’,.-':‘_.“f-!" :

Figure 5: Optimized geometries of (a) GQDs, (b) RGO, (c) g-C3sNs, (d) BiVOs4, (e)
BiVO4/GQDs, (f) BiVO4/RGO, (g) BiVO4/g-CsN4, (h) BiVO4/GQDs/g-CsN4, and (i)
BiVO4/RGO/g-CsNasystems. The lattice mismatch in the heterojunctions are less than 0.02%.

The successful incorporation of RGO, GQD, and g-CsNs on the surface of BiVOs was
confirmed from their strong interaction energy, charge transfer, and electrostatic potential map.

These can be seen from a strong electrostatic interaction of a non-covalent nature that was
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developed with the Bi—N, Bi—C, O—C, O—N and H—O inter-bonding. Correspondingly, the
calculated interaction/adsorption energy of these interactions was in the range of -0.58 to -0.83 eV,
indicate the binary and ternary heterostructures were thermodynamically stable. The

aforementioned energy value was calculated based on the following equation:

AEad = EProduct - (EReactantl + EReactantZ) (1)

Where E(product), EReactant 1, and ERreactant 2 are the sum of the energy of the relaxed composite
system, layer(s) of RGO, GQD, and g-CsNa, and BiVOs, respectively. Comparative analysis of the
electrostatic potential maps of all the investigated species led us to predict that BiVO4/GQD/g-
CsNs4 was more stable than others. This can be seen from its homogeneous distribution of

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

(@) (b) (©)

——BiIVO/RGORC N,

——BIVO,/GQD:

Electrostatic Potential (eV)
Electrostatic Potential (V)
Electrostatic Potential (e¢V)
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Z-direction (A) irection (A)

Figure 6: (a) 1-D projection of the electrostatic potential maps of BiVO4/RGO/g-C3Na4 (black
line) and BiVO4/RGO/g-CsNa (red line) heterojunctions; and 1-D projection of the electrostatic
potential maps of (b) BiVO4/RGO/g-CsN4 and (c) BiVO4/GQD/g-C3sN4 heterojunctions.

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

estimated with the help of charge density difference (CDD), and the results were shown in Figure
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7, while that of other species was shown in Figure S5 and S6. Based on Figure 7, there are two
areas under the curve was coloured in yellow which corresponds to the accumulation of the charge.
Meanwhile, the green coloured curve represents the depletion charge region. It can be seen that
the charge distribution of both ternary heterostructure samples dominantly occurs at the interface
region. However, there was no accumulation and depletion region were observed on BiVOg;
especially those parts which were far away from the interface. This phenomenon is important as it
was responsible for creating an electric field at the heterostructure interface, results in enhancing
the separation and migration of the photocharge carriers (vide supra). Moreover, the observed
charge distribution patterns indicate the formation of a weak VVander Waal type interaction between
the individual samples [47]. Therefore, it can be concluded that the studied ternary heterostructure

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

On the other hand, a slice of the planar-averaged CDD for both the ternary heterostructure
system, along with the Z-direction was illustrated at the bottom of Figure 7. Interestingly, the
individual photocatalysts in the ternary BiVO4/GQDs/g-CsNa heterostructure shared their
electronic cloud density through orbital hybridizations. Whilst, the electronic cloud density map
of RGO, g-CsNs and BiVOs in BiVO4/RGO/g-CsN4 heterostructure, show less mutual sharing,
especially between RGO and g-CsNa4. This obvious observation signifies that the GQDs and g-
CsN4 form a more stable and stronger heterojunction with BiVOas (BiVO4/GQDs/g-C3N4), as
evident from its degenerate CDD plot. Moreover, the charge transferring phenomena occurring in
this GQDs-ternary heterostructure was higher than the RGO-ternary heterojunction (Figure 7).
This statement nicely correlates our experimental data where the GQDs significantly enhanced the

photoelectrocatalytic performance than RGO in the ternary heterostructure system.
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Figure 7: Average electron density difference (Ap) along the Z-direction for (a) BiVO4/RGO/g-
CsN4 and (b) BiVO4/GQD/g-CsN4 along with pristine BiVOa. The green and yellow shaded areas

indicate electron accumulation and donation, respectively.

In order to correlate and confirm the high performance of our experimentally observed
BiV04/GQD/g-CsN4 photocatalyst, we calculated the band structure and PDOS of the mentioned
models. Moreover, the energy bands of a single layer of individual bare samples were also
calculated which were depicted in Figure S7 to S12 of the Supporting Information. The simulated
bandgaps of BiVOs, BiVO4/g-C3Na, BiVO4/RGO/g-C3Ns and BiVO4/GQD/g-C3N4 were 2.46,
2.46, 2.40, and 2.45 eV, respectively (shown in Figure S7 and Table 2). These simulated bandgaps
have a good correlation with our experimentally observed bandgaps of 2.40 eV for BiVOs, 2.80

eV for BiVO4/g-C3Ns, 2.52 eV for BiVO4/RGO/g-C3Na, and 2.47 eV for BiVO4/GQD/g-CsNa. It
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was found that the theoretical data were in accordance with the experimental data which further
justified our theoretical protocol as well as validating the significant enhancement of

photoelectrocatalytic activity boosted by GQDs.

The work function, valence band maximum (VBM), conduction band minimum (CBM),
effective masses of electrons and holes of the investigated species were listed in Table 2. BiVO4
has an indirect bandgap of 2.46 eV which remains similar upon interaction with g-CsNa4 in the
binary heterostructure. However, the direction of the Brillouin zone was changed due to the
different geometrical structures of the binary heterostructure. From Figure S11, we can see that
upon the interaction of g-CsNs, RGO, and GQD with BiVOa; extra flat bands were produced in
the VB of the ternary heterostructure system. The additional of these flat bands results in the
formation of the holes trapping centres which was responsible for minimizing the photocharge
carrier recombination. The original VB and CB of BiVOs in these ternary heterostructures were
highlighted with blue and red lines, respectively (Figure S11 and S12). Correspondingly, we can
safely infer that the enhanced photocatalytic activity and high photocharge carrier mobility were
stemming from these flat bands (vide supra). Additionally, the C and N atoms of RGO, GQD, and

g-CsNg4, were also contributing to the formation of these additional flat bands (vide infra).

On the other hand, the effective masses (me* and mn®) of the photogenerated charge carriers
were measured by fitting the parabolic estimation at both CBM and VBM. The estimation is
measured according to Equation 2 where the details of this equation have been discussed

previously [23,46].

m* = A2 (d? E/dk?) ! (2)
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Table 2 summarizes the details of DFT calculations for the effective masses of the
photocharge carriers along with the work function (0), Water molecule adsorption energy (Eaqd)
and other parameters. Theoretically, the lighter the charge carriers’ properties along with the larger
difference between both effective masses, the more efficient will the photocharge carriers be
separated and migrated, thus augmented the overall photoelectrocatalytic performance. According
to the DFT calculations tabulated in Table 2, it can be inferred that the effective masses of
photogenerated electrons and holes for bare sample, binary and ternary heterostructure systems
were substantially lighter, thus responsible for efficient photocatalytic activity. Among all of the
studied samples, the BiVO4/GQD/g-C3sN4 can be considered as the most efficient material owing
to its larger difference of 0.45 me. This calculation was well aligned with our experimental findings

as being discussed above.

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

structure along the appropriate Brillouin zone direction.

Species 06 me*/mp mp*mg VBM  CBM  AEgp Ead

(Me)  (Mn)
BiVOs 518 0.02 0.01 -7.03  -457 2.46 -2.52
BiVO4/g-CsN4 443  0.01 0.10 -6.16  -3.70 2.46 -2.84

BiVO4/RGO/g-CsN4 430 0.67 0.61 -6.57  -4.17 2.40 -3.02
BiVO4/GQD/g-CsNs | 421  0.73 0.28 -6.41  -3.96 2.45 -3.42

It should be noted that the partial density of state (PDOS) is responsible for the contribution
of VBM and CBM. The PDOS of the studied binary and ternary heterostructure was examined and
the obtained results were illustrated in Figure 8 as well as in Figure S13 and S14 of the Supporting
Information. From Figure 8 (a), the VBM and CBM of the BiVVO4 were composed of the p orbitals
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originated from the O atoms and 5d orbitals originated from the V atoms, respectively. These VBM
and CBM were located at -7.03 and -4.57 eV at vacuum levels. Nevertheless, the VBM of the
binary heterostructure system was mainly constituted by the p orbitals of N atoms, responsible for
flat bands (vide supra). It is noteworthy to mention that the PDOS of N atoms, especially near the
VBM was not hybridized with the orbitals of O, C, Bi, and V atoms. In fact, the bands of N at
VBM have appeared as separate states which do not increase the overall stability and long-term
catalytic activity of binary heterostructure sample. Nonetheless, the CBM of the binary
heterostructure system does not change but the density of states of VV was reduced compared to

that of BiVOa.

On the other hand, the PDOS analysis of the ternary heterostructure systems indicates that
the orbital hybridization of N atom with O, C, Bi, and V atoms was comparatively stronger than
the binary heterostructure photocatalyst as shown in Figure 8 ( ¢ and d). Correspondingly, the
orbitals of N, Bi, V, C, and O atoms in the VB of the GQD-ternary heterostructure system depicts
the strongest hybridization than the other studied photocatalysts. Thus, it can be said that the GQD,
g-CsNs, and BiVOu in the ternary BiVO4/GQD/g-CsN4 system has strong overlapping, responsible
for an efficient photoelectrocatalytic hydrogen production. This statement strongly corroborates

our experimental observation as well.
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Figure 8: Partial density of states plots of (a) BiVOsa, (b) BiVO4/g-C3Ns, (c) BiVO4/RGO/g-C3sNa,
and (d) BiVO4/GQD/g-CsN4 heterojunction; the Fermi energy is set to zero.

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

Figure 9. The band alignment of the investigated species was calculated according to Equation 3.
® =Evac— Er 3)

The simulated work functions of BiVOa, binary heterostructure photocatalyst, RGO-ternary
heterostructure photocatalyst and GQDs-ternary heterostructure photocatalyst were 5.18, 4.43,

4.30,and 4.21 eV, respectively (refer Table 2 and Table S1). The simulated work functions suggest
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that the incorporation of the carbonaceous materials in the ternary heterostructure system improved
the photocharge carrier’s mobility across the heterostructure interface. Additionally, the obtained
work function suggests that the photocharge carrier was moved towards the BiVOas until the Fermi

energy of these units were coordinated.

From Figure 9, we can see that the VBM of BiVVO4 was higher than the binary and ternary
heterostructure photocatalysts. Similarly, the CBM of the BiVO4 was at lower potential (vs.
vacuum) than the other studied photocatalysts. Nevertheless, the formation of the heterostructure
system has shifted the Fermi energy and the band edge positions to become optimum compared to
the individual entities (see Table S1). This shifting position is essential for establishing the internal
electric field within the heterostructure system that is responsible for improving the overall
photoelectrocatalytic activity. Surprisingly, the change in Fermi energy level (4.21 eV vs. vacuum)
and band edge potentials of BiVO4/GQD/g-C3sNa were more prominent than the other studied
photocatalysts. Thus, this observation further supported that the boosted photoelectrocatalytic
performance of the BiVO4/GQD/g-C3sN4 was mainly due to the ideal position of its VB and CB
(straddle with the redox potential of water), and a larger difference between the effective masses
of the photocharge carriers (0.45 me). As the location of the CB for this ternary heterostructure
was higher than the standard H*/H: at the vacuum level, more H* were accessible for the reaction
to occur, thus a significant amount of H can be converted into Hz. Accordingly, as the CB of this
ternary heterostructure photocatalyst was more negative than the standard O2/H20O, more water

molecules can be oxidized into Oa.
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Figure 9: Energy level diagram of the band edge positions of BiVOa, BiVOa4/g-C3Na,
BiVO4/RGO/g-C3Na4, and BiVO4/GQD/g-C3Na.

Finally, we interact water molecules over the surfaces of the studied photocatalysts systems,
and allowed to relax, to find the overpotential for water. The optimized relaxed geometries were
depicted in Figure 10 and Figure S15, while the per water molecule adsorption energy over the
surfaces of investigated species was listed in Table 2. Again, it was found that BiVO4/GQD/g-
CsNa4 has a higher potential for the water molecule, where the per water molecule adsorption energy
was -3.42 eV. As shown in Figure 10, some of the water molecules were repelled in the
BiVO4/RGO/g-C3Na4 system which consequently decreased the adsorption energy of water and
reduce its catalytic activity. The per water molecule adsorption energy of BiVOs@H20, BiVOu/g-

C3sN4@H20, and BiVO4/RGO/g-CsNs@H20 were -2.52, -2.84, and -3.02 eV, respectively.
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Figure 10: Optimized relaxed structures of (a) BiVOs@H-0, (b) BiVOs/RGO@H:0, (c)
BiVO4/GQD@H:0, (d) BiVO4/g-CsNs@H:0, (e) BiVO4/RGO/g-CsNs@H:0, ()
BiVO4/GQD/g-C3sNs@H:-0.

Conclusion

In summation, the effects of RGO and GQDs as electron mediators on the
photoelectrocatalytic hydrogen production of BiVOa4/g-C3N4 have been studied and further
corroborated and counterchecked with DFT analysis. The obtained experimental and
computational analyses suggest that the GQDs serves as an excellent electron mediator than RGO
within the ternary heterostructure system. Additionally, the ternary BiVO4/GQD/g-CsN4 possesses
the highest photocurrent density in which ~24% higher than the BiVOa4/g-C3N4 integrated with
RGO. Moreover, the BiVO4/GQD/g-C3sN4 sample showed the highest photoconversion efficiency
in which ~90% enhancement in the efficiency in comparison to the pure sample. Our theoretical
simulations strongly support the experimental performance, where it suggests that the atomic
orbitals of GQD form strong overlapping with the BiVOs and g-CsNa. Additionally, the ternary
BiV04/GQD/g-CsN4 was found to be more stable and have higher interaction energy with a water

molecule (-3.42 eV), compared to BiVO4/RGO/g-CsNa. Thus, the aforementioned features possess

28



515

516

517

518

519

520

521

522

523

524

525

526

527
528
529

530
531
532
533

534
535
536

by the ternary BiVO4/GQD/g-C3Nas were responsible for boosting the photoelectrocatalytic
performance. Thus, for the first time, it was revealed that the addition of GQD in the BiVOu/g-
CsNa heterostructure system promotes better photocharge carrier separation and migration than
RGO with higher ABPE. This finding offers a new paradigm in the view of the utilization of an
electron mediator from the carbonaceous materials in which GQD can be regarded as a more

efficient electron mediator than the RGO.
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