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Abstract

Comprehensive experimental and density functional theory simulations have been

performed for the enhanced photoelectrochemical performance of gamma irradiated g-

C3N4 and its heterojunction with BiVO,. The structure and morphology of g-CsN,@BiVO,

as a heterojunction were analyzed and verified from the correlation of experimental and

theoretical data. It is found that gamma radiations have changed the bonding structure of
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g-C3N4 which ultimately reduces the optical bandgap energy. Moreover, the performance

of gamma-irradiated g-C3Ny4 is two-fold, compared to that of non-irradiated one; increases

oNOYTULT D WN =

11 from 3.59 to 5.86 pAcm=2 at 1.23 V versus Ag/AgCl in 0.5 M Na,SO, electrolyte solution

14 (pH 7). Finally, it is observed that the performance of gamma irradiated g-CsN4 in g-

18 CsN,@BiVO, heterojunction increased from 0.53 mA cm2 to 1.38 mA cm2, compared to

21 that of the non—irradiated one. In summary, it has been concluded that gamma-irradiated

25 g-C3N4 and its heterojunction is potentially be applied in PEC solar water splitting.

1. Introduction
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Practical solar water splitting requires light absorption, separation and collection of

photogenerated charge carriers, and charge-carrier transport to catalytic sites to

produces gases which must be safely and economically separated and stored'.

Photoelectrolysis of water produces molecular hydrogen and oxygen which is an obvious

and direct way to store solar energy as fuel 2. Hydrogen stored its energy in the form of

a chemical bond which directly or indirectly reacts with oxygen to release energy. The

efficient and cost-effective solar water splitting into H, and O, to produce solar fuel, a

renewable energy carrier, has become a hot research area since 1970s. This research

was spurred by the oil crisis of that period, when the famous paper of Fujishima and

Honda ° showed H,O splitting into H, and O,. This solar water splitting experiment was

achieved by near UV light with the help of photoelectrochemical (PEC) cell.

Over the last decade, significant research efforts have been carried out on the efficient

hydrogen production. Numerous semi-conducting materials are employed for the

optimum hydrogen production such as transition metal oxides, perovskites, tuning their

properties via doping, making heterojunctions, and tandem cells. All these

ACS Paragon Plus Environment

Page 4 of 66



Page 5 of 66

oNOYTULT D WN =

The Journal of Physical Chemistry

materials/techniques were chosen based on their flexibility, cost effectiveness, and ease

of availability. As per our literature review is concerned, the effect of gamma radiation

onto the g-C3N4 has become a novel approach in this research area, which is yet be

explored.

Exposure of material to ionizing radiation (e.g. X-rays, gamma, beta, alpha and neutron)

may change the physical and chemical properties due to the bond disruption which in turn

affects the optical, electrical and structural of the material 6. The innovation by employing

the gamma irradiation on g-C3N,4 semiconductor was chosen due to its high penetration

power compared to other ionizing radiation, not contaminate as well as not induce the

material to become radioactive. In addition to that, the alteration to the chemical bonds

due to the irradiation may improve the materials performance 7. A few research has

5
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reported the positive effect of gamma radiation of materials. The effect of gamma

radiation on the thin film performance of TeO, & was reported to linearly improve the

current with the increase of gamma dose up to 7 Gy before decreases as gamma dose

approached to 13 Gy. In addition to that, the effects of gamma radiation on the absorption

spectra and optical energy gap of SeO, thin film ® was reported to significantly increases

the optical absorption due to changes on the chemical structure of the absorbing species.

Furthermore, gamma radiations have been developed for the preparation of metal

nanoparticles i.e., Ag '° ,Ni ', and Zn 2. The effect of gamma radiation on the formation,

structural, and optical properties of CdS '3, PbS 4, Fe;,04 ' and ZnO 5 thin films were

also reported to improve the bandgap from 3.25 to 3.20 eV, even though deteriorate the

absorption coefficient from 0.62 to 0.73 eV. Therefore, this research aims to investigate

the effect of gamma irradiation on g-C3N4 and g-C3N4/BiVO, in photoelectrochemical

(PEC) solar water splitting application.

The g-C3N4 can be synthesized through nitrogen-rich precursors such as cyanamide,

dicyandiamide, melamine, thiourea, and urea. In this work, urea was chosen as a
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potential precursor due to its availability and low material synthesis cost. Urea was

reported as an excellent precursor for the synthesis of sheet-like g-C3N,4 with high specific

surface area and high porosity 16-23, However, under visible light radiation, the g-C3N,4

exhibit weak photocatalytic activity due to its moderate bandgap (2.7 eV) 2. Gamma

irradiation was employed on g-C3N,4 to improve the PEC performance whereas the BiVO,

as heterojunction was preferred as a potential material to reinforce its performance in

water splitting application. The formation of the heterojunction is a useful to enhance the

PEC properties, meanwhile matching the band potentials is expected to improve the

photo-conversion efficiency of photogenerated charge carriers. The BiVO, is a n-type

semiconductor and has been considered as a promising photoanode 2527 due to its

narrow bandgap (2.4 eV), more active in visible light 2 | and can achieve about 9% of

solar-to-chemical conversion. The BiVO, has special valence-band position to protoxidize

H,O, while its conduction band is located close to the H, evolution potential 2°. The other

advantages of BiVO,4 are non-toxicity, low cost, and environmental friendly material.

Herein, the g-C3N,4 was irradiated with gamma radiation before deposited onto a substrate

through a spin coating method. Then, in a separate experiment, BiVO, was deposited as

7

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

heterojunction through electrodeposition method. To better utilize solar radiation for the

improved photocatalytic activity, these two strategies, gamma radiation and

heterojunction were employed. Finally, the density functional theory (DFT) simulations

was performed to verify the experimental data. The calculated formation energy

concludes the stability of g-CsN,@BiVO, interface (heterojunction) and consequences

van der Waal type interaction.

2. Experimental

2.1. Materials

Urea (CH4NO, ACS reagent 99.0%-100.5%), methanol (CH3;OH), R&M chemical,

Bismuth (lll) nitrate (Bi(NOs)s:5H20, 298.0%) and vanadium (V) oxide sulfate

(VOS04'xH20, 97%) were purchased from Sigma Aldrich. Nitric acid (HNOs, 69%),

potassium hydroxide (KOH, pellets) and sodium sulphate (Na:SO., >98.0%) were

obtained from R&M chemicals meanwhile sodium acetate (CHzCOONa, >99.0%) from

ACSq. All solutions were prepared using high thermal water purification system (Termo

scientific smart2pure 6UV/UF).
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2.2. Preparation and Synthesis of g-C3N4

Fluorine-doped tin oxide glass slides (FTO, TEC 8, ~ 8Q sq™ Pilkington) were prepared

with a 1.0x2.0 cm? area. The FTO glass was cleaned with acetone, ethanol, and

deionized water for 15 minutes successively in an ultrasonic bath and then dried in air. A

total 3g of Urea was poured into 50 ml alumina crucible in order to prepare the g-C3N4

through a spin coating technique followed by thermal polymerization at the temperature

of 520 °C for 30 minutes 3. This temperature is essential to thermodynamically driven the

reaction which forms g-C3;N, from urea, removing oxygen molecules. Finally, a milky

yellow powder is formed. A total of 30~40 mg/mL of the powder was dispersed in

deionised water and washed for three times to remove any extra organic compound

followed by drying in an oven at the temperature of 40 °C for 24 hours. Then, the g-C3N,4

powder was dispersed in methanol at the ratio of 0.5 mg/L prior irradiated with gamma

radiation at the dose of 2, 4, 6, 8 and 10 Gy using a Gamma Cell (model 220 Excel ) with

Cobalt-60 radioactive source.
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For deposition of one-layer g-C3sN4 thin film, 10 yL of the suspension was spun on a

precleaned FTO at 2500 rpm with the acceleration of 500 rpm/s for 10 s. The thin film

was dried for 15 minutes at a temperature of 70 °C to remove alcoholic molecules followed

by the annealing at a temperature of 350 °C for 30 minutes.

2.3. Synthesis of BiVO,

The electrodes of BiVO, were prepared by an electrodeposition procedure 27 .For the

electrodeposition, solutions were prepared by dissolving 10 mM Bi(NOs); in a solution of

35 mM VOSSO, at < pH 0.5 with HNO3. Then, 2 M sodium acetate act as a stabilizer was

employed to stabilize the solution from the (pH~5.1) to (pH~4.7) with a few amounts of

concentrated nitric acid. The optimum for the electrodeposition BiVO, occur at pH 4.7,

where the solution contains Bi (Ill) and V (V) ions. Beyond the pH 5.1 value, the solution

becomes precipitate, however, at lower pH (<pH 2), the Bi (lll) and V (IV) ions no

deposited on the substrate as reported by Seabold and Choi, 2012. 3

A standard three-electrode cell was employed for the electrodeposition, where FTO is

used as working electrode, Ag/AgCI (3 M KCI) as reference, and platinum as counter

10
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electrode. A potentiostat/galvanostat modulab solatron analytical was used for

electrodeposition and all subsequent electrochemical studies. Deposition of amorphous

Bi-V-0 films was carried out potentiostatically at 1.9 V vs Ag/AgCl for 5 min at 70 °C (ca.

2 mA/cm?). All thin films were rinsed and then annealed at 500 °C for 1 h in air, with 2 °C

per minute ramping rate. The pure BiVO, was obtained by dissolving the V,05 in 1 M

KOH at 20 min stirring. Finally, yellow color was formed on the thin film.

2.4. Characterization methods

The electrochemical properties of the samples were examined with the help of Autolab

potentiostat/galvanostat PGSTAT 204 at room temperature, using three electrode

configurations with Ag/AgCl (3M NacCl) as reference electrode and 0.5 M Na,SO4 (pH 7)

as electrolyte. Platinum was used as counter electrode in a quartz container. The Xenon

lamp with 100 mW/cm? intensity was used as solar light simulator. The electrochemical

circle fitting of Nyquist plots was analysed using Nova Software. The electrochemical

measurements were conducted in dark where incident light intensity of 100Mw cm,

potential range from -1 to 1.23 V, and scan rate of 20 mVs' is employed. PEC

11
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measurements were performed on 1.0 cm? area of the working electrode. UV-vis

absorption spectrophotometer Perkin Elmer Lambda 950 was used for the

characterization of optical properties. The physical and morphological properties of the

samples were characterized by X-ray Diffraction (XRD), Fourier Transform Infra-Red-

Near Infra-Red (FTIR-NIR) with imaging system (Perkin Elmer Spectrum 400 FT-IR/FT-

NIR & Spotlight 400 Imaging System), Field Emission Scanning Electron Microscopy

(FESEM-EDX) (Supra VP 55) and Atomic Force Microscopy (AFM) (NanosurfeasyScan

2). The X-ray Photoelectron Spectroscopy (XPS) is performed to analyse the chemical

bonding, band structure, and elemental composition of the photoelectrodes, using Al Ka

X-ray gun.

2.5. First principles study

First principles DFT calculations were performed on Quantum-ATK 32 while the results

are visualized on VESTA and Virtual NanoLab Version 2017.1 33. BiVO, with Hall

symmetry space group of 12/b 34 is used as such. After optimizing the lattice parameters

of the bulk unit cell; a supercell (2x2x2) was constructed, from which BiVO4(001) slab was

12
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built. Thickness of the slab was kept as four primitive unit cells of BiVO, (10 A thickness

having 96 atoms), to ensure that the centre of the slab can be regarded as the bulk phase.

As discussed in our previous work, the (001) termination possesses low surface energy

and as a result represents the most probable surface termination 35. Stability of these

different slabs are confirmed from their positive surface formation energy and electrostatic

potential. Single layer g-C3N, is considered for simulations, the structure of single layer

g-CsNy is illustrated (vide infra). Generalized gradient approximation (GGA) with the

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and double Zeta

Polarized (DZP) basis set is used for the structural and energy optimization due to its

superiority over hybrid pseudopotentials 36 .Moreover, linear combination of atomic

orbitals (LCAO) method is used for Bi, V, Ti, C, N, H, and O atoms 37. A 7x7x3 Monkhorst-

Pack k-grid and energy cutoff of 1200 eV is used for the BiVO, unit cell while a 5x5x1 k-

point mesh is used for its slabs. 7x7x7 Monkhorst-Pack k-grid and energy cutoff of 900

eV is used for monolayer g-C3Ny4, and 5x5x1 k-point mesh with 1200 eV cutoff energy for

g-C3N4@BiVO4(001) heterostructure. The band structure calculations were performed

with TBO9LDA functional of meta-GGA, which can accurately reproduce the experimental

13
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bandgaps. Recently, Tran and Blaha reported that this accuracy is due to local density

p(r) (as in LDA), the gradient of density Vp(r) (as in GGA), and the kinetic-energy density

1(r) 38. The parameter c-equations of the Tran and Blaha XC functions have been installed

to reproduce the experimental bandgap excellently 3. Density of states (DOS), partial

density of states (PDOS), band structure and effective masses of photogenerated

electrons and holes are also calculated. The DFT occupied and unoccupied DOS are

considered as the VB and CB edges, respectively; separated by an energy equal to the

known optical bandgap 3°.

3. RESULTS AND DISCUSSION

3.1.  Structural analysis

XRD plots of FTO, g-C3N4 and gamma radiated g-C3N,4 along with their corresponding

BiVO,4 heterojunctions are illustrated in Fig. 1. XRD peaks of g-C3N, are in good

agreement with the hexagonal carbon nitride structure with the lattice constants a= 0.4742

nm and c= 6.7205 nm, which is in according with the literature values of JCPDS 87-1526.

The strong XRD peak at 206 = 27.4° is originated from the (002) interlayer diffraction of

14
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graphitic-like structures, corresponding to an interlayer distance of d= 0.326 nm 40-42,

Besides g-C3Ny4, 206 = 13.3° (d=0.663), low angle diffraction peak derived from in-planar

repeated triazine unit. In case of g-C3N,4 powder, two peaks ca. at (100) and (002) planes

were observed which correspond to interplanar separation of g-C3N4 sheets and interlayer

stacking of the aromatic systems, respectively 2742,

d) g-CaNa/BiVO,

040
=200
= 002
=220
=211
= 051

240
= 042

w m-161
= 161

= 321
=123

—
—
=] p
- ]

. * Ih n A A

c) BiVO. Ra

= 220
u211
= 051
»240
" o042
u321
= 123

Intensity(a.u)
g
=
fa)
.5 z
=]
(-]
5

10 20 30 40 50 60
(2 degrees/O)

Fig. 1 XRD peaks of (a) FTO (b) g-C3sN4 (c) BiVO, and (d) gamma radiated g-

CsN4@BiVO,.

Thin films of BiVO, were successfully deposited through a single step, using

electrodeposition method. In case of XRD analysis (Fig. 1c¢), the characteristic diffraction

15
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peaks are observed at 20 = 18.99°, 28.82°, 28.96°, 30.54°, 34.50°, 35.22°, 37.87°, 39.78°,

42.48°, 46.73°, 47.29°, 50.31°, 53.22°, 58.53° and 59.49°. These peaks coincided very

well with the monoclinic clinobisvanite structure of BiVO, (JCPD file no. 00-014-0688).

The monoclinic clinobisvanite is more prevalent under normal condition and highly

photocatalytically active as well 252743, Due to nearly amorphous structure of g-CsN,4, the

peak from g-C3N,4 is not clearly visible for gamma radiation in g-CsN,@BiVO, (Fig. 1d).

Results and analysis of these finding led us to conclude that there are no impurity

diffraction peaks in the XRD patterns of g-C3N4,@BiVO,, can be indexed as hexagonal

(JCPDS file no. 01-087-1526) for g-C3N4, monoclinic (JCPDS file no. 01-074-4894) for

BiVO,4. The peak intensity of (121), (040), (051), (042) and (161) support that g-

CsN,@BiVO, has better crystallized structures 444%. It can be concluded that gamma

radiation has negligible effect on the crystalline structure of g-C3N,@BiVO,4 which is due

to the close packing of atoms.

3.2. Chemical composition

FT-IR has been used to identify organic, polymeric, and inorganic materials in the resulted

samples. FT-IR spectra of the g-C3N4 and gamma irradiated Gy (2,4,6,8,10) g-C3N,4 are

16
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shown in Fig. 2. Five peaks can be clearly observed in the FT-IR spectra where the strong

peak at ca. 810 cm' corresponds to the out of plane ring bending of the triazine unit 4046,

The peak ca. at 1630 cm' corresponds to the C-N heterocycle, stretching vibrations

modes, whereas the peaks ca. at 1450 and 1250 cm-! can be assigned to aromatic C-N

stretching vibration modes 4748, The broad bands between 3000 cm-' and 3600 cm-' are

attributed to the secondary and primary amines, respectively 404°. Gamma radiation

modify and change the chemical structures of pure g-C3;N, for the peak ca. at 810 cm,

denotes triazine unit and became sharper at 8Gy g-C3;N4. Meanwhile, 1250 cm' peak

represent the aromatic C-N and became strong light absorber due to ionizing of gamma

radiation. The sharp peak ca. at 1250 cm' is an indication of good crystallinity of g-C3N4

due to gamma radiation 46. Obviously, the characteristic peaks of 3200 cm-' became

stretching upon gamma irradiation. According to knoll 59, when radiation interacts with

semiconductor, the energy deposition always leads to the creation of equal number of

holes and electrons on material. Thus, the energy from gamma radiation may interrupt

the C-N bonding and electrons become stronger and easily migrate in atom.

17
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Fig. 2 FT-IR spectra of g-C3N,4 and irradiated g-C3Nj.

3.3. Electronic interaction analysis

XPS analysis was carried out to get additional insight into the chemical composition of g-

C3N4 and radiated-g-C3N4 on thin films, as shown in Fig. 3. High resolution spectra of C

1s ca. at 284.60 and 288.0 eV are shown in Fig. 3a. The peak for 284.6 eV can be

attributed to the adventitious carbon, adsorbed on the surface and the peak of 288.0 eV

is related to sp? hybridizes carbon in N containing aromatic rings (N-C=N) of g-C3N,4 5.

The high resolution XPS scan of N1s for g-C3N4 and radiated g-C3N4 are given in Fig. 3b.

There are four main peaks ca. at 398.4, 399.4, 400.7, and 403.5 eV. The main peaks ca.

18
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at 398.4 and 399.4 eV are assigned to the sp? hybridized aromatic of N to carbon atoms

in triazine unit (C-N=C) and the tertiary N bonded to carbon atoms (N-(C)3), respectively.

The peak ca. at 400.7 eV belongs to the amino group (C-N-H), from the defect of g-C3N4

214252 Additionally, the peak for 403.5 eV shows tr-excitation, which comes from charging

effect or positive charge localization in the heterocycles °'.53. Both XPS spectra of C1s

and N1s reveal that an electronic interaction occurs due to gamma radiation on g-C3Ny,

indicating that gamma radiation has produced a nice contact interfaces in the samples.

When photon interacts, it might be absorbed and disappear or it might be scattered,

changing its direction of travel, with or without loss of energy 5*. The gamma radiation

causes the bonding between carbon and nitrogen to break and modified the structure

(see Fig. 3). This is due the ionization between the metallic bond. lonization will enhance

the kinetic energy of the electrons or excites the electrons to a higher energy level.

However, ionization can also make a displacement in the material °. This is clearly seen

in XPS images as the amplitude intensity of XPS for radiated g-C3Ny is less than that of

pure g-C3N4. The breaking of carbon and nitrogen bond induces the formation of free-

19
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carriers such as carbon and nitrogen. The free carriers then react with intrinsic oxygen in

carbon nitride structure to form extra oxygen bonding that is clearly illustrated in the FTIR

spectra (see Fig. 2). The reason behind this is, the free carbon atoms are more willing to

make bonding with more electronegative oxygen compared to that of less electronegative

nitrogen.

20
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Fig. 3 XPS survey scans of a) C 1s and b) N 1s for g-C3N4 and radiated g-C3Nj.
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Fig. 4 X-ray photolectron spectra (XPS) survey spectrum for BiVO,. High resolution X-

ray photoelectron spectra of as deposited Bi-V-O film showing the b) Bi 4f, c) V 2p and

d) O1s.

In (Fig. 4), the full survey spectra of BiVO, and their elements such as Bi, V, O are

displayed from the XPS spectrum. It is clearly seen that g-C3N4/BIVO, thin film, does not

influences the peak intensity for C1s and N1s due to the overlap of g-CsN4 and BiVO,.

The thickness of BiVO, around 365 nm will cover all the g-C3N4 surface and

consequences, overlapping with elements of Bi, V and O. The high resolution XPS

22
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spectra of deposited Bi-V-O film show the Bi 4f, V 2p peaks and O 1s. The position of the

Bi and V peaks matches very well with those of Bi 3* and V°* ions in oxides. The peaks of

oNOYTULT D WN =

> BiVO, are 4f 7/2 (159.0 eV), 4f 5/2 (164.45 eV), 2p % (516.30 eV), 2p 3/2 (525.0 eV) and

14 O 1s (530. 49 eV) 27.31,

18 3.4 Optical properties and Band Gap Energy

The optical absorption spectrum is one of the most important tools for developing the

26 energy band diagram. Fig. 5 shows an absorption spectrum for g-C3N4 and radiated g-

CsN4 in liquid phase. The absorption spectrum of g-C3N4 and gamma radiated g-C3Ny4 in

33 the wavelength range of 200 -700 nm are show in (Fig. 5a). The absorption of amino peak

is located at 230 nm and the strong absorption band ca. at 320 nm shows carbon nitride

40 bond in conjugation 5657, All these peaks indicate that g-C3N, is sussesfully synthesized

from urea. However, ionizing from gamma radiation modify and change the peak intensity

47 of g-C3N4. Compared with pure g-C3N4 sample, radiated g-C3sN, samples show an

30 intensive absorption ca. at 400 nm in the visible light region. This broad absorption ban
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peak may arise due to the ionizing effect on bonding g-CsNg4. Particularly, radiated g-C3Ny,

8 Gy presents the most intensive broad absorption in the visible light region.
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Fig. 5 a) UV-Vis absorbance spectra of g-CsN,4 and radiated g-C3N4 b) estimation of

bandgap energy by a Tauc Plot and c) BiVO, absorption UV-Vis (insert: estimation of

band gap).
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Obviously, the value of optical band gap decreases from 2.82 to 2.76 eV when g-C3Ny

was treated by gamma radiation (see Fig. 5b). The reported band gap energies of g-C3N4

from urea in the range 2.69 to 2.88 eV depend on the different reaction parameter

(annealing temperature, duration and atmosphere effect) % Dong et al.*® reported 2.72

eV band gap for g-C3N4, synthesized from urea by the pyrolysis technique 48. Meanwhile,

Su et al %9 reported 2.58 eV (band gap) for g-C3N4 synthesized by hydrothermal process.

Due to the ionizing from gamma radiation, the band gap for g-C3N,4 decrease to 2.76 eV.

Furthermore, Arshak and Kerostynska ©° reported the decrease in the optical band gap,

from 3.75 eV for as deposited TeO: thin films to 3.45 eV for the gamma radiation on TeO:

thin films for a dose of 36Gy. Ahmad et al. ' also reported that gamma radiation shifted

the Fermi level and the reduction in optical band gap from 2.14 to 2.06 eV, 2.19 to 1.99

eV and 2.25 to 2.09 eV of thin films of CdsSegs.x Zn, (x = 0,2,4) after radiated on 75 kGy

of gamma radiation. Meanwhile, Al-Hamdani et al. '® found that, the gamma radiation also

effect the performance of ZnO thin films and the band gap decrease from 3.25 to 3.2 eV.

This decrease in optical band gap is basically due to the increase in the energy width of

band tails of localized state, similar observations have been reported by other researcher
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as well 296263 Meanwhile, (Fig. 5¢c) shows a photoanode absorption and the direct band

gap transition of BiVOa thin films. The absorption was determined from the plots of (ahv)?

vs (hv) and the estimated bandgap energy is 2.48 eV 274445,

3.5Morphology

The surface morphology of g-C3N4, and radiated g-C3N,4 along with their corresponding

BiVO,4 heterojunctions are determined by FESEM-EDX and mapping with 200 nm

resolutions. These films consisted of mesoporous g-C3;N, and look like a “seaweed”

architecture picture structure as shown in (Fig. 6). Both FESEM images show that gamma

radiation does not influence the morphology of the g-C3Na.
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28 Fig. 6 FESEM-EDX images of (a) g-CsN4 (b) radiated g-C3sN4 (8Gy), (c) (d) EDX and

31 mapping of g-C3N,.

35 g-C3Ny is distributed on the surface of FTO by spin coating method. Several processing

39 parameters are involved in the spinning process such as solution viscosity, solution

42 concentration, spin time, and spin speed %4, This technique is necessary which form a

46 uniform layer to prevent a pinhole and large surface area for absorbing more light 44:65.66,

49 The existences of the elements of C and N in the samples was supported by EDX analysis

53 as shown in (Fig. 6¢). It can be observed no other impurity peak was detecting, except
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the peak of Sn (probably was attributed to the FTO). The mapping results are supported

in (Fig. 6d) to ensure that the g-C3N, is uniformly distributed on thin films. The blue and

red color are good indication for the elements of N and C, respectively.

Surface roughness of g-C3N4,and gamma radiated g-C3N4 were compared and presented

in (Fig. 7(a-b) and table 1 along with their 3D view. Although, the AFM images show less

noticeable changes in thin films topology whereas the gamma radiated g-C3N, has

recorded the highest surface roughness compared to pure g-CsN4. Hence, this indicate

that gamma radiation on the g-C3N,4 already transform the topology of the films. Generally,

high surface roughness and small grain size can significantly affect the PEC performance,

as more sites are exposed in the photocatalytic reaction 27.66.67,

b)

g—C3N4

Radiated g-CsN4

X* 3ym

Fig. 7 AFM images for a) g-C3N4 and b) gamma radiated g-C3Ny,
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Table 1 Surface roughness of g-C3N4, and gamma radiated g-C3N4 determined by AFM.

oNOYTULT D WN =

Sample Surface roughness

(nm)

15 g-C3Ny 19.72

18 Radiated g-C3N, 28.24

26 Under visible light irradiation, BiVO, has a direct bandgap of approximately 2.4 eV,

allowing efficient absorption of photons. Therefore, the formation of a heterojunction of g-

33 CsN4 with BiVO, is a good strategy to improve the photo-conversion efficiency of

photogenerated charge carriers. The ability of BiVO, to absorb visible light would achieve

40 about 9% of solar to chemical conversion. The development of heterojunction with BiVO,

suppresses its charge recombination by improving the charge transport properties 275266,

47 Furthermore, various deposition methods have been employed to synthesize BiVO, such

as chemical bath deposition (CBD), Aerosol - assisted chemical vapor deposition

54 (AACVD), electrodeposition and hydrothermal. Herein, the heterojunction is established
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by electrodeposition method, an useful approaches to enhances the PEC properties.

Electrodeposition has the distinctive advantages of being simple, low cost, and easy

scalable while enabling deposition of the material of interest on the conductive substrate

and not on the chamber wall.

Fig. 8 FESEM-EDX of a) BiVO4 and b) gamma radiation on g-C3N4@BiVO,,

The FESEM-EDX surface morphology of the BiVO4 and gamma radiated g-CsN,@BiVO,

thin film are shown in (Fig. 8a) and b). It is clearly seen that the BiVO, morphology

comprised of a “flower” like architecture image. Furthermore, for the gamma radiated g-

C3N,@BiVO,, some of the particles seemed to agglomerate and form high rough surface.

This result is also in consistent with results obtained from AFM analysis, shown in (Fig.9).

Interestingly, the agglomerated morphology of BiVO, would enlarge the active sites at the
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interface between photoanode and the electrolyte, which will enhance the light

absorption. Therefore, more electrons and holes would participate in the reaction at the

oNOYTULT D WN =

1 interface which ultimately improve the photocatalytic activities. However, the images for

14 unirradiated g-C3N,4 with heterojunction BiVO, are not display as gamma radiation does

18 not influence the structure of g-C3N4, see the discussion of (Fig.6). The existence of Bi,

21 V, O, N, and C elements were supported by EDX analysis.

26 BiVO: b) g-C:N+/BiVO+

39 c) Radiated g-CsN+/BiVO-
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Fig. 9 Atomic force microscopy (AFM) images of BiVO, and gamma radiated g-

CsN,@BiVO,.

Table 2: Surface roughness and thickness of BiVO,, g-CsNs@BiVO,4, and gamma

radiated g-C3;N,@BiVO,.

Sample BiVO, g-CsN,@BiVO, Radiated g-CsN,@BiVO,
Surface roughness (nm) 36.478 43.191 57.984
Thickness (nm) 321.7 443 .1 483.0

Fig. 10 shows a cross section of BiVO, and g-C3N,4 treated with gamma radiation along

with their corresponding BiVO,. The morphology of BiVO, shows different thickness. For

the BiVOy, the average thickness is in the range of 305.2 ~ 335.0 nm. The thickness will

increase to double in the range 405.4 ~ 584.6 nm when the heterojunction is established.
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335.0 nm

20 1678 m 163.8 nm 141.5 nm

29 Fig. 10 FESEM cross sectional images of BiVO, and gamma radiated g-C3N,@BiVO,

33 3.6 PEC performance

As discussed above, g-C3Ny4 is a great potential material for photocatalytic reaction and

41 has received an intensive attention due to its unique electronic property such as visible

44 light response, good reduction ability, easy synthesis and have a high stability. So,

48 gamma radiation on g-C3N4 and its heterojunction with BiVO4 have been used as useful

51 approaches to enhances the PEC in water splitting. In this research, the effect of gamma
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radiation on g-C3N4 at the dose of 2, 4, 6, 8, and 10 Gy was discussed and compared

with the non-irradiated samples.

J (nacem™)

20 T T T T T 1
0 2 4 8 g 10

Gamma Radiation (Gy) on g-C,N,

Fig. 11 J-V versus gamma radiation on g-C3Ny4. Error bars display one standard deviation

from the mean of four replicate.

Comparative analysis the data from (Fig. 11) led us to conclude that the different doses

resulted in the different performance of g-C3;N4 semiconductor. Clearly, a lower dose of

gamma radiation was found to increase the current density quite linearly from 2 Gy to 8

Gy, whereas the current density decreases at 10 Gy. Gamma radiation on solid material

produces microstructural change which in turn changes the optical and other properties

of the material . Furthermore, there are two process occur when gamma radiation
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interacts with the material, defect creation and defect annihilation. This can be seen in

(Fig. 2) as the chemical structure of g-C3N4 was altered by gamma radiation which led to

the improvement of the photocurrent density from 3.59 pAcm=2 g-C3Ny, to 5.86 yAcm-2for

unirradiated and irradiated g-C3N,, respectively (Fig. 11). The changes properties of the

material will depend on these two processes or on the other hand it depends on the

irradiation dose. This is due to higher doses of gamma radiation, the number of defects

created becomes more than the number of defects annihilated, the reverse is true at lower

doses of gamma radiation. Gamma irradiation on materials may cause re-crystallization

or amorphization depends on the nature of the material and irradiation dose of gamma

radiation. From above discussion, the probability of recrystallization is more at lower

doses of gamma radiation whereas the amorphization of the material is prominent at

higher doses of gamma radiation.

However, g-C3N4 exhibit weak photocatalytic activity due to its wide bandgap energy (2.71

eV) 274252 which can be activated by visible light irradiation only. Herein, the idea of

heterojunction with BiVO, as useful approach to improve the PEC water splitting. Fig. 12

shows a photocurrent density of gamma radiation of g-C3N4 heterojunction BiVO,4 and
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non- irradiated g-C3;N4 heterojunction with BiVO,, For the BiVOy, the current density is

0.34 mA/cm? at 1.23 V as reported by Seabold and Choi 3'. The current density increase

linearly as shows in (Fig. 12), however it drops linearly at high dose such as 10 Gy of

gamma radiation. The effects of ionizing radiation on metal oxide thin films depend on the

radiation dose and parameters of the films, including the film thickness. Probably, due to

the ionizing radiation from free radical with dose of 10 Gy, the physical properties such

as optical and electrical alter the performance of the g-C3N,@BiVO,4 heterojunction.

J (mNcmzj

0.8 1

0.6 1

0.4

0.2

BIVD4 0 2 4 § 8 10
BiVO, and Dose(gy)

Fig. 12 Photocurrent density versus gamma radiation g-C3N4@BiVO,. Error bars display

one standard deviation from the mean of three replicate.

3.7 Photocurrent density versus voltage
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In this study, the effect of gamma radiation on g-C3N4 semiconductor material (2, 4, 6, 8

and 10 Gy) was discussed and compared with the non-irradiated samples. The PEC

performances were recorded by using 3 electrode configurations, such as g-C3;N,4 as

working electrode, platinum as a counter electrode, and Ag/AgClI as references electrode;

under 1.5 AM solar simulator with a 0.5 M Na=SO, electrolyte. Photocurrent density

versus potential (Voltage versus Ag/AgCl) shows a good photocatalytic response under

both dark and visible light irradiations. In (Fig. 13a), a good photocatalytic response

between g-C3;N4 and gamma radiation g-C3N4 can be seen. Irradiated g-C3sN4 has two-

times better performance which increase from 3.59 to 5.86 pAcm=2 at 1.23V versus

Ag/AgCI in 0.5 Na,SO, electrolyte solution (pH 7). lonizing radiation produces a free

radical to induces chemical reaction, happen on semiconductor g-C3N4. The small

difference between treated g-C3N, and non-irradiated g-Cs;Ns shows that gamma

radiation can change the electrical properties of the g-C3N4 and improve in PEC water

splitting.
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Fig.13 J-V curves for a) comparison of g-C3N4 and gamma radiated g-C3N4 (2, 4, 6, 8 and

10 Gy) b) J-V curve for BiVO,, g-C3N4@BiVO,4 and gamma radiation g-CsN,@BiVO, in

the dark and light illumination in 0.5 M Na=SO, (pH7) electrolyte.

The photocurrent density versus potential (voltage versus Ag/AgCl) for BiVO, as a

control, g-CsN,@BiVO, and gamma irradiated g-CsN@BiVO, were investigated, which

are shown in (Fig. 13b). BiVO, is an rtype semiconductor and serve as a photoanode

which generate anodic photocurrent through the consumption of photoinduced holes for

water oxidation at the semiconductor/electrolyte interface 252731, Under 100 mWcm- light

intensity, the photocurrent density recorded was 0.33 mAcm2 at 1.23 V versus Ag/AgCI.
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Meanwhile, the photocurrent density increases almost two-times in case of g-

C3sN4@BiVO, heterojunction. In summary, studies have found that gamma radiation

enhances the PEC water splitting performance of g-C3N4. Moreover, the photocurrent of

gamma irradiated g-C3N4@BiVO, heterojunction increased from 0.78 to 1.38 mAcm™2 by

2 Gy until 8 Gy. However, the photocurrent density decreased to 0.97 mAcm2 when 10

Gy of gamma radiation is used. Due to high dose of gamma radiation, ionizing radiation

produces changes in the physical properties (such as optical, electrical and structural) of

the material 8. In this case, gamma radiation changes the chemical bonding as discussed

in (Fig. 2-3). Under dark current situation, the photocurrent was almost negligible and

showed high response after being illuminated. So, it can be concluded that light has been

absorbed by FTO and results less photocurrent which consequences fewer pinholes in

the photoanode and can ultimately reduce its photocurrent density.

Furthermore, photocurrent density of treated g-C3N4 and non-treated g-CsN,4 with spin

coating technique, responsive to the light and dark are shown in (Fig.14a). Analysis of

this figure consequences that current occurs in light at - 0.1 V which indicates the
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recombination process between the semiconductor and electrolyte. So, spin coating

method is important to ensure the g-C3N4 was deposited uniformly on thin film to prevent

the pinholes. High surface area of g-C3sN4 results in higher light absorption which will

further increase the current density.

a) b)
6 o 149 |—— BlVOa
] S(JB' 5. S ——g-C,N/BiVO,
—— Gamma radaiation g-
5 9Ny 124 Gamma radiation g-C,N /BiVO, M
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Fig. 14 a) Photoresponse of g-C3N4 and gamma treated g-C3;N,4 b) photoresponse of

BiVO,4, g-C3N,@BiVO, and gamma irradiated (8Gy) on g-CsN,@BiVO, under light and

dark in 0.5 M Na,SO,.

The photoresponse pattern of thin film BiVO,, g-C3sNs@BiVO,4 and gamma radiated g-

CsN4@BiVO,, under the light and dark at 100 Mw cm2 light intensity is shown in (Fig.

14b) Comparative analysis of these pattern show that all material represents a
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photoactive thin film. It is known that a short deposition time results thinner films, whereas

a longer time corresponds to thicker films, therefore that is why 5 minutes of time

oNOYTULT D WN =

11 deposition has been selected. As the films thickness increase, the sample produces lower

14 photocurrent density. This might be due to the greater distance travelled by the charge

18 carriers, thereby increasing the recombination rate of electron-hole pairs. In case of

21 thinnest films, the short distance travelled by charge carriers compared to its diffusion

25 length. Therefore, the charge carriers do not have enough time to diffuse to electron-hole

28 pairs. Lastly, the as-fabricated heterojunction demonstrated a negligible photocurrent

reduction under 395 nm cut-off filter, affirming the high contribution of visible light in photo-

35 generation and transportation of exciton (Fig. S1).

39 3.8 Photocatalytic mechanisms
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Fig. 15 a) Valence band XPS spectra of g-C3N,4 and radiated g-C3Ny4.b) Schematic

illustration of the band structures of -C3N, and radiated g-C3Ny,

The efficiency of separation and transfer of photoinduced electron-hole was known as the

key factor to improve the photocatalytic activity 426%. The potential positions of the

conduction band (CB) and valence band (VB) of g-C3sN4 may affect the efficiency of

separation and transfer of photoinduced electron-hole. A comparison of radiated g-C3N4

and unirradiated g-C3Ns was examined by the valence band X-ray photoelectron

spectroscopy (VB XPS). The values of Eyg for g-C3sN,4 and radiated g-C3N,4 were revealed

to be about 1.76 eV and 1.83 eV. Band gap which is referred to Eg, was estimated to be
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about 2.82 eV and 2.76 eV from previously obtained Tauc-plots, respectively. Using the

formula, Ecg=Eys-Eg, the values of ECB was calculated to be about -1.06 eV and -0.93

eV. In short, (Fig.15b) shows that the conduction band and valence band potentials of g-

C3N4 respectively became less negative and more positive upon gamma radiation. As it

was demonstrated in (Fig. 3), both N1s and C1s orbitals underwent hybridization upon

gamma irradiation. Since the VB of g-C3N, is principally comprised of N1s orbitals while

its CB mainly consists of C1s orbitals, both valence and conduction band energies of g-

C3N4 are modified upon gamma radiation 2752,

3.9 First Principles study of g-C3sN,@BiVO, Heterojunction

The experimental data of g-C3;N,@BiVO, Heterojunction is reproduced from DFT

simulations. DFT simulations are carried out for individual BiVO4(001), g-C3N4, and g-

C3N4@BiVO4(001) heterostructure, relaxed structures are shown in (Fig. 16). Our

theoretical data predict that g-CsN,@BiVO4 has negligible mismatch (0.02 %), which

finally consequences its strong overapplying. Before making heterojunction, the surface

stability of BiVO4(001) is confirmed from its positive surface formation energy of 1.95 J/m2.

So, due to it stability, BiVO4(001) slab was chosen to construct g-C3N4@BiVO,4(001)
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heterostructure. The construction of g-C3sN,@BiVO,4(001) heterostructure by placing a

single layer of g-C3N4 on the top of BiVO4(001) slab, see (Fig. 16¢). Hereafter, the g-

C3N,@BiVO4(001) will be denoted as g-CsN,@BiVOs.

(a) (b)
O Bi
LA™ Qv
,.__»«i: Y o o
b O N
' OC
o H

Fig. 16 Optimized crystal structures of (a) BiVO4(001), (b) gCsNs and (c)

gC3N4@BiVO,4(001) heterojunction.?”

From the relaxed crystal structure of heterojunction, it is found that g-C3N4 form a non-

covalent bondings with the surface of BiVO, through Bi—N, O—C, and O—N; reveals

strong van der Waal interaction between them. Moreover, the calculated adsorption

energy of g-C3N4 nanosheet over the BiVO4(001) is -0.68 eV which also confirm the
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thermodynamic stability of g-CsN,@BiVO, heterojunction. The adsorption or interface

adhesion formation energy was calculated with the help of eq 2.

oNOYTULT D WN =

12 AEad = Eg-cana@Bivos — (Eg-cang T EBiVO4(OO1)) (2)

where Eg.cans@sivos, Eg-cang, and Egivosor) represent the total energy of the relaxed g-
19 3N4/BiVO, heterojunction, monolayer g-C3N4, and BiVO4(001) slab, respectively. The
electronic properties of g-C3N,@BiVO, heterostructure such as band structure and PDOS
26 are simulated, to double check the experimental data. The simulated band structure of g-
C3N,@BiVO, is shown in (Fig. 17), where an indirect bandgap of 2.46 eV is consistent

33 with our experimentally observed band gap.

37 BiVO4(001)@g-C3Ns

N
(2]
Energy (eV)
=
-y
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Fig. 17 Band structure of gC3N4@BiVO, heterojunction.?”

The VBM of g-C3N4@BiVO, heterostructure is located between B and I" points, whereas
the CBMis at I point (see Fig. 17). Upon interaction of g-C3N4 with BiVO,4 (001), flat bands
are produced in the VB of the resulted heterojunction, responsible for the VB of
heterojunction which consequently lead to holes trapping. The enhanced overall
photocatalytic activity or high charge carrier mobility can be related to these flat bands.
The contribution of individual atoms in the resulted heterojunction, which make either
VBM or CBM; the partial density of state (PDOS) are calculated which are shown in (Fig.

18).
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Fig. 18 PDOS plots of BiVO4(001) and gC3N4 in gC3N,@BiVO, heterojunction.?’
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In case of g-C3N,@BiVO, heterojunction, the VB is occupied by the N and C orbitals of

g-C3N4, while the CB is dominated by the 5d anti-bonding orbitals of V of BiVO,. With

respect to the vacuum level, both the VBM and CBM of g-C3N,@BiVO,4 heterojunction

are situated at -6.16 and -3.70 eV, respectively, which has nice correlation with our

experimental data. As can be seen from (Fig. 18), the VB and CB of heterojunction are at

appropriate position while the Fermi energy result an internal electric field in the

heterojunction; responsible for efficient photogenerated electrons and holes. The

photogenerated electrons from CB of g-C3N4 directly reduce water and produce H, while

holes at VB of BiVO, directly oxidize water and results O,. On the other hand, electrons

from CB of BiVO, recombine with the holes from the VB of g-C3N4. Finally, the internal

built in van der Waal interactive forces (at the interface of g-CsN,@BiVO,) will reduce the

charge recombination.

The charge transfer between g-C3;N4 and BiVO, in g-C3N4/BiVO, heterojunction was

calculated from the charge density difference of the g-C3N4/BiVO, heterostructure, and

the results are shown in (Fig. 19). The blue shaded areas represent charge accumulation
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and depletion, respectively, so charge distribution occurred at the interface of g-

C3:N,@BiVO, heterostructure. The charge redistribution at g-CsN,@BiVO,

heterostructure led us to predict that the electrons from the CB of g-C3N4 reduce water

while the holes at the VB of BiVO, oxidize water to produce O,. The quantity of this

change of charge density is calculated from Bader charge analysis of the g-C3N4/BiVO,

heterostructure which is about 0.056 electrons.

(==

S o
N o0
N Electrostatic IPotentlal (eV)

o o
[SE TR

Z-direction ,

Fig. 19. Electrostatic potential map of gCsN4@BiVO, heterojunction along Z-direction.2”

4. Conclusion
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The effect of gamma radiation on the photoelectrochemical performance of and its

heterojunction (g-CsN4@BiVO,) have been carried out, characterized and confirmed by

X-Ray diffraction (XRD), Fourier-transform infrared (FT-IR), X-ray photoelectron

spectroscopy (XPS), Field Emission Scanning Electron Microscopy with Energy

Dispersive X-Ray (FESEM-EDX), Ultraviolet and visible (UV-Vis), Atomic force

microscope (AFM), Profilometer, Photocurrent Density (LSV), and Density Functional

Theory (DFT) simulations. It is observed that the gamma radiation changes the structural

and chemical structure of the semiconductor which ultimately improve the overall PEC

efficiency. The band gap energy of gamma irradiated g-C3N4 reduces from 2.82 to 2.76

eV and the photocurrent density became two times to that of non-irradiated one;

increased from 3.59 to 5.86 pA cm2 at 1.23V vs. Ag/AgCl. Furthermore, the irradiated g-

CsN4 was combined with BiVO,4 to form g-C3N4@BiVO,4 heterojunction, which has also

two-timed photocurrent compared to that of non-radiated heterojunction; increased from

0.53 to 1.38 mA cm2. In summary, two different strategies have been applied (gamma

radiation and heterojunction) on a single photoelectrode which has effectively increase

the photoelectrochemical (PEC) efficiency of solar water splitting.
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Supporting Information

Figure of the J-V curves for BiVO,, g-CsN,@BiVO,4, and gamma radiated g-C3N,@BiVO,.

The Supporting Information is available free of charge on the ACS Publications website.
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