“‘

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Bismuth Vanadate and 3D Graphene Composite Photoanodes for
Enhanced Photoelectrochemical Oxidation of Water

Abhishek Sharma, Sudipa Manna, Sriram Kumar, and Ashis Kumar Satpati*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2023, 8, 33452-33465

ACCESS |

ABSTRACT: Bismuth vanadate (BiVO,) has been one of the most
promising photoanodes for the photoelectrochemical (PEC) water
oxidation process. Efforts are still on to overcome the drawbacks of
this photoanode to enhance the catalytic efficiency and improve the
stability. In the present work, three-dimensional graphene (3D-G) was
incorporated inside the BiVO, matrix, primarily to improve the
conductivity of the material. The photoanodes are fabricated with the
incorporation of a SnO, heterojunction and application of cobalt borate
(Co—B;) as a cocatalyst. The incorporation of 3D-G has enhanced the
photocurrent from 0.72 0 1.21 mA cm?in ITO/Sn0O,/BiVO, and ITO/
Sn0,/3D-G-BiVO, materials; the photocurrent has been improved from
0.89 to 1.52 mA cm™? in ITO/Sn0O,/BiVO,/Co—B; and ITO/Sn0,/3D-
G-BiVO,. Semiconductor properties are evaluated from the Mott—
Schottky measurements, and the charge transfer and transport kinetics of the PEC process are measured from several
photoelectrochemical investigations. Both the charge transport and the charge transfer efficiencies are enhanced upon inclusion of
3D-G into the catalyst system. The lifetime of the charge carrier is observed to be increased. The decrease in the decay kinetics of the
holes, enhancement in the open-circuit photovoltage (OCPV), and the resulting modulation of the surface states are responsible for
the enhancement in the surface charge transfer process due to the inclusion of 3D-G into the catalytic system. Therefore, the
additional role of 3D-G in the modulation of the surface states and release of the Fermi level pinning has made the band alignment
between the semiconductor and the analyte better, which resulted in enhanced catalytic performance in the photoelectrochemical
oxidation of water.
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1. INTRODUCTION

Generation of hydrogen using solar energy is one of the

under AM 1.5 G illuminations.” However, the experimentally
observed solar to hydrogen (STH) conversion efficiency of the

promising routes to harvest solar energy for sustainable
utilization of renewable energy. The photoelectrochemical
(PEC) splitting of water using solar light is the most promising
route to harvest solar energy for sustainable energy generation
with zero carbon footprints." The overall water splitting
reaction through the PEC route has the anodic process; the
oxygen evolution reaction (OER) and the cathodic process;
and the hydrogen evolution reaction (HER). However, the
sluggish kinetics through complicated pathways makes the
oxygen evolution reaction the rate-limiting step of the overall
water splitting process. The development of an efficient
photoanode for sustainable oxidation of water is therefore the
most challenging in the overall PEC water splitting. The
important photoanode materials that have been investi(gated
over the years are TiO,, WO;, a-Fe,0;, and BiVO4,27’ and
most of these materials are not so expensive for practical
utilizations. Among them, BiVO, has been extremely
promising due to some of the important parameters such as
band gap ~2.4 eV, favorable band position, photoelectrochem-
ical stability in aqueous solution, earth abundance, and
nontoxicity with a high theoretical efficiency of 7.5 mA cm™
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bare BiVO, is only 5.2%; such lowering of experimental
efficiency arises mainly due to the slow surface kinetics, poor
hole diffusion, and fast charge recombination.® ™3

Several strategies have been adopted to enhance the
experimental STH efficiency, which include heterojunction
formation,"*™'* heteroatom doping,”'**® creation of oxygen

. 21,22 . . 20,23—26 -

vacancies, band engineering, crystal facet engineer-
L 27-29 30
ing, and nanostructure control;™ all these processes are
essentially aimed at enhancing the transport of the photo-
generated holes from the bulk of the material to the interface.
Heterojunction formation with suitable band positions has a
specific role in transporting the majority carriers toward the
sink through the generation of low-energy pathways, which
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reduces the electron—hole recombination. The sluggish OER
kinetics at the interface and the associated trapped surface
states cause the significant decrease in overall efficiency.’**
Surface modification using oxygen evolution catalysts (OECs)
has been designed for the acceleration of the surface hole
transfer kinetics of BiVO,-based photoanodes. The OEC
catalysts such as Co—P,'”**™* Co—B,**™** NiOOH/Ni-
borate,”” FeOOH,** Ni(Fe)OOH,” and FeOOH/NiOOH’
have been investigated to improve the onset potential and
suppress the charge recombination for the PEC water
oxidation. Among the different OECs, the Co-based cocatalyst,
especially cobalt borate (Co—B;), has been extensively
investigated in view of its superior catalytic activity in PEC
water oxidation.”” The enhancement of both the bulk and
surface charge movements, which are called charge transport
and charge transfer, respectively, through the modifications of
the catalytic composite materials is therefore the important
aspect to be worked on.

The carbon nanostructures have important roles in the
electrochemical catalysis processes. The one-dimensional
nanomaterial with sp?>-bonded carbon in the form of carbon
nanotubes (CNTs) is highly popular due to the enhanced
conductivity and edge adsorption properties. The two-
dimensional (2D) form of carbon as a graphene sheet has
been in the spotlight since its discovery in 2004."' In the
graphene sheet with the presence of sp® carbon in the
honeycomb-like arrangements in a single plane, the material
has one of the highest specific surface areas. The long-range
m—n stacking has resulted in several interesting properties;
most importantly, the excellent electron mobility is of the
primary interest for its use as a catalyst and as the catalyst
support. The excellent thermal conductivity of graphene is also
helpful in designing the catalyst support, as the material
network would distribute the localized heat generated during
the catalysis process. In spite having such good properties,
when the 2D graphene is put on practical applications in
energy harvesting and storage, it finds difficulty in sustainability
due to the restacking of the graphene sheets.”~*

The alternate way to solve the issue is to construct three-
dimensional (3D) interconnected structures in place of the 2D
structure. The 3D structure essentially retains the goodness of
the graphene network in addition to providing stability in the
system. The 3D graphene (3D-G) nanostructures are
generated through several synthesis protocols, and the
performance of the materials varies with the variation in the
synthesis protocols. The definition of the 3D graphene and
differentiating it from the graphite originate from the
involvement of a number of graphene layers and 3D
structuring of the graphene sheets from the two-dimensional
form. Presently, 3D graphene has been synthesized with
graphene oxide (GO) as the starting material. BiVO, is
entangled with the 3D-G matrix to generate the BiVO,/3D-G
composite-modified photoanode. The modification of the PEC
catalytic performances is discussed in the direction of
enhancement of the conductivity of the material, essentially
to drive the charge carrier in both the directions.

In some of our previous publications, we have tried to
improve the catalytic performance of BiVO, through the
formation of a SnO, heterojunction, doping with Mo,
treatments by photocharging, and enhancement of the catalytic
performance by generation of the electrocatalyst Co—B; outer
layer.”*® The photocorrosion aspects of BiVO, have been
reduced by generation of the TiO, surface protective layer

using the atomic layer deposition technique.*® In addition to
the enhancement of the stability of BiVO,, the TiO, surface
layer is observed to enhance the catalytic performance. The
present work has been focused on the enhancement of the
conductivity of BiVO, through the incorporation of 3D-G into
the BiVO, matrix. In addition to providing conductivity, the
3D-G matrix has the ability to hold the BiVO, for enhanced
stability and also to channelize the charges for better catalytic
performances and enhance both the charge transfer and
transport processes. The 3D-G network is expected to provide
the required electronic stability of the composite without any
detrimental effect on the performance.

2. MATERIALS AND METHODS

2.1. Materials. Bismuth(IIl) nitrate (Bi (NO,);-SH,0,
98%), ammonium vanadate (NH,VO,, >99%), stannic
chloride (SnCl,, 98%), sodium sulfite (Na,SO;, 98%), and
cobalt(II) nitrate hexahydrate (Co(NO;),-6H,0, >98%) were
purchased from Sigma-Aldrich. Sodium sulfate (Na,SO,),
sodium hydroxide (NaOH, 98%), and boric acid (H;BO;,
98%) were obtained from Sarabhai M Chemicals. Ethylene
glycol (EG) and potassium ferricyanide were purchased from
SD fine Chemicals Limited. All the chemicals were used
without any further purification. Indium-doped tin oxide
(ITO) was used as a transparent substrate for the thin film
fabrication.

2.2. Fabrication of the Photoanode. The Sn0O,/BiVO,
heterojunction was prepared by a previously reported method.’
Briefly, 0.2 M SnCl, in EG was stirred overnight and a 100 uL
aliquot was spin-coated onto ITO at 2000 rpm for 30s and
dried at 200 °C for 5 min. The 8 cycles of spin coating were
performed followed by 2 h of annealing at 450 °C (heating rate
was kept S °C per min). These modified electrodes are named
as ITO/Sn0O,. These ITO/Sn0O, electrodes were further spin-
coated in a similar fashion with bismuth vanadate precursor
solution, which was prepared by dissolving 0.2 M bismuth
nitrate and 0.2 M ammonium vanadate in a 4:1 ethylene
glycol/water mixture. 3D-G was prepared from GO, 100 mg of
GO powder was dispersed into 200 mL of deionized (DI)
water, and 4 g of urea was added to the solution at 0 °C under
stirring conditions. 200 mL of 0.025 M HCI solution was
added and kept under vigorous stirring overnight. The material
was collected by centrifuging and redispersed into 100 mL of
DI water. 0.5 g of ascorbic acid was added to this mixture and
left undisturbed at 100 °C for 6 h. A cylindrical foam structure
was formed, and it was lyophilized to obtain the 3D-G. For
inclusion of 3D-G, the ITO/SnO, electrode was coated with
the bismuth vanadate precursor containing thoroughly mixed 1
mg/mL 3D-G. Finally, these electrodes were annealed at 450
°C for 2 h under a nitrogen atmosphere to avoid
decomposition of 3D-G, and the samples without 3D-G are
annealed under atmospheric conditions. The electrodes with
3D-G are named ITO/Sn0,/3D-G-BiVO,, and those without
3D-G are named as ITO/SnO,/BiVO,.

To further improve the catalytic activity of the electrodes,
photoassisted electrodeposition of cobalt borate (Co—B;) was
performed. The deposition bath was prepared by dissolving 2
mM Co(II) nitrate in 0.1 M borate buffer solution of pH 8.
Photoassisted electrodeposition was performed at 0.86 V vs
reversible hydrogen electrode (RHE) under 1 sun light
irradiated using a solar simulator fitted with an AM 1.5 G
filter. The ITO/Sn0O,/BiVO, electrode modified with Co—B;
is named as ITO/Sn0O,/BiVO,/Co—B,, and similarly, the Co—
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B;-deposited electrode corresponding to ITO/SnO,/3D-G-
BiVO, is named as ITO/Sn0O,/3D-G-BivVO,/Co—B,.

2.3. Instrumentation. X-ray diffraction (XRD) analysis of
the prepared samples was performed by using a Rigaku
Smartlab instrument with Cu Ka radiation (1 = 1.5406 A).
Raman spectra of the photoanodes were recorded by using a
Lab RAM HR 800 Micro laser Raman system with an Ar" laser
of 516 nm. The morphology of the photoanode materials was
examined by field emission scanning electron microscopy (FE-
SEM, JEOL model JSM-7600F) and atomic force microscopy
(AFM, Nanosurf with C3000 controller). X-ray photoelectron
spectroscopy (XPS, MULTI LAB, VG Scientific, Al K,
radiation as a monochromator) was used to investigate the
binding energy of the photoanodes. The evolved oxygen gas
was determined using a gas chromatography instrument model
GC 2010 from Shimadzu. The gas samples are collected using
a syringe through a septum after PEC experiments at a
constant potential of 1.0 V vs RHE after 30 min of electrolysis.
Photoelectrochemical measurements were performed using a
Zahner potentiostat fitted with a solar simulator from
Sciencetech Inc. The absorption spectra were collected using
an Ocean optics UV—Vis spectrophotometer. The incident
photon to current efficiency (IPCE) measurements were
carried out using a Xe lamp associated with a monochromator
from Optosolar, Germany.

2.4. Parameters in Photoelectrochemical (PEC) Meas-
urements. All PEC experiments were carried out under 1 sun
light using an AM 1.5 G solar simulator in a CHI 920 D model
in a three-electrode setup. Ag/AgCl (3.0 M KCl), Pt wire, and
catalyst-coated ITO served as the reference, counter, and
working electrodes, respectively. A H-cell was used, and all
measurements were done under back illumination. Linear
sweep voltammetry (10 mV s™') and chopped light
voltammetry (S mV s™') were performed to measure the
photocurrent. To understand the surface charge separation
(Mianster) and bulk charge separation (7yanspor) efficiencies of
the photoanodes, linear sweep voltammetry (LSV) in 0.1 M
Na,SO; solution in 0.1 M borate buffer solution (BBS) was
performed, and from photocurrent, the efficiency parameters
were calculated using the following equations

J!
= 0 o 100%

Picanser
Na,50; (1)
Jnas0

Mmoo = ——— X 100%

ansport
max. )

integration of light absoption

¥ integration of solar light spectrum 3)

where J... was calculated from the photocurrent obtained
from the silicon detector, Ji o is the photocurrent density of

the water, and Jy, 5o, is the photocurrent of the oxidation of

the sulfite.

IPCE was measured at three different voltages (vs Ag/AgCl)
in monochromatic light from 350 to 550 nm (xenon lamp) by
using the following equation

]<ﬁ) 1240 100%
P (L) % A (nm) % ’
"\ em? 4)

C

IPCE % =

where ] is the photocurrent density, P, is the power of the
incident monochromatic light (measured using a silicon-based
detector from Newport), and 4 is the wavelength in nm.

Absorbed photon to current conversion efficiency (APCE)
has also been derived from IPCE and absorbance using the
equation

APCE = IPCE/(1 — 107%) (s)

where A is the absorbance of the material.

The Faradaic efficiency (FE%) of the photoelectrodes is
determined by measuring the evolved oxygen gas using the gas
chromatography measurements and using the following eq 6

FE (%) = Q(oz)/ Q(mm) (6)

where Qq,) is the charge equivalent to the evolved oxygen,
which is determined from the measured O, concentration in
moles from the GC measurements and converting it to charge
considering the number of holes transferred as 4,*7*% and
Q(total) is the total charge passed in the PEC cell at an applied
potential of 1.0 V (RHE) for 1800 s.

Mott—Schottky experiments were performed at 100 Hz in
the potential range of —0.54—1.44 V vs RHE to determine the
donor density (N;) and flat band potential (Vy). For the
determination of N and Vi, 1/C? is calculated from impedance
and then plotting 1/C* vs applied voltage, and Ny and Vj,
values are extracted from slope and x axis intercept using the
following equation

1 2 kn T
R P
C q (7)

where C is the space charge capacitance, q is the elementary
charge, A is the electrode surface area, &, is the vacuum
permittivity (8.854 X 107" F m™'), ¢ is the relative
permittivity of BiVO, (86), Np (cm™) is the donor density,
V is the applied potential, Viy is the flat band potential, ky is
the Boltzmann constant (1.38 X 1072 J K™!), and T is the
absolute temperature.

Electrochemical impedance spectroscopy (EIS) was re-
corded at open-circuit potential in the frequency range from
10° to 10~ Hz by applying a sinusoidal wave of amplitude 10
mV in both illuminated and dark conditions. Furthermore, EIS
data, specifically the Nyquist plot, were fitted into the
equivalent circuit model to find out relaxation frequency and
time constant of the electron and hole recombination, which
indirectly correlates to the efficiency of photoanode materials.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. 3.1.71. XRD Measure-
ments. The XRD peaks at 26.37 34.58, 37.45, 61.37, and 65.45
show underneath the ITO (JCPDS card 41-1445) substrate.
XRD peaks at 20 values of 18.46, 28.48, 30.10, and 34.95°
correspond to the (011), (121), (040), and (002) planes of
monoclinic BiVO, (JCPDS 014-0688), respectively (Figure 1).
Upon incorporation of 3D-G, a weak peak around 25 appears,
indicating the presence of 3D-G. The BiVO, phase is preserved
after introduction of Co—B; into the system as no change is
observed in peak positions. The XRD plots indicated that the
crystallinity of the ITO/Sn0O,/3D-G-BiVO,/Co—B; sample is
relatively lower compared to those of the other three samples.

3.1.2. Morphological Characterization. The morphology
of the prepared photoanodes was investigated using field
emission gun scanning electron microscopy (FEGSEM) and
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11O of which bands at 333 and 365 cm™ can be attributed to
asymmetric §,; (VO,) (A,) and symmetric 5, (VO,) (By)
deformation modes of VO,7, respectively, while bands at 710
S = * * $n0,/3D-G-BiVO,/CoBi and 830 cm™' can be attributed to the symmetric stretching
= ~ mode of two different types of the V—O bond v, (V-0)

* %
N

2
5y Sn0,/3D-G-BiVO,
N
=
=
»
=
e A SnO,/BiVO,/CoBi
= A A AN
o
SnO,/BiVO,

A AN

10 20 30 40 50 60 70 80
2Theta

Figure 1. XRD pattern of SnO,/BivVO, (black), SnO,/BiVO,/Co—B;
(red), SnO,/3D-G-BiVO, (green), and SnO,/3D-G-BiVO,/Co—B;
(blue).

AFM. From SEM images (cf. Figure 2A,B), the granular
morphology of the SnO,/BiVO, is indicated. On 3D-G
incorporation, the overall granular morphology of BiVO,
remained unaltered (Figure 2E,F). Furthermore, uniform
deposition of Co—B; over the SnO,/BiVO, as well as over
Sn0,/3D-G-BiVO, is confirmed from the SEM images (Figure
2C,D,G,H). The AFM investigations are also carried out, and
the results are shown in Figure S1 of the Supporting
Information. Surface morphologies revealed by AFM inves-
tigation corroborate the results obtained by SEM, and the
overall granular morphology could be visible from the AFM
images. Formation of the Co—B; films could be visible from the
covering of the surfaces.

3.1.3. Raman Spectroscopic Measurements. From Raman
spectra, the bonding states as coordination polyhedra can be
deduced, making it an appropriate technique to study the local
structure of the material. In Raman scattering, the character-
istics bands of BiVO, appeared at 333, 365, 710, and 830 cm™,

(Ag).49 The low intensity of the 710 cm™ band is due to the
thin film structure (Figure 3A).0733

Incorporation of 3D-G resulted in an additional band at
1590 cm™!, which is a well-known characteristic of graphene.
Additional bands at 475 and 516 cm™" appearing in both ITO/
Sn0,/BiVO,/Co—B; and ITO/Sn0O,/3D-G-BivO,/Co—B;
show the mixed phase presence of Co—B; and Co;0,
respectively. The overlap of asymmetric 5,, (VO,) (Ag) and
symmetric §; (VO,) (Bg) deformation bands and red shift of
symmetric v, (V=0) (A,) stretching band from 830 to 813
cm™' indicate deviation toward mesoporous from crystalline
structure”® and quantum confinement effect due to nanoscale
grain size of the material.>>™>

3.1.4. UV—Vis Spectral Measurements. The determination
of the band gap of semiconductors is required to predict the
photophysical and photochemical properties. The band gap of
the material is determined using the Tauc equation as given
below

(ahv)" = A(hv — E,) (8)

where « is the optical absorption coeflicient, hv is the photon
energy, E, is the band gap, and A is a probability constant. The
numerical values of n are '/, and 2 for indirect and direct
transitions, respectively. Also, the nature of the electronic
transition can be found out by from the linearity of (ahv)" vs
hv. If n = 2, it is direct allowed transition, or if n = !/,, it is
indirect allowed transition. The Tauc plot of the presently
investigated materials is shown in Figure 3B,C. All the
photoanodes absorb strongly in the range of 330—500 nm,
showing broad absorption in the UV—visible range of the solar
spectrum. The transition in BiVO, has been argued with both
direct and indirect electronic transitions; in our investigation,
we have analyzed the results considering both direct and
indirect band gaps, and the corresponding values are tabulated
in Table S1 of the Supporting Information.*®~®*

Figure 2. SEM images of (A, B) SnO,/BivO,, (C, D) Sn0O,/BivVO,/Co—B, (E, F) SnO,/3D-G-BiVO,, and (G, H) SnO,/3D-G-BiVO,/Co—B;.
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Figure 3. (A) Raman Spectra of SnO,/BiVO, (black), Sn0O,/BiVO,/Co—B; (red), Sn0O,/3D-G-BiVO, (green), and Sn0O,/3D-G-BiVO,/Co—B;
(blue). (B) Tauc Plot for the direct band gap of SnO,/BiVO, (black), SnO,/BiVO,/Co—B; (red), SnO,/3D-G-BiVO, (green), and SnO,/3D-G-
BiVO,/Co—B; (blue). (C) Tauc Plot for the direct band gap of SnO,/BiVO, (black), SnO,/BiVO,/Co—B; (red), SnO,/3D-G-BiVO, (green), and

S$n0,/3D-G-BiVO,/Co—B, (blue).
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Figure 4. XPS of (A) Bi 4f, (B) V 2p, (C) Sn 3d, (D) Co 2p, and (E) B 1s of SnO,/BiVO, (black), SnO,/BiVO,/Co—B; (red), Sn0O,/3D-G-

BiVO, (green), and Sn0O,/3D-G-BiVO,/Co—B; (blue).

It has been observed that the band gaps calculated
considering indirect bands of BiVO, have been marginally
lowered compared to that in the direct one. With
incorporation of 3D-G and Co—Bi, the band gaps undergo a
downward shift, thus making the threshold wavelength of the
absorption shift toward higher wavelength, creating a greater
part of the solar spectrum available for absorption compared to
pristine BiVO,.

3.1.5. XPS Measurements. Surface chemical states of the
photoanodes were investigated by XPS. The measurement
provides conclusive evidence of the presence of Bi, V, and O in
pristine BiVO, and the presence of C in 3D-G-incorporated
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photoanodes and Co in the photoanodes deposited with Co—
B, From the chemical shift and spin—orbit coupling, split
oxidation of the elements can be deduced. The presence of
Bi** is indicated by the peaks due to Bi 4f;/, and Bi 4f;), at
155.9 and 161.26 eV with doublet energy splitting at 5.36 eV
(Figure 4A) and peaks at 516.52 and 524.14 eV with spin—
orbit split of 7.62 eV indicates V** (Figure 4B). The presence
of Co®" is confirmed from the peaks at 780.30 and 795.27 eV,
which are due to Co 2p;;, and Co 2p,/, (Figure 4CD),
respectively. The peak at 187 eV is a well-known signature of
the B 1s orbital, indicating the presence of boron (Figure 4E).
The presence of oxygen is inferred from the O 1s cumulative
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Figure 5. XPS of O 1s of (A) SnO,/BivVO,, (B) Sn0O,/BivO,/Co—B,, (C) SnO,/3D-G-BiVO,, and (D) SnO,/3D-BiVO,/Co—B,.

asymmetric peaks at binding energies of 533 and 531 eV.
These peaks can be deconvoluted into peaks with binding
energies of 529.9, 530.5, and 532.3 eV, which are attributed to
O’ at the lattice site (Op), vacancy region (Ov),”® and
chemisorbed oxygen (Oc) and water, respectively.®* Oxygen
vacancy is known to improve the catalytic activity of the BiVO,
photoanode.”** From the Ov/Oy ratios, it can be observed
that the ratio is almost similar (~0.97) in the case of SnO,/
BiVO, and 1.04 in SnO,/BiVO,/Co—B;, while with incorpo-
ration of 3D-G, it increases the Ov/Oy ratio to 1.56 in SnO,/
3D-G-BiVO, and 2.08 in SnO,/3D-G-BiVO,/Co—B; (Figure
5). The inclusion of Co has an influence in enhancement in the
oxygen vacancy, which has been reflected in the present
measurement, where in the Co—Bj-containing samples, the
Ov/Oy, ratio has been increased.”” However, the majority of
the enhancement in the oxygen vacancy has been created by
the inclusion of 3D-G. The oxygen vacancy has always played
an active role in the enhancement of PEC efficiency, and it
would therefore be interesting in the present case as well to
observe its influence. There are arguments about the
measurement of oxygen vacancies from the XPS techniques.®®
Samples are kept inside a desiccator to avoid any adsorption of
oxygen from the atmosphere during the transfer of samples
from its synthesis to the XPS measurement facility. The kinetic

energy of electrons coming out from the oxygen with
stoichiometry fulfilled and unfulfilled and the chemisorbed
oxygen are bound to be different; therefore, the argument of
observation of peaks of O, Ov, and Oc and measurement of
their relative presence from XPS could be used in comparing
the performance across samples of the same series.

3.2. Photoelectrochemical Investigation. Photoelec-
trochemical investigations have been carried out for all the
photoanodes under AM 1.5 G-simulated illumination using a
xenon lamp. The 0.5 M Na,SO, in borate buffer of pH 8 has
been used as the electrolyte, instead of using phosphate buffer
due to its corrosive nature for BiVO, systems.” The
performance of the photoanodes was investigated by LSV
and chopped light voltammetry (CLV), and the results are
shown in Figure 6A,B. Current densities obtained at 1.19 V vs
RHE for SnO,/BivVO,, SnO,/3D-G BiVO,, SnO,/BiVO,/
Co—B,, and Sn0,/3D-G-BiVO,/Co—B, are 0.74, 0.90, 1.23,
and 1.48 mA cm? respectively. The enhancement in PEC
current with the incorporation of 3D-G is ~165%, signifying
the definite and quantitative role of 3D-G in enhancing the
photocurrent density of the electrodes. Moreover, 3D-G-
incorporated photoanodes show high current density even at a
lower applied bias. The enhancement in the current density on
3D-G incorporation is more prominent at the lower applied
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Figure 6. (A) Linear sweep voltammetry (BBS Buffer pH 8) and (B) chopped light voltammetry for SnO,/BiVO, (black), SnO,/BiVO,/Co—B;
(red), SnO,/3D-G-BiVO, (green), and SnO,/3D-G-BiVO,/Co—B; (blue). (C) Transient study for SnO,/BiVO, (black), SnO,/BiVO,/Co—B;
(red), SnO,/3D-G-BiVO, (green), and SnO,/3D-G-BiVO,/Co—B; (blue). (D) In D vs time graph for SnO,/BiVO, (black), SnO,/BiVO,/Co—B;

(red), and Sn0O,/3D-G-BiVO, (blue).

potential. The shape of the LSV plot is different in the case of
3D-G-containing samples compared to the samples with the
absence of 3D-G.'"*® The presence of 3D-G has improved the
conductivity, which has enhanced the photocurrent at lower
overpotential. For the samples without 3D-G, the photocurrent
remained lower at lower bias potential; however, when the bias
potential (1.3 V vs RHE) is sufficient to drive the majority of
the carrier back to the sink, the current picked up very fast
afterward.

The chopped light voltammetry experiments were carried
out, and the results are shown in Figure 6B. A similar trend as
that for linear sweep voltammetry can be observed in the
current density of all the catalyst materials. Just after the light-
off stage, a reduction in current has been observed in samples
where 3D-G is not present. With an increase in overpotential,
the reduction current disappears. The absence of the reduction
current in SnO,/3D-G-BiVO, even at lower overpotential than
that of SnO,/BiVO, indicates the efficient transfer of electrons
toward the sink and effective separation of the e—h pair by the
enhanced conductivity of 3D-G. It may also be noted that the
reduction current is more prominent after the introduction of
Co—B; in the system, which essentially explains the basic idea
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of introducing Co—B; to enhance the interfacial transfer of
holes toward the solution. Therefore, immediately after turning
the illumination off, the electrons would remain in excess for
the Co—Bi-containing samples without 3D-G, and the excess
electrons would result in minor reduction current after the
illumination is turned off. Such reduction current is not
observed with the introduction of 3D-G into the Co—B-
containing system, as 3D-G would help in transfer of electrons
toward the sink.

The transient nature of the photocurrent across all the
materials is recorded and shown in Figure 6C. As the
photoelectrode is illuminated, an initial spike is observed due
to the immediate separation of the e—h pair. Electrons move
toward ITO, while holes move toward the electrolyte interface
to oxidize water. Additionally, the holes react with conduction
band electrons and undergo recombination. The decay in the
initial photocurrent has been observed with the SnO,/BiVO,
and Sn0O,/BiVO,/Co—B; photoanodes, whereas the decay has
been less significant with the SnO,/3D-G-BiVO, and SnO,/
3D-G-BiVO,/Co—B; photoanodes. In order to obtain the
decay profile of the photocurrent, the transient photocurrent is
fitted using the following dimensionless parameter D
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D = (Iyyy = It/ (T = L) (9)

where I, is the photocurrent at time t, Ij;,) is the initial
photocurrent measured at t = 0, and Iy is the steady
photocurrent. The transient time constant (7) is defined as the
time at which In(D) = —1.°” The transient behavior of the
photoanodes has been studied by illuminating the photo-
anodes for a short time period of 1 s at 1.19 V vs RHE, and the
decay characteristic is observed (Figure 6D). The value of the
observed 7 is 0.17 0.19, and 0.5 s for SnO,/BiVO,, SnO,/
BiVO,/Co—B;, and SnO,/3D-G-BiVO, samples, respectively,
while Sn0O,/3D-G-BiVO,/Co—B; does not show any signifi-
cant decay. Photoelectrochemical efficiency of BiVO, remains
low due to the fast charge recombination due to numerous
recombination and charge trapping centers. Incorporation of
3D-G provides low-energy pathways for the photogenerated
charges due to high electronic conductivity, thereby reducing
the recombination as reflected by the transient time constant.
Lower recombination is the reason behind the enhanced
photocurrent density.

3.3. Efficiency Measurements and Mott—Schottky
Analysis. To further understand the photoelectrochemical
properties of the fabricated photoanodes, the IPCE was
calculated. Correlation between the efficiency and wavelength
is extracted from IPCE measurements and plotted in Figure S2
of the Supporting Information. IPCE of SnO,/BiVO, is ~20%,
while the efficiency of SnO,/3D-G-BiVO,, SnO,/BivVO,/Co—

B, and SnO,/3D-G-BiVO,/Co—B; is ~27, 23, and 32%,
respectively.”’”’" The photocurrent density plots of the
photoanodes at different wavelengths are included in Figure
S3 of the Supporting Information.

The APCE has also been measured, and the values are
plotted in Figure S4 of the Supporting Information. As
expected, the APCE results follow the same trend as that of
IPCE. APCE increases as the applied bias increases due to
efficient e—h separation. APCE increases for SnO,/BiVO, as
higher potential is applied. (Figure S4) A similar pattern is
seen in the case of SnO,/BiVO,/Co—B,, while in the case of
Sn0,/3D-G-BiVO,, enhancement in current is observed due
to effective separation of photogenerated charge carriers even
at lower applied potential. As Co—B; is introduced, APCE of
Sn0,/3D-G-BiVO,/Co—B; again increases with an increase in
applied bias as new redox centers are available and activity of
the cocatalyst increases with the applied bias. The FE (%) for
the samples SnO,/BiVO,, Sn0O,/3D-G BiVO,, Sn0O,/BiVO,/
Co—B,, and Sn0,/3D-G-BiVO,/Co—B; is 87, 86, 90, and 89,
respectively. The results thus indicate the insignificant
contribution of the non-Faradaic processes in the overall
current during PEC oxidation of water."”**”*

The photoelectrochemical investigations carried out so far
have indicated that the photocurrent undergoes enhancement
on the incorporation of 3D-G in BiVO,, which has been
evidenced from the LSV and CLV measurements. The current
transient behaviors have indicated the enhancement of lifetime
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Table 1. Parameters Obtained from the Mott—Schottky and Electrochemical Impedance Measurements

R R

photoelectrode () Q, n (Q)  C (uF)
Sn0O,/BiVO, 80 15 X 107° 0.77 3890
S$nO,/BiVO,/Co—B, 100 30x10° 090 1890
Sn0,/3D-G-BiVO, 100.8 70 X 107° 0.689 1300

S$n0,/3D-G-BiVO,/Co—B; 70 140 x 107° 0.66 780

relaxation
relaxation time Ly, (hole flat band
frequency constant diftusion donor potential (V)
Hz ms length m densi vs RHE
(Hz) (ms) gth) (u ty
60 2.65 117 5.64 x 10%° 0.205
380 0.42 47 7.93 x 10% 0.146
40 3.98 144 3.23 x 10* 0233
90 1.77 96 3.84 x 10 0.207

of the charge carriers. The quantification of improvement of
performance to the surface charge recombination and the bulk
charge recombination has been evaluated from the measure-
ments of the surface charge separation (Fyunser) and bulk
charge separation (#uspore) efficiencies of the photoanodes
using the procedures as explained in egs 1, 2, and 3 in the
experimental section. The results are plotted in Figure 7A,B.
The 7yanster has been improved upon inclusion of Co—B; in the
BiVO, sample due to the electrocatalytic activity and efficient
transfer of surface charges to the solution. The presence of 3D-
G has significant enhancement in the surface charge separation
process, which indicates that 3D-G has a positive role in the
enhancement of surface conductivity of the material, which
resulted in the efficient transfer of holes to the solution. The
variation of 7y,ngp0re With respect to the applied bias potentials
is also plotted and shown in Figure 7B. The significant
enhancement of the (7yupor) especially at the lower over-
potentials upon incorporation of 3D-G has clear indication
about the improvements in e—h recombination of the
materials.

The effective enhancement in charge carrier generation and
their separation can be derived from Mott—Schottky analysis.
As it involves impedance over a range of potentials, it
represents convolution of transport and transfer of charges. As
the electrode—electrolyte comes in contact, transfer of
electrons from the conduction band of the electrode to the
suitable redox centers in the electrolyte occurs to maintain
both the Fermi levels at the same energy, leading to band
bending. The larger the band bending, the better the charge
separation. The electron leaves the electrode, thereby
generating the space charge layer. Space charge capacitance
depends upon many factors as shown in eq 6, from which the
flat band potential and interfacial donor density can be
extracted. Figure 7C shows the Mott—Schottky plot of the
photoanodes recorded under illumination conditions using a
solar simulator. Donor density and flat band potential
calculated from the Mott—Schottky plot are tabulated in
Table 1. For SnO,/BiVO,, the donor density was obtained as
5.64 x 10%, while there is a slight increase in donor density
with incorporation of Co—B,. Introduction of 3D-G enhances
the donor density by 1 order of magnitude, which is indicative
of the presence of a large number of charge carriers because of
lesser recombination owing to the high conductivity. Improve-
ment in e—h separation is also indicated from the flat band
potential. It increases from 0.205 in SnO,—BiVO, to 0.233 in
Sn0,/3D-G-BiVO,, indicating greater band bending, which
facilitates better charge separation. The incorporation of Co—
B, has resulted in cathodic shifting of the flat band potentials
without decreasing in the donor density in both the SnO,/
BiVO,/Co—B; and Sn0O,/3D-G-BiVO,/Co—B; samples.
Cathodic shift in the flat band potential indicates a lower
onset potential, which can be corroborated from the LSV plot.

The frequency-dependent behavior of the system is
measured in terms of complex current under perturbed
potential. The resulted Nyquist plots are shown in Figure
7D. The obtained data were suitably modeled using Randle’s
circuit, and the evaluated parameters are placed in Table 1.”
Charge transfer resistance decreases steadily from SnO,/
BiVO, to Sn0O,/3D-G-BiVO, with the inclusion of 3D-G in
the sample. The lowest charge transfer resistance has been
observed in the case of SnO,/3D-G-BiVO,/Co—B,, indicating
better charge transfer and performance. The evaluation of R
from the impedance measurement is consistent with the
photocurrent obtained with the electrodes tested using LSV,
CLV, and Mott—Schottky studies. The depressed semicircle
indicates the nonideal capacitive nature of the electrode,
resulting from the inhomogeneous electrochemical processes
from the entire substrate; the degree of inhomogeneity is
numerically related with the n factor. Inclusion of 3D-G in the
photoanode has resulted in a lower n factor, indicated with
more surface roughness. Inclusion of 3D-G has improved the
capacitance of SnO,/BiVO, from 6.42 to 23.73 uF in the
Sn0,/3D-G-BiVO, sample. Similar improvement was ob-
served for SnO,/BiVO,/Co—B; and Sn0O,/3D-G-BiVO,/Co—
B..
The improvement in capacitance is closely linked to the
surface charge density of the photoanodes, which has been
improved due to the inclusion of 3D-G in the sample; the
enhancement of surface charge density due to the incorpo-
ration of Co—B; has been in the line with our previous
publications.”” For a relative comparison of interfacial kinetics,
the relaxation process of the photoanodes was evaluated by
sampling the frequency maxima of the Bode plot. Maxima of
the Bode plot correspond to the relaxation frequency (f). The
relaxation time constant (7) was further calculated using 7 = 1/
2nf. The values are tabulated in Table 1, and the relaxation
frequency was found to be in the order of hundreds of Hz,
while the relaxation time constant for the electrochemical
process was on the order of milliseconds for all the samples.
The inclusion of Co—B; has decreased the relaxation time
constant through enhancement in the charge transfer process
through improvements in the surface hole transfer kinetics,
whereas the inclusion of 3D-G has enhanced the relaxation
time constant. Interestingly, the inclusion of both 3D-G and
Co—B; with BiVO, has increased the photocurrent.

The diffusion length (Lp) of the minority carrier, i,
photogenerated holes, is calculated from the relaxation time
constant and diffusion coeflicient for the holes using the
relation Ly, = (D X 7)"/2, where Ly is the diffusion length and
D is the diffusion coefficient of the photogenerated hole, taken
as 5.2 X 107 cm® s™". Diffusion length is a very important
parameter for interfacial charge transfer reactions. Hole
diffusion length for SnO,/BiVO, is 117 um, whereas for
Sn0,/BiVO,/Co—B,, it is 47 pum, and it increases with 3D-G
incorporation to 144 ym, and for SnO,/3D-G-BiVO,/Co—B,,
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it again decreases to 96 um. The comparison of the diffusion
length values among all the photoelectrodes thus indicates that
inclusion of 3D-G has enhanced the diffusion length, further
supporting the fact that the electron and hole recombination
process is decreased and holes can be transported from deeper
inside the photoelectrode containing 3D-G to the interface.
Since Co—B; has improved the surface charge transfer step, the
hole transfer kinetics is enhanced, which has resulted in the
decrease in the relaxation time, and thus, the diffusion length
seems to have been reduced. The relaxation time measured
using the time-resolved spectroscopic measurements considers
the time for its de-excitation process, whereas the hole takes
some more time for its complete relaxation/interfacial process.
EIS measurements are capable of proving the categorized
information about the relaxation processes inside the solid
electrode and at the interface; presently, the EIS data have
been fitted with a simple Randle circuit, where the resulting
relaxation time includes all the process involved at the
photoelectrode.”®”*™*" The diffusion length measured from
the spectroscopic technique varies in a few nanometer range,
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whereas the diffusion length values reported from the Bode
plots fall over 100 ym. The lifetime measurements from the
time-resolved spectroscopic technique consider the lifetime of
the holes at the excited state, which are related to the
electronic structure and electronic conductivity. It is important
to further emphasize that the diffusion length calculated using
the relaxation time utilizes the relaxation of all the processes
together, which is under the assumption that the relaxation
time constant includes both the time taken by the photo-
generated charge carrier in the bulk, ie, from bulk to the
interface as well as at the electrode/electrolyte interface, i.e.,
from the interface to the electrolyte where it oxidizes water
molecules. Incorporation of 3D-G enhances the lifetime of
holes by reducing the possibility of electron—hole recombina-
tion and incorporation of Co—B; essentially decreases the
lifetime of the hole through its efficient transfer to the solution;
therefore, both the processes have a contradicting effect on the
value of the relaxation time; however, both of them eventually
lead to the enhancement in the PEC current. The
investigations from the electrochemical impedance spectros-
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copy, therefore, support the interesting roles of 3D-G and Co—
B, in improving the charge transfer kinetics, resulting in the
enhancement of photocurrent.

3.4. Open-Circuit Photovoltage (OCPV) and Stability
of the Photoanodes. The concentrations of the interfacial
charge carrier and the energetics of the charge carriers are
important in determining the PEC water splitting efficiency.
Under dark conditions, the BiVO, being an n-type semi-
conductor has excess positive charge over the depletion region
inside the semiconductor, while the negative dipoles are
concentrated along the Helmholtz layer, while the semi-
conductor electrode is placed in solution.”* The extent of the
band bending depends on the difference between the initial
Fermi level of the semiconductor and the redox potential of
E°(0,/H,0). The difference of energy essentially directs the
holes toward the electrolyte solution.*>~*” On illumination, the
open-circuit potential (OCP) undergoes negative shifting in all
of the samples. Inclusion of 3D-G has an effect on the release
of the Fermi level pinning, and the OCP in the dark has a
positive shifting. The open-circuit photovoltage (OCPV),
measured from the difference in the OCP in the dark to that
under illumination, has been significantly enhanced with the
incorporation of 3D-G into the samples. Hence, the more the
OCPYV, the more effective the electron—hole separation. The
quasi-Fermi level splitting increases from 0.122 V (SnO,/
BiVO,) to 0.184 V(SnO,/3D-G-BiVO,), the highest being
0.378 V in the case of SnO,/3D-G-BiVO,/Co—B; (Figure
8A).%8

The relaxation of the Fermi level pinning effect on inclusion
of 3D-G has associated kinetics, resulting in higher catalytic
performances. With inclusion of 3D-G, the conductivity of the
material has been improved, which has been reflected from the
shifting of open-circuit potential even in dark conditions,
resulting in the closeness of the Fermi level to the CB of the
semiconductor. Upon illumination, the quasi-Fermi level hole
Eg,, at interface is lowered down. The scenario is qualitatively
represented in Scheme 1. The highest shifting in the Egj is
depicted in the case of SnO,/3D-G-BiVO,/Co—B;, which has
shown the highest OCPV value upon illumination. The
lowering of the Eg, due to the inclusion of 3D-G has impacted
better band alignment with the solution side and thus resulted
in enhancement in the catalytic preferences of the photo-
anodes. As has been observed from the XRD measurements,
the crystallinity of the ITO/SnO,/3D-G-BiVO,/Co—B;
sample is relatively lower. Improvement of the PEC catalytic
performance has been reported in BiVO,, while the better
crystalline materials were obtained through increasing the
annealing temperature.”®’® Therefore, the sample with the
chemical composition SnO,/3D-G-BiVO,/CoB; with better
crystallinity has further scope of improvement in the catalytic
performance as the photoanode.

After having a discussion about the improvement in the
catalytic performances on inclusion of 3D-G in the BiVO,
matrix, it is important to carry out the measurement of the
stability of the electrodes on prolonged light exposures.
Although BiVO, is known for its stability in near-neutral pH
solutions, under illumination, the anodic shift of the quasi-
Fermi level of holes triggers additional anodic reactions alon%
with the OER, leading to light-driven corrosion of BiVO,.*~”
Photostability of the prepared photoanodes is demonstrated by
stable chronoamperometric curves shown in Figure 8B. Among
all the four modified electrodes tested, the bare BiVO, is the
least stable, showing almost 25% reduction of initial photo-
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current during the test period, while the rest of the
photoanodes maintain stable photocurrent. SnO,/3D-G-
BiVO,/Co—B; is the most stable among all of the photoanodes
investigated. Due to having the least transfer coeflicient, bare
BiVO, would have the highest unused holes at the interface,
which provides sufficient time to such stagnant holes available
for the photocorrosion processes. Photoanodes in which Co—
B, is present act as a relay for the holes between the electrolyte
and BiVO,, leaving lesser holes for the photocorrosion
reaction. In the presence of 3D-G as well as the Co—B,, in
the SnO,/3D-G-BiVO,/Co—B; sample, the 3D-G would
enhance the transport of the majority carrier toward the sink
and Co—B; would help in the enhancement of the charge
transfer at the interface; thus, the stagnation of holes at the
interface does not arise, which essentially reduces the
possibility of the photocorrosion process.

4. CONCLUSIONS

The present investigation has focused on the enhancement in
the photocatalytic efficiency of BiVO,-based photoanodes for
oxidation of water to oxygen. The charge carrier efficiency for
both the majority and the minority carrier has been enhanced.
The SnO, heterojunction has been formed as the conventional
way to enhance the removal of the photogenerated majority
carrier from the BiVO, semiconductor. The main motivation
has been to introduce the 3D-G with the primary aim in
enhancing the conductivity of the photoanode, which
eventually resulted in enhancing both the charge transport
and the charge transfer efficiencies. The enhancement of the
charge transport with 3D-G has reduced the bulk recombina-
tion of the photogenerated charge carriers. The lifetime of the
charge carrier has been increased. The decrease in the decay
kinetics of the holes, enhancement in the OCPV, and the
resulting modulation of the surface states are responsible for
the enhancement in the surface charge transfer process due to
the inclusion of 3D-G into the catalytic system. Therefore, the
additional role of 3D-G in the modulation of the surface states
and release of the Fermi level pinning has allowed better band
alignment between the semiconductor and the analyte in the
solution, which resulted in enhanced catalytic performance in
the photoelectrochemical oxidation of water.
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