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Abstract

The facile and cost-effective chemical bath deposition (CBD) method is used to synthesize highly photoactive facet-controlled
bismuth vanadate (BiVO,) thin films on glass and stainless steel (SS) substrates. The facet-controlled BiVO, thin films are
synthesized by variation in anionic precursor with fine tuning of chemical bath pH from alkaline to acidic media. The varia-
tion of anionic precursor evolves the morphology of BiVO, from dispersed nanoparticles to faceted microcrystals. Further-
more, the fine-tuning of chemical bath pH leads to the well-defined octahedral BiVO, microcrystals. Compared to dispersed
nanoparticulate BiVO, photoanodes, the octahedral BiVO, photoanodes demonstrated superior photocurrent density of
2.75 mA cm™? (at 1.23 V vs. RHE), good photostability and charge separation efficiency (45.5%) owing to their excellent
PEC reaction kinetics. The present study underscores the usefulness of the CBD method for facet-controlled synthesis of

semiconducting thin films for different photo-functional applications.
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1 Introduction

In recent years, energy crises and environmental pollution
have increased market demands for clean energy storage
sources that can replace fossil fuels and provide energy when
needed. Sustainable hydrogen (H,) production is a key chal-
lenge for developing alternative energy systems that provide
an environmentally friendly and inexpensive energy supply
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[1, 2]. Among the numerous renewable energy sources, solar
energy has tremendous potential for energy conversion as it
is one of the most abundant, cost-free and clean sources [3].
The conversion of solar energy into H, via the solar-assisted
water-splitting process is one of the most promising tech-
nologies because of its potential for green and sustainable H,
production [4]. Photoelectrochemical (PEC) water-splitting
technology has emerged as an effective approach for pro-
ducing H, using semiconducting photoelectrodes [5]. The
PEC water-splitting is an environmentally friendly process,
because it uses natural sunlight for water-splitting reactions
in the presence of semiconductor photoelectrode.

During the past few decades, ZnO and TiO, have been
extensively studied as photoelectrodes in PEC water split-
ting due to their high chemical stability and non-toxicity [6,
7]. However, their performance is limited owing to the wide
bandgap energy (absorb only ultraviolet radiations; < 4%
of solar spectrum). Hence, lots of efforts were put forward
on narrow bandgap materials, such as doped-metal oxides,
metal sulfides and nitrides for improved PEC water splitting
[8—12]. Compared with other photocatalysts, BiVO, with
suitable bandgap energy (~2.4 eV), highest photostability,
high optical absorption coefficient, least photo-corrosion,
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low toxicity, high theoretical solar-to-hydrogen conversion
efficiency and appropriate band structure for water splitting
reaction can be the best choice as a photoelectrode for PEC
water splitting application [13, 14].

Considering that the photoactivity of semiconductors is
highly dependent on their surface structure, the faceted growth
of BiVO, is highly desirable. Such growth can assist the migra-
tion of photogenerated electrons and holes to the particular
crystal facets, leading to better charge separation and improved
quantum efficiency for PEC water splitting [15—17]. From this
insight, several reports are available on the faceted growth of
BiVO, by various high-temperature chemical methods, such
as hydrothermal, urea hydrolysis and solvothermal [18-25].
Compared to other chemical methods, chemical bath deposi-
tion (CBD) is an inexpensive, simple and convenient method
for large-area coating carried out in air at room temperature
with various substrates. It facilitates better orientation of crys-
tallites with improved grain structure with pinhole-free and
uniform deposits. Stoichiometry of deposits is highly main-
tained as basic building blocks are ions instead of atoms. There
are no organo-metallic solvents and no toxic or pyrolyzed gases
evolved [26]. Hence, intense research interest has been focused
on the faceted growth of BiVO, by CBD method.

In one instance, the chemically deposited BiVO, thin
films displayed faceted growth of BiVO, with micrometric
and square prism particle morphology [27]. Similarly, the
BiVO, photoanodes with exposed (040) facets were fabri-
cated by the modified CBD method in a neutral bath [28].
Moreover, the CBD method reported the decahedron-shaped
duel-faceted BiVO, microcrystals coated on FTO substrates
[29]. Though these all are faceted microstructures, their PEC
performance is poor. Compared to other faceted microstruc-
tures, an octahedral shape with {121} exposed facets is more
effective for photo-functional activity [30].

Even though there is one report on the deposition of octa-
hedral BiVO, microcrystals by CBD; a detailed study on the
morphology evolution of BiVO, from nanoparticulate to fac-
eted by precursor variation is not reported yet [31]. In the pre-
sent work, facet-controlled BiVO, thin film photoanodes are
synthesized by variation in anionic precursor with fine tuning
of chemical bath pH from alkaline to neutral to acidic media
without buffer solution. The evolution of physicochemical
and visible-light-induced PEC properties of BiVO, are inves-
tigated to probe the effect of change in bath composition.

2 Experimental section
2.1 Materials

Bismuth nitrate pentahydrate (Bi(NO3);-5H,0), sodium
orthovanadate (Na;VO,), sodium metavanadate (NaVO;),
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ethylene diamine tetra acetic acid (EDTA) disodium salt
(C(H4N;,;Na,04) and sodium hydroxide (NaOH) were
purchased from Sigma-Aldrich and used without further
purifications. Stainless steel (SS) substrates and glass
slides were used to deposit BiVO, thin films.

2.2 Synthesis of BiVO, thin films

The glass substrates were cleaned in an ultrasonic bath
using labolene detergent, double distilled water (DDW),
acetone, ethanol, and again in DDW. The SS substrates
were first cleaned with zero-grade polish paper, followed
by washing in acetone, ethanol, and again in DDW. Thor-
oughly cleaned glass and SS substrates were stored in
deionized water before use.

BiVO, thin films were deposited on well-cleaned glass
and SS substrates by the CBD method with a change in
anionic precursor and deposition bath pH. A chemical
bath for the deposition of BiVO, thin films was pre-
pared from an aqueous solution of bismuth precursor
(Bi(NO3)3-5H,0; 25 mM) complexed with EDTA diso-
dium salt (25 mM) under constant stirring. As another
precursor, the aqueous solution of vanadium (Na;VO, or
NaVOj;; 25 mM) was prepared. The chemical deposition
bath was obtained by dropwise addition of vanadium pre-
cursor solution into the bismuth complex under constant
stirring. The final pH of the bath was adjusted to alkaline
(8.5), neutral (7) and acidic (5.5) with the addition of an
aqueous 1 M NaOH solution. After pH maintenance, the
bath was heated at 85°C under constant stirring for 1 h to
obtain a transparent pale yellow color solution. Further-
more, the obtained solution was cooled down to room
temperature and used as a deposition solution.

The above deposition bath composed of Bi(NO;);-5H,0
and Na,;VO, precursors was named as bath A, and that
with Bi(NO3);-5H,0 and NaVO; precursors was denoted
as bath B. The well-cleaned glass and SS substrates were
placed in the deposition bath. During the deposition pro-
cess, the deposition vessel was closed and kept in a water
bath at 85 C for 10 h. After the deposition, BiVO,-coated
substrates were removed from the bath, washed with DDW
and air dried. Afterward, the as-prepared yellowish orange
colored BiVO, thin films were annealed at 400 °C for 2 h
to get well-crystalline BiVO, thin films. The schematic
representation of the BiVO, thin film deposition process
is shown in Fig. 1. The annealed BiVO, samples prepared
from bath A at pH 5.5, 7 and 8.5 are represented as O,
Opue and O,y respectively. Similarly, the annealed BiVO,
samples prepared from bath B at pH 5.5, 7 and 8.5 are
represented as M, 4, My, and My, respectively.
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Fig. 1 Schematic representation
of the deposition of BiVO, thin
films by CBD method

Bi salt + Na,-EDTA

salt + V salt

2.3 Materials characterizations

The X-ray diffraction (XRD) analysis was used to study
the crystal structure and orientation of deposited thin films
with the help of Rigaku miniflex 600 Diffractometer (Cu
k, radiation: 1=1.5406 A). The micro-Raman spectra were
collected using a FLEX G spectrometer (Tokyo Instrument,
Japan) having an excitation wavelength of 532 nm. The
Fourier transform infrared (FT-IR) spectroscopy analysis
was used to examine the chemical bonding of BiVO, (aT
Bruker). The oxidation states of elements present on the sur-
face of BiVO, were investigated with X-ray photoelectron
spectroscopy (Thermo VG Scientific Multitab 2000 XPS
with Al K, (1486.6 eV) X-ray source). The morphological
features and chemical composition of elements present in
the BiVO, thin films were estimated with scanning elec-
tron microscopy (SEM) JEOL JSM-7900 F equipped with
energy-dispersive spectroscopy (EDS)-elemental mapping
analysis. The ultraviolet—visible diffuse reflectance spectros-
copy (UV-Vis DRS) was used to probe the optical proper-
ties of BiVO, thin films using a Jasco spectrometer.

2.4 Electrochemical and photoelectrochemical
measurements

The band structure of BiVO, was estimated from the cyclic
voltammetry (CV) measurements performed in sodium per-
chlorate (NaClO,) electrolyte using CHI650D electrochemi-
cal workstation. In three electrode configuration, BiVO, thin
film deposited on SS substrate, platinum plate and Ag/AgCl
were utilized as working, counter and reference electrodes,
respectively.

The PEC characteristics of BiVO, photoanodes
were studied with linear sweep voltammetry (LSV) and

Nanoparticulate
BiVO, thin film

0
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‘
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=

Faceted BiVO,
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chronoamperometry measurements. All the PEC measure-
ments were carried out with CHI650D electrochemical
workstation and standard three-electrode configuration.
The three-electrode assembly was composed of BiVO,
thin film deposited on SS substrate, saturated calomel
electrode (SCE) and platinum plate as working, reference
and counter electrode, respectively. 0.1 M potassium phos-
phate buffer solution (pH 7) was used as an electrolyte. In
addition, during the PEC measurements, 0.2 M sodium
sulfite (Na,SO;) was added to the electrolyte solution,
which served as a hole scavenger that minimized the rate
of recombination of charge carriers and hence increased
the PEC performance [32].

The photocurrent of BiVO, photoanodes was meas-
ured under front illumination with a light intensity of
100 mW cm~2 simulated by the AM 1.5 G and 420 nm
optical cutoff filters from 35 W xenon lamp. During the
PEC experiments, photocurrent was measured by either
applying a fixed potential or sweeping the potential to the
positive direction with a scan rate of 10 mV s~!. Samples
were tested in the chopped illumination arrangement to
measure the transient photocurrents. All the electrochem-
ical results were stated against the reversible hydrogen
electrode (RHE) scale. Following equations represents the
interconversion between potentials vs. RHE and vs. SCE
scales [33]:

E(vsRHE) = E(vsSCE) + ESCE(reference) + 0.0591V X pH,

V(vsRHE) = V(vs.SCE) + 0.654V.

Applied Bias Photon to Current Efficiency (ABPE):
The applied bias photon to current efficiency (ABPE)
was estimated from photocurrent density vs. potential
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(J-V) measurements assuming 100% Faradaic efficiency
with the help of the following formula:

J(mAcm™2) x (1.23 = Vi, ) X (V)

ABPE(%) = R T— x 100,
L (mWem-

AML1.5G

where J represents the photocurrent density, V,;,, is the
applied potential and P;, is the incident illumination power
density at 1 Sun illumination (AM 1.5 G, 100 mW cm™2).

Furthermore, the charge separation efficiency (1) of
BiVO, photoanodes was estimated using the following equa-
tion [34]:

JNa,So,

Mouik = Jabs

where Jy, so, and Jy, (7.5 mA cm™?) represents the meas-
ured photocurrent density in the presence of a hole scav-
enger and the theoretical photocurrent density of BiVO,,
respectively.

3 Results and discussion

3.1 Reaction mechanism for the deposition
of BiVO,

Deposition of the thin film via the CBD method is based on
the principle of controlled precipitation of desired material
over the heterogeneous substrate surface. During the deposi-
tion of BiVOj thin films, the aqueous supersaturated solution
of [EDTA-Bi]*! complex and Na;VO, or NaVO, transforms
into a saturated state via precipitation of BiVO,.

Initially, the reaction of Bi(NO;); with EDTA disodium
salt gives [EDTA-Bi]*! complex (represented in the follow-
ing reaction), which avoids the spontaneous precipitation in
the bath [31]:

[EDTA]*>" + Bi** - [EDTA — Bi]*!.

On the other hand, the aqueous solution of vanadium
(Na;VO, or NaVO;) was prepared as another precursor.
The hydrolysis reaction of vanadium leading various poly-
oxovanadate (POV) anions, such as layered oxides [V,Os],
chain metavanadates [VO;7], and compact polyanions
[V,00,5]°™ as represented in the following reaction [35, 36]:

[V(OH,)s|™* + 1H,0 — [V(OH), (OH,),_,1°™"*

+ hH;0".

The structure of POV anions is concentration and pH
dependent [36, 37]. In the above reaction, the hydrolysis
ratio (h) increases with the pH, forming aquo, hydroxo,
or oxo vanadium species [35, 36]. In previous reports, the
structure and stability of POV anions are reported [36, 37].
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The chemical deposition bath for BiVO, was obtained
by adding vanadium precursor solution (Na;VO, or
NaVO;) into a [EDTA-Bi]™' complex solution. As
a result, the milky white color of the bismuth solution
was changed to a yellowish-orange color and the solu-
tion became supersaturated. The final pH of the chemical
bath was adjusted to alkaline (8.5), neutral (7) and acidic
(5.5) with the addition of aqueous 1 M NaOH solution. At
pH 5.5, [V,,0,,(OH)]°~ prominent vanadium species are
present in the chemical bath, while [V30,]*~ species are
present at pH 7 and 8.5 [36].

Afterward, the chemical bath was kept at an elevated
temperature of 85 “C with vertically immersed substrates.
During this process, continuous deprotonation occurred
that led to the transformation of POV anions to oxovana-
dium anions VO,>~ [37]. Simultaneously, [EDTA-Bi]*!
complex dissociated by releasing free Bi** cations, which
then react with VO,>~ anions present in the chemical bath
[31]. Consequently, the solution became saturated, leading
to precipitation through the heterogeneous (on the sub-
strate surface) and homogeneous growth of the BiVO,, as
represented by the following reaction.

The above reaction is susceptible to the release rate of
free Bi*? cations and deprotonation of POV anions that
led to various BiVO, growth rates from baths A and B.
These growth rate variations can cause the microstruc-
tural evolution of BiVO,. Typically, ‘bath A’ composed
of Na;VO, and [EDTA-Bi]*! complex, release faster free
Bi*? cations and deprotonated VO43' anions, due to eas-
ily available VO,*~ anions (Na;VO, — 3Na® + VO;"),
which leads to the rapid formation of BiVO, [36]. In this
process, the nucleation centers and activation sites were
maximum; consequently, BiVO, particle size became
smaller and nanoparticulate BiVO, formed. Conversely,
‘bath B’ composed of [EDTA-Bi]*' complex and NaVO;,
released slow Bi*? cations and deprotonated VO,*~ ani-
ons, which led to the slow growth of BiVO,. The slow
growth of BiVO, can be attributed to the absence of
VO,>~ anions in the initial state. As a result, it requires
time for the formation of VO,>~ anions through the fol-
lowing reactions: NaVOj; 4+ 2NaOH — Na;VO, + H,0
and Na;VO, — 3Na* + VOi_. This ultimately hinders the
growth of BiVO, [38]. In this process, nucleation centers
and activation sites were low, resulting in faceted octahe-
dral growth of BiVO,. Moreover, maintaining the acidic pH
of ‘bath B’ further slowed the release of Bi™> cations and
deprotonated VO,*~ anions, which led to the slow growth
of BiVO,. Thus, well-defined octahedral-shaped BiVO,
microcrystal morphology was evolved for the acidic pH of
‘bath B’. Thus, by adjusting the chemical bath composition,
one can effectively tune the BiVO, crystal morphology
from nanoparticulate to faceted octahedral morphologies.
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3.2 Characterizations of BiVO, R for the BiVO, thin films deposited from baths B is 6.44,
9.75 and 3.52 for M4, My, and M, samples, respec-
3.2.1 Structural analysis tively. This change in R is characteristic of the preferential

growth of the BiVO, crystals. According to variation in R,

The crystallographic properties of deposited BiVO, thin  the BiVO, thin films deposited from baths A and B display
films were probed with the XRD technique, as shown in  the dispersed nanoparticle and preferentially grown faceted
Fig. 2. All BiVO, thin films display typical Braggs reflec-  octahedral surface morphology, respectively. According to
tions that match the monoclinic (I2/a) BiVO, phase (JCPDS Scherrer’s formula, the mean crystallite sizes estimated for
no.: 14-0688). Interestingly apparent peak splitting is ~ BiVO, crystals deposited from baths A and B are 10 nm and
observed at 19°, 35° and 46° indicating the formation of a 511 nm, respectively.
monoclinic scheelite BiVO, phase [39]. In the monoclinic
scheelite BiVO, phase, each bismuth and vanadium ion are ~ 3.2.2 Chemical bonding analysis
co-ordinally bonded to eight and four oxygen atoms, respec-
tively [40]. As represented in Fig. 2¢, each bismuth ion is The chemical bonding characteristics of the BiVO, thin
bound to eight VO, tetrahedral units (Crystallography Open  films deposited from baths A and B were probed with
Database card no. 9013437). The estimated lattice parame- ~ Raman spectroscopy, as shown in Fig. 3. The Raman
tersa=5.27 A, b=11.60 A and c=5.087 A of BiVO, arein  peaks P, (131 cm™') and P, (212 cm™") at lower frequency
good agreement with the monoclinic scheelite BiVO, phase. ~ regions are assigned to the external rotation or transla-

Moreover, all the BiVO, thin films deposited from baths  tion modes of BiVO, [41]. All the BiVO, samples display
A and B display significant variation in the relative intensi- ~ typical Raman bands P; (325 cm™') and P, (367 cm™"),
ties of the XRD peaks. This variation in the relative intensi- ~ corresponding to the asymmetric (Bg symmetry) and
ties of the XRD peaks with the highest intensity (121) plane ~ symmetric (Ag symmetry) bending modes of the VO,
indicates the preferential growth of the BiVO, crystals. The  tetrahedron, respectively [42]. The peaks Ps (710 cm™!)
intensity ratio of (121)/(040) characteristic XRD peaks is ~ and P4 (826 cm™!) are assigned to the asymmetric (V-0)
calculated and denoted as R, which varies with the synthesis stretching mode and symmetric (V-O) stretching modes,
conditions of BiVO, thin films. The intensity ratio R for the ~ respectively [41-43]. The present Raman features con-
BiVO, thin films deposited from bath A is 1.63, 1.57 and  firm the pure monoclinic scheelite BiVO, phase deposi-
3.25 for Oy g, Ony and Oy, samples, respectively. Similarly, ~ tion from both baths. Furthermore, the functional groups

Fig'z XRDpﬁtternSOfBiVO4 [ e o T g REARLERRR] | RRRRRRRRR JERRRRRERN] |l°'l‘~46rllw ||||||||| | RRRR~
> . E = 3 E(b b —_n T T 3
thin films deposited from a bath :_(a) E i~ E —( ) o aﬂ &, © E
A [Opgq (1), Opgy (i), Oy (i) 7 ] EE S 3 o s = =
and b bath B [M, (i), My, = S E = S8 o3\ |58 ¥ 2
(ii), My, (iii))]. ¢ BiVO, crystal ~f = Sz = LT o ]~ i) ET TS= S\ 8T oo 3
structure drawn from Vesta SE == TR =4 EE N E
software E’; 5(111) ==\ & &K 3 i‘i e 3
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g f 18 A a i ow ]
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Fig.3 Micro-Raman spectra
of BiVOj, thin films deposited
from a bath A [O, 4 (i), Onye
(ii), Oy (ii1)] and b bath B
[Myyeq (i), My ). My Gi)]

Intensity (a. u.)

200

400

present on the BiVO, thin film surface were analyzed
with FTIR spectroscopy, as shown in Fig. S2 (ESI). The
BiVO, thin films deposited from both baths display dis-
tinct IR bands corresponding to the monoclinic scheelite
BiVO, phase, indicating no organic impurities attached
to the surface of deposited BiVO, crystals.

600

800
Raman shift (cm™)

Intensity (a. u.)

400 600 800 1000 1200
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1000 1200
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3.2.3 XPS analysis

The XPS technique was used to probe the chemical con-
stituents and oxidation states of elements in BiVO, thin
films. The survey XPS spectra commonly show the spectral
features for the Bi, V and O elements in BiVO, thin films

Fig.4 aBi4f,bV2p,cO

1 s XPS spectra of (i) BiVO, E
deposited from bath A (O, E
and (ii) BiVO, deposited from
bath B (M)

Bi 4f,,

Intensity (a. u.)

SETRTRTETIATRTRTRIRIATRTRRTATARRARTRTRTI ATRARERIRIATRATRTNT =

Intensity (a. u.)

ITIRRRRRENA U RRRARRRETIASCRRRRTRA ARRRARTATI ARRARATENA ARRRRTNNT
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(Fig. S3 ESI). Figure 4 represents the Bi 4f, V 2p and O
1 s core level XPS spectra of BiVO, thin films deposited
from baths A and B. Figure 4a shows the high-resolution
Bi 4f XPS spectra of the BiVO, thin films. Both BiVO,
thin films deposited from baths A and B show intense peak
doublet at 164.2 eV and 158.9 eV assigned to the Bi 4f,,
and Bi 4f,,, respectively, confirming the Bi*3 state [44]. The
V 2p XPS spectra of BiVO, thin films in Fig. 4b show two
broad peaks at binding energies (BEs) of 516.4 and 520.8 eV
corresponding to the spin—orbit splitting of V 2p;,, and V
2p,p, respectively [45]. These spectral features are charac-
teristic of pentavalent V in BiVO, thin films. As shown in
Fig. 4c, the high-resolution O 1 s XPS spectra of BiVO,
thin films exhibit a broad peak at 529.5 eV with a shoulder
at 533.1 eV. The broad peak at 529.5 eV is assigned to the
oxygen from the BiVO, lattice, and the shoulder is attributed
to the OH™ groups (originating from structural or adsorbed
water molecules and oxygen vacancies) on the surface of the
sample [44]. The present XPS results clearly show the tri-
valent and pentavalent states of Bi and V in BiVO,, respec-
tively, which confirms the formation of pure phase BiVO,
from both baths.

3.2.4 Morphological and compositional analysis

SEM analysis was used to investigate the surface morphol-
ogy of BiVO, thin films. The anionic precursor variation
significantly affected the BiVO, morphology, as shown in
Fig. 5. The BiVO, thin films deposited from bath A (O,)
show dispersed particle morphology with an average size

Fig.5 SEM images of a, b
BiVO, thin films deposited
from bath A (O,;) and ¢, d bath
B (Ma)

of 0.45 um. In addition, Oy, and O, 4 samples have similar
nanoparticulate morphology as that of O,,, as shown in
Fig. S4 (ESI). On the other hand, that deposited from bath B
(M) shows faceted microcrystal morphology with an aver-
age size of 5 um. The present SEM analysis provides strong
evidence for the change in morphology from the dispersed
particles to facet-controlled BiVO, thin films by changing
the anionic precursor.

Furthermore, the chemical composition of the BiVO,
thin films deposited from baths A and B was probed with
EDS analysis, as shown in Figs. S5-S6 (ESI) and Fig. 6.
The BiVO, thin films deposited from baths A and B display
uniform distribution of constituent elements [bismuth (Bi),
vanadium (V) and oxygen (O)] in the nanometer scale map-
ping region with a Bi/V ratio of 1. Present results indicate
the uniform growth of BiVO, from both baths without any
special phase separation.

As shown in Figs. 5 and 7, all the BiVO, thin films
deposited from bath B display shape-selective octahedral
crystals, which agrees with the XRD results showing an
intense (121) peak and quenched (040) XRD peaks in these
films. The pH of bath B significantly affects the crystal
shape and size. The shape of the BiVO, crystals changes
from faceted microcrystals to well-defined octahedra as the
pH changes from alkaline to acidic media. The My, thin
film show coarse octahedral-shaped microcrystals with sig-
nificantly truncated vertices and blunt edges. On the other
hand, the M4 thin film show well-defined octahedral-
shaped microcrystals with mildly truncated vertices and
sharp edges. My, sample has a similar type of octahedral

@ Springer
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Fig.6 EDS elemental mapping
of a—¢ BiVO, deposited from
bath A (0,.4) and d—f BiVO,
deposited from bath B (M)

Fig.7 SEM images of a, b My,
and ¢, d M, 4 BiVO, thin films

morphology as compared to M4 sample. In addition, from
the XRD data, the R values of My, and M, 4 are 9.75 and
6.44, respectively. Though the M, .4 sample displays slightly
less R value, it showed compact and sharp BiVO, micro-
crystallites. In addition, the size of octahedral microcrystals
deposited at acidic pH of 5.5 is reduced compared to that
synthesized at alkaline pH. The present result underscores
the importance of pH variation for the shape-selective syn-
thesis of BiVO,. Among the three samples, BiVO, depos-
ited from an acidic bath shows the well-defined facet-con-
trolled octahedral morphology, which can be advantageous
for visible light-induced PEC measurements.

@ Springer

3.2.5 Optical analysis

The band structure and optical properties of the BiVO, thin
films are studied with diffuse reflectance UV—-Vis spectros-
copy. As shown in Fig. 8, the dispersed nanoparticles and
faceted BiVO, thin films display significant absorption in
the visible light region, indicating the visible-light harvest-
ing ability of BiVO, thin films. The electronic structure of
monoclinic scheelite BiVO, comprises valance and conduc-
tion bands composed of hybrid Bi 6 s/O 2p and V3d orbitals,
respectively [46]. BiVO, thin films deposited from baths A
and B absorb visible light in the wavelength range of <515
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Fig.8 UV-Vis absorbance 2
spectra of BiVO, thin films (@)
deposited from a bath A [0,y e
(1), Opye (i1), O oy (iii)] and

b bath B [M 4 (1), My, (i),
M, (iii)]. Diffuse reflectance
UV-Vis spectra (plotted as the
Kubelka—Munk function of the
reflectance, R) of BiVO, thin
films deposited from ¢ bath A
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and < 530 nm, respectively, corresponding to the bandgap
energies of 2.40 and 2.33 eV. The calculated bandgap ener-
gies of BiVO, thin films deposited from baths A and B are
displayed in Table S1 (ESI). The BiVO, thin films deposited
from ‘bath A’ display a blue shift in absorption edge com-
pared to films prepared from ‘bath B’, which is attributed to
the smaller size of BiVO, dispersed nanoparticles deposited
from ‘bath A’. The lower bandgap values of BiVO, thin films
deposited from ‘bath B’ are attributed to the growth of facet-
controlled micrometer-size octahedral BiVO, crystals. This
type of faceted morphology can assist the easy transport
of excitons to the surface of the semiconductor, leading to
effective charge separation and improved PEC activity [47].

4 Photoelectrochemical measurements

The PEC characteristics of the BiVO, photoanodes depos-
ited on SS substrates were studied with LSV and chrono-
amperometry measurements. All the BiVO, photoanodes
exhibited notable photocurrent in potassium phosphate
buffer electrolyte, highlighting their functional PEC perfor-
mance (J-V curves in Fig. S7 in ESI). The photocurrent

2.5
Energy (eV)

3.0 35 15 2.0 25 3.0 3.5
Energy (eV)

densities at 1.23 V (vs. RHE) for all BiVO, photoanodes
are summarized in Table S2 in ESI. As shown in Fig. 9a,
the BiVO, thin film photoanode deposited from bath B dis-
play higher current density than the nanoparticulate BiVO,
photoanode indicating its improved PEC performance. The
variation in the PEC performances of BiVO, thin films
deposited from baths A and B can be ascribed to their dis-
tinct morphologies.

As represented in Fig. 9b, the shape-selective BiVO,
thin films display significant variation in PEC performance
with bath pH. Among the shape-selective BiVO, thin films,
M4 thin film exhibited the highest photocurrent density
of 2.75 mA cm~2 at 1.23 V (vs. RHE), indicating improved
PEC performance. The improved performance of M, thin
film is attributed to the well-defined compact octahedral
BiVO, morphology with exposed {121} facets, which pro-
vides more surface-active facets with abundant active sites
for effective PEC reactions. The water oxidation kinetics as
well as charge-separation and transfer properties of BiVO,
photoanodes are highly influenced by its crystal facets. From
experimental findings it is concluded that, the water oxida-
tion kinetics of BiVO, photoanode is based on the adsorp-
tion and dissociation energy of water molecules on its crystal
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facets. Theory calculations suggested that, the adsorption
of water molecules on the {121} facets of BiVO, is ener-
getically favorable for successive dissociation and oxidation
compared to the {010} and {110} low-index facets [48].
Hence, the present octahedral BiVO, photoanodes with
{121} facets are highly efficient for improved PEC perfor-
mance. However, the shape-selective My, and M, thin
films display lower PEC performance than M, 4, which is
attributed to the decreased compactness and sharpness of
BiVO, microcrystallites.

The PEC performance of BiVO, thin film photoanodes
is highly dependent on their thickness. It is observed that;
as the pH of deposition bath decreases, thickness of BiVO,
thin film increases. The PEC performance of BiVO, thin
film increases with increase in BiVO, film thickness. The
plot of thickness of BiVO, thin film with pH variation is
shown in Fig. S8 (ESI).

Furthermore, the photocurrent density vs. time (J-t)
measurements were used to probe the long-term PEC stabil-
ity of BiVO, thin film photoanodes under a constant electri-
cal bias of 1.23 V vs. RHE and illumination. 0.1 M potas-
sium phosphate buffer solution (pH 7) mixed with 0.2 M
Na,SO; hole scavenger was used as an electrolyte [49]. As
shown in Fig. 10a, b, all the BiVO, thin film photoanodes
deposited from baths A and B display stable photocurrent
density over 60 min with a slight decrease at the initial
5 min. The BiVOj thin film photoanode deposited with alka-
line bath A (O,y,) exhibited stabilized photocurrent density
of 0.39 mA cm~2. On the other hand, BiVO, thin film pho-
toanodes deposited from acidic bath B (M,.4) display the
highest stabilized photocurrent density of 2.73 mA cm™2.
Present results highlighting the high photostability of
BiVO, thin film photoanodes against applied bias and light
illumination.

In addition, the ABPE was calculated for all BiVO, thin
film photoanodes from respective J-V curves obtained and
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plotted in Fig. 10c, d. The shape-selective BiVO, thin film
photoanodes display a higher ABPE of 0.084% compared
to nanoparticulate BiVO,. The improved ABPE of shape-
selective BiVO, thin film photoanodes is attributed to the fast
charge transfer kinetics on the {121} crystal facet and quick
transport of excitons in well-defined compact octahedral
BiVO, crystals. Furthermore, the charge separation efficiency
of BiVO, photoanodes was evaluated and displayed in Fig. 11.
The shape-selective BiVO, thin film photoanodes display a
maximum charge separation efficiency of 45.5% for the M, 4
sample.

5 Photoelectrochemical reaction
mechanism

The band structure of BiVO, thin film photoanodes was
mapped using CV measurements and UV-Vis spectroscopy.
The scheme of the PEC reaction mechanism with band struc-
ture for BiVO, thin film photoanodes is displayed in Fig. 12.
The lowest edge of the conduction band (CB) can be deter-
mined from the onset potential of the reduction peak in the CV
curve (Fig. S9 in ESI) [50]. The onset potential of the reduc-
tion peak is observed at the — 0.26 V vs. Ag/AgCl corresponds
to the 4.39 eV (vs. vacuum). Thus, the lowest edge of the CB
is located at 4.39 eV (vs. vacuum). Judging from the bandgap
energy (2.33 eV) of BiVO, thin film photoanodes, the valence
band (VB) position is located at 6.72 eV (vs. vacuum) [51].
The mapped band structure of BiVO, thin film photoanodes
indicates that these band positions favor the oxidation of water
molecules [52].

Solar energy can be converted into chemical energy in PEC
cells via a water-splitting reaction. The overall PEC water
splitting can occur via the following half-cell reactions:

2H* +2¢” — H, (g) (HER : H,evolution reaction : reduction),
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2H,0 + O,(g) + 4H" + de™ The photogenerated electrons are transferred to the CB,
(OER : O,evolution reaction : oxidation), whereas holes are transferred to the VB of BiVO,. After

2H,0 + 0,(g) + 2H,(g)(Overall water splitting reaction).

When photons having energy equal to or greater than
the bandgap energy of BiVO, (hv 2 Eg,y,) are incident
on it, then electron-hole (e -h*) pairs are generated.

the charge separation, photogenerated electrons are trans-
ferred to the surface of the cathode (Pt plate), where a
reduction reaction (H, evolution) occurs, while photogen-
erated holes are transferred to the surface of the anode
(BiVO,), where an oxidation reaction (O, evolution) takes
place [4].
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Fig. 12 Scheme of visible light
induced PEC water splitting
mechanism using BiVO, pho-
toanode

6 Conclusions

The highly photoactive facet-controlled BiVO, thin film pho-
toanodes are synthesized via a cost-effective CBD method
in the present work. The anionic precursor variation leads to
the tailoring of the crystal shape of BiVO, from dispersed
nanoparticles to faceted microcrystals. The shape-selective
faceted BiVO, photoanodes display enhanced photoactivity
compared to the nanoparticulate type, which clearly under-
scores the effectiveness of crystal facets control in improving
the PEC performance of BiVO, thin films. The BiVO, thin
film photoanode deposited from an acidic bath exhibited the
maximum photocurrent density (2.75 mA cm™2 at 1.23 V vs.
RHE), good photostability and charge separation efficiency
(45.5%) attributed to its well-defined compact octahedral
morphology. Thus, the present results highlight the effective-
ness of faceted microstructure for improved photoactivity in
PEC water splitting.
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