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1. Introduction

lonic liquid based dopant-free band edge shift in
BiVO, particles for photocatalysis under simulated
sunlight irradiationt
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Foreign elemental doping is a widely utilized strategy to modify the electronic structure of semiconductors.
Herein, we present a dopant-free novel synthesis approach to control the electronic structure of a
semiconductor. Utilizing butyl methyl imidazolium ([BMIMIC) and methoxyethyl methyl imidazolium
(IM(MOE)Im][CL]) chloride ILs, we prepared four different Bi and V based ILs: 3-butyl-1-methyl-1H-imidazol-
3-jum vanadate [BMIm][VOs], 3-(2-methoxyethyl)-1-methyl-1H-imidazol-3-ium vanadate [M(MOE)Im][VOs],
3-butyl-1-methyl-1H-imidazol-3-ium tetrachlorobismate [BMIm][BiCly] and 3-(2-methoxyethyl)-1-methyl-
1H-imidazol-3-ium tetrachlorobismate [M(MOE)Im][BiCly]. Owing to the bimetallic oxide nature of BiVOy,,
these gels were mixed either with each other or with Bi/V commercial salts and simply heat-treated to
obtain monoclinic BiVO,4. Depending on the IL, the bandgap energy of pure BiVO4 will be redshifted (2.44 to
2.25 eV). The IL based synthesis induced oxygen vacancies and uplifted the BiVO, valence band edge as
observed in the X-ray photoelectron spectroscopy (XPS). These effects were profound for IL anchored Bi;
however, the side effects of this synthesis were chemisorption of a higher oxygen content and low reactivity
of Bi with V to form an additional V,Os5 phase. ILs acted as templates to form smooth spherical particles
with improved crystallinity. [M(MOE)Im] based synthesis resulted in lower-order crystallinity and a large V-O
bonding length of BiVO, compared to [BMIm] which may be ascribed to its lower-order cationic—anionic
electrostatic attraction associated with the presence of oxygen in the ether-group for [M(MOE)Im]. [BMIm]
cation-based synthesis suppressed photogenerated charge-recombination and resulted in a five-fold O,
evolution of ~30 pumol for 3 h (AM 1.5G illumination) compared to pure BiVO,4 which was better compared
to the sample prepared by the conventional hydrothermal process. It also improved the photocurrent, and
the MS plots have shown that the conduction band was not much affected; however, the defect density
was larger for IL based synthesis.

receives in one hour.>® However, the main challenge lies in
developing devices that convert solar energy to other forms of

The environmental pollution and rising CO, level in the atmo-
sphere due to the consumption of fossil fuels are significant
challenges for mankind."™ The total energy consumption by all
humans over a year is less than the solar energy that the Earth
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energy. A photocatalytic approach that utilizes solid-liquid
interfaces for energy harvesting under sunlight is promising
because of its simplicity and environment-friendly use of solar
energy.”®

Many semiconducting photocatalytic materials such as
metal oxides, ternary oxides, nitrides, halides, and sulfides have
been developed for energy and environmental applications due
to their promising photocatalytic activities and non-toxicity.”™*
Among these photocatalysts, bismuth vanadate (BiVO,) is of
crucial importance due to its outstanding features, such as a
low bandgap (~2.4 eV), a maximum photocurrent density
of 75 mA cm™? ~9% of solar to hydrogen conversion
efficiency, excellent dispersibility, non-toxicity, high resistance
to corrosion and promising photocatalytic activity under visible
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light illumination."”>"” BiVO, crystalizes in three phases,
namely, tetragonal zircon, tetragonal scheelite, and monoclinic
scheelite, of which monoclinic scheelite presents excellent
photoactivity.’® Besides these interesting features, BiVO, also
presents disadvantages such as a low electron mobility, slow
water oxidation kinetics,"® lower electron transport,*® and high
charge recombination.*"*> The preceding literature deals with some
strategies to circumvent these limits. The most common available
strategies are doping, surface modification with water oxidation
co-catalysts, heterojunction formation, and morphological fine
tuning.”>* Doping BiVO, with other metals improved the charge
kinetics, electron conductivity, and light absorption due to the
modification of its electronic structure.’**® For example, Zhou
et al. synthesized BiVO, using Mo dopants which optimized the
charge carrier densities and electron mobility.>” Abdi et al. intro-
duced tungsten (W) as a dopant to BiVO,, which helped to improve
charge separation and transport.”® Shi et al formed a BiVO,
heterojunction with WO; which improved the electron/hole
transfer.”® Furthermore, hydrothermal synthesis is widely utilized
to synthesize BiVO,; although it is simple and can also be used to
dope BiVO, with other metals, it is challenging to achieve large-
scale synthesis based on this process. Thus, it is important to
develop alternative dopant free synthesis routes that are capable of
fine-tuning the electronic structure of BiVO, and have the capacity
for large-scale preparation.

Ionic liquids (ILs) are molten salts used to synthesize many
inorganic nanomaterials because of their key characteristics:
high thermal stability, excellent dissolving power, a wide electro-
chemical window, ionic conductivity, and negligible vapor
pressure.*** ILs act as solvents and provide a template frame-
work to produce ordered nanostructures during synthesis;
particularly, the cationic interaction with the framework species
is the main reason for their solid templating effect.>* In addition
to these tremendous benefits, recent studies report on modifica-
tion of the electronic structure of semiconductors due to their
interaction with ILs. Theoretical studies by Weber et al. have
shown that the band edges of a semiconductor such as TiO, can
be fine-tuned by the IL interaction. They emphasized on the
charge transfer nature between both; thus, the cation stimulates
an energetic downward shift of band levels by accepting and the
anions raised the energy levels by donating electrons from the
surface, thus improving its photoactivity.>**” However, TiO, is a
UV absorbing semiconductor. Therefore, attempts are warranted
to modify the energy bands of other visible light absorbing
semiconductors via IL assisted synthesis. Structural defects,
particularly, oxygen vacancies, play an essential role in the
photocatalytic performance of BiVO,.*®*** Earlier in the literature,
ILs such as [EMIM]I and [BMIM]CI were added directly in the
synthesis of BiVO, based heterostructures by impregnation.**>*
However, the effect of ILs on the band edges of BiVO, was not
explored which is crucial to understand the electronic properties
of BiVO,. The conduction band (CB) and valence band (VB) of
BiVO, are mainly composed of V 3d and Bi 6s states, respectively,
and ILs exhibit a unique benefit that they can be anchored to Bi
and/or V sides to produce respective precursor gels which can be
used to prepare BiVO, to control its electronic structure.
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In this work, instead of direct physical mixing of ILs in
BiVO, synthesis, we firstly prepared four newly imidazolium-
based bismuth and vanadium precursor ILs ([BMIm]VO;],
[M(MOE)Im][VO;], [BMIm][BiCl,] and [M(MOE)Im]|[BiCl,]).
These precursors were mixed in a novel fashion to prepare
BiVO,. The photocatalytic response of the prepared materials
was tested for oxygen evolution in photolysis and PEC setups
under simulated solar irradiation.

2. Experimental

2.1. Materials

All reagents were used without further purification and pur-
chased from Sigma-Aldrich. All experiments were conducted
under normal atmospheric conditions.

2.2. Synthesis of precursor ILs, bismuth and
vanadium composites

1-Butyl-3-methylimidazolium chloride [BMIm][CI] and 1-(2-
methoxyethyl)-3-methylimidazolium chloride [M(MOE)Im][CI]
were prepared following previous reports.***° [BMIm][VO;]
(IL1) and [M(MOE)Im][VO;] (IL2) were prepared by anion
exchange, i.e. separately, a solution of water containing 5 g of
[BMIm][CI] or [M(MOE)Im][CI] was passed through an AmberSep
(900 OH) column to obtain the corresponding hydroxide-anion
based ILs. Afterward, 1.87 g of NH,VO; was added to these IL
aqueous solutions and stirred for 16 hours at room temperature.
To obtain IL1 and IL2 (Fig. 1), the resulting yellow solutions were
transferred to a rotary evaporator in order to extract the formed
ammonium species and the residual water (3.82 g) from the
solution.

For the synthesis of [BMIm|[BiCl,] (IL3) and [M(MOE)Im]-
[BiCl,] (IL4), firstly (Bi(NO;);-5H,0) (2.91 g; 0.006 mol) was
calcined at 500 °C for 5 h at a 5 °C min ™" heating rate to obtain
Bi,0; (1.45 g; 0.003 mol). Afterward, 1 mL of concentrated HCI
was added to the flask and stirred for 20 h to obtain a pale-yellow
solution which was then dried off using a rotary evaporator until
the formation of a characteristic white solid of BiCl;-2H,O.
Finally, 500 mg of this solid was added separately to equimolar
amounts of [BMIm][Cl] (248 mg; 1.42 mmol) and [M(MOE)Im][CI]

—

M~ \/VNO\/\O/
VO3 3
IL1 L2
/N@\/\/ /N@ NN
BICl, BICl,"
IL3 IL4

Fig. 1 Chemical structures of different ILs synthesized in this work.
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(251.35 mg; 1.42 mmol) which resulted in the formation of IL3
and IL4, respectively (Fig. 1).

2.2.1. Syntheses of BiVO,

Route 1. IL1 and IL2 were used as vanadium precursors, and
Bi(NO3);-5H,0 was used as a bismuth precursor. 500 mg of the
corresponding ILs were added to 0.98 g of Bi (NO3);-5H,0
dissolved in 5 mL of dimethyl sulfoxide (DMSO). The resulting
gel was stirred until the color of the solution was changed to
red and then calcined at 500 °C for 5 h at a 5 °C min~" heating
rate to obtain a bright yellow BiVO, powder. For simplicity, we
denote these samples as Bi:[V-Bm] and Bi:[V-Me], where Bm
and Me represent [BMIm] and [M(MOE)Im], respectively.

Route 2. In this experiment, we mixed stoichiometric amounts
of V and Bi anchored ILs as precursors. In a 25 mL round bottom
flask, 300 mg (1.26 mmol) of IL1 and 617 mg (1.26 mmol) of IL3
were dissolved in 3 mL DMSO and stirred until the color of the
solution changes to red. Afterward, the solution was calcined in a
furnace at 500 °C for 5 h at a 5 °C min~" heating rate to form a
yellow powder. The same procedure was followed for IL2 (300 mg;
1.26 mmol) and IL4 (615 mg; 1.26 mmol). These samples are
named [Bi-Bm]:[V-Bm] and [Bi-Me]:[V-Me]| where Bm and Me
represent [BMIm] and [M(MOE)Im], respectively. Schematically,
the synthesis procedure is shown in Scheme 1.

For comparison, we prepared BiVO, without ILs. Equimolar
amounts of Bi(NO;);-5H,0 and NH,VO; were mixed in the
presence of deionized water and stirred for 30 min. The yellow
precipitants were washed with deionized water and dried at
80 °C for 6 h. Finally, the obtained powder was calcined at
500 °C for 3 h at a 5 °C min~" heating rate to obtain BiVO, and
is named pure BiVO,. For hydrothermal synthesis, Bi(NO;);-

[BMIm|[OH]
or

Rota evaporation

T

et

fr“% -~

i .
it \\2‘

IL3 or IL4

[BMIm](CI|

[M(MOE)Im|[Cl]

g

BiNO3.5H,0 ¢

Heating Furnace
500°C/5h

BiVO,

Scheme 1 Synthesis of IL-based BiVO,: the Cl anion was exchanged for
VO3 and BiCly in the ILs (steps 1-3). Once prepared, IL1-I1L4 were utilized
as V and Bi precursors, respectively. These precursors were either mixed
with each other or with Bi and V commercial salts to synthesize BiVO,4.
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5H,0 was dissolved in 10 mL of CH;COOH and NH,VO; in
50 mL of deionized water. After 30 min of separate stirring, the
Bi(NOs);-5H,0 solution was added to the NH,VO; solution and
stirred for an additional 1 h while keeping the pH ~ 6 using
NaOH. The entire solution was shifted to a 100 mL autoclave
and placed inside an oven at 150 °C for 10 h at a 5 °C min
heating rate. The obtained yellow powder was decanted by
centrifugation, washed with ethanol, and dried at 80 °C for
6 h. This sample is named HT-BiVO,.

2.3. Characterization

The structure of the prepared powder samples was character-
ized using an X-ray diffractometer (X’Pert MPD) operating at
45 kV and 40 mA using Cu-Ka radiation. XRD was recorded in
the 2 theta range of 10° to 60° with a step size of 0.05°.
Ultraviolet-visible (UV-Vis) diffuse reflectance spectra were
obtained to investigate the band gap of the photocatalyst using
a Shimadzu UV-2600. The morphology was studied by field
emission gun scanning electron microscopy (FEG-SEM) using a
JEOL 7000F FEG-SEM operating at 10 kV. Raman spectra were
obtained by using a Renishaw inVia Raman microscope
equipped with a dual CCD camera and an Ar-Kr laser source
of 514 nm wavelength. The specific surface area was measured
according to the Brunner-Emmett-Teller (BET) method using a
Micromeritics Tristar 3000 (hydrogen adsorption at 77 K). The
average pore size was determined from the thermal desorption
of N, using BJH analysis. The PL spectra were recorded using a
Hitachi spectrofluorometer (model: F-4500). X-ray photoelectron
spectroscopy (XPS) was used to analyze the electronic surface
composition (Scienta Omicron ESCA+, Al Ko source) by using a
low-energy electron flood gun for charge compensation. Scans
were collected for a pass energy of 50 eV with energy steps of
0.5 eV for survey spectra and 0.05 eV for high resolution spectra.
The binding energy of adventitious carbon (C-C at 284.8 eV)
was used to calibrate the XPS spectra, and data analysis was
performed using CasaXPS software, applying the line shape of
GL(30) for peak fitting.

2.4. Photocatalytic oxygen evolution

Oxygen (O,) evolution was carried out in an 86 mL air-tight
quartz reactor directly connected to a gas chromatograph.
25 mg of the sample was dissolved in an aqueous solution of
0.05 M Fe(NO;)3-9H,0. Before photolysis, the samples were
dispersed properly in the aqueous solution using the sonication
method for 10 min. Argon gas was bubbled into a quartz reactor
for 15 min to remove dissolved gases. The quartz reactor was
connected to an airtight setup, the surface air was removed
through a vacuum, and the space in the quartz reactor was
filled with argon. Subsequently, the solution was kept under
stirring and irradiated using a 300 W Xe lamp (PerkinElmer;
Cermax PE300) with an AM 1.5G filter. Oxygen evolution was
detected automatically at 1 h intervals in an Agilent gas
chromatograph (model: 7890B) for 3 h using a Porapak-Q
column 80/100 mesh equipped with a thermal conductivity
detector (TCD) and connected in series with a FID.*!

Mater. Adv.,, 2022, 3, 6485-6495 | 6487
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2.5. Photoelectrochemical (PEC) measurements

For PEC measurements, samples were prepared by spin coating
on FTO glass substrates by adding 9 layers of BiVO,. The choice
of 9 layers was based on Fig. S8 (ESIt), where 9 layers of the
thick film resulted in an improved PEC performance. Equimolar
amounts (3 mmol) of Bi (NO3)3-5H,0 and NH,VO; were mixed in
the presence of 5 mL of dimethyl sulfoxide (DMSO) to form a
slurry, and for each layer, a 100 puL drop of the prepared solution
was added on FTO at an initial spinning rate of 500 rpm for 5 s
and then at 3000 rpm for 10 s. The sample was set to dry at
150 °C for 25 min, and then the procedure was repeated 9 times;
this sample is denoted as BiVO,. To prepare the IL-based
photoelectrode, a 100 pL drop of the IL [BMIm] [VO;] was added
on the top layer of BiVO, by spin coating under the same
conditions mentioned above (for simplicity, this sample is
named BMIM-BiVO,). These samples were heat-treated at
500 °C for 2 h at a heating rate of 5 °C min ™. The electrodes
were insulated using epoxy resin, and the ohmic contact was
established using silver paste with a copper wire. The measure-
ments were performed in an Autolab potentiostat. Linear sweep
voltammetry (LSV) curves were recorded under AM 1.5G illumi-
nation (100 mW cm %) with a 300 W Xe lamp as the illumination
source using an aqueous solution of 0.2 M Na,SO; and 0.25 M
phosphate buffer as the electrolyte. Mott-Schottky curves
were recorded at a frequency of 1000 Hz in the same electrolyte.
The electrolyte was purged with Ar for 30 min prior to the
measurements.

3. Results and discussion

Fig. 2a displays the XRD patterns of the prepared samples. The
XRD peaks are in good agreement with the standard Joint
Committee on Powder Diffraction Standards (JCPDS) Card
No. 14-0688 (space group: I2/a, a = 5.195, b = 11.701, ¢ =
5.092, b = 90.38) corresponding to monoclinic-scheelite (m-s)
BiVO,."> For samples [Bi-Bm]:[V-Bm] and [Bi-Me]:[V-Me],
some small peaks at 260 ~ 20°, 26°, and 31° were also observed,
which are the characteristic peaks of vanadium oxide (V,05).**

View Article Online
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simultaneously hampers the complete formation of BiVO,.
Anchoring both metals with the IL increases the amount of IL
in the synthesis matrix which may hinder their solid-solid
diffusion for complete phase transformation to BiVO,. In
addition, we cannot ignore if the formation of V,05 was solely
due to the Bi interaction with the IL. Thus, we prepared [Bi-
Bm]:V in which IL anchored Bi was used as the Bi precursor and
NH,VO; was used as the V precursor. It can be seen (Fig. Sla,
ESIT) that, compared to [Bi-BmJ:[V-Bm] and [Bi-Me]:[V-Me]
(Fig. 2a), this sample presents higher relative intensity peaks of
V,0s. The internal anion interaction between Bi and Cl is less
polar and more covalent which may be the reason for the lower
reactivity between Bi and V.** Therefore, we may suggest that
adding the IL on the Bi side decreases the interaction between
Bi and V to form BiVO,, and as a result the reaction is stabilized
to obtain an additional unwanted phase of V,05 under calcina-
tion conditions.*>*® The Scherrer formula was used to estimate
the crystal size:*”

KA

- pcos (1)

where D represents the crystal size in nanometers, K is the
shape factor, 4 is the X-ray wavelength (0.15418 nm), and f is
the peak width at half maximum. The physical properties
(crystallinity and crystallite size) were obtained from the XRD
analyses (Table S1, ESIt). For the sample without ILs, the grain
size was the smallest, and compared to other samples its
baseline is not smooth, indicating lower order crystallinity
(Fig. 2a and Table S1, ESIt). On the other hand, all IL based
syntheses resulted in improved crystallinity and a larger grain
size. Thus, the presence of ILs in the synthesis improves the
crystal structure. In addition, the effect of the cation on the crystal
size and crystallinity is noteworthy; compared to Bi:[V-Me],
improved crystallinity was observed for Bi:[V-Bm] (Table S1, ESIY).

The Raman spectra of different BivO, samples are compared
in Fig. 2b. Typical vibrational bands (~ 324, 366, 640, 710, and
826 cm ') are observed for all BivO, samples. Raman bands
observed at 324 and 366 cm ™ for all samples correspond to the
VO, tetrahedron characteristics, whereas the Raman band at

These results indicate that inserting the IL into Bi and V sides 640 cm ™' corresponds to the asymmetric stretching of the
—[Bi-Mel[v-Mel) (@) (b) | BiBmLV-BmI | ()
Bi — = |—[Bi-Me]:[V-Me]
—_ [V-Bm] ) 4

£) —[Bi-Bm]:[V-Bm] =] —T AT [ - &2 :g::wﬁ’;‘]}
L L DN ST g (Bi-Bm}:[v-Bm] /\ /\ S _|—PueBiVO
> : e~ —
= [—Bi:[V-Me] = 2
2 2 Bi[V-Me] /\ /\ 32
2L . Q@ — —
© |—Bi[v-Bm] = [Bi-Me]:[V-Me] /;f\ /\ %

—hmElE, 1 5 22 PureBIVO, 5 /I /\

"y '~n“ TR FVNIPOT V% DT TP TSP TPV TIETIVORY ¥ AN — —

10 20 ' ' 50 60 200 400 600 800 1000 800850 1.6 1.8 2.0 22 24 26 28 3.0

30 40
2 theta (degree)

Fig. 2

Raman Shift (cm™)

(a) XRD patterns of BiVO, samples synthesized using [BMIm] and [M(MOE)Im] based ionic liquids in comparison to the sample without ILs (pure

Energy (eV)

BiVO,); (b) Raman spectra of BiVO,4 samples synthesized using the ionic liquid and pure BiVO, obtained at an excitation wavelength A of 648 nm; the inset
highlights the higher intensity peaks with their respective peak shifts relative to pure BiVOy; (c) UV-vis absorption spectra of the samples synthesized
using ionic liquids, showing a clear red-shift in the bandgaps compared to pure BiVO,.
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shorter V-O bond. Similarly, bands at 710 and 826 cm ™"
provide information about V-O bond lengths.*®*° Different
shifts in the peaks have been observed for the samples synthe-
sized using ionic liquids (Fig. 2b). In the literature, the shift in
peaks is correlated to the V-O bond length, which can be
obtained by using eqn (2):*°

v (em™") = 21349 exp(—1.9176R (A)) (2)

where v is the Raman frequency for the V-O bond and R is the
bond length in angstrom. The bond lengths are compared in
Table S2 (ESIT). V-O bond lengths for Bi:[V-Me] and Bi:[V-Bm]
are 1.6971 A and 1.6961 A, respectively, and for Bi:[V-Me], the
bond length is slightly longer than that of Bi:[V-Bm], and also for
[Bi-Me]:[V-Me], it is increased when compared to [Bi-Bm]:[V-Bm]
(Table S2, ESIT). These results indicate that [M(MOE)Im] based
synthesis gave rise to an increase in the V-O bond length in
contrast to [BMIm] for its individual anchoring with V or for both
Bi and V when compared to their counterparts of [BMIm]. The
UV-Vis spectra of the samples are compared in Fig. 2c. Compared
to pure BiVO,, the presence of ILs clearly red-shifted the bandgap
energy (Table S2, ESIT). The largest bandgap shift was observed
for [Bi-Bm]:[V-Bm], followed by [Bi-Me]:[V-Me], Bi:[V-Me] and
Bi:[V-Bm], respectively. A similar red shift is observed when the IL
is added only on the Bi side (Fig. S1b, ESIt). These results indicate
that anchoring the IL on the Bi side greatly affects the optical
properties of BiVO, compared to its individual addition to the V
side. Thus, the light absorbance of BiVO, can be controlled via IL
based synthesis. Generally, a shift in the bandgap is observed via
doping with foreign elements, e.g. Wang et al. used europium as a
dopant and observed a red shift from 2.43 eV to 2.26 eV,>** and
Zhou et al. used Co as a dopant and observed a shift from 2.43 eV
to 2.27 eV.?° Our results clearly indicate that another simple way to
modify the electronic structure of BiVO, is the IL based synthesis
which is promising as it is dopant-free and it does not need a
hydrothermal approach to produce doped or undoped BiVO,.

IL based synthesis of BiVO, resulted in the formation of
structures with smooth and regular spherical morphology
compared to the sample without ILs (Fig. S2 (ESIt) and Fig. 3),
showing that ILs act as structuring agents for an ordered and
controlled nucleation of the BiVO, structure. ILs offer low inter-
facial tension and a high nucleation rate to enable the formation
of ordered particles with improved crystallinity.>**° The particle
size was measured for all samples while selecting more than a
hundred particles randomly (Table S1, ESIf).”* Compared to
~1 um sized Bi:fV-Me], a much smaller particle size of
~221 nm was obtained for Bi:[V-Bm], and we suggest that these
size differences are due to higher intermolecular Bi-O interactions
caused by the presence of a methoxy group in the lateral chain for
[M(MOE)Im], which probably increases the interstitial space, and
therefore the particle size of the formed nanocomposites is
changed. Moreover, much larger particle sizes were observed for
the samples in which the IL was anchored on Bi and V sides
simultaneously (Table S1, ESIT). The larger particle size might be
related to the presence of vanadium oxide content because it
increases the particle size when mixed with the Bi precursor and
corroborates the higher Bi-O or V-O interaction described before

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of the synthesized samples with and without the ionic
liquid. (a) Bi:[V=Bm], (b) Bi:[V-Mel, (c) [Bi-Bm]:[V-Bml, (d) [Bi-Me]:[V-Mel]
and (e) pure BiVO,.

(Fig. 2b).”" For comparison, we also obtained the SEM images of
HT-BiVO, and [Bi-Bm]:V in which the IL was anchored to the Bi
side and NH,VO; was used as the V precursor. The effect of
anchoring the IL on Bi is different as a distinct morphology was
obtained (Fig. S3, ESIf) when compared to Fig. 3. HT-BiVO,
resulted in agglomerated microparticles with an average size of
2.3 pm.

The IL based BiVO, samples show almost the same BET
specific surface area (Table S2 and Fig. S4, ESI{) which is higher
compared to pure BiVO,. The higher surface area may result
from the increased Bi-O and V-O interactions on the surface of
these materials due to the presence of ILs. These results suggest
that the ILs act as templates for self-crystal organization to
increase the specific surface area.

X-Ray photoelectron spectroscopy (XPS) was used to analyze
the surface chemical composition and any possible BE shift
related to ILs. The high resolution spectra of Bi 4f, V 2p, and O
1s are compared in Fig. 4. For pure BiVO,, Bi 4f;,, and Bi 4f;),
corresponding to Bi*" appeared at BEs of ~164.5 and ~159.2,
respectively, and the peaks at ~524.4 and ~516.9 eV were
assigned to V 2p;,, and V 2p,,,, respectively, attributed to Vo,
These BEs correspond to the formation of BiVO,.>*"?
Compared to pure BiVO,, the samples prepared using the ILs
presented a peak shift for Bi 4f and V 2p core levels towards
higher BEs which is notably large for [Bi-Me]:[V-Me] and
[Bi-Bm]:[V-Bm]. In line with the literature, the shift in the
BEs indicates the oxygen vacancy generation in BiVO, due to the
presence of ILs.** Ideally, for BiVO,, the XPS peak ratio (V/Bi) is
1; however, in the literature, this has never been achieved,
indicating the surface complexity of BiVO,.>>>° For the prepared
samples, V/Bi relative sensitivity corrected peak area ratios are
given in Table S2 (ESIt). The peak area ratios for [Bi-Me]:[V-Me]
and [Bi-Bm]:[V-Bm)] are increased when compared to the other
samples, indicating the presence of a large amount of V species
on the surface of these samples. On the other hand, for
[Bi-Bm]:V, the observed peak ratio was 6.66 (Fig. S5, ESIT) which
further confirms when the IL is anchored to the Bi side, a large
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relative to the sample prepared without ILs.

amount of V remains on the surface. From XRD analysis (Fig. 2
and Fig. S1a, ESIt), we observed the presence of V,05 and XPS
analyses also show a higher content of V,05 on the surface for
the syntheses of samples that encompass ILs on the Bi side. In
the O 1s core level (Fig. 4c), the peaks at ~529.9 and ~531.3 eV
are attributed to the lattice oxygen of BiVO, and chemisorbed
OH ", respectively. These peaks were observed for all samples.
The oxygen vacancies have a negligible effect on the core level O 1s
BE;*’ thus, its position remains unaffected. The oxygen vacancy
regions are the centers for OH species.’® For [Bi-Me]:[V-Me] and
[Bi-Bm]:[V-Bm], the peak at ~531.3 eV was also intensified.
Gu et al. (2020) observed an increase in the amounts of superoxide
radicals (O*>*) and hydroxyl radicals (*OH) for higher order
oxygen vacancies in BiVO,, suggesting that these samples exhibit
a higher number of oxygen vacancies. An additional peak at BE
~533.2 eV was also observed for these samples (Fig. 4c). This
peak may be ascribed to the physically adsorbed oxygen.”® Fig. 4d
presents the valence band (VB) XPS spectra. Interestingly, the
presence of the ionic liquid has influenced the VB position. When
compared to pure BiVO, and HT-BiVO,, all the other samples
presented an upward shift in the VB, and for [Bi-Me]:[V-Me],
[Bi-Bm]:[V-Bm], and [Bi-Bm]:V (Fig. 4d and Fig. S5, ESI{), this
effect was the largest. Thus, anchoring ILs on the Bi side leads to
an upward shift in the VB position compared to their incorpora-
tion on the V side. The XPS results collectively show that ILs
generate O vacancies; thereby, a red-shift in the bandgap (Fig. 2c)
is observed due to the upward shift of the VB. Furthermore, when
IL anchored Bi is mixed with the IL free V precursor or IL
anchored V, the effect of generating O vacancies is profound.
However, the side effect of this interaction is the low diffusibility
of Bi and V, resulting in the formation of BiVO, simultaneously
with V,0s. In addition, this results in the accumulation of oxygen
species on the surface which may act as charge recombination
centers for photocatalytic reactions.*
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Scheme 2 The electronic structure of BiVO,4 prepared with different
synthesis steps based on the ILs. The solid and dotted lines represent
the bulk and surface CB/VB edges, respectively. The presence of ILs in the
synthesis efficiently controls the electronic structure.

On the other hand, when IL anchored V is mixed with
unanchored Bi (bismuth nitrate), i.e. the samples Bi:[V-Me]
and Bi:[V-Bm)], the crystal structure exhibits O vacancies but to a
lower proportion when compared to [Bi-Me]:[V-Me] and [Bi-Bm]:
[V-Bm]. In that case, the formation of V,05 and the accumulation
of surface oxygen species are also inhibited. It should also be
noted that, when comparing the bandgaps (Table S2, ESIT), the
highest red-shift (ca. 0.16 eV) was observed for [Bi-Bm]:[V-Bm]
compared to pure BiVO,. However, the same shift in the VB
spectrum is ~0.6 eV from which we may infer that the surface
exhibits a much higher number of defects than the bulk. Based on
the UV-Vis and XPS results, the bulk and surface electronic
structures of the samples prepared in the current work are given
in Scheme 2. It can be seen that the shifts in the VB are higher
compared to their bulk counterparts which are due to the
produced oxygen defects through IL based synthesis.

The samples were tested for photocatalytic O, evolution over
3 h using radiation from a Xe lamp with a 1.5 G filter in a
photolysis setup (Fig. 5). The total amounts of O, produced by
[Bi-Bm]:V, [Bi-Me]:V, [Bi-Bm]:[V-Bm], [Bi-Me]:[V-Me] and pure
BiVO, in the 3 h of reaction time are 28.6, 24.2, 16.6, 3.2 and
10.3 pumol, respectively. The sample synthesized using [BMIm]
resulted in a better photocatalytic performance which can be
rationalized to its higher-order crystallinity and smaller particle
size. The higher the crystallinity of the samples, the greater the
photocatalytic O, evolution which also corroborates previous

30

—o- Bi:[V-Bm] (@)
A-Bi:[V-Me]
1 —* [Bi-Bm]:[V-Bm]
—e—Pure BiVO,
[Bi-Me]:[V-Me]

0.08{ (b)

=

0.00 /\J BiVO, without IL

025 0.50 075 1.00 125

(©)

3

BMIM-BIVO,

025 05 075 100 125
VsV,

~
>

~
S
N

Current Density(mAicm?)

0, evolution (ymol)
S &
L L

o
L

Current Density(mAlen?)
=
S

Time (min) 1%0 1t'§0
Fig. 5 (a) Oxygen evolution reaction of all samples for 3 h exposure to
300 W Xe radiation filtered with AM 1.5G. Chopped LSV curves of BiVO,
synthesized (b) without and (c) with the BMIm based IL under 1 sun
illumination.
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reports on BiVO4.*>*® In the case of [Bi-Bm]:[V-Bm], [Bi-Me]:
[V-Me] and [Bi-Bm]:V, the photoactivity was decreased, though
they all presented a remarkable red-shift in the bandgap
(Fig. 2c and Fig. Sib, ESIt). It is known that [M(MOE)Im]
exhibits a lower microviscosity when compared to [BMIm].
In addition, the [BMIm] side chain is less polar and less flexible
in contrast to [M(MOE)Im] in which the ether group oxygen acts
as a hydrogen bond acceptor. Thus, the [M(MOE)Im] inter-
action with anions exhibits less electrostatic attraction with the
cations, leading to lower structural heterogeneity.®* Therefore,
the effect of these heterogeneities of ILs results in different
BiVO, structures.

It should be noted that, for these samples, the presence of
V,05 was observed in the XRD analyses (Fig. 2a and Fig. Sia,
ESIT); in addition, chemisorbed oxygen species were also
observed on their surface (Fig. 4). We may suggest that the
chemisorbed oxygen species and V,0s content in the oxide
matrix may act as charge recombination and trapping sites for
the photogenerated charge carriers. The presence of ILs helps
in improving the light absorption in these syntheses via oxygen
vacancy generation, but at the same time depending on the
cationic interaction with Bi and V, the nucleation of BiVO, is
also different which results in distinguished morphological,
structural, and electronic properties. For comparison, we have
also synthesized BiVO, based on a conventional hydrothermal
process which is named HT-BiVO, (Fig. S6, ESIT). Clearly, the
samples [Bi-Bm]:V and [Bi-Me]:V resulted in a better perfor-
mance compared to HT-BiVO,. The synthesis based on the
BMIm IL resulted in enhanced oxygen evolution (Fig. 5a);
therefore, we prepared BiVO, photoelectrodes using BMIm by
spin coating. Fig. 5(b and c¢) compares the LSV curves of the
prepared BiVO, with and without the IL. The PEC performance
of BMIm-BiVO, is far superior to that of BiVO, prepared
without the IL. It can be seen that the sample prepared with
the IL presented an improved photocurrent of ~1 mA cm 2
compared to 0.08 mA cm ™ of the sample prepared under the
same conditions without the IL under 1 sun illumination. The
MS plots (Fig. S7, ESIT) show that the flat band was not affected
much due to the presence of the IL in the synthesis; however,
the slopes of both plots are different, which can be attributed to
different defect densities (Np).®*®* Based on the MS plots, the
defect densities were calculated. BiVO, without the IL showed a
Np of 3.9 x 10" em?, whereas BMIm-BiVO, presented a Ny, of
8.7 x 10°° em . These results show that IL based synthesis
results in higher order defect generation.

The photoluminescence (PL) spectra of pure BiVO,, Bi:[V-Bm]
and Bi:[V-Me] excited by light of different wavelengths are shown
in Fig. 6. The emission centered at ~510 nm (Fig. 6a) for pure
BiVO, corresponds to the electron-hole recombination.®* At any
given incident light wavelength, the fluorescence intensities for
this transition were suppressed for Bi:[V-Bm] and Bi:[V-Me],
indicating that IL based syntheses decrease the charge recombi-
nation compared to pure BiVO,.*> The secondary emission peaks
corresponding to 380, 400 and 420 nm incident wavelengths are
shown in Fig. 6d which present variations in the peak intensities.
At any given incident light wavelength, the samples Bi:[V-Bm]
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Fig. 6 PL spectra of (a) pure BiVOy,, (b) Bi:[V-Bm] and (c) Bi:[V-Me]
excited with incident light wavelengths of 360, 380, 400, 420, 440 and
460 nm. (d) The secondary emission peaks resulting from different incident
wavelengths. The incident wavelengths are given at the bottom of the peaks
and arrows represent the descending order of the intensities for each
sample, which is the highest for pure BiVO,, followed by Bi:[V-Me] and
Bi:[V—-Bm].

and Bi:[V-Me] have lower intensities compared to pure BiVO,
and the lowest intensity was observed for Bi:[V-Bm]. These
results show that Bi:[V-Bm] exhibits improved charge transport
characteristics, consequently improving the photocatalytic
activity (Fig. 5) compared to all other samples.*®

We have conducted the stability test by illuminating Bi:
[V-Bm] for 12 h continuously using AM 1.5G illumination
(Fig. S9a, ESIt). The oxygen evolution was monitored by GC.
The oxygen evolution rate was linear initially and decreased
after 6 h. A similar behavior was observed in the literature for
BiVO, in electron accepting Fe(NO;); (aq.) electrolyte.®” The
possible reasons for the decreasing photoactivity may be the
deposition of iron species on the BiVO, surface or photo-
degradation of BiVO,. After 12 h of irradiation, visually the
sample looked darker. UV-Vis spectra were also recorded before
and after the reaction (Fig. S9b, ESIt). The sample presented a
decrease in the light absorption after 12 h of illumination. The
bandgap energy of the sample after the test changed to 3.31 eV,
which might be related to the accumulation of iron species on
BiVO, or photodegradation of BivO,.°”*® To avoid the deposition
of iron species, Han et al. suggested adjusting the pH of the
electrolyte to maintain its acidity.®”

4. Conclusion

In summary, a new dopant-free method was developed to
modify the electronic structure of BiVO,. Firstly, four new Bi/
V precursor ILs were prepared by modifying the anions of
[BMIm][CI] and [M(MOE)Im][CI] namely ((BMIm|[VOs], [M(MOE)Im}-
[VO;], [BMIm][BiCl,] and [M(MOE)Im][BiCL,]). They were mixed with
each other as well as with the commercially available bismuth
and vanadium precursors. To obtain BiVO,, these mixtures
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were simply heat-treated. Choosing whether Bi or V or both
sides for anchoring ILs, one can modify the morphology, crystal
and electronic structures, and optical properties of BiVO,. The
effect of anchoring ILs to the Bi or V side resulted in modification
of the electronic structure due to the upshift of the VB which
induced a red-shift in the bandgap energy. Similarly, the distinct
IL interaction resulted in the formation of O vacancies as observed
in the XPS analyses and suppressed charge recombination as
observed in the PL spectra. The effect was profound for samples in
which ILs were anchored to the Bi side; however, the drawbacks of
this synthesis were the formation of a higher content of V,05 in
the BiVO, matrix and the accumulation of chemisorbed oxygen
species, which demand further research focusing on proposing
additional steps to avoid these side reactions. In photolysis,
improved results were obtained for samples in which ILs were
anchored to the V side only, ie. Bi[V-Bm], which resulted in
an almost 5-fold improvement in O, gas evolution compared to
BiVO, prepared without ILs, which was also higher than the BiVO,
prepared by the conventional hydrothermal process. Additionally,
in the PEC setup improved results were also obtained from IL
based synthesis compared to pure BiVO,. Cationic interactions
are fundamental for the modification of the electronic structure.
Probably the differential lateral chain and higher order structural
heterogeneity of [BMIm] compared to [M(MOE)Im] might be the
reason for the better photocatalytic performance of [BMIm] based
synthesis. The dopant-free approach based on ILs for modifying
the electronic structure presented in this work can serve as a
model for other semiconducting oxides.
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Table S1. Crystalline (based on XRD analyses) and morphological (based on SEM
images) properties of synthesized BiVO4 through [BMIm] and [M(MOE)Im] based

ionic liquids.
Sample Crystallite size Crystallinity Particle size
(nm) (100%) (nm)
Pure BiVO4 11 54 2725186
Bi:[V-Bm] 18 86 221+30
Bi:[V-Me] 18 76 980+62
[Bi-Bm]:[V-Bm] 19 * 1733472
[Bi-Me]:[V-Me] 19 * 3236147

*Additional peaks of V.Os were observed which affect the crystallinity (%) calculations;

therefore, their crystallinity was not calculated.
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Table S2. Raman shift and (V-O) bond length (Figure S4), surface area (Figure S4),
bandgap (Figure 2c), V/B ratio (Figure 4) and oxygen evolution (Figure 5) of

synthesized BiVVO4 with different ionic liquids

Entry Sample Raman V-0 Seer | Bandgap | V/B | O Evolution
shift length (mz2/g) eV) ratio (umol)
(cm™) A)
1 Bi:[V-Bm] 826.67 | 1.6961 | 11.43 241 0.51 28.6
2 [Bi-Bm]:[V-Bm] | 828.24 | 1.6950 | 11.66 2.25 1.56 16.6
3 Bi:[V-Me] 82490 | 1.6971 | 11.79 2.37 0.69 24.2
4 [Bi-Me]:[V-Me] | 827.63 | 1.6955 | 11.10 2.29 1.72 3.2
5 Pure BiVO4 828.91 | 1.6947 * 2.44 0.64 10.3
*Less than the instrument limit.
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Figure S1. (a) XRD patterns and (b) UV —Vis diffused reflectance of [Bi-Bm]:V in
which [BMIm] based IL anchored Bi was mixed with NH4V O3 to form BiVO4 and HT-
BiVO4 prepared by conventional hydrothermal process.

Figure S1 displays the XRD patterns of [Bi-Bm]:V and HT-BiVOa. For [Bi-Bm]:V in
addition to BiVO4 ((JCPDS) Card No. 14-0688), peaks at 20 ~ 20°, 26° and 31° were
also observed which correspond to V2Os. Furthermore, as compared to [Bi-Bm]:[V-
Bm], and [Bi-Me]:[V-Me] (Figure 2), the relative peaks intensities of V.Os was higher
for [Bi-Bm]:V, indicating the formation of larger content of V20s. Thus, anchoring IL
with Bi side for the formation of BiVO4 strongly decreases the diffusibility of Bi with V
for the complete formation of BiVOs. However, this synthesis results in large O defects,




thereby a notable red-shift in the bandgap was clearly observed as compared to HT-
BiVO4 (Figure S1b) and pure BiVOg (Figure 5).

Figure S2. SEM images of the synthesized samples with and without ionic liquid. (a)
Bi:[V-Bm], (b) Bi:[V-Me], (c) [Bi-Bm]:[V-Bm], (d) [Bi-Me]:[V-Me] and (e) Pure
BiVOa.

Figure S2 compares the low magnification images of the prepared samples, the higher
magnification SEM are presented in Figure 3. As compared to pure BiVOs, the samples
prepared by IL presents smooth particles.

Figure S3, SEM images of (a-b) [Bi-Bm]:V in which [BMIm] based IL anchored Bi
was mixed with NH4VOs3 to form BiVO4 and (c-d) HT-BiVO4 prepared by conventional
hydrothermal process.



Figure S3 (a-b) displays the SEM images of HT-BiVOs; showing the obtained
morphology is agglomerated microparticles. IL based synthesized [Bi-Bm]:V resulted
into a totally different morphology (Figure S2 (c,d)) than HT-BiVOs and also as
compared to all other samples (Figure 3).
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Figure S4. BET adsorption-desorption isotherms of the samples prepared with and
without IL.
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Figure S5. XPS spectra of the (a) Bi 4f, (b) V 2p and (c) O 1s core levels of [Bi-Bm]:V
and HT-BiVOs and (d) their respective VB spectra. A clear peak shift in Bi df, V2p and
VB can be observed for [Bi-Bm]:V as compared to HT-BiVOa.



Figure S5 displays XPS spectra of [Bi-Bm]:V and HT-BiVOa.. The peaks positions of
HT-BiVO4 does not differ from pure BiVO4 (Figure 4). A clear blue-shift is observed
for [Bi-Bm]:V as compared to HT-BiVVO4 for Bi 4f, V2p and VB spectra. These results
also agree with Figure 5 where blue-shift was clearly observed for IL based syntheses as
compared to pure BiVOas. In addition, the O1s spectra of [Bi-Bm]:V (Figure S1c) is also
similar to [Bi-Bm]:[V-Bm] and [Bi-Me]:[V-Me] which present an additional peak at
BE~533.2 eV corresponding to chemisorbed oxygen species. Hence anchoring IL to Bi
side improves the light abosrbption by upshifting the VB but with a drawback of low
reactivity of Bi with V and accumulation of O species on BiVVOs surface.
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Figure S6. Oxygen evolution of [Bi-Bm]:V and HT-BiVO4 for 3h exposure to 300 W
Xe radiations filtered with AM 1.5G.

Figure S4 displays oxygen evolution of [Bi-Bm]:V and HT-BiVOs under simulated
sunlight. Though [Bi-Bm]:V presented large absorption in the visible light, however due
to accumulation of O species and presence of V>Os could not perform better as
compared to HT-BiVO4 and pure BiVO4 (Figure 5a).
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Figure S7. Mott-Schottky plots of BiVOs (prepared without IL) and BMIm-BiVO4
prepared by BMIm based IL.
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Figure S8. Chopped LSV curves of Bi:[V-Bm] with different layers i.e. 7L, 9L and 11L
under 1 Sun illumination.
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Figure S9: (a) Long time photochemical water oxidation activity of Bi:[V-Bm] at AM
1.5 illumination in 0.05 M of Fe(NOz)3.9H20. (b) UV —Vis diffused reflectance of
Bi:[V-Bm] before and after 12h photocatalytic oxygen evolution test.





