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Abstract

An economically viable solution-basedwapproach was employed for fabrication of
nanostructured BiVOa. The evolution of physiechemical and electrochemical features with respect
to the synthesis temperature was analysed using structural, morphological and electrochemical
analysis. When utilized as a supercapacitor electrode, in 3-electrode setup, the BiVO4 exhibited
highly impressive specific capacity of 1864 Cg? at a high current density with battery type
behaviour. Also, this attractive material exhibits very lesser charge transfer resistance of 4 ohm,
which is highly beneficial for performing charge / discharge at higher current rates. Further, this
material retained 84% of its initial capacity after 3000 repeated charge discharge cycles. The
behaviour of the same electrode material can be either battery-like or pseudocapacitive, depending
on its shape, size, and intercalation ion. Although it can be challenging to draw a precise border,
the range of b values between 0.5 and 1.0 denotes a "transition™ area between pseudocapacitive
and battery-type materials. It is important to note that when the reaction temperature rises from

140°C to 160°C, 180°C, and 200 °C, more electroactive sites emerge, leading to improved



electrochemical performance. The battery type behavior is dominated as the reaction temperature
is increased from 140 °C and it is consistent with the voltagram analysis.
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1. Introduction

The rudiments in making performance optimized supercapacitors requires careful selection
of electrode materials to combat the high-power density and low energy density perplexieties [1].
An economically viable solution-based approach was employed for fabrication of nanostructured
BiVO4 to exhibit coherant high efficiency and effectiveness. The new pinnacle in the
electrochemical energy storage devices are the battery type materials in alternate to lithium.
Amidst them, Bismuth Vanadate (BiVOs) is a mixed metal oxide semiconductor [2,3]. This
compendious work reviews the investigation ofsmultipary oxide vanadate (BiVOa4) a super
abundant inorganic material as an electrode material for a super conductor [4,5]. Ternary metal
sulphides,oxides,phosphides were reported to.perform excellent electro chemical characteristics in
literature.[6,7]. Surface area and “\reactivity of layered transition metal oxides are constantly
stimulating and surprising each other [8,9]. d-block elements show a range of oxidation states due
to the comparatively small energy difference between the (n-1) d and n s orbitals. When orbitals
participate in bond formation at two different energy levels, multiple oxidation states might arise
[10]. The novelty of the work lies in the emanation of battery type electrode material which is only
little studied. The current investigation apprehend the importance of material as a negative
electrode [11]. The energy density of the device was greatly increased by creating a hybrid

supercapacitor by combining the electrodes of a battery and a supercapacitor in one unit.

The ground-breaking discovery of mesoporous silica in the 1990s has sparked the research on

the synthesis, characterization, and use of mesoporous materials in a wide range of applications,



including adsorption/separation, sensors, catalysis, energy storage and conversion and
biotechnology. Recently, the research in the development of supercapacitor electrode has been
centered on the transition metal compounds, particularly those with mesoporous architectures.
This is because nano confined mesoporous architectures can be related to the basics of study about
the mass transport kinetics/diffusion process, charge transfer, storage mechanism, and the
interface electrochemical reactions[12].Furthermore, the high specific surface area of mesoporous
materials allows for huge charge storage and improved rate performance by not only increasing
the electrochemical reaction across the electrode/electrolyte interface but also through reduced
charge transfer resistance[12][13][14].

Over the past few decades, various kind of mesoporous structured materials including
carbon based materials [15][16][17], transition metal based compounds [18] [19], rare earth metal
based compounds[20] and conducting polymers with different types of energy storage process
have been examined for their suitability as¢supereapacitor electrodes. However, most of the
transition metal-based compounds aré studied to develop the positive electrodes of the
supercapacitor. The study to impreve the electrochemical performance of the supercapacitor
negative electrode is feeble. Very few of transition metal-based compounds have been explored as
negative electrodes of supercapacitors owing to the nature of fast degradable cyclic performance,
low specific capacitance and poor rate capability. It is worth noting that the development of
negative electrodes is a vital back up for the performance of positive electrodes in order to
commercialize.

The iron, vanadium, and bismuth-based metal oxides exhibit notable performance for
supercapacitor negative electrodes due to their wide range of oxidation states, abundance in nature,
chemical stability, and affordability [21-23]. Additionally, the binary form of these three materials
are receiving a great deal of interest in the supercapacitor applications due to their improved

electrical characteristics [24]. Especially, bismuth vanadate nanostructures are recently explored



as a supercapacitor negative electrode because of wide range of operating potential and multiple
valance states. Furthermore, the electrochemical performance is found to be superior when the
shape and size of morphology of bismuth vanadate materials are scaled down to nano-level of the
aforementioned materials.

As a consequence, modifying the shape and size with significant textural properties of a
nanostructure is a superior strategy to enhance the electrochemical performance. The suitable
synthesis method and appropriate physiochemical conditions are imperative in the preparation of
these elegant nanostructures. The hydrothermal method is most suitable and efficient method for
the engineering of nanosized materials with the qualities of mesoporous texture.

Herein, the bismuth vanadate nanostructures are synthesized using hydrothermal
techniques for various temperatures of hydrothermal conditions. The structural, morphological and
textural characteristics of the bismuth vanadate imaterials have been examined upon various
hydrothermal conditions. Furthermore, the €lectrochemical performance was also studied to
identify optimal synthesis conditions {or the ‘preparation of bismuth vanadate electrodes for
commercial applications.

2. Experimental

Analytical grade Ammonium meta vanadate (NHsVOs), bismuth nitrate (Bi (NO3)s) were
purchased form Sigma Aldrich, India. Sodium hydroxide (NaOH) solution was purchased from
SRL Chemicals, India. All chemicals and reagents are used without further purification process.
Firstly, 1.754 g of Ammonium meta vanadate (NHsVOs3) is blended with double distilled water
(DDW). This solution mixture is termed as solution 1. In a separate beaker, 5.924 g of bismuth
nitrate (Bi (NOz3)3) is mixed with 30 mL of DDW using magnetic stirrer under normal condition
and is labelled as solution 2. Now the solution 2 is slowly mixed with solution 1 using stirrer at
75°C. The mixing of solutions leads to light yellow in color. Further a few drops of NaOH was

added to adjust the pH between 7- 7.5. The solution was stirred for 1 h and transferred to 100 mL



autoclave and kept in temperature 140 °C for 24h. The material is washed thrice with ethanol and
water. The as prepared material was dried at 80 °C for 12 h and calcinated at 500 °C for 1 h to get
the final product. The sample prepared using 140°C is termed as 140 BV. Moreover, same method
was employed for the preparation of samples with different hydrothermal temperature and termed
as 160BV, 180BV and 200BV for the temperatures160°C, 180°C and 200°C respectively.
2.1 Material characterization
Different types of analytical tools are used to investigate the as-synthesized materials. The
crystalline nature and phase of the prepared materials are analyzed between the range 10°C - 80°C
using the X-ray diffraction (XRD, BRUKER-D8) attached with Copper Ko radiation. Scanning
electron microscope (SEM, ZEISS-EVO, Germany) was utilized to understand the morphological
features of the samples. Surface area and nitrogen adsorption and desorption measurements were
carried out using Quantachrome surface area andore size analyzer (Quantachrome Instruments
V11.05). Before measurements the samples‘Were degassed at 100 °C for 24 Hr. FT-Raman
spectrum was obtained using FEKI®(STR-500 mm focal length, JAPAN) laser Raman
spectrometer.
2.1.1 Electrochemical Measurements

Electro chemical Workstation (CH Instruments, 660 C, USA) was employed to investigate
electrochemical features of the prepared samples. A three- electrode set up having Ag/AgCl
reference electrode, platinum wire counter electrode and as prepared bismuth vanadate as working
electrode. The working electrode was prepared as follows: Firstly, 85% active material, 10%
Activated carbon and 5% of Polytetrafluoroethylene (PTFE) binder was blended and transferred
to a vial containing 10 pL of ethanol and sonicated for a minute. Secondly, the as prepared slurry
was coated to a graphite sheet (1 cm?) current collector. Finally, the as prepared electrodes were
dried at 80°C in a hot air oven for 4 hr. All electrochemical investigations were carried out using

2M KOH electrolyte solution.



3. Results and discussions
3.1 Synthesis Protocol
Fig 1. Fabrication Schematic of nanostructured BiVO4 (Prepared at 140° C)
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Synthesis protocol of nanostructured BiVO4 SC electrode material is presented in Fig 1.

3.2 Structural and morphological investigations

3.2.1 Physicochemical characterizations -Stoichiometric Analysis

Strategies for Controlling Elemental Ratios

The several strategies can be followed<o gontrol the elemental ratio of the prepared materials:
precursor selection, controlled synthesis and post synthesis treatment. The stoichiometry ratio of
elements (Bi:V) for the preparation of composites (BiVO4) should be precise. The synthesis
conditions like temperature, pressure and pH of the solutions, etc., are highly influence the
formation of selected composites. The non-stoichiometry ratio of elements under uncontrolled
synthesis conditions may paved the way for formation of selected composites along with the
impurity peaks. The post synthesis process such as annealing can also affect the elemental ratio.
The optimum temperature can be used for the preparation of selected composites. Therefore, three
strategies which are stoichiometry ratio of elements, suitable synthesis conditions and post-
synthesis treatment are highly influence the elemental ratio of the composites.

Influence of Elemental Ratio on Electrochemical Activity

The non-stoichiometry ratio of elements may facilitate the formation defect regions (For



instance, oxygen deficient regions) in the materials which highly influence the electrochemical
performance by providing additional active sites. Also, the electronic structure of the composited
prepared under non-stoichiometry ratio of elements or unfavorable synthesis conditions is strongly
modified due to the interaction of impurity phases affecting the charge transfer kinetics. In
addition to that, the chemical strength of the prepared composites could be affected by the non-
stoichiometry ratio of elements. The optimal concentration could provide better stability against

continuous charge discharge process.

3.2.2 Morphology Analysis

The X-Ray diffraction investigations were performed for better understanding of phase,
purity and structural information of the prepared samplées. The XRD spectrum of bismuth vanadate
samples prepared at different hydrothermal temperatures matched well with the JCPDS card
number 14-0688 and exhibits monoclinic phasew Further, the presence of prominent higher
intensity peaks indicates the better crystallinity-of the samples. It is also noted that the absence of
the additional peaks ensured the purity of the as prepared samples.

Raman spectroscopy is the oft-used tool to study the molecular structure, composition,
stability and crystalline properties of inorganic as well as organic compounds. Measurement of the
parameter, Raman shift, is useful in identifying the different stretching and bending modes of
various bonds present in a sample as it is highly characteristic of a particular molecule as a whole.
In the present study, the various BiVO4 samples have been subjected to Raman spectroscopy in
order to examine the composition, crystallinity and isomorphism among the samples. The Raman
spectra of the samples are shown in Fig. 2 b and it indicates the creation of monoclinic BiVOea.

Fig 2. (a) XRD spectrum of samples synthesized at 140°C, 160°C, 180°C and 200°C
(b) FTIR spectrum of samples synthesized at 140°C, 160°C, 180°C and 200°C.
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The highest band is at 826 cm™ and the assignments of the peaks are given in Table. 1. Except

the as-prepared sample (BV) with only 5 peaks, allsotherssamples displayed 6 prominent peaks of

varying Raman intensities. The Raman Shift @ad_pattern of the peaks indicates the isomorphous

nature of the samples. The peaks in thefrange 327-367 cm™ and 825-830 cm™, attributable to v

bending of VO4 anion and v1 symmetri¢ stretching mode of VOs anion, are typical for BiVOs

molecule [25]. The two peaks appearing in the lower frequency range (119-128 cm™ and 197-210

cm?) are due to the lattice modes, i.e., vibration of the unit cells. As far as the intensity is

concerned, the peak due to v symmetric stretching mode of VO4 anion was obviously the most

intense. Similarly, a weak band at 1619 cm™ / 1642 cm™ (all other samples) is probably due to the

HOH bending mode of water [26, 28].




Table 1 Raman shift (cm™) for the samples

Electrode materials  Raman shift .
S.NO (cm) Assignment
119, 197 Lattice modes
340 v2 bending of VO, anion
1 BV140 81 v1 symmetric stretching mode of VO,
anion
1642 Water HOH bending mode
128, 210 Lattice modes
331, 367 v2 bending of VO, anion
2 BV160 895 v1 symmetric stretching mode of VO,
anion
1642 Water HOH bending mode
124, 210 Lattice modes
327,367 v bending of VO4 anion
3 BV180 825 v1 symmetric stretching mode of VO,
anion
1619 Water HOH bending mode
128,210 Lattice modes
331, 367 v2 bending of VO, anion
4 BV200 .8 v1 symmetric stretching mode of VO,
anion
1642 Water HOH bending mode

The Figure 3 (a-h) presented the SEM images of the samples prepared at different

hydrothermal temperature. The samples prepared at 140°C exhibits spherical ball kind of structure

with sizes ranges from 200 to 700 nm.

When the hydrothermal temperature raised form 140°C to 160°C, it is interesting to

mention here that the spherical ball kind structure of BiVVO4 changed into the rod form of structure.

Further increase of hydrothermal synthesis temperature leads to the collapse of rod like a visible

morphology and transformation of rough surfaces for the samples prepared at 180°C and 200°C.

From the morphological investigations, it is well understood that the morphological features of the

samples predominately depend on the hydrothermal temperature.




Fig 3 SEM images of samples synthesized at 140°C (a, b), 160°C (c, d), 180°C (e, f) and
200°C (g, h) with different magnifications
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Electrochemical measurements
Initially, three electrode ele@wmical cell is employed to investigate the charge storage
performance of the prepared bismuth vanadate nanostructures. The preparation of electroactive
materials and electrodes were discussed in the section 2.4. The measurements were carried out in
2 M aqueous potassium hydroxide solution in the potential range between — 1.1 and 0 V. Notably,
as the electrode can store charge via either by double layer method, redox process, or combination
of both, which is vital to identify the charge storage mechanism of the prepared materials. The
cyclic voltammetry is an efficient tool to identify the feasible charge storage mechanism of the
bismuth vanadate electrodes and thus it is performed at various scan rates. The results of cyclic
voltammetry studies are displayed in Figure 4, demonstrating strong Faradaic peaks indicating that
the charges are stored through diffusion-controlled process of electrolyte ions. The

voltammograms of bismuth vanadate electrodes display two oxidation peaks at an appropriate

10



potential accounting the transformation from Bi° to Bi®**. The reduction of Bi®* into Bi%is also
seen by displaying one dominant redox peak during the reverse scan [29][30].The partial
reversibility thus identified during the redox process is due to the partial dissolution of bismuth
sites in the bismuth vanadate electrodes [31,32]. Moreover, the electrodes of bismuth vanadate
prepared under different hydrothermal conditions retains the shape of voltammograms upon
varying the scan rate suggesting the stable charge storage performance.

Moreover, nature of electrochemical performance of the bismuth vanadate electrodes could
be identified using the power law, 1= av® of log | = log a + b log v (where, | is current density (mA
cm2), v is scan rate (mV s1), aand b are the constants). The slope of the straight line thus obtained
between log | and log v (Figure 4 c) details the nature of energy storage mechanism of the bismuth

vanadates and it is close to 0.5 indicating the battery-type behavior.

The specific capacity of bismuth vanadate electrodes’is calculated using the relation,

fIdV
CS: 1
2mv

Where, [ I dV, area under CV curve (A V), m, mass of electroactive material (mg) and v, scan
rate (mV s1). The specific capacities of 684, 1135, 973 and 894 C g* are estimated at a scan rate
of 10 mV s~*for the electrodes of bismuth vanadates prepared at 140°C, 160°C, 180°C and 200°C
hydrothermal conditions respectively. Among, the bismuth vanadate electrode synthesized under
160°C hydrothermal condition demonstrated superior charge storage performance by yielding high
specific capacitance of 1135 C g* at a scan rate of 10 mVs . Nearly, 65.9% capacity improvement
is enhanced when compared to bismuth vanadate prepared at 140°C. Besides, the capacity is found
to be degrading for higher hydrothermal conditions of 180°C and 200 °C.

Figure 4. (a) CV curves of bismuth vanadate electrodes at 80 mV s2, (b) CV curves of 160BV,
(c) log I versus log v of bismuth vanadate electrodes, (d) GCD curves of bismuth
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vanadate electrodes at 5 A g%, (€) GCD curves of 160 BV and (f) Cs versus specific
current of bismuth vanadate electrodes.
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Furthermore, the bismuth vanadate electrode was subjected to diagnose the charging and
discharging characteristics at a constant specific current within a potential range of -0.8 to 0 V.
The non-linearity in the charging and discharging curves observed in the electrodes made of
bismuth vanadate (Figure 4 d) may be primarily attributed to ion diffusion in the electrolyte. Also,
the discharge curves of the bismuth vanadate electrodes exhibit a sharp kink that accounts for the

quasi-conversion reaction (oxidation of unconverted Bi%) and is in accordance with the findings of
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the CV study [33] . It is noteworthy that, the same kind of charge storage mechanism is reported
for Ag incorporated NiO [34].Also, recent work on nickel bismuth oxide and silver molybdate
reported by William et al. explained the charge storage performance on basis of quasi conversion
reaction process[31,35].The specific capacity of the bismuth vanadate electrodes synthesized at
140°C, 160°C, 180°C and 200°C hydrothermal conditions were estimated using the equation 2,

_20fV dt

s mV

Where |, specific current (A g ), [ V dt, area under discharge curve (V s), m, mass of electroactive
material (mg) and V, potential window (V). The estimated specific capacity for the electrodes of
140BV, 160BV, 180BV and 200BV are 798, 1864, 1237 and 919 C g* for specific current of 5 A
g lrespectively. The bismuth vanadate electrode prepared under 160°C hydrothermal conditions
exhibited superior electrochemical performance by/demonstrating higher specific capacity of 1864
C gtand which is attributed to the unique ri@nesized spherical-like particles. The less time for
dumping of charges on the electrode dufing/eharging and extraction of charges from the electrode
during discharging can be made acéeuntable for the degradation of charge storage performance
while increasing the specific current to 20 A g
The slope of the straight line thus seen between log Ip versus log v for 140BV electrode is found
to be 0.74 indicating domination of surface controlled process when compare to battery type
behavior. Whereas, the slope value is shifted towards the 0.5 for the bismuth vanadate electrodes
prepared under the thermal conditions of 160°C, 180°C and 200 °C. Thus, it is noteworthy to
mention that, as the reaction temperature is increased from 140°C to 160°C, 180°C and 200 °C,
the electroactive sites are additionally formed resulting in an enhanced electrochemical
performance.

Since the energy is stored through the diffusion controlled process, it is identified from the

results of CV and GCD techniques that the electrodes of bismuth vanadate could offer certain
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degree of impedance for the diffusion of electrolyte ions and it could be obtained using the
electrochemical impedance spectroscopy technique [36]. The frequency range of 10 mHz to 100
kHz was used to analyze impedance behaviour at an amplitude of 5 mV. The obtained spectra is
fitted to the modified Randle’s circuit (inset of Figure 5 a) and it is displayed in Figure 5 a. The
fitted spectra show one semi-circle and inclined linear part at high frequency and low frequency
region respectively. The electrochemical performance of the bismuth vanadate electrodes is
influenced by the charge transfer process while the frequency approaching zero and it is indicated
by the semi-circle in Nyquist plot [37]. However, the straight line inclined about 45 degrees at low
frequency region of Nyquist plot is due to the diffusion process of electrolyte ions.

Generally, it can be expressed as Zr (o) = Rct + Zw (®); where Rcr is charge transfer

resistance and Zw () represents Warburg impedance (Zw(m) = % (1—j) orlog|Z"| =logo +

alog (é)) Here, the term o, transfer coefficient, indicates the nature of electrochemical

performance of the mathematical descriptign @f Faradaic impedance prepared electrodes. The
value of a can be obtained from the sfope of;straight line thus obtained between log |Z”| versus log
(/o). If ais close to 0.5 and 1, the charge storage process is controlled by Faradaic and capacitive
behavior respectively.

The intercalative or pseudocapacitive process can be identified if it is between 0.5 and 1.
Figure 5 c-e displays the linear plot of log |Z”| versus log (1/w) of all the electrodes displaying the
slope value close 0.5 except the electrode 140BV which is 0.75 (Figure 5 b). This analysis
indicates dominance of capacitive behavior in 140 BV electrode and it can be reasoned for low
specific capacity than the other electrodes. In addition to that, the Bode Phase angle plot is
analyzed to further support the results of log |Z”| versus log (1/w). Figure 5 f exhibits the Bode
phase angle plot of all the samples consisting time constants at middle frequency region and it is
indicative of double layer capacitance [38]. Also, the electrodes of 160BV, 180BV and 200BV
display the Y intercept at low frequency region close to 45° implying the dominance of

14



pseudocapacitance nature resulting high electrochemical performance. Whereas, the 140BV
electrode intercepts at 70°C suggesting the capacitive behavior. Therefore, the results of log |Z"|
versus log (1/w) and Bode phase angle plot suggest that the electrochemical performance of 140BV
electrode is governed by the capacitive behaviour whereas the pseudocapacitance nature governs
the charge storage process in 160BV, 180BV and 200BV electrodes and it is consistent with the
results obtained in the CV and GCD analysis. Moreover, the charge transfer resistance (Rct) of
140BV, 160BV, 180BV and 200BV was obtained from the diameter of the semi-circle and it is of
7.2,4,4.7 and 10 Q respectively. The solution resistance (Rs) of all the samples can be identified
from the X intercept and it is found to be close to the value of 3 Q. Herein, the bismuth vanadate
electrode synthesized under 160 °C hydrothermal condition shows the low charge transfer

resistance of 4 Q over other electrodes accounting the superior electrochemical performance.

Figure 5b-e exhibits the linear plot of log |Z” | vetsuslog (1/w) for all the electrodes. The 140BV
electrode demonstrates the slope of 0.75 aecounting the surface-controlled process. Besides, the
bismuth vanadate electrode prepared-under the hydrothermal conditions of 160°C, 180°C and
200°C shows the slope value close t0'0.5 as result of formation of additional active sites. Thus,
battery type behavior is dominated as the reaction temperature is increased from 140 °C and it is

consistent with the CV analysis.
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Table 2: Comparison of electrochemical characteristics of bismuth vanadate with other reported
bismuth and vanadate based materials.

Potential

Specific

S. . Synthesis - X Stability
Electrode materials Morphology window capacity 5 Ref
No. method v Col@A gl % @ cycles
1 BivO4 Hydrothermal Nanorods 0-04 466.4 @1 80 @ 500 [9]
2 BiVO4/RGO Hydrothermal ~ Hierarchical o\ 04 27a4@1  87@2000  [10]
structure
3 Bismuth vanadate Hydrothermal Dendritic-like -1.1-04 403.2@ 5 [11]
4 BivVO4 Hydrothermal Rice-pellet-like  -1.2-0.6 1203 @ 2 [12]
5 Bismuth vanadate Hydrothermal Sphengal nano -08-0 1864 @ 5 84 @ 3000 Present
particles work

Furthermore, the electrodes of bismuth vanadate were employed to diagnose the stability
upon 3000 continuous charge discharge cycles. The study was carried out using the galvanostatic
charge discharge technique at a current density of 10 mA cm=. The capacity retention is estimated
for each 200 cycles interval to understand the lifespan of the prepared materials. Figure 5g displays
the profile of variation of capacity over 3000 contingous charge discharge cycles. Initially, the
bismuth vanadate electrode prepared under 160 °€ hydrothermal condition shows increased trend
of capacity retention and reached maximumy0f 114% retention for 400 continuous charge
discharge cycles and same value is retainedupto 800 continuous GCD cycles [39,40]. The capacity
is gradually decreased for further increasing the GCD cycles and retained 84% of its initial value

even after 3000 charge discharge cycles.

4.Conclusions

High performance BiVO4 nanostructures are prepared using simple hydrothermal protocol
with monoclinic phase crystalline structure. The variation of synthesis hydrothermal temperature
greatly influenced the morphological and electrochemical features significantly. The BiVOs
nanostructure prepared with 160°C exhibits superior specific capacity of 1864 Cg at a higher
current in 2M KOH electrolyte solution with a very small charge transfer resistance of 4 ohm.
These notable electrochemical features make this prepared material as one among the best

electrode material for energy storage applications.
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