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Abstract

To overcome the inherent limitations in the energy generation and storage properties of transition metal-based
catalysts, it is crucial to develop processes that produce catalytic materials with high performance and long-lasting
effectiveness. Herein, we synthesized Metal-Organic Framework (MOF)-derived BiVO, by mixing two separately
prepared MOFs of Bi and V using trimesic acid and terephthalic acid as linkers. The separately prepared
monometallic MOFs were then mixed and carbonized in an inert atmosphere followed by oxidation in air which
gives the sample BiVO, with carbon (BVC). The prepared BVC electrode showed the overpotential 364 mV for
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oxygen evolution reaction at the current density of 10 mA cm™. In addition, the obtained BVC supercapacitor
possesses a high specific capacity of 134.17 mAh g (483 C g") at 1 mA cm” current density. The aqueous and
solid-state symmetric supercapacitor devices were also fabricated and achieved specific capacitance of 160.9 F g
and 109.8 F g’ at 1 mA cm” current density, respectively. Moreover, the Long Short-Term Memory-based machine
learning technique was employed to model, predict, and forecast the chronoamperometric stability of MOF-derived
BVC electrodes for oxygen evolution reaction applications, and the capacitive retention and Coulombic efficiency
BVC electrodes. The exceptional performance of the BVC electrodes is attributed to their porous structure
containing conducting carbon, which offers enhanced conductivity, larger surface area and increased reactive sites
for efficient electronic and ionic transfer. This novel approach to the synthesis of MOF-derived BVC has opened up
new pathways for future energy storage and conversion.

Keywords: Metal-organic framework, monometallic, multifunctional, oxygen evolution reaction, supercapacitor,
machine learning

INTRODUCTION

Nowadays, a society without portable electronic devices is inconceivable, as these devices have significantly
modernized the way of living by making tasks easier and faster. In recent times, the rapid upsurge in the use
of such electronic devices in daily life has ignited the development of efficient and portable,
environment-friendly, and affordable energy conversion and storage devices . These advancements have
motivated researchers to create innovative, long-lasting technologies for energy conversion, such as water
splitting for producing green hydrogen (H,) fuel, and energy storage solutions such as lithium-ion batteries
(LIBs) and supercapacitors (SCs)"*?. Amongst the energy storage technologies, SCs are the most promising
storage devices to be developed for the present and future because of their long life cycles, long charge-
discharge cycles, high power and energy densities, environment-friendly features, and safety reliability with
low maintenance cost”. Although SCs have these advantageous characteristics, their low energy density
has made them far less practical to use than batteries. Therefore, to fulfill future energy demands, it is
imperative to increase the energy density of SCs using effective synthesis techniques"**". On the other hand,
amongst energy conversion technologies, hydrogen production through the electrocatalytic water splitting
technique via oxygen evolution reaction (OER) or water oxidation is one of the supreme substitute green
fuels. OER is a key component of the water splitting technique as it is a zero-emission route and presently is
a crucial topic. In OER, molecular oxygen (O,) is produced by coupled electron/proton reactions in acidic
and basic environments"”. Two H,O molecules can be oxidized in an acidic environment to yield four H*
ions and a O,. On the other hand, four hydroxyl ions are oxidized and transformed into O, and water (H,O)
in an alkaline media. OER in an alkaline medium is more promising than in an acidic medium"?. The
half-cell reactions involved in basic conditions are as follows.

40H « O, + 2H,0O + 4€ (1)

Due to the energy required at every step, the OER kinetics are sluggish, leading to a high overpotential.
Noble metal-based materials are reported as high-performing electrocatalysts, but their scarcity and high
cost limit them from being used as commercial catalysts"*. Therefore, to overcome both the above-
mentioned issues, stable, economical, highly abundant, and robust multifunctional electrocatalytic materials
with a minimized overpotential of tetra-electronic water oxidation reaction (eq. 1) and high energy density
especially at high power densities need to be developed"*’.
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Recently, a diverse range of materials based on Metal-Organic Frameworks (MOFs) have been developed
and investigated for various electrochemical applications including LIBs"*"", SCs", electrocatalytic
hydrogen evolution reaction"”, OER"", owing to their attractive features including high surface area, highly
porous framework, and well-defined metal-ligand arrangement offering more active sites to make them the
most promising candidates for electrochemical applications”. Furthermore, due to the synthetic tunability,
MOFs serve as an ideal template material and precursor to develop carbon matrix incorporated metallic
nanomaterials on pyrolysis under an inert atmosphere. These materials have carbon matrices with metal
nanomaterials offering extra accessibility of active sites to an electrolyte, resulting in a larger contact area
between them which proved to be crucial behind enhanced electronic properties”*’. Recently, extensive
work has been undertaken focusing on the development of non-noble mono-/bi-metallic MOF-derived
metal oxides, sulfides, phosphides, etc. and used to fabricate working electrodes in SC and OER/hydrogen
evolution reaction (HER) applications®. Lately, BiVO, (BV) has gained attention in electrochemical and
electrocatalytic OER applications due to its excellent physic-chemical properties and stability. However,
pristine BV was found to show poor electronic conductivity which could adversely affect the capacitive
retention (CR) of SC devices and the rate of a water oxidation reaction in OER. One of the best remedies to
minimize this problem is to adopt a MOF-derived synthesis of BV, in which calcination of Bi-MOF
precursor in the presence of suitable vanadium salt produces BV/C composite having larger surface area,
better conductivity, and more number of surface active sites than bare BV. There are very few reports based
on this approach to BV synthesis and its use in SC and OER applications"*”.

In response to the above-mentioned concerns, herein, for the first time, we report the unique solid-state
approach to synthesizing MOF-derived bismuth vanadate/carbon (BVC) composite by mechanically mixing
the separately prepared monometallic Bi-MOF (using trimesic acid as a linker) and V-MOF (using
terephthalic acid as a linker) precursors. In this study, rather than following the traditional method (where
Bi-MOF and vanadium metal salt serve as precursors to synthesize the BVC catalysts), we opted to utilize
separately prepared monometallic Bi-MOF (CAU-17) and V-MOF (MIL-47) as the Bi and V precursors.
The rationale behind utilizing the two different linkers is their distinct coordination properties with
respective metal nodes, i.e., Bi and V. With this approach, it is possible to achieve tailored properties with
controlled morphology while mitigating the common challenges of uneven metal distribution and
agglomeration typically observed in bimetallic MOFs"". This alternative approach is expected to further
improve the catalytic properties of BVC as the use of two different linkers with different sp* characters could
improve specific surface area and electronic conductivity considerably which in turn decide the number of
surface active sites. The use of two monometallic MOFs instead of bimetallic MOFs to synthesize bimetallic
oxide materials is proven to be efficient in developing high-performance catalytic activity materials”. The
desired structure was confirmed through several structural and morphological spectroscopic
characterizations of the prepared BVC electrode. This was subsequently compared with a pristine BV
sample, both of which were then subjected to SC and OER tests. The stability of the electrodes was also
measured and analyzed by using a Long Short-Term Memory (LSTM)-based machine learning approach.
The CR and Coulombic efficiency (CE) of BV and BVC SC electrodes were modeled, predicted and
forecasted using this technique. Such a modeling approach opens new avenues to predict and forecast the
critical parameters of the energy devices™”.

EXPERIMENTAL

Materials and reagents

Bismuth (III) nitrate pentahydrate [Bi(NO,),5H,O, Alfa Aesar], Vanadium (III)chloride (VCl,, Sigma
Aldrich), Benzene-1,3,5-tricarboxylic acid (H,BTC, Sigma Aldrich), Benzene-1,4-dicarboxylic acid (H,BDC,
Sigma Aldrich), Potassium hydroxide (KOH, SD Fine), Methanol (CH,OH, Spectrochem), and
N, N-Dimethylformamide (C,H,NO, Spectrochem) were used. All reagents were of analytical purity grade
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and used without further purification. Distilled water was used thoroughly.

Synthesis of CAU-17 (Bi-MOF)

To prepare Bismuth MOF (CAU-17), the 0.454 gm of Bi(NO,), 5H,O and 0.957 gm of H.BTC were
separately dissolved in a 30 mL mixture (1:1 V/V) of methanol and N, N-Dimethylformamide. The metal
salt solution was then slowly added to the H.BTC solution and stirred for 15 min and then transferred into a
100 mL Teflon-lined stainless steel (SS) autoclave and heated at 120 °C for 24 h. The reaction mixture was
allowed to cool at room temperature and the obtained product was collected by centrifugation followed by
washing with methanol. The washed product was dried at 80°C overnight to obtain Bi-MOF.

Synthesis of MIL-47 (V-MOF)

To synthesize Vanadium MOF (MIL-47), 0.664 gm of H,BDC was dissolved in 50 mL N, N-
Dimethylformamide and stirred until a clear solution was obtained. Once the solution was clear, it was
placed in the dark, and 0.628 gm of VCI, was added. The mixture was stirred for 30 min and ultrasonicated
for 15 min in the dark (since VCI, oxidizes under light). The solution was then transferred into a 100 mL
Teflon-lined SS autoclave and heated at 120 °C for 48 h, after which it was allowed to cool to room
temperature. The obtained greenish product was collected by centrifugation at 4000 rpm, washed first with
DMEF then twice with methanol, and dried at 60 °C for 12 h.

Synthesis of BV and BVC

The BV was synthesized by using obtained products from MOFs as a precursor for synthesis by mixing 1:1
(weight ratio) Bi-MOF and V-MOF, respectively, and grinding them in a mortar pestle for 15 min. This
mixture was collected into a quartz crucible incorporated in a horizontal quartz tube furnace. The furnace
was heated at a ramping rate of 4 °C/min until it reached a final temperature of 450 °C, where it was
maintained for 120 min in air atmosphere and then allowed to cool naturally. BVC was synthesized by
heating the Bi-MOF and V-MOF (1:1 weight ratio) mixture in an argon atmosphere at 700 °C for 150 min,
followed by calcination to 400 °C for 120 min in the air at a ramping rate of 4 °C/min. Scheme 1 displays a
schematic illustration of all the steps involved in BV and BVC synthesis.

RESULTS AND DISCUSSION

Structural and morphological study

All the details on the instrumentation used for the physicochemical characterizations are provided in
Supplementary Section 1.1. The phase formed and its crystal structure are characterized by X-ray diffraction
(XRD) spectroscopy, as shown in Figure 1A. The diffraction peaks at 26 18.83° 28.85° 30.43°, 34.51°, 35.32°,
39.91°, 42.40°, 46.36°,47.05°, 50.12° 53.35°, 55.70°, 58.46° and 59.23° corresponded to the (110), (121), (040),
(200), (020), (211), (150), (132), (240), (202), (161), (215), (321) and (123) planes, respectively.

The crystalline monoclinic phase of BV and BVC was confirmed as all the peaks are in line with the planes
of the JCPDS card No.14-0688"*". No any distinct peak was observed in the XRD spectrum of BV and BVC
due to minimal amount of carbon in BVC, but the hump from 15°-30° evidenced the presence of an
amorphous carbon matrix. Interestingly, a slight shift in the peaks toward higher 26 values was observed
with the addition of carbon compared to pure bismuth vanadate. The peak along the (110) plane reveals an
approximate 0.03° shift, confirming the effective incorporation of carbon in BV lattice. This peak shift in the
case of BVC is due to stress and strain induced by the carbon via creating minor defects or distortion in
BVC without damaging the overall structure. This shift evidences the intimate interaction between BV and
carbon, thereby confirming the successful formation of the BVC composite. Additionally, the peak intensity
of the BVC sample decreased with the carbon incorporation, compared to pristine BV. This decrease in
intensity is attributed to local structural inhomogeneity, resulting in reduced crystallization. The crystallite
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Figure 1. (A) X-ray diffraction patterns of the BV and BVC samples and the inset shows the (110) plane shifting; (B) The FTIR plots of
BV and BVC; (C) N, adsorption-desorption isotherms for BV and BVC (D) TGA of Bi V-MOF, BV, and BVC samples. BV: BiVO,; BVC:
bismuth vanadate/carbon; FTIR: fourier-transform infrared spectroscopy; TGA: thermogravimetric analysis; MOF: metal-organic

framework.

size was determined using the full width at half maximum (FWHM) of the peak along the plane (110). In
the case of the BV sample, the FWHM was 0.5401, while for the BVC sample, it was 0.5969 and the values
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are provided in Supplementary Table 1. Based on these FWHM values, the crystallite sizes were calculated
using the Scherrer Supplementary Equation 1 yielding 14.908 nm for the BV sample and 13.489 nm for the
BVC sample. Furthermore, the dislocations are one-dimensional crystalline defects that define the boundary
between slipped and unslipped regions within a material. These defects disrupt the regular atomic
arrangement found in a perfect crystal. The extent of defects in the material is quantified by a measure
known as dislocation density (pD). The pD refers to the number of dislocations per unit volume of
crystalline material. A smaller pD combined with larger grain sizes indicates a more crystallization process
and the larger pD combined with smaller grain sizes indicates a more amorphization process”™. The term
microstrain (g) is defined as the deformation of an object divided by its effective length. The € and pD were
calculated using Supplementary Equations 2 and 3. The & and pD for the BV sample were 14.235 x 10° nm’
and 4.499 x 10° nm? respectively. With the addition of carbon to BV, these values increased to
15.708 x 10° nm* and 5.495 x 107 nm’ for the BVC sample. As shown in Supplementary Figure 1 plotting
the broadening of diffraction peaks against the sine of the diffraction angle, the Williamson-Hall (W-H)
plot is a useful technique for evaluating XRD data since it enables the measurement of required crystallite
size and . This method facilitates a thorough understanding of the structural properties of the materials by
revealing a linear connection in which the intercept gives information about crystallite size and the slope
corresponds to the . Also, by using W-H plots [Supplementary Figure 1], the required crystallite size and
strain were calculated using Supplementary Equation 4. The values for the BV sample were 0.0000410 and
16.197, respectively, enhanced to 0.0036 and 42.662 with the incorporation of carbon (BVC), as shown in
Supplementary Table 1.

The prepared samples were characterized by using Fourier-transform infrared spectroscopy (FTIR), as
shown in Figure 1B. The peak at 477 cm™ is of Bi-O and 717 cm™ and 828 cm™ for V-O in VO, confirming
the synthesis of BV monoclinic phase in both BV and BVC samples”*”. The bands at 1,384 cm™ and
1,635 cm™ are due to C-O and C=0 bonds due to the adsorption of atmospheric carbon dioxide during the
synthesis. The peak at 1,590 cm™ for C=C observed in only BVC evidences the presence of carbon in the
sample. In addition, the BVC has numerous oxygen-holding groups from (1200-1620) which were absent in
BC confirms the presence of carbon in MOF-derived BV. The broad peaks at 2,933 and 3,440 cm™ are due
to the stretching and bending vibration modes of the -OH group of atmospheric water molecules adsorb on
the surface of the catalyst”>*>**.

The surface area of BVC and BV were recorded using Brunauer-Emmett-Teller surface (Sy;;) analysis, as
shown in Figure 1C. The obtained surface area of BVC and BV were found to be 26.839 m*/g and
24.732 m*/g as both the samples show N, absorption isotherm narrow H3-type loop with a type-IV
hysteresis curve, confirming the mesoporous nature of the samples®. Barrett-Joyner-Halenda (BJH)
method was used to calculate the pore size from desorption isotherms. The pore volume of BVC was
0.058 cc/g and that of BV was 0.052 cc/g; the pore diameters of BVC and BV were 3.51 nm and 3.13 nm,
respectively. The greater surface area of BVC is attributed to the conducting sp* carbon incorporated in-situ
potentially providing extra active sites for electrocatalytic ion transfer and storage.

The thermogravimetric analysis (TGA) of Bi V-MOF, BV, and BVC is shown in Figure 1D. Four weight loss
processes are observed for Bi V-MOF. The first occurs from room temperature to 122 °C, primarily due to
the elimination of coordinated water molecules. The second, from 122 °C to 300 °C, is attributed to the
removal of volatile organic compounds. The third, from 300 °C to 465 °C, corresponds to the disintegration
of the framework in the sample. The fourth, from 465 °C onwards, involves the complete oxidation of
carbon residues and the oxidation of MOFs. The BV sample showed weight loss of up to 125 °C due to
dehydration and removal of volatile organic compounds up to 310 °C from 310 °C; the peak drop is
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attributed to the quick change in phase of the material and the crystallization of material takes place. The
BVC sample showed negligible weight loss (approximately 5%) beyond 465 °C due to the loss of carbon
remaining after carbonization at 700 °C, confirming the presence of carbon in the BVC"*®.,

Field Emission-Scanning Electron Microscopy (FE-SEM) was used to determine the morphology of the
prepared samples. Figure 2 displays FE-SEM images of BVC and BV. The uneven distribution of the BV
nanoparticles and agglomeration can be seen in Figure 2A and B. Figure 2C and D shows the micrographs
of BVC and the uniformly distributed coral-like nanoparticles. Additionally, the diffusion length can be
greatly shortened by the cavities and gaps created by uniformly distributed coral-like nanoparticles,
facilitating easy ion intercalation across the material™. For the BV and BVC samples, the average particle
size was determined and noted in histograms, and the average particle diameter was determined to be
around 107 nm, and 75 nm, respectively, as shown in Figure 2E and F. The obtained results demonstrate
that the incorporation of carbon affects the materials morphology and structure, which may further
influence the electrochemical performance. The elemental mapping of BVC is shown in Figure 2G-K
representing Bi, V, O, and C elements, respectively. The elemental mapping has confirmed the presence of
doped carbon in the lattice of BV nanoparticles.

To support the FE-SEM and morphology, the BV and BVC samples were further investigated using the
High-Resolution Transmission Electron Microscopy (HRTEM) technique. HRTEM images of BV at low
and high magnifications show the nanoparticle-like morphology in Figure 3A. It is possible to clearly
identify the lattice fringes of BV nanoparticles from the higher-resolution magnified image [Figure 3B and
C]. The lattice d-spacing of 0.311 nm was derived from the lattice fringes, which corresponded to the (121)
plane of the BV and BVC at 28.85° nanoparticles. Likewise, HRTEM was used to examine the BVC material,
as displayed in Figure 3D-F at various magnifications. It was illustrated that the BVC coral-like
nanoparticles are irregularly arranged, with carbon nanoparticles positioned in between them. Furthermore,
Figure 3F makes it easy to identify the lattice fringes associated with the BV nanoparticles in the BVC
material. Based on the lattice fringes, the BVC coral-like nanoparticles (121) plane is represented by the
measured interplanar spacing of 0.306 nm. According to the findings, the BVC d-values from the XRD
pattern were likewise well-coordinated with HRTEM results®**,

The surface properties of the synthesized materials such as elemental composition and their bonding states
(oxidation states) were studied by X-ray photoelectron spectroscopy (XPS) [Figure 4]. The survey spectrum
of BV and BVC samples displays the peaks of each element present in the samples. The presence of Bismuth
(4f), Vanadium (2p), Oxygen (1s), and Carbon (1s) at their respective positions of binding energy (BE) is
confirmed by XPS survey spectra presented in Supplementary Figure 2. Figure 4A is the high-resolution
XPS spectra of Bi 4f of BV and BVC samples showing two broad peaks of Bi’*. The BEs of 164.4 eV and
164.28 eV represent Bi 4f,,, while 159.09 eV and 158.98 eV correspond to Bi 4f,,, respectively. The
difference between the BEs of both peaks agrees well with pure BV. The high-resolution XPS-spectra of V
2p [Figure 4B] were fitted into two peaks of V 2p,, and V 2p,,, at the BEs of 517 ¢V and 524.3 eV for BV and
516.7 eV and 524 eV for BVC. The V 2p,, deconvoluted into two distinct peaks at the BE of 517 eV and
515.8 eV and 516.7 eV and 515.3 eV for BV and BVC, respectively, representing the presence of V** and
V*. Figure 4C represents the high-resolution spectra of O 1s which was fitted into three peaks at the BE
529.9 eV, 531 eV, and 532.7 eV for BV and 529.7 eV, 530.7 eV and 532.6 eV for BVC indexed for metal-
oxygen bonds (Bi-O or V-O bonds), the hydroxide or crystal defects and the chemisorbed oxygen or surface
adsorbed oxygen, respectively. Figure 4D represents the C 1s deconvoluted into two peaks at BEs of
284.6 eV, 285.6 eV for BV and 284.5 eV, 285.5 eV for BVC representing the C-C and C-O bonds,
respectively. Additionally, the lower intensity of C 1s in BV than in BVC confirms the presence of
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Figure 2. FE-SEM images of (A and B) BV; (C and D) FESEM of BVC; (E) Histogram for average particle size of BV; (F) Histogram for
average particle size of BVC, and the elemental mapping of BVC sample with, (G) overlay, (H) Bi, (D V, (J) O, and (K) C elements. BV:
BiVO,; BVC: bismuth vanadate/carbon; FE-SEM: field emission-scanning electron microscopy.

conductive sp2 type of carbon in BVC™. The shifting of Bi 4f, V 2p, C 1s, and O 1s of the BVC sample to
the lower BE in comparison to their initial locations in BV was due to the presence of oxygen vacancies'*.
The presence of a higher amount of surface oxygen vacancies in BVC than in BV is expected to improve
charge transfer properties to achieve better electrocatalytic performance!* /.,

Oxygen evolution reaction study

The electrocatalytic OER performance of the prepared catalyst was studied in 1M KOH solution. The
standard three-electrode system was used for testing the electrodes and the details of electrochemical
measurements are provided in Supplementary Section 1.2. Figure 5A represents the linear sweep
voltammetry (LSV) at 1 mV s* of BVC and BV. The thermodynamic potential for water splitting is 1.23 V
vs. reversible hydrogen electrode (RHE); the active OER catalyst should attain this potential ata 10 mA cm™
current density'*!. The measured voltages were converted from Hg/HgO to the RHE scale using the Nernst
Supplementary Equation 5. The overpotential (n,,) calculated using Supplementary Equation 6 required to
reach the current density of 10 mA cm? for MOF-derived BVC is 364 mV, which is much lesser than the
432 mV observed for BV. This indicates that BV alone has limited performance, but its efficiency and
stability are significantly improved when modified with MOF-derived doped carbon.

Figure 5B shows the Tafel slopes obtained from LSV curves, calculated using Supplementary Equation 7.
BVC exhibits a lower Tafel slope of 51 mV dec”, while BV shows a Tafel slope of 61 mV dec. The lower
overpotential and Tafel slope indicate that BVC showcases better OER activity than BV. Moreover, in
Figure 5C, electrochemical conductivity studies were conducted at an open circuit voltage employing
electrochemical impedance spectroscopy (EIS) to examine their intrinsic transport properties. The
equivalent circuit was developed by fitting the matched data. Each electrode shows discrete semicircles at
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Figure 3. HRTEM of (A-C) BV, and (D-F) BVC samples. BV: BiVO,; BVC: bismuth vanadate/carbon; HRTEM: high-resolution
transmission electron microscopy.

high frequencies and a straight line at low frequencies. A semicircle radius is assigned to the charge-transfer
resistance (R,) in the electrochemical process between the electrolyte and the electrode. The smaller radius
of the semicircle points to a lower R, and a higher electron transfer rate. The curve’s intercept at the real
axis or its starting point in the high-frequency region corresponds to the solution resistance (R,). The
Warburg impedance (R,) values, which offer insights into the ion diffusion process, and the constant phase
element (CPE) values, which detail the active interface of the electrodes, are presented in Supplementary
Table 2. R is the intercept on the horizontal axis containing electrolyte resistance, contact resistance among
the current collector and the active substances, and internal electrode resistance. The quasi-semicircle
signifies the R, determined by the electrostatic interactions and faradic redox process, which proceeds at the
electrode and electrolyte interface. The slope of the straight line specifies R, signifying the charge diffusion
kinetics process within the active material. The lower values of R, and R, of BVC (0.018 Q and 0.5 Q)
compared to those of BV (0.003 Q and 0.8 Q) clearly confirm the accelerated charge transfer process in BVC,
resulting in superior OER activity.

The electrochemical double-layer capacitance (C,) of the electrodes was calculated using cyclic voltammetry
(CV) in a non-Faradic region of 0.924 V to 1.22 V vs. RHE. The CV curves were obtained from
10-100 mV s™ scan rates in 1M KOH aqueous solution. Figure 5D and E shows CV curves of BV and BVC;
the scan rate determines the double-layer charging current, and possibly, the C, values were determined
from the slope of a liner connection. Electrochemical C,, was calculated from Supplementary Equation 8, as
displayed in Figure 5F. The BV and BVC show C, values of 0.696 mF cm? and 0.762 mF cm?, respectively.
The electrochemical active surface area (ECSA) of BV and BVC is determined by Supplementary Equation 9
; it can serve as a reliable indicator to determine if any substantial changes have taken place at the electrode


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip

Page 10 of 21 Chaudhari et al. Energy Mater. 2025, 5, 500082 | https://dx.doi.org/10.20517/energymater.2024.229

Bi 4f

A Vv 2p B

164.4

Bi 4f,,

=

-~ =

E )

< &

£ I

2 158.98 g

£ =

— 164.28

BVC
156 158 160 162 164 166 514 516 518 520 522 524 526
Binding Energy (e.V.) Binding Energy (e.V.)

Cls D

Intensity (a.u.)

Intensity (a.u.)

528 530 532 s34 282 284 286 288
Binding Energy (e.V.) Binding Energy (e.V.)

Figure 4. XPS spectra of BV and BVC for (A) Bi 4f, (B) V 2p, (C) O 1s, and (D) Cls. BV: BiVO,; BVC: bismuth vanadate/carbon; XPS: X-
ray photoelectron spectroscopy.

contact. The increase in ECSA values indicates enhanced electrocatalytic activity in the material due to
increased surface area and greater exposure of catalytic sites during electrocatalysis. Here, BV and BVC give
the ECSAs of 17.4 cm® and 19.05 cmy?, indicating the superior performance of BVC over BV. The roughness
factor (RF) is calculated using Supplementary Equation 10; the RF values were determined to be 17.4 and
19.05 for BV and BVGC, respectively. The C,, ECSA, and RF values indicate that the BVC has additional
active sites than the BV which gives excellent OER results. The stability of the material/electrode is very
important for its use for longer durations. Therefore, we have tested the stability of the BVC sample for
continuous oxygen evolution. Figure 5G shows a long-term chronoamperometry (CA) curve recorded for
12 h at a constant potential to supply a 10 mA cm? current density to guarantee the robustness and
longevity of the catalyst. A virtually constant current shows exceptional stability of the catalyst material, and
the initial increase in current density is associated with continuous material activation and effective
interaction of the catalyst with the electrolyte. The stability of BVC is further analyzed using LSTM-based
machine learning techniques to model and predict the time evolution behavior of current to understand the
stability of OER. The results asserted that the LSTM can capture temporal trends and predict the current
density values very well, suggesting the model’s ability to predict the data accurately along with the forecast
current density for next 150 min, also proving the stability of the catalyst [Figure 5G]. The mean squared
error (MSE) between experimental and predicted current densities was found to be very small (8 x 10,
showcasing the successful prediction. Figure sH displays the LSV polarization curve of BVC, which shows
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Figure 5. (A) Linear sweep voltammetry (LSV) curves of as-prepared catalysts BV and BVC electrodes; (B) Corresponding Tafel slopes;
(C) EIS Nyquist plots 1 MHz to 10 mHz; (D and E) Cyclic voltammograms of BV and BVC; (F) Current density with respect to scan rates
of BV and BVC electrodes, i.e., double layered capacitance (C,); (G) The actual, predicted, and forecasted chronoamperometry (CA)
curve of BVC in 1.0 M KOH; (H) LSV curves for OER measured before and after CA stability at 1mV s” scan rate; (1) EIS Nyquist plots of
the electrode before and after the stability test. BV: BiVO,; BVC: bismuth vanadate/carbon; OER: oxygen evolution reaction.

an initial overpotential of 1.59 V vs. RHE and, after 12 h, shows an overpotential of 1.61 V vs. RHE at the
current density of 10 mA cm™. This performance confirms minimal current decay for the period of 12 h,
demonstrating the high durability and stability of the catalyst. The EIS Nyquist plots in Figure 51 showed a
negligible increase in resistance, confirming the charge transfer rate; therefore, OER performance remains
unaffected over longer durations. The OER mechanism and actual evolution of oxygen gas for the BVC
sample using a three-electrode setup are demonstrated in Supplementary Video 1.

Supercapacitor study

Electrochemical performance evaluation of BV and BVC electrodes

The electrochemical characteristics of the BVC and BV electrodes were investigated using CV,
Galvanostatic Charge Discharge (GCD), and EIS. The three-electrode system was used, with BVC and BV as
the working electrodes, a platinum wire as a counter electrode, and Hg/HgO as a reference electrode. The
CV measurements of BV and BVC at scan rates from 100 mV s” to 10 mV s in the potential window of 0 V
to -1.0 V vs. Hg/HgO were measured in 1 M KOH as an electrolyte. In Figure 6A and B, the CV curves of
both BV and BVC showing the oxidation and reduction peaks can be attributed to the reversible faradic
process Bi"* < Bi’. The only reduction peak from -0.7 V to -0.85 V was due to Bi’* to Bi’ and the couple of
oxidation peaks from -0.5 V to -0.4 V and -0.375 to -0.275 were attributed to the Bi’ to Bi'* and Bi'* to Bi*".
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Figure 6. (A and B) Comparative CV curves of BV and BVC; (C) Plot of the log of current density vs. log of scan rate for BV and BVC
electrodes to calculate the “b” values in CV curves; (D) The plot of charge stored vs. reciprocal of square root of potential scan rate of
BV and BVC; (E and F) Comparison of the surface and diffusive charge contribution at scan rates (5-100 mV s™) in BV and BVC
electrodes. BV: BiVO,; BVC: bismuth vanadate/carbon; CV: cyclic voltammetry.

The shifting of oxidation peaks towards positive potential and the shifting of reduction peaks to negative
potential are attributed to the internal resistance (IR) drop factor, observed from the 100 mV s to 10 mV s’
scan rates, respectively. The nature of CV for BVC and BV is the same as the presence of the carbon
provides a higher surface area and accommodates more electrolyte ions with quick migration. To gain a
better understanding of the performance, the cyclic voltammograms (CVs) of the bare SS electrode and
BVC were compared in Supplementary Figure 3A. Additionally, the composition of the electrodes, with
respect to the active material, activated carbon and binder, was varied during electrode fabrication; the
optimized performance was evaluated. The resulting CVs were recorded and compared in Supplementary
Figure 3B. Hence, the higher current response observed in BVC results in a higher specific capacity
compared to BV.

The redox nature reveals the pseudocapacitive electrical activity of electrodes. Subsequently, the capacitive
contribution of BVC and BV electrodes was calculated using the Power law Supplementary Equations 11
and 12 to determine the charges stored by the surface (involving non-faradic reactions adsorption-
desorption of charges) and/or the diffusion charge storage (bulk intercalation process) from the CV curves
of BV and BVC electrodes. The contribution of charge storage is calculated from the constant b (slope of


https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202504/em40229-SupplementaryMaterials.zip

Chaudhari et al. Energy Mater. 2025, 5, 500082 | https://dx.doi.org/10.20517/energymater.2024.229 Page 13 of 21

linear graph) by plotting the log of scan rate (mV s™) vs. log of current density line (A g"). The b value of ~1
indicates a surface control process (non-faradic) dominance, while a b value of ~0.5 represents a diffusion
control process (faradic) dominance. The b values in Figure 6C of BV and BVC are 0.56 and 0.6,
respectively, indicating that the BVC electrode exhibits both surface-controlled and diffusion-controlled
processes.

The amount of charge stored in BV and BVC was quantified by the contribution of observed charge density
(Q), calculated using the modified Powers law for the surface pseudocapacitive process (Q, - I.ne.) and
battery-like diffusive process (Qq - Lymsve)- Q. is the total stored charge, Q, is the surface stored charge related
to electric double-layer capacitors (EDLCs), and Qg is the diffusion stored charge, which occurs in the bulk.
The Qq and Q, are dependent on the square root of the scan rate. To calculate the approximate values of Q,
and Q,, the plot of total voltammetric charge (Q, charge stored in C g) vs. the reciprocal square root of
sweep rate is shown in Figure 6D. Supplementary Equations 13 and 14 were used to measure the
contribution of Q, and Q, in total charge contribution. The proportion of I . and L. charge stored
contribution in BV and BVC is depicted in Figure 6E and F. The sky blue and red area represents the Iy
(bulk) and I, (capacitive) charge storage contribution in the total current, respectively. The I ..
(capacitive) contribution emerges with higher scan rates. The sample BVC has an I .. (capacitive)
contribution of 76%, while BV has a contribution of 70% at 100 mV s". This confirms the effective redox
kinetics for BVC are enhanced as the in-situ carbon incorporation takes place.

The GCD curves of BV and BVC electrodes at different current densities from 1 to 5 mA cm™ between the
potential window of 0 V to -1.0 V were recorded and displayed in Figure 7A and B. These curves exhibited
non-linear charge-discharge behavior, representing pseudocapacitive properties of BV. The performance, in
terms of specific capacity, for BV and BVC was calculated using Supplementary Equations 15 and 16 from
the GCD curves. The obtained specific capacities of BV and BVC are 45.14 mAh g” (162.5 C g') and
134.17 mAh g (483 C g), respectively, at the current density of 1 mA cm?, showing almost a threefold rise
in performance for BVC compared to BV. The literature reports on BV and their composites for SCs are
compared in Supplementary Table 3. Figure 7C compares the GCD curves of BV and BVC at a current
density of 1 mA cm™ This enhanced performance is credited to the in-situ MOF-derived carbon and the
morphology which provides a high surface area and active sites for the high electronic, ionic transfer and
storage during electrochemical analysis. Figure 7D shows the comparative graph of specific capacity vs.
current density of BV and BVC samples. At elevated current densities, only the outside layer of electrode
materials engages in the electrochemical process, resulting in decreased specific capacity. While at a lower
current density, the electrochemical redox reaction occurred in bulk, giving a high specific capacity. The
durability and applicability of electrodes are also the most significant aspects. The cyclic stability of the
electrodes was tested for 2000 cycles, and their performance was predicted and forecasted using the LSTM-
based machine learning technique to assess the material’s efficiency and applicability. The dataset
comprised stability data from 2000 cycles of CR and CE for BVC and BV electrodes, split into training
(80%) and test (20%) sets. The LSTM model, optimized with a batch size of 5, sigmoid and tanh activation
functions, and the Adam optimizer, was trained over 100 epochs. The hyperparameter tuning via grid
search minimized MSE, enabling accurate predictions for CR and CE. This process ensures that the model
delivers an accurate prediction for the CR and CE values of BVC and BV. The lower MSE values reflect the
model’s ability to predict the data accurately. The MSE values are summarized in Supplementary Table 4.
The LSTM model has been accurately fitted to the actual data and is also able to forecast the CR and CE
behavior of the electrodes for the next 500 cycles. In the case of the BVC electrode, we observed CRs of
80.34% (actual), 80.26% (predicted), and 79.58% (forecasted) and CEs of 99.33% (actual), 99.37% (predicted),
and 98.87% (forecasted), as depicted in Figure 7E. However, the BVC electrode showed CRs of 94.78%
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Figure 7. (A and B) GCD curves at different current densities for BV and BVC electrodes; (C) Comparative GCD curves of
corresponding electrodes at 1 mA cm current density; (D) Plots of current density vs. specific capacity; (E and F) Actual, predicted, and
forecast capacitive retention and Coulombic efficiency of BV and BVC electrodes. BV: BiVO,; BVC: bismuth vanadate/carbon; GCD:
galvanostatic charge discharge.

(actual), 94.64% (predicted), and 92.99% (forecasted) and CEs of 99.37% (actual), 99.35% (predicted), and
99.29% (forecasted), as shown in Figure 7F. The stability implies that the carbon present in the sample can
stabilize to a great extent.

Aqueous symmetric supercapacitor device study
Based on the excellent performance of BVC electrodes, the practical and commercial applicability of BVC
was also tested by fabricating and testing the aqueous and solid-state type of symmetric SC (SSc).

The aqueous symmetric SC (ASc) device is fabricated and the steps in fabrication are provided in
Supplementary Figure 4 where the BVC electrode acts as an anode and cathode in 1M KOH electrolyte. For
improved SSc performance, it is important to attain the equilibrium of charge between the electrodes using
the relationship q+ = q-, where g+ is the charge stored on the surface of the positive and q- is the charge
stored on the negative electrode. The important parameters strongly influence the specific capacitance (SC),
potential (AV) and the mass of the electrode material (m). The mass on the cathode and anode is balanced
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Figure 8. (A) CV curves at different current densities for BVC aqueous symmetric supercapacitor (ASc) device; (B) GCD curves of the
ASc device; (C) Bar diagram for specific capacitance at various current densities; (D) Ragone plots of specific energy and specific
power; (E) Actual, predicted, and forecast capacitive retention for 2000 cycles; (F) EIS Nyquist plots of before and after stability of the
ASc device. BVC: Bismuth vanadate/carbon; CV: cyclic voltammetry; GCD: galvanostatic charge discharge; EIS: electrochemical
impedance spectroscopy.

and the performance ASc is measured in 1M KOH electrolyte by taking the CV from 0 V to 1.4 V voltage
window. The CV curves of the ASc device are recorded at various scan rates (10 mV s to 100 mV s), as
represented in Figure 8A. The shape of CV indicates that high current density does not cause distortion on
the electrode, indicating the stability of BVC material at 100 mV s*. This finding emphasizes the rate
capabilities of an ASc device, exhibiting its ability to maintain high scan rates while remaining highly
reversible.

The GCD measurements of the fabricated ASc device were also recorded at 1 to 5 mA cm™ current densities
at 0 V to 1.4 V voltage window represented in Figure 8B. The pseudocapacitive behavior can be observed
and the SC was evaluated from the GCD curves with the highest SCs of 160.9 F g" at 1 mA cm? current
density using Supplementary Equation 17. The SC of the device from GCD curves from 1 mA cm? to
5 mA cm” current densities is depicted in Figure 8C. The SE and SP of the ASc device are calculated from
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Figure 9. Photographs of the practical application of rotating the fan using the ASc device of BVC in charging and discharging mode.
ASc: Aqueous symmetric supercapacitor; BVC: bismuth vanadate/carbon.

Supplementary Equations 18 and 19 and are represented in the Ragone plot [Figure 8D]. The device exhibits
a high SE of 43.80 Wh kg™ at a SP of 7 kW kg and remains at 38.20 Wh kg SE at a SP of 35 kW kg". The
SE and SP of the device are compared with literature values and are shown in the Ragone plot
[Supplementary Figure 5]. The stability and long-term durability of the device are also important aspects of
its performance. The cyclic stability was evaluated at 5 mA cm?, with the CR of ASc for 2000 cycles and a
CE of 85.71%. The observed CRs of 96.25% (actual), 96.28 % (predicted), and 95.42 % (forecasted) for the
next 500 cycles are represented in Figure 8E. Supplementary Equations 20 and 21 are used to calculate CR
and CE. This measurement highlights the potential of ASc as a high-performance electrochemical energy
storage device. The EIS measurements before and after the stability of the device are depicted in Figure SF.
The equivalent circuit model used to fit the Nyquist EIS plots and the circuit parameters are represented in
Supplementary Table 5.

The ASc device is further used for actual practical applications to demonstrate the capability of the material
to store and rapidly release energy by rotating a mini fan with two leaves. This application gives the
materials SE, SP, and discharge behavior. The demonstration of fan rotation is shown in Figure 9 and in
Supplementary Video 2. The device is charged at 2.8V for 30 s as the two devices are connected in series and
it takes 54 s to discharge by rotating the leaf of a fan.

Soid-state symmetric supercapacitor device study

The performance of ASc is promising. To support these results, a solid-state SSc is also constructed; as
compared to aqueous electrolyte-based devices, solid-state devices offer an extensive range of applications
due to advantages such as easy handling, no spillage, and great performance consistency. SSc was fabricated
using BVC as both the anode and cathode material on a 5 x 5 cm® SS sheet. The fabrication process is
provided in Supplementary Section 1.3, with polyvinyl alcohol in 1 M KOH (PVA-KOH) as the gel
electrolyte. The preparation of the gel electrolyte is described in Supplementary Section 1.4. The
electrochemical performance of the device is tested within a 0 V to 1.4 V voltage window, similar to ASc,
after optimizing the voltage range from 1.2 V to 1.6 V at a 50 mV s scan rate. The CV analysis is performed
at various scan rates (10 mV s to 100 mV s") within a 0 V to 1.4 V voltage window, yielding a perfectly
symmetrical shape, as depicted in Figure 10A, which indicates the accurate mass and charge balance
between the electrodes.
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Figure 10. (A) CV curves at different current densities for BVC Solid-state symmetric supercapacitor (SSc) device; (B) GCD curves of
the SSc device; (C) Bar diagram for specific capacitance at various current densities; (D) Ragone plots of specific energy and specific
power; (E) Actual, predicted, and forecast capacitive retention for 2000 cycles; (F) EIS Nyquist plots of before and after stability of the
SSc device. BVC: Bismuth vanadate/carbon; CV: cyclic voltammetry; GCD: galvanostatic charge discharge; EIS: electrochemical
impedance spectroscopy.

The GCD analysis was used to evaluate the SCs of the device and the recorded GCD from 1 to 5 mA cm?
current densities at 0 V to 1.4 V voltage window plotted in Figure 10B. The symmetrical charge and
discharge curve indicated the steady charge transfer during charging and discharging. The obtained SC of
the device is 109.8 F g at 1 mA cm™ current density [Figure 10C]. The Specific Energy (SE) and Specific
Power (SP) of the SSc device are calculated and plotted in the Ragone plot Figure 10D. The device exhibits a
high SE of 29.91 Wh kg™ SE at a 5.3 kW kg SP, which remains at 21.83 Wh kg™ SE at a 26.9 kW kg". The SE
and SP of the device are compared with literature values and shown in the Ragone plot [Supplementary
Figure 5]. The Ragone plot indicates that this material showed excellent SP and SE when compared to
existing literature. The cyclic stability of the fabricated SSc was investigated for 2000 charging-discharging
cycles at 5 mA cm” with 86.36% CE. The observed CRs of 98.62% (actual), 98.64% (predicted), and 97.56%
(forecasted) for the next 500 cycles are depicted in Figure 10E. The EIS measurements of before and after
cyclic stability of the SSc are represented in Figure 10F. The circuit parameters are represented in
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Figure 11. Photographs of the practical application of rotating the fan using the SSc device of BVC in charging and discharging mode.
BVC: Bismuth vanadate/carbon; SSc: solid-state symmetric supercapacitor.

Supplementary Table 5.

Similar to the ASc device, the SSc is used in practical applications by rotating a fan to record discharge
behavior, as shown in Figure 11 and in Supplementary Video 3. The device is charged at 2.8 V for 30 s while
the two devices are connected in series, and it discharges by rotating the fan for 33 s.

Overall, the conductivity of the BV nanoparticles, doped with adventitious carbon and synthesized through
a simple and efficient MOF-derived approach, exhibited exceptional performance in OER and SC
applications within flexible ASc and SSc devices. This remarkable performance can be attributed to several
factors: (i) the successful incorporation of an optimal amount of sp* hybridized carbon into the BV matrix,
resulting in improved electronic conductivity; (ii) the uniform distribution of coral-like BV nanoparticles
with diminished particle size and elevated R;, values, which significantly reduce the charge-carrier diffusion
length by generating oxygen vacancies; (iii) an enhanced electrochemically active surface area, as indicated
by increased C, and ECSA values; and (iv) lower EIS values (R, and R,), which facilitate effective
interactions between the working electrode material and the electrolyte. Furthermore, the LSTM-based
machine learning approach effectively models, predicts, and forecasts the OER and supercapacitive
performance of BVC electrodes.

CONCLUSIONS

In summary, we demonstrated a new approach to synthesize multifunctional MOF-derived BV/carbon
composite using monometallic Bi and V MOFs via solid-state grinding and high-temperature pyrolysis. The
well-characterized samples were then utilized to test the multifunctional behavior of the as-prepared
samples toward electrochemical OER and SC applications. The BVC sample showed exceptional
performance for OER with an overpotential of 364 mV at the current density of 10 mA cm™ and the SC has
a high specific capacity of 134.17 mAh g* (483 C g') at 1 mA cm? current density. The constructed ASc
device shows a SC of 160.9 F g* at a current density of 1 mA cm™ and excellent stability with a CR of
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96.25%. Similarly, the SSc device shows a SC of 109.8 F g at a 1 mA cm” current density along with a
98.62% CR. The LSTM-based machine learning technique successfully models, predicts, and forecasts the
chronoamperometric stability of MOF-derived BVC electrodes and CR and CE of BV and BVC electrodes.
The as-designed aqueous and solid-state devices have been successfully applied to rotate a two-blade fan.
The excellent performance of BVC indicates its enhanced physicochemical properties due to carbon doping.
This synthesis method for bimetallic MOFs has opened up new pathways for creating similar materials for
multifunctional applications.
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