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ARTICLE INFO ABSTRACT

Keywords: The electrochemical act of valve-regulated lead acid batteries can be enhanced by conductive
VRLA battery materials like metal oxides. This work aims to examine the preparation and influence of zirconia
Gel system

on poly(vinyl alcohol) based gel valve-regulated lead acid battery. Characterizations like Fourier
transform infrared spectroscopy, ionic conductivity, water retention study, cyclic voltammetry,
electrochemical impedance spectroscopy and galvanostatic charge-discharge techniques were
done. The optimized gel system exhibited a discharge capacity of 198.45 pAh cm~2 at the current
density of 0.6 mA cm 2. The battery cell with an optimized gel matrix displayed a maximum
discharge capacity of 22.5 pAh at a current of 20 pA. After 500 continuous cycles, the battery
attained a discharge capacity retention of 91 %. The presence of zirconia will increase the
electrochemical performance of gel valve-regulated lead acid batteries.

Zirconia
Poly(vinyl alcohol)
Discharge capacity

1. Introduction

Energy consumption has been on the rise globally during the last few decades. In the past, fossil fuels were mostly used to generate
electricity [1]. Energy consumption rises as a result of population increase, industrialization, and economic expansion, especially in
developing nations with large populations. Growing demand creates environmental difficulties with climate change and global
warming, air pollution’s effects on human health, and the possibility of terrestrial and aquatic life [2]. Chemical energy is the most
suitable type of storage for energy with regard to energy density. Batteries offer chemical energy that can be delivered as electricity
with a high conversion rate and no gaseous emission for this purpose. Therefore, affordable, secure, rechargeable batteries with
sufficient voltage and rate capabilities are of major importance [3]. The highest market share for rechargeable batteries in terms of
sales value and production MWh belongs to lead-acid batteries, which are provided by a significant, well-established global supplier
base. The bulk of industrial batteries are used in standby applications to deliver safe power for national security, data networks,
telecommunications, and many more applications where the continuity of the electrical supply is crucial [4]. The primary energy
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Fig. 1. (a) Reaction between ZrO, nanoparticles and PVA (b) Photo images of plane PVA (by), 0.5 wt% ZrO,@PVA (b;), 1 wt% ZrO,@PVA (b,), 1.5
wt% ZrO,@PVA (bs) and 2 wt% ZrO,@PVA (by).

storage component of modern Indian telecommunications power supply units is the valve-regulated lead acid (VRLA) battery. VRLA
batteries are categorized into two categories based on how they immobilize the electrolyte: GEL and AGM batteries are two types of
batteries [5]. A gel thickening agent is used in the GEL battery to spread the electrolyte evenly throughout the cell plates and separators
while preventing it from flowing. In an AGM battery, the plates are kept apart and in touch with the electrolyte by a highly porous and
absorbent glass fibre mat. Recombinant batteries include GEL and AGM batteries. This implies that the negative plates of all lead acid
batteries absorb the oxygen that is typically created on the positive plates [6].

A well-known water-soluble, semicrystalline, and biodegradable synthetic polymer called poly(vinyl alcohol) (PVA) is formed by
hydrolyzing poly(vinyl acetate) [7]. PVA has a wide range of intriguing physiochemical properties. PVA, to mention a few, offers
outstanding film-forming abilities, biocompatibility, optical characteristics, adhesive qualities, and emulsifying properties [8-10].
PVA contains an interchain hydrogen bond because of the hydroxyl groups that are present. PVA’s high melting point and strong
mechanical stability are a result of this [11]. PVA attracted great interest in the fields of drug delivery [12], fuel cells [13], sensors
[14], wound dressing [15] and supercapacitors [16]. Due to the formation of potent hydrogen bonds between PVA’s hydroxyl groups
and the hydrophilic surfaces of the nanofillers, PVA is very attractive as a matrix for nanofillers [17]. Zhu et al., in 2012 presented that
PVA can be utilized as an electrolyte for lithium-ion batteries [18].

According to reports, the dispersion of nanofillers like SiO, Aly03, TiO3, ZrOo, etc., in polymers can operate as solid plasticizers to
stop the polymer chains from crystallizing or reorganizing and to improve ionic mobility and ionic dissociation [19]. ZrO has been a
popular addition among them due to its high hydrophilicity and chemical stability in both acidic and alkaline environments [20].
Zirconia (ZrOs) is an inorganic transition metal oxide with a high concentration of surface oxygen defects, acidic surface-active sites,
robust thermal and chemical stability, and a great ion exchange capacity [21]. The incorporation of nanopowder fillers within the
polymer substrate introduced imperfections and greater void spaces at the interface between the fillers and the polymer chain. This
phenomenon elucidates the observed elevation in ionic conductivity within the nanofiller polymer gel electrolyte. Utilizing ZrO,
particles as a solid plasticizer in polymer electrolytes offers improved electrochemical properties, owing to its recognized chemical
inertness and stability under acidic conditions [22]. Jiang et al. reported that ZrO5 can increase the performance of the vanadium redox
flow battery [23]. Because ZrO, possesses several desirable physicochemical properties that are crucial for technology, it is frequently
employed in a variety of applications like biomedical implants [24], sensors [25], fuel cells [26], composite coatings [27], and
lithium-ion batteries [28]. Mansuroglu et al. reported that 0.6 wt% S-GrOP showed better electrochemical properties [29]. Gencten
et al. reported that the combination of 6 wt% fumed silica and 3 wt% of TiO, displayed better electrochemical performances [30].

The PVA gel electrolyte functions similarly to liquid acid to enable the electrochemical reactions that produce electricity in the
battery. The additive ZrO5 will enhance the electrochemical performance of the battery. The motto of this study is to prepare of PVA-
based gel polymer electrolyte comprising ZrOy and analyze its physiochemical and electrochemical properties for gel-VRLA batteries.
To our knowledge, no one has reported the use of the ZrO,@PVA gel matrix for VRLA batteries.
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Fig. 2. (a) FTIR of ZrO; nanoparticles (b) FTIR of plane PVA and different ZrO, incorporated PVA gels (c) Variation ionic conductivity of formulated
gels (d) Water retention study of 1 wt% ZrO,@PVA

2. Experiments
2.1. Chemicals

Poly(vinyl alcohol) with a molecular weight of approximately 124,000 was obtained from S.D. Fine Chemicals Ltd. in Mumbai,
India. Zirconia nanoparticles with a size of <100 nm were purchased from Sigma Aldrich Company in the USA. Sulphuric acid was
supplied by Spectrum Reagent and Chemicals Pvt. Ltd. in Cochin, India.

2.2. Synthesis of gel systems

8 wt% of PVA was dissolved in 36 wt% H3SO4 at 60 °C with a constant stirring for about 3 h. The attained gel matrix is designated as
plane PVA. To develop ZrO, nanoparticles combined PVA gel matrix, a known quantity of ZrO5 was dissolved in a PVA gel electrolyte
at room temperature with a constant stirring for about 24 h. The quantity of ZrO, varied as 0.5 %, 1 %, 1.5 %, and 2 wt% to PVA, and
gel electrolytes thus developed were designated as 0.5 wt% ZrO,;@PVA, 1 wt% ZrO;@PVA, 1.5 wt% ZrO,@PVA and 2 wt%

ZrO2@PVA, respectively. Fig. 1(a) and (b) designate hydrogen-bonded interaction between ZrO, and PVA and photo images of
formulated gel electrolytes, respectively.

2.3. Study of gel matrix

The gel systems underwent analysis using FTIR (Fourier Transform Infrared Spectroscopy) with equipment from PerkinElmer Pvt.
Ltd in Singapore to explore the reaction dynamics between ZrO, and PVA within the gel matrix. Subsequently, the ionic conductivity of
the gels was measured using EQ-662 conductivity meter manufactured by Equip-Tronics in Mumbai, India. Water retention of the gel
structure was analyzed for continuous 15 days. Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and gal-
vanostatic charge-discharge (GCD) practices were employed to investigate the electrochemical characteristics of the gel matrix. CV
graphs were generated across various scan rates spanning from 10 to 150 mV s, maintaining a potential range of —1 to +1 V. EIS
assessments were conducted at the respective open circuit potentials (OCPs) over a frequency range of 1 Hz-100 kHz, employing a 5
mV amplitude. These comprehensive analyses provided detailed insights into the electrochemical behavior and properties of the gel
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Fig. 3. (a—d) Cyclic voltammogram of 0.5 wt% ZrO,@PVA, 1 wt% ZrO,@PVA, 1.5 wt% ZrO,@PVA and 2 wt% ZrO,@PVA, respectively (e) CV
graphs of all gel systems at 70 mV s~ ! (f) Discrepancy of peak current concerning different wt% of ZrO, in PVA at 70 mV s}

systems, offering valuable information for their potential applications and performance optimization. To evaluate the performance of a
prototype battery, a specialized cell was constructed featuring two negative electrodes and two positive electrodes, each with di-
mensions of 2 x 2 cm?. This cell was optimized with a gel system totaling 4.5 ml in volume. GCD tests were directed at various current
densities, alongside cycle studies, to assess its functionality. For electrochemical analysis, a CHI660E electrochemical workstation from
CH Instruments in Texas, USA, was utilized. The system employed a 3-electrode configuration for CV and EIS, consisting of lead as the
working electrode, platinum wire as the counter electrode, and Ag/AgCl, (saturated) KCl as the reference electrode. The lead rod
underwent polishing before testing, and precautions were taken to prevent contact with the electrodes during testing. In GCD testing, a
2-electrode system was employed, providing further insight into the battery’s discharge behavior under different conditions.



S.H. Rajur et al. Heliyon 10 (2024) e29724

(a) % 0.5 wt% Zr0,@PVA (b) 068{ " _a—Rs '
1 wt% ZrO,@PVA —A—Ret 2
20 - & 1.5wt% ZrO,@PVA 0.64
2 W% ZrO,@PVA
Fitted curves
= 151 Pt 0.60- )
< P
(@) 14 (12
= 10+ cdl i
5 10 0.56 e
Iy R =
5{J% s R‘:DAEWJ 0.52 \
‘.“‘.52‘ 1 Rct
;‘:, 1 2 3 4 5 S}
0- Zr (Ohm) 0.48 4
0 10 20 30 40 50 60 70 80 90 100 0.5 1.0 15 2.0
Zr (Ohm) wt% ZrO,@PVA
220
1.0 4 —
(C) 0.9 ——0.6 mA cm™ (d) (\“E 2001 o
06 ——0.7mAcm? S 180
o =
= 0.5 B o 0.8 mA cmj < 160
= Eoo ——1.2mA cm ;140_
] < =
£ 0.0+ §_0_3 § 120
- ) & 100 4
[o] -0.6 (3]
* 05 LL e oo °
-0. 0.9 S 60 \O
L 0 100 -|-- 200( ) 300 400 -‘Cu,’ 40 \o
ime (S -4
A1.04= o 204
0 200 400 600 800 1000 1200 06 07 08 09 10 11 1.2
Time (s) Current density (mA cm2)

Fig. 4. (a) Nyquist plot of gel systems (b) Rs and Rct of gel systems (c) Galvanostatic charge-discharge curves of 1 wt% ZrO,@PVA gel at different
current densities (d) Variation of discharge capacity concerning different current densities.

3. Results and discussions
3.1. FTIR analysis

FTIR spectrum of plane ZrO, nanoparticles is displayed in Fig. 2(a). A large peak at around 3360 cm ™ indicates the presence of a
stretching vibration of hydroxyl group molecules on the exterior of ZrO; powder [31]. The existence of Zr-O metal-oxygen bonding is
shown by the strong and powerful stretching vibration band at 744 and 664 cm ™! [32]. Fig. 2(b) illustrates FTIR spectra of plane PVA
and ZrOs-incorporated PVA gels. The key peaks of PVA were observed at 3365, 2958 and 1642 cm™!. These peaks are allotted to the
O-H stretching vibration of the hydroxy group, CHz asymmetric stretching vibration, and C=0 carbony]l stretch, respectively [33-35].
The bands at 1160 and 1041 cm ™! are designated for C-O stretching of acetyl groups [36]. It is possible to conclude that there was no
alteration to the wavelength’s location or shape with respect to the PVA matrix. This behavior indicates that the approach cannot
identify the possibility of a physical connection between the polymeric matrix and the nanoparticles or the chemical interaction
between the phases that occurs through low-intensity pressures [37]. Additionally, the band at 878 cm ™ relates to S-OH stretching
vibrations of HpSO4 in gel matrix [38].

3.2. Ionic conductivity study

Fig. 2(c) represents the discrepancy of ionic conductivity concerning different wt% of ZrO4 in PVA. Plane PVA, 0.5 wt% ZrO;@PVA,
1 wt% ZrO>,@PVA, 1.5 wt% ZrO,@PVA and 2 wt% ZrO,@PVA gel systems showed ionic conductivity of 6.45, 6.85, 6.91, 6.89 and
6.87 mS cm ™, respectively. When ZrO, is mixed to the PVA gel system, an increase in ionic conductivity is observed. Increasing the
content of ZrO, in the PVA substrate from 0.5 to 1 wt% correlates with a rise in ionic conductivity. This is because when ZrO, is added
to PVA, ZrO; creates defects and free volume in the PVA. These flaws and free volume provide pathways for the ions to move more
easily, which increases the ionic conductivity [39]. When the amount of ZrO, increases from 1 to 2 wt%, a decrease in ionic con-
ductivity is noted. When excess ZrO, is added beyond 1 wt% to PVA, the ZrO, can block the pathways for ionic conduction in PVA. This
is because the ZrO, can form oxygen vacancies, which can trap ions and prevent them from moving through PVA. Additionally, the
ZrO; can also form a network of strong hydrogen bonds with the PVA molecules, which can further hinder the movement of ions
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Table 1

Impedance parameters of formulated gel systems.
Gel systems Rs (Ohm) Cdl (F) R; (Ohm) Q (Ss" n Rct (Ohm) W (S-s%)
0.5 wt% ZrO,@PVA 0.5344 0.0002789 2.489 0.005415 0.59 43.05 0.0785
1 wt% ZrO,@PVA 0.4922 0.0002862 2.296 0.006593 0.62 31.18 0.09283
1.5 wt% ZrO,@PVA 0.5417 0.0002597 2.649 0.006416 0.57 45.64 0.09132
2 wt% ZrO,@PVA 0.6681 0.0002412 4.318 0.003434 0.57 71.88 0.09097

through PVA [40]. Therefore, among formulated gel systems 1 wt% ZrO,@PVA gel electrolyte shows the highest ionic conductivity.

3.3. Water retention study

Fig. 2(d) illustrates a water retention study of 1 wt% ZrO,@PVA gel system. No obvious volume change was observed when the gel
electrolyte was stored for 15 days at room temperature and 59 % humidity signifying that the gel formulation revealed admirable fluid
retention. Additionally, the weight retention of the gel electrolyte was assessed by calculating the weight ratio of the gel electrolyte at
time t (wt) to its initial weight (w0) under conditions of 25 °C and 59 % humidity [41]. As shown in Fig. 2(d), the gel electrolyte could
uphold about 99.73 % of the original weight after 15 days of storing, demonstrating the necessary robustness of the gel electrolyte for
long-term use. The PVA and ZrO, particles interact with each other through hydrogen bonding. These interactions help to prevent the
water molecules from evaporating from the polymer matrix.

3.4. Electrochemical characterizations

Fig. 3(a), (b), (c) and (d) illustrates cyclic voltammograms of 0.5 wt% ZrO,@PVA, 1 wt% ZrO;@PVA, 1.5 wt% ZrO,@PVA and 2 wt
% ZrOo@PVA gel systems, respectively. All CV curves are almost the same suggesting that the electrochemical reaction being studied is
reversible. This means that the oxidized and reduced forms of the reactant are in equilibrium with each other and that the reaction can
go in either direction with equal ease. Cyclic voltammograms were obtained across a range of scan rates, varying from 10 mV s! to
150 mV s~ . Distinct anodic and cathodic peaks were observed, indicating the existence of redox reactions within the system. Spe-
cifically, an anodic peak appeared at —0.49 V, corresponding to the formation of lead sulfate from lead, while a cathodic peak emerged
at —0.64 V, signifying the conversion of lead sulfate back into lead. Additionally, another anodic peak was identified around 0.1 V,
attributed to the oxidation of a trace amount of antimony present in the lead electrode. A corresponding cathodic peak at —0.45 V
indicated the reduction of lead oxide back to lead [42]. With higher scan rates, the available time for diffusion diminishes, necessi-
tating an increase in current to uphold consistent charge transfer levels.

Fig. 3(e) displays CV curves of all gel systems at a fixed scan rate of 70 mV s71 0.5 wt% ZrOo@PVA, 1 wt% ZrO,@PVA, 1.5 wt%
ZrO2@PVA and 2 wt% ZrO,@PVA gel systems showed anodic peak current of 0.01036, 0.02351, 0.00999 and 0.00953 A, respectively.
From the graph, it is clearly observed that the 1 wt% ZrO,@PVA gel matrix exhibited the maximum peak current. When ZrO, is
incorporated into PVA gel, it rises the conductivity of the gel, which leads to an increase in the peak current in the CV curves. Also, ZrO5
has a high surface area, which means that there are more active sites for electrochemical reactions to occur. This also leads to an
increase in the peak current in the CV curves [43]. ZrO, particles tend to aggregate when they are in excess. This aggregation can lead
to the formation of large particles that are not as electrochemically active as smaller particles [44].

The decreased electrochemical activity of the ZrO, particles can also contribute to the decrease in the peak in the CV curve beyond
1 wt% of ZrO,. The discrepancy of peak current concerning wt% of ZrO, at 70 mV s ! is displayed in Fig. 3(f). Fig. 4(a) illustrates the
Nyquist plot depicting the impedance characteristics of PVA loaded with various ZrO; nano powders, accompanied by the corre-
sponding equivalent circuit. The ZSimpWin 3.21 software facilitated the generation of fitted curves and the choice of appropriate
equivalent circuits for analysis. Impedance constraints such as resistance (R), double layer capacitance (Cdl), constant phase element
(Q), and Warburg impedance (W) were taken into account to evaluate the impedance properties of the gel. Key impedance parameters
including solution resistance (Rs) and charge transfer resistance (Rct) were crucial in assessing the resistance behavior of the gel
system. Table 1 presents the impedance analysis results for all gels. Upon examination of Fig. 4(b) and Tables 1 and it becomes evident
that the gel system containing 1 wt% ZrO,@PVA exhibits notably lower values of Rs (0.4922 Ohm) and Rct (31.18 Ohm), alongside
higher values of Cdl (0.0002862 F) and Q (0.006593 S-s") compared to other ZrO,-loaded PVA gels. This phenomenon can be ascribed
to the heightened presence of mobile ions at this amount, facilitating enhanced electrical conductivity and consequently reducing
resistance. Moreover, the 1 wt% ZrO,@PVA gel system demonstrates a heightened Warburg impedance (0.09283 S-s®). This obser-
vation is indicative of the increased resistance to electron flow introduced by the ZrO,@PVA composition. Such enhanced resistance
contributes to the elevated Warburg impedance observed. These findings collectively underscore the significant impact of ZrO,@PVA
concentration on the electrochemical behavior of the gel system, with implications for its conductivity and performance
characteristics.

Fig. 4(c) illustrates galvanostatic charge-discharge curves of optimized 1 wt% ZrO,@PVA gel system at various current densities.
The graph shows that when the current density declines, the time needed to charge and discharge rises. When the current density is
high, more charge flows through the system per unit time. This means that the system will charge or discharge more quickly.
Conversely, when the current density is low, less charge flows through the system per unit time. This means that the system will charge
or discharge more slowly [45]. 1 wt% ZrO,@PVA gel system took a discharge time of 88, 257, 372 and 1125 s when current density
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Fig. 5. (a) Nyquist plot of battery device (b) Discharge capacity curves (c) Cycle life of battery device (d—f) photo image of battery device, attained
potential of battery device and LED lit with battery device, respectively.

decreased from 1.2, 0.8, 0.7 and 0.6 mA cm™2, respectively. Fig. 4(d) represents discharge capacity findings at different current
densities. 1 wt% ZrO,@PVA gel system shows discharge capacity of 30.36, 57.47, 74.43 and 198.45 pAh cm™2 at current densities of
1.2,0.8,0.7 and 0.6 mA cm ™2, respectively. As the current density lowers, the material’s discharge capacity increases [46]. When the
current density is high, electrolyte ions have less time to move into the material and charge it. This results in a lower discharge ca-
pacity. Once the current density is small, the ions have extra time to move into the material and charge it. This results in a higher
discharge capacity [47]. 1 wt% ZrO,@PVA gel system maximum discharge capacity of 198.45 pAh cm™2 at 0.6 mA cm ™2 current
density.

The battery device is filled with an optimized 1 wt% ZrO,@PVA gel system and subjected to EIS and GCD techniques. Fig. 5(a)
displays the fitted Nyquist plot of the battery device. An equivalent circuit model of Rs(CdIRct)W is utilized to fit impedance data. For
the battery device Rs, Cdl, Ret and W values are 52.55 Ohm, 8.116 x 10> F, 1.66 x 10* Ohm, 0.0003507 S-s°, respectively.
Furthermore, the discharge capacity of the battery device as a whole was analyzed at different currents and displayed in Fig. 5(b).
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Table 2
Comparison study of gel electrolytes.
Gel electrolytes Peak current Rs (Ohm) Rct (Ohm) References
0.6 wt% S-GrOP 0.09 A 0.216 293.1 [29]
6 wt% FS + 3 wt% TiO, 0.075A @20 mV s ! 0.42 1.7 [30]
SSCE-FBGE 0.036 A@20mVs ! 1.01 11.82 [48]
6 wt% FS + 0.6 wt% Gibbsite 0.13 A @ 50 mV st 0.0475 1720 [49]
6 wt% FS + 0.6 wt% Boehmite 0.10A@50mV st 0.682 563 [49]
20 wt% TEOS@PVA 0.027 A@50mVs ! 0.5182 72.33 [5]
10 wt% PSSAMANa@PVA 0.0236 A@ 50 mV s~! 0.7076 5058 [6]
1 wt% TiO,@PVA-TEOS 0.014 A @ 50 mV st 0.4475 31.12 [38]
3 wt% MnO,@PVA 0.0485 A @ 100 mV s ! 0.5253 61.44 [10]
4 wt% HNC@PVA 0.086 A @ 100 mV s ! 0.4763 36.22 [50]
8 wt% Graphene@PVA 0.036 A @ 50 mV st 0.4684 36.3 [33]
1 wt% ZrO,@PVA 0.023A@70mVs! 0.4922 31.18 This work

Battery devices showed discharge capacities of 1.6, 2.6, 6.7 and 22.5 pAh at the current of 50, 40, 30 and 20 pA, respectively. Battery
displayed highest discharge capacity of 22.5 pAh at the current of 20 pA. To analyze the long-term stability of the battery, a cycle study
was accomplished for 500 cycles at 50 pA current.

Fig. 5(c) represents the cycle study and battery device along with the nature of the first 10 charge-discharge cycles. After 500 cycles,
aremarkable discharge capacity retention of 91 % was found for the battery. Fig. 5(d), (e) and (f) represent photo images of the battery
device with 1 wt% ZrOy@PVA gel system, voltmeter showing 1.784 V for battery, LED lit using our battery device. Table 2 demon-
strates the comparison study of gel systems. From the table, one can witness that ZrO,@PVA gels exhibit better peak current and
relatable resistances when compared to the data available in the literature.

4. Conclusions

This work signifies the preparation and characterization of ZrO,@PVA gel systems for VRLA batteries. Functional groups present in
the ZrO,@PVA gel system are witnessed by FTIR techniques. 1 wt% ZrO,@PVA gel system showed the maximum ionic conductivity of
6.91 mS cm ™! and water retention of 99.73 % for up to 15 days. From CV curves, 1 wt% ZrO,@PVA gel system showed the highest
anodic peak of 0.02351 A. From EIS data, 1 wt% ZrO,@PVA gel system exhibited the lowest Rs (0.4922 Ohm) and Rct (31.18 Ohm)
values. GCD suggested that 1 wt% ZrO,@PVA gel system exhibited a discharge capacity of 198.45 pAh cm ™2 at 0.6 mA cm 2 current
density. Battery device with optimized 1 wt% ZrO,@PVA gel system displayed a maximum discharge capacity of 22.5 pAh at the
current of 20 pA. After 500 continuous cycles, battery attained a discharge capacity retention of 91 %. Current electrochemical data
suggest that ZrO can be used as an additive for PVA gel electrolytes in VRLA battery applications.
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