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Fabrication and characterization of zinc anode on nickel conductive cloth for high-

performance zinc ion battery applications
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Abstract

The development of advanced materials for energy storage is critical to addressing global energy
challenges. Zinc-ion batteries offer a promising solution due to their safety, cost-effectiveness, and
environmental friendliness. In this study, we enhanced the conductivity of cotton by coating it with
electroless nickel, followed by zinc electroplating, to create a flexible material suitable for zinc-ion
battery applications. Cotton was coated with electroless nickel at temperatures ranging from 40°C to
60°C for 1 min to 13 min. Subsequently, zinc electroplating was performed with current densities
0f0.02 A-cm for 60 min, 0.03 A-cm for 40 min, and 0.04 A-cm for 30 min. The resulting material
was used to assemble a battery with an (NH4)2V10025-8H20 (NVO) cathode. The Scanning Electron
Microscope (SEM) confirms the electroless nickel-coating on cotton fabric at 50°C for 9 min resulted
in a low electrical resistance of 15 ohms. Subsequent zinc electroplating at 0.03 A-cm2 for 40 min
fully interconnected zinc particles. This research demonstrates the significant potential for further
development in the field of textile materials for electrical conductivity. It also makes it possible to
incorporate materials like silk cloth and other materials in battery components, which will help build

1. Introduction

The fascinating aspect lies in the continuous evolution of energy
storage technology, which has led to the widespread reliance on
electrical energy for various everyday devices [1-5]. This energy is
primarily sourced from batteries, which have seen remarkable
advancements, focusing on reducing weight and increasing flexibility
[6]. Due to these technical advancements, batteries can now be used
for wearable, compact, and easily accessible devices. Batteries are
commonly categorized as either primary, which is non-rechargeable,
or secondary, which is rechargeable [7-11]. Lithium-ion batteries
(LIBs), classified as secondary batteries, are widely favored for their
exceptional energy density and recharging ability [12]. Currently,
researchers focussing on various alternative elements like sodium,
potassium, aluminum, and zinc for battery production, with a notable
focus on zinc-ion batteries (ZIBs) as a promising advancement in
energy storage technology. Zinc-based batteries tend to be more
affordable than lithium-based ones because zinc is more plentiful
and less costly than lithium [13,14]. Moreover, these batteries feature
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more sustainable energy sources in the future.

superior safety characteristics, being less likely to overheat or catch
fire compared to lithium-ion batteries. It perceives them as a compelling
option for applications where safety is paramount, such as in electric
vehicles, portable devices, and large-scale energy storage systems [15].
Furthermore, ongoing research is centered on enhancing the energy
density and longevity of zinc-based batteries through the meticulous
design and modification of the working electrodes, rendering them
appropriate for wearable and flexible battery applications.

To create flexible batteries for wearable applications, researchers
have developed various preparation methods [16-19]. These methods
include brush coating, immersion followed by drying, using carbon
cloth, and non-electroplating techniques[20,21]. Each approach has
its unique technique. Among these, one of the simpler and more
scalable methods is electroless plating[22-25]. In this study, we will
investigate the development of flexible zinc-ion batteries, utilizing
cotton fabric as the primary surface material. The selection of cotton
is based on its natural origin, cost-effectiveness, and lightweight
characteristics, making it an ideal candidate for the fabrication of
flexible energy storage devices. Due to cotton fabric's inherent lack of
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electrical conductivity, our approach will involve the application of
electroless nickel (Ni) coating to enhance its conductivity, as supported
by existing literature [26,27]. Subsequently, electroplating techniques
will be utilized to fabricate the anode, laying the groundwork for
the assembly of zinc-ion batteries [28]. The efficacy and feasibility
of this innovative approach will be systematically evaluated, with
a focus on its potential for practical implementation in flexible
electronic devices.

2. Experimental
2.1 Electroless nickel-coating process for cotton fabric

The cotton underwent an initial cleaning process when it was
immersed in a 100 g-L-' NaOH solution at 50°C for 10 min, followed
by two rinses with deionized water at room temperature. The cotton was
then sensitized for 7 min in a solution of 10 g-L™! SnCl> and 30 mg L™
HCI, activated in a solution of 0.1 g-L~! PdClz and 30 mg-L~! HCI,
and the sensitized electrodes were dried. The fabric pieces were then
submerged in a nickel plating solution, which consisted of NiSOs-6H>0
(0.17 mol-L™"), (NH4)2S04 (0.23 mol-L™), NasCsHs507 (0.16 mol-L 1)
and the pH was adjusted to 8 with NaOH. NaH2PO2-H20 was also
added to the solution with a concentration of 0.25 mol-L ™!, and the
fabric was treated for 1 min to 13 min at 40°C to 60°C. Subsequently,
resistance measurements were taken at nine 1 cm intervals along the
fabric and averaged.

2.2 Zinc electroplating process

The electroplating bath is composed of ZnSO4-7-H2O at a concentration
0f200 gL', NaxSO4 at 80 g'L!, NaCl at 40 g-L!, H3BOs at 16 g'L,
and a total volume of 1 L of deionized water [29]. Electroplating is
carried out using precise current densities: 0.02 A-cm for 60 min,
followed by 0.03 A-cm? for 40 min, and finally 0.04 A-cm™ for 30 min.
Following the electroplating process, the plated workpiece undergoes
annealing at a temperature of 80°C for 12 h. Once all the procedures
have been completed, the finished product is prepared to be used as
the anode in a zinc-ion battery.

2.3 Physical characteristics

The surface characterization of the sample was examined by using
scanning electron microscopy (SEM, Hitachi S4800). The calculation
of electrolyte absorption was performed using the equation: [30]
uptake = (Wa — Wb)/Wb x 100%, where Wb and Wa represent the
weight of separators before and after being immersed in the electrolyte
for 1 h.

2.4 Electrochemical measurements
The performance of the anode made from cotton material in a zinc
ion battery was evaluated using CR2032-type coin cells and a 2 M

ZnSO0x4 electrolyte solution. The cathode component, (NH4)2V10025-8H20
(NVO), was synthesized following the procedures described in the

J. Met. Mater. Miner. 34(3). 2024

available literature [31]. A cathode electrode made of NVO, with a weight
of approximately 2.0 mg, was applied onto carbon paper using a slurry
mixture consisting of NVO, conductive carbon, and PVDF at a ratio
of 7:2:1. The configuration included the integration of polypropylene
microporous separators (GF/D 47 mm). The diameter of both the cathode
and anode electrodes was 14 mm. The NEWARE system was used to
evaluate the performance of the Zn||Zn symmetric cell and Zn|[NVO
complete cell during charge-discharge cycling. An electrochemical
workstation (CHI 660e, Chenhua, China) was used to conduct electro-
chemical evaluations, which included cyclic voltammetry (CV) and
Tafel curve analysis.

3. Results and discussion

The cotton that underwent electroless nickel coating enables it
to conduct electricity. We measured the electrical resistance, and
the results are presented in Table 1.

The experiment was performed to measure the electrical resistance
of conductive cotton that has undergone electroless nickel plating at
a temperature of 50°C. We noticed time-based variations in physical
characteristics. Figure 1(a) depicts the cotton in its original state, whereas
Figure 1(b) illustrates the cotton after undergoing the electroless nickel
plating process for 1 min to 3 min, resulting in the formation of nickel
layers on its surface.

At nearly 5 min mark, there is a noticeable and erratic increase in
the thickness of nickel layers on the fabric, leading to a resistance
reading of 843 Q, as depicted in Figure 1(c). After 7 min, a more consistent
nickel coating has formed, resulting in a resistance measurement of
123 Q (Figure 1(d)). Within a time frame of 9 min to 11 min, a fully
formed layer of nickel becomes apparent, exhibiting resistance readings
that are less than 15 Q (Figure 1(e)). At around the 13 min point, the
electroless reaction starts to decelerate, as seen by the appearance
of a black solid. This indicates that the solution is running out and
the process is nearing its end (Figure 1(f)).

As shown in the SEM images, cotton illustrates the fiber structure
before electroless-nickel treatment (Figure 2(a-c). Upon undergoing
electroless-nickel plating at 50°C for 9 min, nickel layers adhere to
the surface (Figure 2(d-f)).

After 9 min of electroless-nickel treatment at 50°C, specimens
underwent zinc electroplating at different current densities: 0.02 A-cm™
for 60 min resulted in uneven zinc deposition, with less coverage at
the center (Figure 3(a)). At 0.03 A-cm for 40 min, a more uniform
zinc layer was observed (Figure 3(b)). Finally, with 0.04 A-cm™ for
30 min, zinc distribution was uniform, but more concentrated at the
edges (Figure 3(c)).

As depicted in the SEM images, At 9 min of electroless-nickel
treatment at 50°C zinc electroplating under different conditions is
observed at a current density of 0.02 A-cm? for 60 min, a well-organized
zinc layer adheres to the specimen surface, with minor gaps (Figure
4(a-c)). With a current density of 0.03 A-cm™2 for 40 min, the zinc
layer adheres densely and uniformly to the structured specimen surface
(Figure 4(d-0)). Lastly, at a current density of 0.04 A-cm for 30 min,
the zinc layer is distributed evenly across the specimen, though the
deposition appears less orderly (Figure 4(g-i)).
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Table 1. The electrical resistance of conductive cotton after electroless nickel plating.

Temperatures Time (min)

1 3 5 7 9 11 13
40°C N/A N/A N/A N/A 930 Q 670 Q 340 Q
50°C N/A N/A 843 Q 123 Q 15Q 8Q Fail
60°C N/A 962 Q 186 Q Fail Fail Fail Fail

The electrical resistance of conductive cotton is measured in Q.

Figure 1. The physical characteristics of conductive cotton during the electroless nickel process at a temperature of 50°C, (a) The cotton before electroless
nickel, (b) The cotton electroless-nickel process 1 min to 3 min, (c) Electroless-nickel process 5 min, (d) Electroless-nickel process 7 min, (¢) Electroless-
nickel process 9 min to 11 min, and (f) Electroless-nickel process after 13 min.

Figure 2. SEM images of cotton. (a) SEM of cotton before electroless-nickel x50, (b) SEM of cotton before electroless-nickel x500, (¢) SEM of cotton
before electroless-nickel x3000, (d) SEM of cotton after electroless-nickel x50, (¢) SEM of cotton after electroless-nickel x500, and (f) SEM of cotton after

electroless-nickel x3000.
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Figure 3. The images of physical characteristics of conductive cotton after the electroless nickel at a temperature of 50°C for 9 min and specimens underwent
zinc electroplating, (a) Zinc electroplating at current densities: 0.02 A-cm™ for 60 min, (b) Zinc electroplating at current densities: 0.03 A-cm™ for 40 min,

(c) Zinc electroplating at current densities: 0.04 A-cm for 30 min.

Figure 4. SEM images of conductive cotton after zinc electroplating, (a) SEM at a current density of 0.02 A-cm™ for 60 min x500, (b) SEM at a current density
0f 0.02 A-cm for 60 min x3000, (c) SEM at a current density of 0.02 A-cm™ for 60 min x10,000, (d) SEM at a current density of 0.03 A-cm™ for 40 min
%500, (¢) SEM at a current density of 0.03 A-cm™ for 40 min x3000, (f) SEM at a current density of 0.03 A-cm™ for 40 min x10000, (g) SEM at a current
density of 0.04 A-cm™ for 30 min x500, (h) SEM at a current density of 0.04 A-cm™ for 30 min x3000, and (i) SEM at a current density of 0.04 A-cm™ for

30 min x10000.

In order to assess the efficiency of cotton treated with electroless
nickel plating for a duration of 9 min at a temperature of 50°C, as
an anode in a zinc-ion battery combined with a vanadium-based NVO
cathode, we conducted tests on the ZnlINVO battery at different
levels of current density. Upon increasing the current density to 5 A-g™!,
we found a notable decrease in capacity. Furthermore, when the
current density was reduced back to 0.1 A-g!, there was a considerable
deterioration in capacity. In addition, we documented the subsequent
capacity retentions during the process of zinc electroplating: 71.82%
at a current density of 0.02 A-cm2 for 60 min (Figure 5(a)), 74.69%
at a current density of 0.03 A-cm? for 40 min (Figure 5(b)) and 70.92%
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at a current density of 0.04 A-cm? for 30 min (Figure 5(c)). The capacity
retention data for all experiments, utilising electroless nickel plating
for a duration of 7 min to 11 min at a temperature of 50°C, are succinctly
presented in Table 2.

Based on the literature results we have crafted a comparative
analysis table for zinc ion battery applications. Our findings align
with the published literature about flexible zinc battery electrodes
and their performance. As demonstrated in the aforementioned test
results, illustrated in Table 3, our electrochemically deposited zinc ion
battery attains a commensurate performance level.
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The enhanced electrochemical activity and improved reversibility
of chemical changes resulted in Zn|[NVO with a zinc-ion battery full
cell anode made from cotton after undergoing 9 min of electroless-

nickel treatment at 50°C, followed by electroplating at a current density

0f 0.03 A-cm™2 for 40 min. This configuration exhibited a discharge
capacity of 132 mA-h-g™! and capacity retention of 99.87% after
100 cycles at a current density of 2.1 A-cm™2.

(a) 9 min , 0.02 A/cm” 60 min (b) 9 min , 0.03 Ajcm? 40 min
400 T T T T T T T 400 T T T T T
*
2. 0 ; b b ; ;
2 Q. D @ - i [ B
° WW P P q,%ogﬁ““ RN 100 R, 5y PP F M‘ﬁwﬁ,ﬁ‘ —— 100
: ° :
B 3004 o & 3 3pg > - -
= 480 &£ = 7 » 180 =
“ - < 2 e
£ = 2 B
= g £ > H
= Je B & e 0 5
S 200 T2 T 200 5 ):“- A=
& EE- o o = o e o s oeq B el R, b
& 2i4 < 4@ = 2 3 ER e I - L o
P ELE B ETWmgyg 0w 2 @ £ E | Eges & E! 5id K s
£ £ g 8 2o 1Y E = £ £ £ g 3 s T30
>3 = S 2 = =2 '8 = & S 8 EeSy 332 =2 =
2 100 ' 8 2 i b S
& % Yo g o
2% da20 S -4 20
% Clarge gl @ Charge
. Dlxsch."u‘gc . : . 0 0l ll)wscharge . : . o
0 10 0 30 40 50 al 4} 10 20 L) 4 50 60 70

Cyeles {times)

Cycles (times)

(C) 9 min , 0.04 Afem® 30 min
400 T T T T T
° 9 ]
m,“ho%mﬁi% 0 :ov 100

) . S
2 00480, 1 &
Z » =
= > B
& > Z

2 7]
Eal =
- 160 8
3 200 E =]
= ot Wy sp .= sy M = bt
5 € % 'Y % = %% 2
o E E E 2 = F E Jaw =
= 2 £ ®»3 3 & 3 E
G -~ A& F§'% B = zZ =]
) o ] 420

@ Charge 39, o
Dis¢harge
0 T T T T T T 0
10 20 30 40 30 64

Cycles (times)

Figure 5. Electrochemical performance of Zn[[NVO full cells with 9 min of electroless-nickel treatment at 50°C, (a) A current density of 0.02 A-cm™ for
60 min of zinc electroplating, (b) A current density of 0.03 A-cm™ for 40 min of zinc electroplating, and (c) A current density of 0.04 A-cm™ for 30 min of

zinc electroplating.

Table 2. The corresponding values for capacity retention and discharge capacity, summarizing the electrochemical performance of Zn|INVO full cells, are presented.

Time electroless nickel at 50 °C Current densities type Discharge capacity Capacity retention
(min) (mA-h-g™) (%)
7 0.02 A-cm™ for 60 min 106.39 0.018
0.03 A-cm for 40 min 174.55 40.68
0.04 A-cm™ for 30 min 126.87 46.11
9 0.02 A-cm™ for 60 min 181.74 71.82
0.03 A-cm™ for 40 min 249.19 74.69
0.04 A-cm™ for 30 min 227.52 70.92
11 0.02 A-cm™ for 60 min 166.97 65.65
0.03 A-cm for 40 min 249.25 73.78
0.04 A-cm™ for 30 min 196.97 73.52

Table 3. Comparison Performance Metrics for Flexible Zinc-lon Batteries.

Anode Cathode Specific capacity (mA-h-g™) Ref.
Zinc-plated on cotton (NH,),V100,5:8H,O (NVOD) 249.19at0.1 A-g! This work
Electrodepositing Zn metal on carbon cloth h-VOW 455at0.1 A-g”! [32]
Electrochemically depositing zinc metal nanosheets ~ MnO, 3004 at0.11 A-g! 33]
Electroplated Zn on carbon cloth MnO, 3322at03A-g" [34]

Zinc electrodeposition method MnO, 289at0.1 A-g! [35]

Zinc NPs uniformly deposited onto N-CC MnO, 353at0.5Ag! [36]
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Figure 6. Long-term cycling performance of the Zn|INVO with zinc anode
on nickel conductive cloth.

To assess the effectiveness of the zinc-ion battery, which was
developed using cotton treated with electroless nickel for 9 min at
a temperature of 50°C, in enhancing the stability and reversibility
of Zn electrodes, we carried out a comparison of the long-term charge-
discharge cycling performance of ZnllZn symmetric cells utilizing
separators. The symmetric cells with Zn||Zn configuration, when

Mawintorn, T. et al.

evaluated at a current intensity of 0.5 mA-cm™, exhibited a significantly
extended cycle lifespan of 1000 h, as shown in Figure 7(a). Figure 7(b)
displays the EIS plots for the symmetric cell with the fitted equivalent
circuit, which features two semicircular arcs indicating resistance
associated with the cell. The semicircle's diameter at the highest
frequency is commonly attributed to (i) electrode resistance, (ii)
charge transfer resistance linked to pseudocapacitive charge storage
involving redox reactions and/or ion intercalation, or (iii) resistance
of the electrolyte on a porous electrode. The Rs value, representing
the electrolyte solution resistance, is obtained from the intercept of
the plot at the high-frequency region on the real axis (X-axis). For
both the obtained and fitted plots, this value is approximately 1.5 Q.
The Rct value, indicating the charge transfer resistance, is derived
from the diameter of the semicircle at the high-frequency region.
The Rct is approximately 16 Q and 13 Q for the obtained and fitted
equivalent circuit values. Thus, the EIS analysis demonstrates that
using a zinc anode on nickel conductive cloth can reduce the charge
transfer resistance (Rct) compared to other materials, indicating
potential improvements in efficiency and stability for long-term
zinc ion battery applications. Figure 7(c) presents the CV curves at
a scan rate of 0.1 mV-s™'. Hence, the above results conclude the use of
azinc anode on nickel conductive cloth for zinc-ion battery applications
exhibits potential for battery manufacturing and further advancement.
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Figure 7. Electrochemical performance of Zn||Zn symmetric with zinc anode on nickel conductive cloth, (a) Charge—discharge cycling performances 0.5
mA-cm 2, (b) EIS plots of Znl|Zn symmetric with zinc anode on nickel conductive cloth, and (c) CV curves at the scan rate of 0.1 mV-s™'.
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4. Conclusions

In summary, a zinc anode on nickel conductive cloth for zinc-ion
battery applications was prepared using electroless nickel plating on
conductive cotton. Under the condition of 9 min of electroless-nickel
treatment at 50°C, the electrical resistance was 15 Q, while 11 min
of electroless-nickel treatment at 50°C resulted in a resistance of 8 Q.
Since the zinc electroplating tests yielded similar results, the 9 min
treatment was chosen for its shorter preparation time. The Zn[NVO
full cell with a zinc anode on nickel conductive cloth exhibited
high cycling capacity and stability, with a discharge capacity of
249.19 mA-h-g! and capacity retention of 74.69% after 60 cycles
at1 A-g™'. Long-term cycling performance showed a discharge capacity
of 132 mA-h-g™! and a capacity retention of 99.87% after 100 cycles

at a current density of 2.1 A-cm™

. The Zn||Zn symmetric cells initially
tested at a current density of 0.5 mA-cm2 demonstrated a prolonged
cycling lifespan of 1000 h. Therefore, using a zinc anode on nickel
conductive cloth for zinc-ion battery applications holds promise for
battery production and future development. This method offers
advantages such as easy manufacturing, low cost, and high efficiency,

making it an excellent choice for creating flexible batteries.
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