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ABSTRACT

This study investigates the effects of deposition temperature, number of deposition cycles, and
cobalt (Co) additives on the structural and electrochemical properties of the positive active material
in nickel-cadmium (Ni—Cd) batteries. The purpose is to optimize fabrication parameters to enhance
material utilization efficiency and battery performance. Electrodes were fabricated by
impregnating porous nickel substrates with nickel nitrate solution, followed by chemical conversion
in potassium hydroxide under varying temperatures (65 — 80 °C) and repeated for different cycle
numbers (1 —5). A cobalt nitrate post-treatment was applied to selected samples. Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and hydrostatic weighing
methods were employed to characterize microstructure, composition, density, and porosity.
Charge—discharge performance was evaluated using prototype Ni—Cd cells. Results show that the
optimal deposition temperature range is 70 — 75 °C, which promotes uniform active material
distribution and high density while maintaining sufficient porosity. Four deposition cycles yielded
the best balance between mass loading and structural stability. The addition of cobalt improved
utilization efficiency by approximately 5.2% and reduced internal resistance from 7.15 mQ to
4.85 mQ. These findings provide a scientific basis for improving Ni—Cd electrode fabrication, and
future studies may explore long-term cycling behavior and alternative conductive additives.
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1. INTRODUCTION

Nickel-Cadmium (Ni-Cd) batteries have been widely utilized in various applications due to
their robust performance, long cycle life, and high reliability. The electrochemical behavior and
durability of these batteries are primarily determined by the properties of their electrode materials,
particularly the positive active material composed mainly of nickel hydroxide (Ni(OH)2) [1].

Improving the performance of Ni-Cd batteries requires a detailed understanding of the factors
that affect the formation and behavior of the cathode material. Among the most influential factors
are the synthesis temperature, the number of deposition cycles used during electrode preparation, and
the incorporation of cobalt (Co) as a dopant [2-4]. Each of these parameters can significantly alter
the microstructure, phase stability, and electrochemical characteristics of the resulting material [5].

In particular, cobalt additives have been widely studied for their ability to enhance the electrical
conductivity, redox reversibility, and structural stability of nickel hydroxide-based active materials.
Cobalt can facilitate the stabilization of the y-NiOOH phase during charge-discharge processes,
reduce polarization, and improve high-rate performance and cycle life [6, 7]. Recent studies have
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also demonstrated that Co-doped electrodes exhibit more compact microstructures, improved
mechanical adherence, and superior electrochemical utilization compared to undoped counterparts
[8, 9]. Co* ions partially substitute Ni** in the brucite-like lattice, improving structural stability,
reducing lattice strain during cycling, and enhancing the reversibility of redox reactions.

Despite the long-standing use of Ni-Cd batteries, there is renewed interest in optimizing their
electrode performance, particularly for specialized applications such as aerospace, military-grade
electronics, and standby power systems where thermal stability, longevity, and reliability are
paramount [10, 11]. Furthermore, enhancing material utilization efficiency and reducing internal
resistance remain critical to minimizing material costs and extending battery lifespan, thus
underscoring the urgency of investigating key fabrication parameters.

This study addresses the need to improve Ni-Cd battery electrodes by systematically analyzing
how temperature, deposition cycle number, and cobalt doping influence the microstructural and
electrochemical behavior of the positive active material. The outcomes aim to provide design
guidance for durable and efficient Ni-Cd battery systems applicable in high-demand environments.

2. EXPERIENCE

2.1. Fabrication of positive electrodes

Positive electrode collectors were prepared by cutting 99.9% pure perforated nickel sheets into
1x1 cm squares. These were impregnated with nickel nitrate (specific gravity 1.65+0.01 g/cm?)
at 75+ 5°C for 2 hours, followed by air drying. Samples were then soaked in KOH solution
(1.20£0.01 g/em?) at 60-80 °C for 1 hour, rinsed, and dried.

For cobalt treatment, electrodes were immersed in cobalt nitrate (1.35-1.40 g/cm?) at 18-30 °C
for 1 hour, air-exposed for 2 hours, then treated with KOH under the same conditions.

To study temperature effects, the KOH soaking step was varied at 65, 70, 75, and 80 °C [12].
The impact of deposition cycles was assessed by repeating this process for multiple cycles.

2.2. Fabrication of prototype Ni-Cd batteries

Test batteries (6 Ah theoretical capacity) were assembled using six positive plates prepared
under optimal temperature and cycle conditions, with and without cobalt treatment.

Figure 1. Prototype Ni-Cd battery after assembly.

Negative plates (6 Ah) were made from a paste of 98% CdO and 1% CMC with nickel powder,
applied to perforated nickel sheets, then dried and wrapped in 0.015 mm polyester separators. Each
battery included seven negative plates to ensure excess capacity for accurate evaluation of positive
electrode performance. The electrolyte was a KOH solution (specific gravity 1.2 g/cm?).

2.3. Research methods
Used to determine the density and porosity of the porous nickel skeleton [13].

The morphology and elemental composition of the active material were investigated using SEM
-EDS, performed with a JSM-IT800 system at the University of Science and Technology of Hanoi.

Electrochemical performance of the prototype batteries was evaluated using a BTS-5V-6A
battery tester at the Institute of Chemistry and Materials — Military Science and Technology
Institute. The batteries were charged at a constant current of 1 A for 12 hours, followed by
discharge at 1 A to a cutoff voltage of 1 V.
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3. RESULTS AND DISCUSSION

3.1. Effect of deposition temperature on the properties of the positive electrode active
material in nickel-cadmium batteries

Temperature affects both the deposition of nickel salts and their conversion into nickel
hydroxide. Deposition was conducted on porous nickel substrates at 75 °C, followed by treatment
with potassium hydroxide (specific gravity 1.2) at 65—80 °C to induce precipitation. After drying,
electrode parameters were measured (table 1).

Results show that at 65-70 °C, thickness increased by 4-5 um and mass by ~25%. At 75 °C,
the thickness reached 7 um with similar mass gain. However, at 80 °C, thickness increased to
10 um and mass rose to 33%, indicating more rapid and extensive surface reactions..

Table 1. Technical specifications of electrode samples deposited at various temperatures.

Deposition temperature (°C)
Parameters 65 70 75 30
. Initial 318 321 319 318
Thickness (um) = 4 Deposition | 322 326 326 329
Mass (g) Initial 0,030 0,030 0,031 0,030
& After Deposition 0,037 0,038 0,038 0,040
Density (g/cm?) Initial 5,42 5,45 5,41 5,42
yi& After Deposition 6,15 6,19 6,23 5,82
. Initial 69,9 71,8 70,1 72,5
0 ) ) ) )
Porosity (%) After Deposition | 34,6 32,4 31,1 22,2

Despite limited thickness increases at lower temperatures, sample density rose and porosity
remained above 30%, suggesting capacity for further deposition. In contrast, at 80 °C, although
mass gain was highest, density decreased, and porosity dropped to ~20%. This indicates that rapid
surface precipitation forms a dense outer layer, hindering deeper penetration and leaving the inner
structure underutilized. To better understand the relationship between salt concentration and
structural changes, SEM imaging was performed to examine the material morphology and internal
transformations within the electrode (figure 2).
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Figure 2. SEM images of positive electrode samples deposited at different temperatures:
a) 65°C; b) 70 °C; ¢) 75 °C; d) 80 °C.

SEM analysis reveals that temperature affects not only the reaction rate but also the morphology
of the active material. At 65 °C, although macro-parameter changes were similar to those at 70 and
75 °C, the resulting microstructure differed significantly. Needle-like crystals measuring 2—3 pm
in length were observed. This morphology imparts porosity but results in lower electrochemical
conversion efficiency.

At 70-75 °C, spherical particles (~100 nm) were uniformly deposited both inside and on the
electrode surface. In this temperature range, solution diffusion precedes precipitation, enabling
efficient impregnation and uniform reaction throughout the electrode bulk. As a result, although
mass increased, thickness remained nearly constant, and material density improved.
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At 80 °C, the spherical morphology was lost, replaced by dense surface agglomerates. Rapid
precipitation occurred immediately upon contact with the alkaline solution, forming a surface layer
that hindered further diffusion. Consequently, mass and thickness increased, but density and
porosity significantly decreased.

Thus, the combined results indicate that the optimal temperature range for both impregnation
and precipitation reactions lies between 70 °C and 75 °C.

3.2. Effect of deposition cycle number on the properties of the positive electrode active
material in nickel-cadmium batteries

The deposition process typically requires multiple cycles to achieve the target quantity of active
material on the electrode or to reach the calculated theoretical amount. To monitor and control this
process, depositions were performed on porous nickel substrates using nickel salt solutions. A
potassium hydroxide (KOH) solution with a specific gravity of 1.2 was used to precipitate the
deposited salts, applied over 1 to 5 deposition cycles. After drying, the electrodes were analyzed
for their physical and structural parameters. The results are presented in figure 3 and figure 4.
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Figure 3. Dependence of electrode thickness
and porosity on the number of deposition cycles.

Figure 4. Dependence of electrode mass and
density on the number of deposition cycles.

The graphs indicate that electrode thickness increases with the number of deposition cycles.
The slope of the thickness increase declines over the first four cycles, but a sudden jump is
observed at the fifth cycle (figure 3). Generally, increasing thickness correlates with increases in
mass and density. Figure 4 shows that this trend holds for the first four cycles: mass gain is most
significant in the first cycle due to high porosity, then decreases gradually through cycles 2 to 4.
However, at the fifth cycle, both mass and thickness rise sharply.

Interestingly, this trend does not continue for electrode density. While density increases
gradually over the first four cycles, this progression halts at the fifth cycle. The most likely
explanation is that during early cycles, porous voids are gradually filled with deposited active
material, thereby increasing density. By the fifth cycle, the voids are no longer being filled
effectively—instead, excess material is deposited predominantly on the outer surface, blocking
pore access and resulting in an apparent increase in volume without further compaction of the
internal structure. This interpretation is supported by figure 3, which shows a sharp drop in porosity
at the fifth cycle. Despite this drop, the density remains unchanged, suggesting that additional mass
is not contributing to internal densification but rather forming a loose surface layer.

To assess microstructural changes with deposition cycles, SEM analysis was performed (figure
5). From the first to the fourth cycle, spherical particles (~ 100 nm) were observed, becoming
progressively denser with reduced porosity. By the fourth cycle, pores were nearly closed, and
particle boundaries began to merge. In the fifth cycle, the spherical morphology disappeared,
forming a dense, continuous layer that blocked the pores.

This transition indicates that after four cycles, the active material reaches optimal deposition
within the structure. Further cycles lead to surface-layer buildup, which is mechanically unstable
and prone to delamination during handling or operation.
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Figure 5. SEM images of positive electrode materials after different numbers of deposition
cycles: a— 1 cycle; b— 2 cycles; ¢ — 3 cycles; d — 4 cycles; e — 5 cycles.
3.3. Effect of cobalt additives on the utilization efficiency of the positive electrode

Cobalt was introduced to improve the electrode’s electrical conductivity. Uniform cobalt
distribution is critical to prevent localized current buildup and elevated internal resistance. To evaluate
this, EDS mapping and XRD analysis were performed. As shown in figure 6, Ni, Co, and O were
uniformly distributed, consistent with Ni(OH). and Co(OH): composition. The even dispersion of
cobalt suggests it acts as a conductive bridge between the active material and the nickel substrate.

EDS Layered Image 1

100pm

Figure 6. EDS-mapping image of the positive electrode active material after cobalt deposition.

In figure 7, the most intense peak observed at approximately 20 ~ 44.5° corresponds to the
(111) plane of metallic Ni. The lower-intensity peaks at 26 =~ 19° and 33° are assigned to the (001)
and (100) planes of B-Ni(OH)., respectively, confirming the presence of a stable B-phase. The
peaks at 20 =~ 38° and 51° are consistent with the (111) reflection of metallic Co, while the peak at
20 = 59° is characteristic of the brucite-type structure. These results suggest a high probability that
Co partially substituted Ni within the crystal lattice of B-Ni(OH)..

The effectiveness of the cobalt additive was evaluated via charge—discharge testing of
assembled Ni-Cd cells. Two experimental cells were fabricated, each comprising 14 negative and
13 positive electrode plates. The negative electrodes were designed with excess capacity to ensure
that the performance of the positive electrodes could be fully evaluated. The results are
summarized in table 2 and illustrated in figure 8.
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Figure 7. XRD pattern of the electrode sample deposited with cobalt.
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Figure 8. Discharge profiles of the Ni-Cd test cells: a — With cobalt; b — Without cobalt.
Table 2. Measured capacity of Ni-Cd test cells.

Internal No. of Theoretical | Measured | Utilization

Resistance Cycles Capacity Capacity Efficiency
(mQ2) (Ah) (Ah) (%)
Cell 1 (with Co) 4.85 20 6 5.322 88.70
Cell 2 (without Co) 7.15 20 6 5.011 83.51

The cobalt-containing battery achieved a capacity of 5.322 Ah, corresponding to 88.70%
utilization efficiency, compared to 5.011 Ah (83.51%) without cobalt. These values remained
stable over 20 charge—discharge cycles, confirming the cells' reliability. The ~5.2% improvement
suggests cobalt effectively enhances electrode performance.

This improvement is attributed to enhanced charge transfer. Cobalt, as a conductive transition
metal, bridges Ni(OH): particles to the nickel substrate, forming efficient electronic pathways. This
reduces internal resistance (from 7.15mQ to 4.85 mQ) and improves active material utilization.
These findings align with previous studies [14] reporting similar benefits from conductive additives.

4. CONCLUSIONS

This study confirms that deposition temperature, cycle number, and cobalt additives critically
affect the electrochemical performance of Ni-Cd battery positive electrodes. Optimal results were
achieved at 70-75 °C with four deposition cycles, yielding uniform, low-porosity active material.
Cobalt addition improved utilization efficiency by ~5.2% and reduced internal resistance by
forming conductive pathways between Ni(OH). and the nickel substrate. These findings offer a
foundation for optimizing Ni-Cd electrode fabrication. Future work should explore long-term
cycling, alternative dopants, and process scalability for industrial use.
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TOM TAT
Nghién citu anh hu’o’ng cia nhiét dg, s6 chu ky lang dong va phu gia Cobal dén tinh chat
ciia chit hoat dong cuc dwong trong ic quy Nikel-Cadimi

Trong nghién ciru ndy danh gia anh huong cua nhiét do ling dong, $6 chu ky ldng dong
va phu gia cobalt (Co) dén cdu triic va tinh chat dién héa cia chat hoat dong cyc dwong
trong ac quy nickel—cadmium (Ni-Cd), ti do 16i wu héa quy trinh ché tao nham ndng cao
hiéu sudt sir dung vit liéu va cdi thién hiéu suatphong—nap ciia dc quy. Cac dién cuc dugc
ché tao bang cdch tham tam dung dich nitrat niken vdo swon cye niken xop, sau dé chuyén
hoa hoa hoc trong dung dich kali hydroxit ¢ cac mirc nhiét do khac nhau (65-80 °C) va thyc
hién véi s6 chu ky lap lai tir 1 dén 5. Mot s6 mau dwoe xir 1y bo sung bang dung dich nitrat
cobalt. Cdu triic vi mé va thanh phan dwoc phdn tich bang phuong phap hién vi dién tir quét
(SEM) va phé tan xa tia X (EDS). Khéi lwong riéng va dé xop dwoe xdc dinh bang phuong
phap can thuy tinh. Tinh nang phong—nap duwoc danh gia thong qua cdc dc quy mau thi
nghiém. Két qua cho thdy viing nhiét do t6i wu la 70-75 °C, giup vdt liéu phan bo dong déu,
md@t dé cao va van duy tri dg xop phit hop. S6 chu ky lang dong t6i wu la 4 chu ky. Viéc bo
sung cobalt givp ndng hiéu sudt sir dung vdt liéu lén khodng 5.2% va giam ndi tré tir
7,15 mQ xuong con 4,85 m. Nhitng két qud ndy cung cap co sé khoa hoc cho viéc cdi tién
quy trinh ché tao dién cuc dc quy Ni-Cd. Nghién ciru tiép theo cé thé mo réng theo huwéng
khdo st d bén chu ky dai va thir nghiém cdc phu gia dan dién khdc.

Tir khoa: Ac quy Ni-Cd; Phu gia Coban; Nhiét do ling dong; Chu ky ling dong.
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