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Abstract 
The performance of metal hydride batteries depends on their electrochemical and kinetic 
behaviour, which varies with the state of charge (SoC). This study explores these 
characteristics in nickel-metal hydride batteries with A2B7 and AB5 electrodes, focusing on 
how SoC influences ion diffusion and charge transfer kinetics of the batteries. Electro-
chemical impedance spectroscopy and cyclic voltammetry (CV) were used to analyse these 
behaviours, while X-ray diffraction provided structural insights and scanning electron 
microscopy proposed morphological concepts. Results reveal a positive correlation 
between SoC and both diffusion and kinetic behaviour. The value of fitting resistances 
decreases as SoC increases, reaching a minimum at 100 % SoC, where hydrogen diffusion 
is optimized. CV data supports this phenomenon, showing a more negative peak cathodic 
current (Ip,c) at higher SoC, indicating improved kinetics likely due to enhanced ion 
availability. Additionally, voltage window analysis showed maximum hydrogen storage at 
100 % SoC for AB5 and 50 % for A2B7. Structurally, larger particle sizes and crystallites at 
higher SoC correlate with increased hydrogen desorption capacity. A2B7 exhibited superior 
diffusion kinetics, while AB5 demonstrated better discharge behaviour, highlighting how 
SoC-dependent diffusion and kinetics impact Ni-MH performance. 
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State of charge; hydrogen storage alloys; performance analysis; Nyquist plots; voltage 
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Introduction 

A battery is an energy storage device that facilitates effective energy storage and management, 

particularly for applications with intermittent energy supply [1,2]. Energy storage in batteries occurs 

through the conversion of chemical energy into electrical energy within individual cells via redox 

(reduction-oxidation) reactions [3,4]. Batteries are broadly classified by their rechargeability into 
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two categories: primary (non-rechargeable) and secondary (rechargeable) types [5,6]. One of the 

secondary battery types is the Ni-MH battery [7].  

Ni-MH battery is an energy storage system that operates through electrochemical charge and 

discharge reactions between its positive and negative electrodes: nickel hydroxide Ni(OH)2 and 

hydrogen-absorbing alloys. Studying Ni-MH batteries is increasingly important due to their 

widespread use in various applications, including electric vehicles, consumer electronics, and 

renewable energy storage systems. Their relatively high energy density, safety profile, and 

environmental compatibility make them a valuable alternative to other battery types, such as nickel-

cadmium and even lithium-ion batteries, in certain applications. According to Technavio, the global 

Ni-MH battery market grew at a compound annual growth rate (CAGR) of 2.63 % from 2018 to 2022, 

with projected growth set to reach 3.1 % from 2023 to 2028, reflecting a steady increase in demand. 

This growth underscores the need for ongoing research to optimize Ni-MH battery performance, 

lifespan, and sustainability [8,9]. 

Despite their promise as an alternative to lithium-ion batteries, Ni-MH batteries remain less 

widely studied, particularly concerning the impact of diffusion and kinetic behaviours on 

performance [10-12]. The interplay between ion diffusion and reaction kinetics is critical to the 

overall efficiency, charge capacity, and cycle life of Ni-MH batteries, as these factors determine how 

well the battery maintains energy transfer and conversion at different states of charge SoC [13-15]. 

A detailed understanding of this correlation is essential to optimize Ni-MH battery design, enhance 

hydrogen diffusion rates, and minimize resistance, directly influencing the battery’s ability to store 

and release energy efficiently [16-18].  

Battery performance is also highly influenced by user behaviour, including charging habits and 

usage patterns, particularly the maintained SoC [19,20]. SoC affects the electrochemical balance of 

battery electrodes, with variations leading to differences in capacity retention, cycle life, and even 

resistance and Warburg coefficient values, which reflect impedance and hydrogen diffusion 

properties [21,22]. Resistance impacts the current flow within electrode and electrolyte materials, 

while the Warburg coefficient value relates to hydrogen ion mobility within the cell, which is 

essential for optimal efficiency and capacity [23,24].  

This study presents a novel and comprehensive approach to understanding Ni-MH battery 

performance by uniquely correlating diffusion and kinetic behaviours with SoC variations, a factor 

often overlooked in previous research. Unlike prior studies that primarily focus on either 

electrochemical performance or structural characterization in isolation, this work integrates CV and 

EIS to simultaneously analyse ion-transfer kinetics and hydrogen diffusion rates across varying SoC 

levels. Furthermore, XRD and SEM analyses provide unprecedented insights into how crystal 

structure and electrode surface morphology evolve with SoC, directly linking structural 

transformations to electrochemical behaviour. 

The novelty of this study lies in its ability to establish a direct correlation between SoC, diffusion 

coefficients, charge transfer resistance, and morphological changes, which have not been 

comprehensively explored before. The findings reveal critical SoC thresholds that optimize hydrogen 

diffusion while minimizing resistance, offering practical guidance for battery operation and design 

improvements. By bridging the gap between electrochemical kinetics and material science, this 

research advances the understanding of Ni-MH batteries beyond conventional studies and enhances 

their potential as high-performance, energy-efficient storage solutions. 
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Experimental  

Materials 

In this study, AA-type Ni-MH batteries with a rated capacity of 1900 mAh were selected as the 

research materials. Two commercially common metal hydride types, AB5 and A2B7, were chosen for 

analysis. X-ray diffraction (XRD) was used to confirm the metal hydride phase structure of the 

batteries, identifying Ce(CoCu)2.5 in the AB5 type and Ce2Ni7 in the A2B7 type. To investigate the 

effects of SoC on battery behaviour, individual battery samples were set at SoC levels of 0, 20, 50, 

80 and 100 %. All charging and testing procedures were conducted at room temperature. 

Actual capacity and SoC measurement 

Prior to charging the batteries to achieve different SoC levels, actual capacity measurements 

were performed on each battery. Starting from an empty state, the batteries were charged at a 

constant current of 100 mA (0.053C) until reaching a total charge of 2000 mAh, indicating full charge. 

They were then discharged at a low current of 10 mA until a cutoff voltage of 0.7 V, indicating full 

discharge. The actual capacity was defined as the total capacity discharged from a fully charged to 

a fully discharged state. With the actual capacity determined, the batteries were charged to the 

target SoC levels. All capacity measurements and charging processes were conducted using a Landt 

Instruments CT3002A battery tester.  

Cyclic voltammetry testing 

CV testing was conducted using a Potentiostat PGSTAT302N within 24 hours of charging. The scan 

began at an initial potential of 0 V and proceeded to a switching potential of 2 V, with a scan rate of 

0.5 mV s-1. Each battery sample underwent a total of three cycles. The testing utilized a full-cell, two-

electrode configuration, observing both the negative and positive electrodes of the battery [25]. 

Electrochemical impedance spectroscopy testing 

Electrochemical impedance spectroscopy (EIS) testing for each battery was conducted at the 

open circuit voltage (OCV) under identical conditions, covering a frequency range from 5000 to 0.01 

Hz with 10 data points per frequency decade and an amplitude of 0.01 V. The objective of this testing 

was to assess resistance and Warburg coefficient values for each battery sample. Data fitting was 

performed using Zview software [26] to analyse values derived from the Nyquist plots, employing 

the electrical equivalent circuit depicted in Figure 1. Within this circuit, R1 corresponds to the 

electrolyte, including separator resistance, R2 indicates the contact resistance between the alloy 

particles and the current collector, and R3 pertains to the charge transfer resistance. The constant 

phase elements (CPE1 and CPE2) represent the capacitive impedance characteristics, modelling the 

behaviour of an imperfect capacitor at the electrode, while Warburg impedance (W) accounts for 

mass transport limitations associated with hydrogen ion diffusion [27]. 

  R1 R2  R3 W 

 
Figure 1. Electrical equivalent circuit for fitting process of Nyquist plots [28] 

Results and discussion 

Actual capacity  

The actual capacity of the batteries made with AB5 and A2B7 materials from an SoC of 0 to 100 % 

is illustrated in Figure 2. Both batteries exhibit similar capacities across all SoC levels, except at 80 

CPE2 CPE1 
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and 100 % SoC, where notable differences are observed. This indicates that both material types 

show comparable performance. It is evident that across all SoC levels, the battery capacities are 

nearly identical, except at 80 and 100 % SoC. At these points, the AB5 battery demonstrates a higher 

capacity, suggesting that the AB5 material may achieve a more complete activation at higher states 

of charge [29].  

 
Figure 2. Actual capacity of the batteries with AB5 and A2B7 types of metal hydrides 

Nyquist plots 

Figure 3 illustrates the Nyquist plots for both batteries across a SoC range of 0 to 100 %. The 

graph presents both experimental and fitted plots, initially showing a pronounced difference 

between the two, which decreases as the SoC rises. This reduction in the goodness of fit at higher 

SoC levels indicates that the proposed fitted values exhibit smaller differences and narrower 

distributions. Consequently, at higher SoC, the resistance values become easier to approximate, 

increasing the likelihood of alignment between the experimental data and the proposed values [30]. 

This phenomenon is illustrated in Figure 3(e). The battery using the A2B7 material demonstrates a 

lower goodness of fit compared to the AB5 material, indicating that the electrochemical resistances 

are more accurately represented, particularly at higher SoC levels. The resulting chi-square values 

confirm that the model effectively captures the electrochemical processes and accurately 

represents the entire SoC range during charge and discharge cycles.  

Moreover, the Nyquist plots of both batteries exhibit imperfect semicircle shapes indicating the 

presence of non-ideal capacitive behaviour in an electrochemical system [31]. A reduction in the 

semicircular shape of the Nyquist plot with increasing SoC indicates that electron movement and 

mass transport become more restricted at lower charge levels (Figures 3(a) and 3(b)). At higher SoC, 

the battery electrodes are likely to exhibit improved ion and electron transport, attributed to more 

uniform charge distribution and increased surface activation of the electrodes. These conditions 

contribute to reduced charge transfer and diffusion resistances, facilitating electrochemical 

reactions. Furthermore, the elevated electrode potential at higher SoC increases the concentration 

of ions near the electrode surface. This effect aligns with the Gouy-Chapman model, wherein the 

diffuse ion layer becomes more compact, leading to an enhanced double-layer capacitance [32-34].  

The Nyquist plot provides a comprehensive representation of the real and imaginary components 

of impedance, offering valuable insights into the electrochemical and charge transfer mechanisms 

within battery systems. The real impedance reflects the resistance in the electrical circuit, while the 

imaginary impedance, influenced by inductance and capacitance, captures the dynamic electro 
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-chemical processes and charge transfer mechanisms occurring between the electrodes. These 

behaviours are often attributed to differences in surface structure and ion mobility of the electrode 

materials [35]. 
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Figure 3. The Nyquist plots of the batteries with AB5 (a) and A2B7 (b) materials, fitted with the equivalent 
circuit for fitting shown in Fig. 1. The distinct shapes of the Nyquist plots for the two batteries at 100 and 0 
% SoC highlight significant differences in their electrochemical behaviour (c). Additionally, the Nyquist plot 

of both batteries at 100 % SoC is displayed on a smaller scale for clarity (d). The colors in the graphs 
represent the approximate values of fitting resistance: grey indicates contact resistance between alloy 

particles and the current collector, green represents charge transfer resistance, and blue corresponds to 
Warburg impedance. The lower goodness of fit plots for both batteries show the high conformity between 
the equivalent circuit model with the proposed resistance, capacitance, and Warburg impedance values (e)  

A comparative analysis of Nyquist plots for AB5 and A2B7 materials at identical SoC levels reveals 

distinct impedance characteristics. At higher SoC levels, the AB5 material exhibits a greater 
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imaginary impedance in the low-frequency region, indicating a more pronounced capacitive or 

inductive response within the system, which is influenced by charge transfer, ion diffusion, and 

electrode surface characteristics, whereas the A2B7 material demonstrates a lower imaginary impe-

dance. The AB5 material exhibits a higher energy storage capacity or slower charge transfer 

dynamics compared to the A2B7 material. At lower SoC levels, both materials display similar impe-

dance characteristics, with real and imaginary components decreasing across frequencies. However, 

as the frequency increases, the AB5 material shows a more pronounced rise in imaginary impedance 

compared to A2B7, highlighting essential differences in their electrochemical performance. The 

higher imaginary impedance of AB5 at low frequencies suggests greater energy storage capability 

but potential diffusion limitations, whereas the lower imaginary impedance of A2B7 indicates more 

efficient ion transport and faster charge transfer reactions due to a less resistive interface [36]. 

These differences are critical in determining the optimal operating conditions and overall efficiency 

of metal hydride batteries, influencing their charge/discharge rates and cycle life. These observed 

phenomena can be attributed to the underlying capacitance and inductance effects in the Nyquist 

plots. Capacitance, primarily originating from the double-layer capacitance at the electrode/elec-

trolyte interface, represents the system's ability to store charge. The AB5 material’s larger imaginary 

impedance may indicate a contribution of higher double-layer capacitance, suggesting a more 

developed interfacial area conducive to charge accumulation but with increased charge transfer 

resistance. Inductance, although less commonly observed, also plays a role in the dynamic beha-

viour of the system. Inductive contributions, visible as positive imaginary impedance, can arise from 

adsorption/desorption on the electrode surface or non-idealities in the experimental setup. The 

more significant imaginary impedance observed in the AB5 material at lower frequencies may reflect 

delayed system responses due to slower adsorption/desorption kinetics or greater structural 

heterogeneity. These inductive and capacitive behaviours collectively shape the distinct impedance 

characteristics of the AB5 and A2B7 materials, highlighting their differing electrochemical properties 

and underlying charge transfer mechanisms [37].  

The SoC variation significantly influences the impedance components of AB5 and A2B7 battery 

materials, as illustrated by the detailed analysis in Figures 3(c) and (d). At 100 % SoC, the AB5 battery 

exhibits distinctive electrochemical characteristics: a notable reduction in contact resistance, accom-

panied by an increased charge transfer resistance and a diminished Warburg impedance. Conversely, 

the A2B7 battery demonstrates a different electrochemical profile, characterized by reduced charge 

transfer resistance and an expanded Warburg impedance compared to the AB5 battery. In this case, 

the AB5 material reveals a pronounced oxidation tendency and enhanced corrosion susceptibility, 

which manifest prominently in the high-frequency impedance spectrum. In contrast, the A2B7 material 

displays distinctive behaviour, with notable pulverization and reduced oxidation, evidenced by the 

decreased charge transfer resistance and concurrent increase in Warburg impedance, predominantly 

observed in the low-frequency region. The more extensive pulverization of the A2B7 material initiates 

the micro-cracking of metal hydride alloy powders, resulting in the fragmentation into smaller 

particles. This structural transformation significantly increases the electrode's real surface area, 

consequently enhancing the kinetic properties of electrode reactions. These observations elucidate 

the fundamental electrochemical and structural disparities between AB5 and A2B7 materials [38,39]. 

To summarize, at 0 % SoC: the impedance spectra show that the contact resistance (R2) dominates 

over the charge transfer resistance (R3). This can be attributed to the limited availability of charge 

carriers at a fully discharged state, resulting in higher interfacial resistance. Additionally, surface 

effects such as SEI layer formation may contribute to an increased contact resistance. At 100 % SoC, 
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the contact resistance (R2) decreases due to improved electronic conduction within the electrode as 

charge carriers become more available. Conversely, the charge transfer resistance (R’) increases, likely 

due to the lower electrochemical reaction kinetics at a fully charged state, where ion transport 

limitations may become more significant. These trends are consistent with prior electrochemical 

impedance studies [28] and align with the expected behaviour of electrode materials under different 

SOC conditions.  

In this study, the selection of the electrical equivalent circuit (EEC) model, comprising two RC 

elements and a Warburg impedance (W), was based on the necessity to account for distinct 

electrochemical processes occurring within the system. The first RC combination (R2/CPE1) 

represents the contact resistance at the electrode/electrolyte interface and the capacitive 

behaviour of interfacial layers, while the second RC combination (R3/CPE2) corresponds to the charge 

transfer resistance and double-layer capacitance at the active electrode surface. The Warburg 

element (W) accounts for the semi-infinite diffusion of ions in the electrolyte. A model with only 

one RC element (Cdl/Rct) and Warburg impedance would not sufficiently describe the observed 

impedance behaviour at different states of charge (SoC). Previous studies [28,40,41] have also 

employed a two-RC model to distinguish interfacial and charge transfer contributions in similar 

electrochemical systems. 

To validate the model, we performed a fitting analysis with different EEC configurations and 

found that the two RC models yielded the lowest fitting error and best agreement with the 

experimental data. Nyquist plot fitting (Figure 3) was conducted using a modified Randles circuit 

incorporating constant phase elements (CPE) to compensate for surface inhomogeneities (Figure 1) 

and was processed with ZView software. The extracted impedance parameters include electrolyte 

involving separator resistance (R1), contact resistance between alloy particles and the current 

collector (R2), charge transfer resistance (R3), and Warburg impedance (W). The fitted parameter 

values are presented in Figure 4. 

For the AB5 battery, electrolyte resistance (R1) exhibits notable variation, decreasing at mid-range 

SoC and increasing at full SoC, suggesting ion mobility through the electrolyte is optimal at 

intermediate SoC levels. As the SoC increases, the charge transfer resistance (R3) significantly 

decreases, indicating enhanced charge transfer kinetics, which improves the alloy's electrocatalytic 

activity and retention rate [42]. The contact resistance between alloy particles and the current 

collector (R2) is lowest at mid-range SoC and peaks at full SoC, reflecting changes in the electrode 

surface structure and ion interactions. Warburg impedance, representing hydrogen ion diffusion, 

decreases at higher SoC, indicating more efficient diffusion processes. 

A similar trend is observed for the A2B7 battery, where R1 decreases with increasing SoC, reaching 

its lowest value at full SoC. The charge transfer resistance (R3) also declines, confirming improved 

electrochemical kinetics at higher SoC. However, the contact resistance (R2) follows a different 

pattern, exhibiting higher values at low and full SoC, with the lowest resistance at intermediate SoC. 

Warburg impedance progressively decreases with increasing SoC, indicating enhanced hydrogen 

diffusion capabilities at higher SoC levels. 

To ensure the reliability of the extracted parameters, Table 1 summarizes all six impedance 

parameters along with their respective errors. The fitting error was assessed using the chi-square 

(χ²) minimization technique, confirming the robustness of the selected EEC model. 

The results indicate that all parameters have acceptable fitting errors, demonstrating that the selec-

ted EEC model provides a reliable description of the impedance spectrum [35,43]. Figure 3(e) presents 
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the chi-square values across all SoCs, demonstrating a consistently low trend. This indicates a high 

goodness of fit, confirming the strong agreement between the experimental data and the EEC model. 

Table 1. Extracted impedance parameters and fitting errors 

Parameters 
SoC, % 

0 20 50 80 100 

R1 / Ω 1.054 1.068 1.362 1.465 0.96957 

R2 / Ω 20.96 17.55 6.133 4.378 0.67631 

CPE1, F sn1-1 0.014229 0.010462 0.012997 0.015738 0.022461 

n1 0.79214 0.89216 0.89024 0.89796 0.94075 

R3 / Ω 3.222 0.21495 0.49553 0.62346 3.887 

CPE2, F sn2-1 0.027641 0.026131 0.026333 0.035825 0.017661 

n2 1.153 0.93429 0.84356 0.78331 1.002 

W / Ω s-1/2 22.32 18.44 14.34 13.17 9.044 

2 / 105 6.80 2.27 2.32 1.84 14.48 

Sum of squares 0.001361 0.000453 0.000465 0.000368 0.0028953 

 

Comparative analysis revealed that AB5 and A2B7 batteries exhibit optimal performance at full 

and mid-range SoC, characterized by lower charge transfer resistance and Warburg impedance, 

enabling efficient ion mobility and electrochemical activity. However, the A2B7 battery demon-

strated slightly superior electrochemical performance overall, particularly at higher SoC levels. At 

low SoC, both batteries experienced higher resistance and reduced ion mobility, reflected in 

elevated impedance values. This analysis underscores the importance of understanding electro-

chemical parameters at varying SoC levels for optimizing battery performance. 
 

 
Figure 4. Impedance parameter values obtained by fitting of equivalent circuit model shown in Figure 1 to 

Nyquist plots shown in Figure 3 

Hydrogen diffusion coefficient 

The diffusion coefficient of hydrogen (DH) quantifies the rate at which hydrogen ions move 

through a material, typically driven by a concentration gradient. In this study, the determination of 

DH is closely linked to the Warburg impedance. For systems involving hydrogen diffusion, such as 
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electrochemical reactions at an electrode, Warburg impedance characterizes the impact of slow 

hydrogen ion transport through the medium. This response reflects diffusion-controlled processes 

influenced by mass transfer limitations, particularly in the low-frequency region of the impedance 

spectrum [44]. The calculation of DH incorporates Fick's diffusion law, which provides a simplified 

approach for evaluating hydrogen diffusion coefficients. The simplified form is presented by 

Equation (1) [41]: 
2 2

H 2 4 4 2 22

R T
D

A n F C 
=  (1) 

The parameters used in the calculation of the hydrogen diffusion coefficient DH are defined as 

follows: DH represents the hydrogen diffusion coefficient, R is the ideal gas constant, T is the 

absolute temperature, A denotes the active surface area per unit volume of the electrode, n is the 

number of electrons transferred (n = 1), C is the hydrogen ion concentration (0.006 mol cm-3, as 

reported in [45]), and σ is the Warburg coefficient in the low-frequency region. The active surface 

area A is calculated using the following equation [46]: 

( )3 1-
A

r


=   (2) 

where ϵ = is the electrode porosity, assumed to be 0.3 [45], and r is the radius of the negative 

electrode particles, ranging from 2.5 to 5.1 µm. 

The calculated DH values for AB5 and A2B7 batteries at different SoC levels (0, 20, 50, 80 and 100 %) 

are shown in Figure 5. Across all SoC levels, the A2B7 battery consistently exhibits a higher hydrogen 

diffusion coefficient compared to the AB5 battery. A higher DH value indicates more efficient and 

rapid hydrogen diffusion between the positive and the negative electrodes during charging and 

discharging. Enhanced diffusion facilitates more optimal hydrogen release and storage, improving 

battery performance [47].  
  

 
Figure 5. Comparison of DH value of AB5 and A2B7 batteries 

The calculated diffusion coefficient values range from 10-18 to 10-17 cm2 s-1, lower than typical 

literature values for similar electrochemical systems. Several factors may contribute to this discre-

pancy. First, differences in electrode microstructure, such as grain boundaries, particle morphology, 

or surface oxidation, can significantly affect hydrogen transport and lead to a lower apparent DH. 

Second, the experimental conditions, particularly the frequency range used in impedance fitting, 

could influence the extracted Warburg coefficient and, consequently, the diffusion coefficient. A 
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narrow low-frequency range may lead to an overestimation of the Warburg impedance and an 

underestimation of DH. Additionally, surface passivation or hydrogen trapping at defect sites within 

the electrode material may reduce the effective diffusion rate. 

It is also important to note that diffusion coefficients reported in the literature are often derived 

from different experimental techniques, such as chronoamperometry or electrochemical permeation, 

which may measure hydrogen transport under different conditions. Therefore, while our values are 

lower than those reported elsewhere, they remain internally consistent within our experimental 

framework and provide valuable insights into the diffusion behaviour of hydrogen in these alloy 

systems. 

Cyclic voltammograms 

In cyclic voltammetry testing, battery samples undergo two stages of potential variation. During 

the first stage, the potential is increased at a constant scan rate until it reaches a predetermined 

final value, known as the switching potential. In the second stage, the potential is decreased at the 

same rate, returning to the initial value. The current response of the battery is recorded as a current-

voltage (I - V) plot, referred to as a cyclic voltammogram, as illustrated in Figure 6. 

At the beginning of the cycle, the current increases gradually, a phase identified as the 

background region in the voltammogram. As the applied potential approaches the electrode's 

standard potential (E0), a faradaic current is observed, indicating a rapid electrochemical reaction. 

This results in a sharp rise in current. As the potential continues to increase, the reaction becomes 

diffusion-limited due to the depletion of ions at the electrode surface, causing the current to decline 

and form peak currents. These peaks represent the anodic and cathodic reactions occurring during 

the process [48]. In this study, the cyclic voltammogram characteristics, including anodic and 

cathodic peak currents and the voltage window, are analysed.  

Peak current, defined as the difference between the highest current value and the background 

current, is illustrated in Figure 6(e). In a cyclic voltammogram, two distinct peak currents are 

observed: anodic peak current (Ip,a) and cathodic peak current (Ip,c), corresponding to the maximum 

current generated during redox reactions within the battery. A higher peak current indicates 

enhanced hydrogen absorption capacity by the electrode, driven by the availability of hydrogen 

ions. Figure 6 compares Ip,a and Ip,c for AB5 and A2B7 batteries. The anodic current (Ip,a) represents 

the discharge process involving the oxidation of the metal hydride electrode, while the cathodic 

current (Ip,c) corresponds to the charging process involving the reduction of the metal hydride. From 

Figure 6(a), the data shows minimal variation in Ip,a with changes in the SoC. The AB5 battery 

demonstrates a higher Ip,a compared to A2B7, suggesting that AB5 has a greater rate of hydrogen ion 

release during oxidation reactions. Furthermore, Ip,a for AB5 remains relatively stable across varying 

SoC levels, indicating more efficient hydrogen ion release during oxidation reactions, while A2B7 

displays noticeable fluctuations suggesting enhanced dopant ion capture in the electrolyte near the 

electrode during reduction reactions. A higher Ip,a reflects greater current reaching its maximum at 

the anodic peak potential, while a higher Ip,c indicates increased ion availability for redox reactions 

at the electrode interface. 

For Ip,c, the data indicate that as SoC increases, Ip,c becomes more negative, signifying improved 

hydrogen ion reduction and captured by the metal hydride at higher SoC levels. This improvement 

is likely attributed to the greater availability of hydrogen ions in the electrolyte at elevated SoC, 

facilitating enhanced reaction rates at the electrode surface. Both batteries exhibit comparable 

performance in Ip,c, with no significant differences observed between their respective trends. 
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The voltage window illustrated in Figure 6(h) represents the range between faradaic currents 

during the oxidation and reduction cycles, reflecting the region where active reactions occur at the 

battery electrodes.  
 a b c 

 

 d e f 

 

 g h i 

 
Figure 6. Voltammograms of AB5 (a) and A2B7 (b) batteries across all SoC levels, showcasing distinct shapes 
that reflect irreversible redox reactions during CV tests. Voltammograms at 0 % SoC (c) and 100 % SoC (d) 

highlight the evolution of redox reaction characteristics with increasing SoC. Key voltammogram features are 
visualized in: (e) anodic peak current (Ip,a) and cathodic peak current (Ip,c), and (f) voltage window. The plots of 

Ip,a (g) and Ip,c (h) versus SoC illustrate the differences in redox behaviour between the two battery types  

A broader voltage window signifies the electrode's ability to facilitate hydrogen ion (H+) 

absorption and release over a wider voltage range, leading to increased charge and discharge 

capacities due to the enhanced storage and release of hydrogen ions [49]. Figure 6 compares the 

voltage windows of the AB5 and the A2B7 batteries. The AB5 battery exhibits a wider voltage window 

than the A2B7 battery, except at 50 % SoC. The widest voltage window for the AB5 battery occurs at 

100 % SoC, measuring 0.43945 V, while the A2B7 battery reaches its maximum voltage window at 50 

% SoC, measuring 0.4126 V. Additionally, the AB5 battery demonstrates greater stability in its voltage 

window across varying SoC levels compared to the A2B7 battery, indicating superior performance 

and reliability. 
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X-ray diffraction patterns 

X-ray diffraction (XRD) analysis reveals that the diffraction pattern of the A2B7 battery corresponds 

to the Ce₂Ni7 compound, whereas the AB5 battery aligns with the Ce(CoCu)2.5 compound (see 

Figure 7). A comparison of diffraction patterns at 0 and 100 % SoC indicates changes in peak intensity, 

suggesting variations in crystallite size. A higher intensity in the XRD pattern indicates more atoms 

scattering X-rays in the A2B7 compared to the AB5 battery, which suggests a higher number of atoms 

in the crystal, which could indicate a higher degree of crystallinity or larger crystal size [50].  

These changes in crystallite size are quantified using the Scherrer Equation (2) [51-53]: 

Crystallite size  
cos

k

 
=  (2) 

Table 2 shows the calculation result for the crystallite size of both battery types. Both batteries 

experience an increase in crystallite diameter from SoC of 0 to 100 %. In the A2B7 battery, the 

diameter increased from 35.580 nm to 51.928 nm, while in the AB5 battery, the diameter increased 

from 25.540 nm to 31.884 nm. This increase can be attributed to the absorption of hydrogen ions 

by the negative electrode during the battery charging process, causing the electrode grain diameter 

to grow as the SoC increases [49,50]. Comparing both diameters, the A2B7 was found to have a 

slightly bigger crystallite size, which reflects the hydrogen storage capacity, with larger crystallite 

sizes indicating greater hydrogen storage capability [14]. It was also found that the crystallite 

diameter in the A2B7 battery increased by 45.95 %, while in the AB5 battery, it increased by 24.84 %.  

Table 2. Crystallite size calculation result using Scherer formula, Equation (2) 

Type SoC, % Diameter, nm Crystallite size, nm 

A2B7 
0 35.580 

16.348 
100 51.928 

AB5 
0 25.540 

6.344 
100 31.884 

(a) 

 
2 / ° 

(b)

 
2 / ° 

Figure 7. XRD patterns for A2B7 (a) and AB5 (b) for a new battery 

Figure 8 presents SEM images of the negative electrode powders for the AB5 and the A2B7 metal 

hydride batteries at 0 and 100 % SoC. Grain size measurements derived from the images indicate no 

significant difference at 0 % SoC, with diameters (estimation)of 25.35 µm for the A2B7 battery and 

26.83 µm for the AB5 battery. However, at 100 % SoC, a more pronounced difference is observed, 

with the A2B7 battery exhibiting a grain diameter (estimation) of 46.53 µm compared to 39.13 µm 
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for the AB5 battery. The results also show grain diameter increases as the SoC rises from 0 to 100 %. 

This increase is more pronounced in the A2B7 battery, which exhibits a 45.51 % growth in grain 

diameter, compared to a 31.44 % increase in the AB5 battery. This difference highlights the superior 

hydrogen absorption and storage behaviour of the A2B7 battery during the charging process [54,55].  

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 8. SEM images of the negative electrode of AB5 battery at 0 (a) and 100 % SoC (b) and A2B7 battery at 
0 (c) and 100 % SoC (d)  

Conclusions 

The effect of the SoC on the performance of NiMH batteries was evaluated using EIS, CV, XRD, 

and SEM. EIS results demonstrated that the resistances of both A2B7 and AB5 batteries decreased 

with increasing SoC, reaching their lowest values at 100 % SoC. DH calculations revealed that 

hydrogen diffusion was most effective at 100 % SoC and least effective at 0 % SoC for the A2B7 

battery, while for the AB5 battery, diffusion was optimal at 100 % SoC and poorest at 20 % SoC. 

These findings align with CV analysis, which showed that the cathodic peak current (Ip,c) became 

more negative with increasing SoC, indicating improved hydrogen ion reduction and capture at 

higher SoC levels. This improvement is attributed to the greater availability of hydrogen ions in the 

electrolyte, which enhances reaction rates at the electrode surface. 
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The cyclic voltammogram also revealed that the voltage window, a key indicator of hydrogen 

storage capacity, widened with increasing SoC. The largest hydrogen storage capacity was observed 

at 100 % SoC for the AB5 battery and 50 % SoC for the A2B7 battery, with the A2B7 battery displaying a 

notable spike in voltage window width at 50 % SoC. SEM and XRD analyses at 0 and 100 % SoC 

indicated that both the grain size of the negative electrode particles and the crystallite size increased 

at higher SoC levels, suggesting enhanced hydrogen storage and a corresponding increase in capacity. 

The A2B7 battery generally exhibited a higher hydrogen diffusion coefficient than the AB5 battery. 

However, contrary to this trend, the AB5 battery produced higher anodic peak currents (Ip,a), 

indicating superior reaction kinetics during discharging. This discrepancy could be influenced by 

factors such as manufacturing processes and battery morphology. SEM analysis revealed that the 

AB5 electrode had smaller average particle sizes than the A2B7 electrode, resulting in a larger surface 

area for hydrogen transfer. Additionally, although the charge transfer resistance (R3) was lower for 

the A2B7 battery, its electrolyte resistance (R1) was slightly higher than that of the AB5 battery. These 

observations highlight the complex interplay of factors beyond metal hydride type, including 

electrode morphology and material properties affecting battery discharge performance. 
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