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Preface to “Nickel Metal Hydride Batteries 2017” 
The Nickel/metal hydride (Ni/MH) battery continued to be an important energy storage source in 

2017. New demands from small- and large-scale stationary and transportation applications pushed 
research and development work into multiple directions with targets of higher gravimetric energy, higher 
delivered power at low temperature, prolonged cycle life at high temperature, and lower material and 
manufacturing costs. In the second Special Issue of Batteries dedicated to Ni/MH batteries, reviews, 
current research, and future projection in the materials, fabrication methods, cell performance evaluation, 
failure analysis, and other subjects related to Ni/MH batteries are included. 

Kwo Young 
Special Issue Editor 
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Editorial

Research in Nickel/Metal Hydride Batteries 2017

Kwo-Hsiung Young 1,2

1 BASF/Battery Materials—Ovonic, 2983 Waterview Drive, Rochester Hills, MI 48309, USA;
kwo.young@basf.com; Tel.: +1-248-293-7000

2 Department of Chemical Engineering and Materials Science, Wayne State University, Detroit, MI 48202, USA

Academic Editor: Andreas Jossen
Received: 2 January 2018; Accepted: 26 January 2018; Published: 12 February 2018

Abstract: Continuing from a special issue in Batteries in 2016, nineteen new papers focusing
on recent research activities in the field of nickel/metal hydride (Ni/MH) batteries have been
selected for the 2017 Special Issue of Ni/MH Batteries. These papers summarize the international
joint-efforts in Ni/MH battery research from BASF, Wayne State University, Michigan State University,
FDK Corp. (Japan), Institute for Energy Technology (Norway), Central South University (China),
University of Science and Technology Beijing (China), Zhengzhou University of Light Industry
(China), Inner Mongolia University of Science and Technology (China), Shenzhen Highpower (China),
and University of the Witwatersrand (South Africa) from 2016–2017 through reviews of AB2 metal
hydride alloys, Chinese and EU Patent Applications, as well as descriptions of research results
in metal hydride alloys, nickel hydroxide, electrolyte, and new cell type, comparison work, and
projections of future works.

Keywords: nickel-metal hydride battery; rechargeable alkaline battery; metal hydride alloy;
electrochemistry; electrolyte; core-shell structure

1. Introduction

The Nickel/metal hydride (Ni/MH) battery continued to be an important energy storage source in
2017. Recent demonstrations of Ni/MH batteries in a few key applications, such as new hybrid electric
vehicles manufactured in China [1], an integrated smart energy solution in Sweden [2], a Ni/MH
battery system with a high robustness at high temperature in Middle East [3], fast charge (3–5 min) [4]
and a wide temperature range (between −55 and 70 ◦C) [5] for bus transportation, the introduction
of Mega Twicell for larger scale energy storage [6], and Cellect 600 for telecommunication backup
power [7]. This progress pushed research and development work into multiple directions with
targets of higher gravimetric energy, higher delivered power at low temperature, prolonged cycle
life at high temperature, and lower material and manufacturing costs. Continuing from the work
established in a United States Department of Energy funded program—Robust Affordable Next
Generation Energy Storage System (RANGE) in 2015–2016 [8], further development, especially in
the implementation of the advanced materials at the cell level, were accomplished by BASF and its
collaborators. These accomplishments are reported in this special issue of Batteries.

2. Contributions

The selected papers presented in this Special Issue are highlighted in this section. They are mainly
results obtained through international collaborations with other institutes, and can be divided into
six general categories: reviews (three papers), metal hydride (MH) alloys used as negative electrode
active materials (seven papers), nickel hydroxide as the positive electrode active materials (one paper),
electrolyte (two papers), cell performance (five papers), and special analytic tools (one paper).

Batteries 2018, 4, 0 1 www.mdpi.com/journal/batteries
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2.1. Reviews on Related Work

Three review papers are included in this Special Issue of Batteries: one on the C14-predominated
AB2 MH alloys [9] and two on Patent Applications related to Ni/MH batteries filed separately in
China [10] and Europe [11]. AB2 MH alloy has a 20% higher capacity than that from the conventional
used misch-metal based AB5 MH alloy, and is absent from the rare earth elements and immune
from their price volatilities. However, the relatively lower performances in high-rate dischargeability
and cycle stability in AB2 require refinements in both the chemical composition and fabrication
process, which are reviewed and discussed here. In the intellectual property area, related patents
(or applications) are important to the researchers and companies in the field in addition to regular
academic publications. Continuing from the reviews of patents from United States [12] and Japan [13]
published last year, we focused on patent applications filed in the country that produces the most
Ni/MH batteries—China—and the third largest consumer market—Europe. While the Chinese Patents
focus more on the battery components and fabrication method, the European ones concentrate on
applications, such as for the button cell and bipolar design.

2.2. Metal Hydride Alloys

There are studies of three families of MH alloys included in this Special Issue of Batteries, AB2 (both
C14 and C15), body-centered-cubic (BCC), and superlattice alloys. In the Laves phase-based AB2 family,
doping effects of Pd [14] and B [15] to a C14-predominated alloy were studied and a comparison between
C14- and C15-MH alloys was also presented [16]. The preliminary conclusions are both Pd and a newly
formed V3B2 phase improve the surface catalytic ability and C15 alloy is more suitable for high-rate
application. In the BCC area, thermal annealing was found to be beneficial to the corrosion resistance
of a Fe-containing alloy by introducing a new Ti-rich phase [17]. Lastly, the effects of annealing [18],
addition of Fe [19], and alkaline etch were reported in superlattice based MH alloys [20]. Optimization of
the annealing condition and Fe-content were obtained. Additionally, a superlattice MH alloy with high
La-content treated by an alkaline etching was recommended for high-rate application.

2.3. Nickel Hydroxide

The discovery of a core-shell structured high-capacity Ni(OH)2 used as active material in the
positive electrode of Ni/MH batteries was a major accomplishment in the RANGE program [8].
This Special Issue includes a paper that further elaborates on the manufacture, properties, and half-cell
results of the high-capacity α-β Ni(OH)2 as compared α-Ni(OH)2 fabricated by other means [21].
After the phase transformation step (initial cycling), a core (β-Ni(OH)2)-shell (α-Ni(OH)2) structured
spherical powder with an excellent cycle stability in the flooded half-cell configuration was formed.
The shell portion (higher Al-content) of the particle is composed of α-Ni(OH)2 nano-crystals imbedded
in a β-Ni(OH)2 matrix, which helps to reduce the stress originating from the lattice expansion in the
β-α transformation. A review of the research on α-Ni(OH)2 is also included.

2.4. Electrolyte

Finding an alternative electrolyte with a less corrosion to the MH alloy and expanded voltage
window was the top priority of the RANGE program [8]. In 2016, we reported that the reduction of
the corrosion nature of the alkaline KOH electrolyte can be accomplished by selection of both adequate
combination of alkaline species [22] and salt additives [23]. In this Special Issue, the effects of adding
Cs2CO3 salt in the electrolyte was further investigated, and a newly formed surface amorphous oxide was
credited for the reduction of surface oxidation of the MgNi-based MH alloy [24]. Another breakthrough
was using the ionic liquid to replace the aqueous KOH solution as the electrolyte [8]. The non-aqueous
ionic liquid enabled the use of ultrahigh-capacity Si anode (3635 mAh g−1) [25] and expansion of the
voltage window. A paper about the fundamental principle and selection of ionic liquid used in the
proton-conducting MH battery is included in the Special Issue of Batteries [26].
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2.5. Cell Performance Comparison

Sealed cells were built and tested to verify the results obtained from half-cell testing. In the C-size
cell, performances of AB2 (between C14 and C15) [27], a Fe-free [28] and a Fe-doped [29] superlattice
MH alloys were measured, and that results can be summarized as follows: C15-based MH alloy was
more suitable for high-rate application comparing to those from C14 alloy and confirm previous
half-cell results [16], superlattice alloy showed better high-rate and low-temperature performances
comparing to those of AB5 MH alloy, and Fe in the superlattice alloy can extend the cycle life by
preventing Al-leaching from the negative electrode. In the newly developed pouch type cell, the
high-capacity core-shell Ni(OH)2 was compared to the conventional single-phase Ni(OH)2, and lower
impedance and better charge retention were observed [30]. Lastly, the high-temperature storage
characteristics of Ni/MH battery module based on superlattice MH alloy were compared to those from
nickel-cadmium and valve-regulated lead-acid batteries, and favorable results were obtained [31].

2.6. Analytic Methodology

Continuing from previous reports on the crystallographic orientation alignments in phases in
an AB2-predominating alloy [32] and a BCC-C14 alloy [33], electron backscatter diffraction (EBSD)
was applied to a series of La-Mg-Ni-based superlattice metal hydride alloys produced by a novel
method of interacting a LaNi5 alloy with Mg vapor [34]. Mg formed discrete grains and then diffused
through the ab-phase of LaNi5 and transformed it into AB2, AB3, and A2B7 phases. According to EBSD
mapping, diffusion of Mg stops at the grain boundary of the host LaNi5 alloy. A prefect alignment in
the c-axis between the newly formed superlattice phases and LaNi5 was observed. Understanding
of Mg-LaNi5 solid-state reaction contributes directly to development work for a low-cost fabrication
method to produce high-value superlattice alloys for battery applications.

3. Conclusions

In this Special Issue of Batteries, the joint research efforts from BASF-Ovonic and their collaborators
in 2016–2017 are highlighted by reviewing nineteen papers focused on the area of Ni/MH batteries.
The majority of the works focused on the implementation of the advanced material/cell design developed
from the previous year, including both the superlattice MH alloy and BCC-based multi-phase MH alloys
used as negative electrode active materials, high-capacity core-shell β-α Ni(OH)2 as positive electrode
active materials, ionic liquid as electrolyte, and pouch cell design. Future research activities of the team
aim to commercialize high-capacity Si-based negative electrode, development of high-capacity Mn-based
positive electrode, thin separator to reduce the impedance of the ionic liquid electrolyte, and continuous
improvement in the low-and high-temperature performance of Ni/MH batteries.

Acknowledgments: The Guest Editor (K.Y.) thanks both the colleagues who made impressive and important
contributions to the articles and the editorial team at the publisher MDPI for providing precious guidance. K.Y. is
also obliged to R.F. Jordan at the Rockefeller University for refinement of his writing.

Conflicts of Interest: The author declares no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Ni/MH Nickel/metal hydride
RANGE Robust Affordable Next Generation Energy Storage System
MH Metal hydride
BCC Body-centered-cubic
EBSD Electron backscatter diffraction
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Abstract: C14 Laves phase alloys play a significant role in improving the performance of nickel/metal
hydride batteries, which currently dominate the 1.2 V consumer-type rechargeable battery market and
those for hybrid electric vehicles. In the current study, the properties of C14 Laves phase based metal
hydride alloys are reviewed in relation to their electrochemical applications. Various preparation
methods and failure mechanisms of the C14 Laves phase based metal hydride alloys, and the
influence of all elements on the electrochemical performance, are discussed. The contributions of some
commonly used constituting elements are compared to performance requirements. The importance of
stoichiometry and its impact on electrochemical properties is also included. At the end, a discussion
section addresses historical hurdles, previous trials, and future directions for implementing C14
Laves phase based metal hydride alloys in commercial nickel/metal hydride batteries.

Keywords: metal hydride; nickel metal hydride battery; Laves phase alloy; rare earth element;
electrochemistry; pressure concentration isotherm

1. Introduction

Nickel/metal hydride (Ni/MH) batteries have a wide range of applications including portable
consumer electronics [1], transportation [2], and stationary power sources [3,4] as it features benefits
such as safe chemistry, sustainable life, a stable raw material supply, high performance, and reasonable
cost [5]. The most common metal hydride (MH) alloy used as the active material in negative electrode
of Ni/MH batteries is a misch-metal (combination of La, Ce, Pr, and Nd) based AB5 alloy with a
CaCu5 crystal structure. Recently, a misch-metal and Mg in the superlattice alloy (A2B7 type) with its
corresponding improvement in the gravimetric energy density has become more popular in consumer
and stationary applications [5–9]. Meanwhile, the Laves phase AB2 MH alloy has also been proposed
to improve the energy density of Ni/MH batteries. Although the AB2 MH alloy has the potential
for relatively high capacity potential (440 mAh·g−1 [10,11] when compared to 330 mAh·g−1 from
the AB5 alloy), it suffers from a relatively slow electrochemical reaction rate and a less-desirable
cycle life (see comparison in Table 1) [12]. A further comparison of the main battery performances
between AB2 and AB5 MH alloys can be found in previous research (Table 1 in [13]). Numerous papers,
including a few reviews [14–20], have been have examined how to improve the electrochemical
properties of AB2 MH alloys, however, an updated comprehensive review of this subject would be
of use. The current work details the alloy preparation methods, performance requirements, failure
mechanisms, constituent phases, selection of elements and stoichiometry, as well as the historical
challenges and directions for future research.
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Table 1. The performance comparison of hydrogen-absorbing alloys with different chemistries [12].
The numbers in parentheses are the nominal B/A ratios. The symbols are ++ (superb), + (good),
0 (acceptable), and − (poor).

Properties AB2 (2) AB3 (3) A2B7 (3.5) A5B19 (3.8) AB5 (5)

AB2 number of units 1 1 1 1 0
AB5 number of units 0 1 2 3 1

Electrochemical capacity/weight ++ 0 + 0 −
Electrochemical capacity/volume 0 0 + 0 −

Pulverization of alloy, oxidation (corrosion) + + + − −
Reversibility of hydrogen absorption/release − 0 + 0~+ ++

Battery Life − 0 ++ 0 +

C14, C15, and C36 Laves phases are composed of the same A2B4 unit-block, but with different
stacking sequences; C14 has an a-b-a-b stacking sequence, which leads to a hexagonal structure
(Figure 1a); C15 has an a-b-c-a-b-c stacking and a cubic structure (Figure 1b); and C36 exhibits a-b-a-c
stacking and a rhombohedral (dihexagonal) structure (Figure 1c) [21–23]. The C14 and C15 phases
are more commonly observed in MH alloys, whereas the C36 phase may exist between the C14 and
C15 phases [24] but is difficult to identify using X-ray diffraction (XRD) [25,26]. Alloys with both
C14 and C15 crystal structures serve as hydrogen-storage (H-storage) alloys and electrode materials.
C15 alloys have better high-rate and low-temperature performance, however the C14 alloys were
more widely used earlier when alloy composition design was driven by capacity and cycle stability.
An AB2 MH alloy with a C14-predominated structure was used in the first commercialized electric
vehicle, EV1 by General Motor (Detroit, MI, USA). Similar alloys with the same structure were also
used in the first-generation Ni/MH batteries made by Gold Peak Industries (Hong Kong, China)
and Hitachi-Maxwell (Osaka, Japan). Recently, the electrochemical performances of a state-of-art
C14-predominate MH alloy were compared to those from a recently proposed C15-based MH alloy
together with a review of the development works done on the C15-based MH alloys [27]. In this paper,
we will review only research focused on the C14-predominated MH alloys.

Figure 1. Schematic of (a) C14 (hexagonal), (b) C15 (cubic), (c) and C36 (rhombohedral) crystal
structures [28].

2. Alloys Preparation

Conventionally, when used as the active material in negative electrodes of Ni/MH batteries,
the MH alloys are initially prepared by melting and casting. Then, an annealing process is applied
to the ingot to improve compositional uniformity and to reduce internal stress. To reach a final
particle size of less than 200 mesh (75 μm), most ingots need to be crushed into powder through
mechanical grinding or hydrogenation. The powder may require additional surface treatments to
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enhance its electrochemical properties. Negative electrode fabrication methods have been previously
reviewed [13].

2.1. Melting and Casting

A few preparation methods for MH alloys are described in an introductory article [29] that covers
conventional vacuum induction melting (VIM) [30], arc melting (AM) [31], centrifugal casting (CC),
melt-spinning (MS) [32–34], gas atomization (GA) [35,36], and mechanical alloying (MA) [37–39].
A vacuum plasma spray (PS) has also been employed for research purposes [40]. While AM only
produces small quantity of alloy (5 to 200 g) for laboratory use, VIM can produce ingots ranging from
1 kg to 1 ton (Figure 2). In terms of electrochemical property, no distinct difference is observed between
AB2 MH alloys prepared by VIM and those prepared by AM [41], except for a slightly higher capacity
obtained from VIM due to a larger sample/chamber ratio [42]. Samples from different locations of
a VIM-process ingot may have different microstructures, but the electrochemical capacities are very
similar. For example, the microstructures of different pieces of ingot prepared by a 60-kg VIM furnace
are shown in Figure 3. According to the analytic results from x-ray diffraction (X'Pert Pro, Philips,
Amsterdam, The Netherlands) and scanning electron microscope (SEM) (JEOL-JSM6320F, JEOL, Tokyo,
Japan) with the x-ray energy dispersive spectroscopy capability, this alloy is C14-predominant with
C15, TiNi, and families of (Zr, Ni) secondary phases. We obtained this composition by continuing
optimization and testing more than 400 alloys. The properties of C14-predominated alloys prepared by
VIM and other techniques were also previously compared [43] and are summarized in Table 2. Because
of the small sample size, use of expensive argon gas, and high utility costs from water chiller and arc
power supply, AM is the most expensive method for making MH alloys. Photographs of equipment
and different pouring processes are shown in Figures 4 and 5, respectively. SEM surface morphology
and cross-section micrographs of products are compared in Figures 6 and 7, respectively. A review of
Japanese Patent Applications shows 9 different ingot preparation methods for MH alloys [44]. For MH
alloys that are sensitive to oxygen contamination from the reduction of ceramic refractory used as
furnace crucible, a skull VIM melting can be used (Figure 8). MA in a shaker mill or an attritor is a
popular method for making meta-stable/amorphous alloys not allowed in the phase diagram [45]
(Figure 9).

Figure 2. Images of (a) a 200 g, (b) 60 kg, and (c) 1 ton vacuum induction melting (VIM) furnaces.
While the first two are currently installed in BASF-Ovonic, the third one is operated by Rare-earth
Ovonic Metal Hydride Alloy Company in Baotou, Inner Mongolia, China.
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Figure 3. Scanning Electron Microscope (SEM) cross-section micrographs showing the microstructures
from various locations of a 100-kg AB2 ingot with a composition of Ti9Zr26.2V5Cr3.5Mn15.6

Co1.5Ni38Sn0.8Al0.4 prepared by VIM. The electrochemical discharge capacities of ingots from locations
A, B, C, D, E, and F are 390, 400, 391, 402, 389, and 397 mAh·g−1 with a discharge current density
of 8 mA·g−1. The dark, white, and gray regions are ZrO2 inclusions, secondary phases (TiNi, ZrNi,
Zr7Ni10, and Zr9Ni11), and main C14 phases, respectively.

Figure 4. Images of (a) an arc melter, (b) a centrifugal casting VIM, (c) a melt-spinning VIM, and (d) a gas
atomizer. The first three are operated in Ovonic-BASF and the fourth one is in Eutectix, Troy, MI, USA.
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Figure 5. Images during operation of (a) a VIM, (b) a centrifugal casting (CC), (c) a gas atomization
(GA) (Courtesy of Daido Steel, Nagoya, Japan).

Figure 6. SEM micrographs showing top morphologies of alloys prepared by (a) VIM with a mechanical
crush-and-grind, (b) melt-spinning (MS), and (c) GA processes.

Figure 7. SEM cross-section micrographs from a C14-predominated alloy (Ti12Zr21.5V10Cr8.5Mn13.6

Co1.5Ni32.2Sn0.3Al0.4) prepared by (a) a conventional VIM, (b) GA, and (c) MS processes. Areas 1, 2, 3, 4,
and 5 in (a) are C14, C15, TiNi, body-centered-cubic (bcc), and ZrO2 phases, respectively, as determined
by their compositions and crystal structures.
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Figure 8. Images of skull melting: (a) water-cooling Cu rods, (b) application of refractory outside the
crucible, (c) setup of a crucible and a mold in a vacuum chamber, and (d) during operation (Courtesy of
Albany Research Center, Albany, OR, USA).

Figure 9. Images of (a) a shaker mill (Spex, Metuchen, NJ, USA) and (b) an attritor used in MA
processes (Union Process, Akron, OH, USA).
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2.2. Particle Size Reduction

Particle size influences capacity and high-rate dischargeability (HRD) behavior, but not activation
properties [46]. As such, a proper particle size is required for battery operation. Unlike the conventional
jar crusher used for AB5 MH alloys, the high hardness of C14 MH alloys requires a hydrogenation
process to create fissures and cracks for further grinding [47]. A stationary hydrogen reactor for
laboratory use (2-kg load), a prototype rotational hydrogen reactor (50 kg), and a mass production
stationary hydrogen reactor (5 tons) are shown in Figure 10. Operation details for the stationary and
rotational hydrogen reactors can be found in the associated U.S. Patents [48,49]. Further reduction to a
desirable size can be achieved by crushing [50], dry ball milling [51], wet ball milling [52], centrifugal
grinding, or jet milling [53]. Three different powder fabrication methods—hydrogenation, dry ball
milling, and wet ball milling—on a F-treated AB2 MH alloy, were compared and the third showed the
best electrochemical performance [54].

Figure 10. Images of (a) a 2-kg stationary, (b) a 3-ton stationary, and (c) a 20-kg rotational hydrogen
reactors. While the first one was taken in BASF-Ovonic, the rest of two were taken in Eutectix.

2.3. Annealing

The main purpose of annealing is to improve uniformity in both composition and micro-structure.
Annealing is a necessary step to prepare commercial grade AB5 MH alloys with a long cycle
life [55] (Figure 11a,b). In the case of AB2 MH alloys, non-Laves secondary phases improve the
electrochemical properties of an alloy [56] through synergetic effects [57] and are diminished by
annealing treatments [58–61]. Therefore, annealing is not required for AB2 MH alloys, except for
those prepared by GA and with a surface oxide layer, which can be reduced to the metallic state by
annealing in hydrogen [62] (Figure 11c). Annealing in Ar was also improved the capacity of GA- [63]
and MS- [64] produced AB2 MH alloys because of the ability to increase the surface crystallinity.
The positive contribution of thermal annealing to electrochemical capacity was previously reported by
Klein et al. [65].

Figure 11. Images of (a) a 4-ton vacuum annealer, (b) a 200-kg vacuum annealer, and (c) a 10-kg
flowing-hydrogen annealer. These pictures were taken in Rare-earth Ovonic Metal Hydride Company,
Ovonic-BASF, and Eutectix.
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2.4. Surface Treatment

Various surface treatments are available for AB2 MH alloys. A fluorination process can improve
the surface anti-corrosion capability [66–71] and HRD [72], while a hot alkaline bath helps remove
the native oxide that forms during the processes and creates a less dense oxide with catalytic Ni,
which further increases the surface’s catalytic ability [51,66,73,74] and HRD [72]. Other methods
include hot-charging performed at 80 ◦C [75], surface treatment in NH4F and NiCl2 solution [76],
NiO coating by the sol-gel method [77], electroless Cu-coating [78], ball-milling with [79,80] or without
Ni powder [81,82], ball-milling with La-containing AB5 or A2B7 MH alloys [83], and surface reduction
by KBH4 and NaBH4 [84].

3. Performance Criteria

The general requirements for an MH alloy that is suitable for use as the negative electrode in
Ni/MH batteries include high electronic conductivity, a durable anti-corrosion surface, high H-storage
capability, fast bulk hydrogen diffusibility, adequate metal-hydrogen (M-H) bond strength, acceptable
cost, small lattice expansion during hydrogenation, and environmental friendliness [85,86]. As the
applications of Ni/MH batteries become more versatile, the demands of MH alloys also vary.
We classify the prerequisites of specific alloy properties in accordance with application in Table 3.
For the AB2 MH alloys, the surface catalytic ability is not as good as those in AB5 and A2B7 MH
alloys, because of its lower B/A ratio, which contributes to a lower level of metallic Ni on the
surface [87]. But the corrosion product of AB2 alloy is dissoluble in electrolyte, which is different from
the highly packed oxide of rare earth elements (RE) in AB5 alloys, and makes it a better candidate for
high-temperature applications. The small hysteresis found in the pressure-concentration-temperature
(PCT) analysis between absorption and desorption isotherm in AB2 reduces the pulverization rate and
helps improve cycle stability [88,89].

Table 3. Performance requirements of MH alloy in various type of applications. The symbols are
++ (highly desirable), + (important), 0 (not critical), and × (unrelated). EV and HEV represent electric
vehicle and hybrid electric vehicle, respectively.

Alloy Requirements
High-Energy

(EV)
High-Power

(HEV)
Stationary

General Purpose
Stationary at High

Temperature
Stationary at Low

Temperature

H-storage Capacity ++ 0 + + +
H-diffusibility + ++ + + ++

Surface Catalysis + ++ + ++ ++
Anti-corrosion + 0 + ++ +

Equilibrium Pressure 0 ++ 0 × ++
Pulverization ++ + 0 + +

Cost ++ + ++ + +

4. Failure Mechanism

While the failure mechanism of the AB5 MH alloy has been studied extensively and reviewed in
detail [90], similar studies on AB2 MH alloys are rare [91,92]. Unlike the surface of AB5 MH alloys,
which are covered by an inert layer of La(OH)3 after numerous cycles, the AB2 MH alloy forms soluble
complex ions, including HZrO3

−, HMnO2
−, and AlO2

−., which migrate through the separator into
the positive electrode, causing micro-shorts and particle pulverization at the electrodes, which leads to
positive electrode failure. The surface passivation of AB5 MH alloys causes stable capacity degradation,
while the failure at the positive electrode with AB2 MH alloys creates a pressure increase, cell venting,
and a sudden capacity drop near the end of the cycle life (Figure 12). Three AB2 MH alloy degradation
modes (oxidation, pulverization, and amorphization) are discussed in this section.
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Figure 12. Comparison of cycle life in C-sized cell from AB5 and AB2 (MF139.173, Ti12Zr21.5V10Cr8.5

Mn13.6Co1.5Ni32.2Sn0.3Al0.4) alloys as negative electrode active materials. N/P denotes the ratio of
capacities of negative and positive electrodes and capacity in the unit of Ah was obtained with a C/2
charge rate and a C/2 discharge rate to 0.9 V cell voltage.

4.1. Oxidation

The activated (alkaline bath treated or cycled) AB2 alloy surface consists of a top
non-electrochemical reactive ZrO2 patch, a surface oxide (~200 nm) with embedded metallic
Ni/Co-clusters [10,93], and an amorphous buffer layer (~100 nm) underneath [94]. In one example,
the Zr/Ti ratios are 8.2, 1.2, 0.8, and 1.9 for the top oxide, supporting oxide, buffer oxide, and bulk,
respectively, which indicates a higher leaching rate for Zr compared to that of Ti [94]. The metallic
inclusions on the surface of the AB2 alloy were thought to be vital for the surface electrochemical
reaction until it was determined that electrolyte-conducting channels coated with catalysts on the
surface of the inner side of the alloy bulk can significantly improve low-temperature performance [95].
The leaching rates of constituent elements from a typical C14 MH alloy are calculated in Table 4
and follow the trend of Al > V > Zr > Ti > Mn. Oxidation and pulverization are the major capacity
degradation mechanisms for AB2 MH alloys [96,97].

Table 4. Calculation of leaching rate in 100 ◦C/30% KOH of a C14 MH alloy with a composition of
Ti12Zr21.5V9.5Cr4.5Mn13.6Co2Ni36.2Sn0.3Al0.4. Data are from [87].

Element Ti Zr V Al Mn

Amount in alloy (at %) 12.0 21.5 9.5 0.4 13.6
Concentration in solution after 1 h etching (ppm) 0.6 15.6 11.4 7.8 0.4
Concentration in solution after 4 h etching (ppm) 1.0 48.9 33.8 28.1 0.5

Leaching rate after 1 h etching (ppm/at %) 0.05 0.73 1.2 19.5 0.03
Leaching rate after 4 h etching (ppm/at %) 0.08 2.27 3.6 70.2 0.04

4.2. Pulverization

Particle pulverization is a key failure mode for AB2 MH alloys, because it increases the surface
area of the electrode, which leads to more severe oxidation [98]. High internal stress exists in AB2 MH
alloy after hydrogenation, and cannot be removed by annealing because of the beneficial multi-phase
structure. Thus, the initial pulverization due to the internal stress in AB2 MH alloys is more severe
than that in AB5 MH alloys. But, because of the synergetic effect between the main storage phase
and the catalytic secondary phase, the PCT hysteresis (the main reason for pulverization during
hydride/dihydride cycling) in AB2 is much smaller than that in AB5 and, thus, a small degree of
pulverization during cycling is expected from AB2. Two SEM micrographs showing the pulverizations
after activation (10 cycles) and near the end of cycle life (450 cycles) are presented in Figure 13.
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Interestingly, a V-free AB2 MH alloy also shows a higher pulverization rate than a V-containing
alloy [92].

Figure 13. SEM cross-section micrographs of a C14 MH alloy at (a) 10th cycle, just after initial activation
and (b) 450th cycle, at the end of cycle life.

4.3. Amorphization

Hydrogen-induced-amorphization (HIA) frequently occurs on AB2 alloys [99,100], especially
those with an atomic radius ratio between A- and B-site atoms (RA/RB) > 1.37 [101]. The amorphous
alloy may have a lower electrochemical capacity [101,102] but better HRD [103,104] compared to its
crystalline counterpart. An amorphous C14 MH alloy went through MA and its capacity decreased
from 325 to 25 mAh·g−1 [105]. A similar degradation of capacity caused by amorphization from MS
has been previously reported [64].

5. Non-Laves Secondary Phases

During cooling from the liquid, the C14 phase solidifies first, followed by the C15 phase, and then
finally a TiNi phase. The TiNi phase further transforms into Zr7Ni10, Zr9Ni11, and ZrNi phases via
solid-state reactions [106–109] (Figure 14). When other modifiers are present, additional secondary
phases are also formed. These secondary phases may not store large amounts of hydrogen, but they
may improve electrochemical performance through the synergetic effect [57].

Figure 14. X-ray energy dispersive spectroscopy Cr-mapping from MH alloys with (a) 3.5 at % Cr and
28 wt % C14, (b) 5.5 at % Cr and 53 wt % C14, and (c) 8.5 at % Cr and 87 wt % C14. The three phases
are C14, C15, and ZrxNiy in order of decreasing brightness.

5.1. TiNi

A TiNi phase is a commonly observed secondary phase in C14 MH alloys. TiNi has a large
soluble Zr content [110]. Occasionally, the Zr-content in the TiNi phase can be larger than the
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Ti-content [111]. A TiNi phase was found to increase the discharge capacity, and to improve the
charge retention and cycle life while lowering HRD capability [56]. In addition, it is known to improve
low-temperature kinetics [112,113]. The electrochemical performances of TiNi-based MH alloys were
previously reported [114–117].

5.2. ZrxNiy

Three Zr-dominated secondary phases are commonly seen in C14 MH alloys, specifically
ZrNi [30], Zr9Ni11 [65,118], and Zr7Ni10 [118]. ZrNi and Zr7Ni10 phases are found to increase HRD,
but sacrifice capacity and cycle stability, while Zr9Ni11 does the opposite [56,119]. Zr7Ni10 gradually
shifted to Zr9Ni11 as secondary phases in C14 MH alloys with increasing V-content [120].
The electrochemical properties of ZrNi [30,121–123], Zr9Ni11 [121,124,125], Zr7Ni10 [30,121,124–127],
and other Zr8Ni21 [30,121,124,125,128], Zr2Ni7 [30,121,129], and ZrNi5 [130] based MH alloys are
also available.

5.3. V-Based bcc Solid Solution

In the MH alloys with a high V-content, a V-based body-centered-cubic (bcc) is commonly
observed [131–133]. This phase is unlikely to corrode and remains at the surface after activation [72].
As the V-content and the B/A ratio increases, the microstructure of the alloy will change
from a predominated Laves phase into a Laves-phase-related bcc two-phase solid solution [134].
The electrochemical storage of the two-phase alloy is higher, but the HRD suffers in the Laves-phase
alloy [135].

5.4. ZrO2

ZrO2 is formed during the melting stage and acts as an oxygen scavenger [136], which is ordinarily
seen in C14 MH alloys with higher Zr/Ti ratios [111]. It forms a protective barrier against oxidation [72],
but does not form hydride under normal operating conditions in batteries [137].

5.5. Other Secondary Phases

Other secondary phases can be detected using non-transition metal modifiers, such as RE.
The solubility of RE in the C14 phase is extremely low and the addition of Y, La, Ce, Nd results in
the formation of YNi [138], LaNi [139], CeNi [140], and NdNi [141] phases, respectively. These RE-Ni
phases are detrimental to the electrochemical performance of MH alloys [112]. Like RE-Ni, the ScNi
secondary phase increased discharge capacity, but weakened cycle stability [142]. A combination
of hypo-stoichiometry and the addition of RE can boost low-temperature alloy performance [113].
High Mg-content secondary phases have been detected and facilitate the activation process [143,144].
A ZrC phase was formed with a C-addition and improves charge retention but deteriorates cycle life,
HRD, and low-temperature performance. Zr2Ni2Sn [56,136] and Zr (Ni, Mn) Sn0.35 [145] phases can be
found in alloys with a relatively high Sn-content and are detrimental to the alloys’ electrochemical
performance. The structure and properties of Zr2Ni2Sn have been reported [146].

6. Selections of Element

AB2 alloys have a greater compatibility of constituent elements, compared to that of AB5 MH
alloys, because of their superb solubility of components and great number of available phases.
The compatibility of substituting elements makes AB2 a better candidate to meet various application
demands. Laves phase alloys are composed of A-site and B-site atoms (Figure 1). The A-site atom
is usually larger than the B-site atom, but tends to shrink as the electronegativity of the B-site atom
increases, resulting in electron transfer. The ideal RA/RB is 1.225 [147].
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6.1. A-Site Element

For electrochemical applications, Ni, with an atomic radius of 1.377 Å in the Laves phase, is the
major B-site element [148], which limits the choice of A-site element to those with an atomic radius of
approximately 1.68 Å. Some physical properties of the A-site atoms are summarized in Table 5. Ti and
Zr are the most frequently used A-site elements in Laves phase MH alloys because of their availability.
Zr has the strongest M-H bond (lowest heat of hydride formation [149]) and the adjustment of Zr/Ti
content is the most effective method to change M-H bond strength.

Table 5. Properties of A-site elements in AB2 alloys. IMC denotes intermetallic compound.

Properties Ti Zr Hf Nb Pd

Atomic Number 22 40 72 41 46
Atomic Radius in AB2 1.614 1.771 1.743 1.625 1.521

Electronegativity 1.54 1.33 1.30 1.60 2.20
Earth Crust Abundance (%) 0.66 0.013 3.3 × 10−4 1.7 × 10−3 6 × 10−7

Melting Temperature (◦C) 1668 1855 2150 2468 1555
ΔHh (kJ·mol H2

−1) −136 −164 −161 −83 −41
Number of IMCs with Ni 3 8 8 3 0

6.1.1. Titanium

Ti results in weaker M-H bond strength, higher PCT equilibrium pressure [65], and improved
HRD performance [41,150,151]. Ti forms an inert layer of TiO2 and impedes activation [31,152],
which improves cycle stability [153] and causes capacity degradation [154]. However, another group
reported that Ti is beneficial for improving activation [155]. Ti-content impacts the discharge capacity
in two competing ways: weaker M-H bonds lead to a lower capacity, but higher plateau pressure also
improves the reversibility and increases the discharge capacity. Previous research has documented that
increasing Ti-content has led to increasing [156–159], decreasing [155,158,160], and unchanged [150]
electrochemical discharge capacities. A high Ti-content also contributes to a higher abundance of bcc
phase [161] and a higher C14 abundance [162] because of its higher chemical potential [163].

6.1.2. Zirconium

To maintain stoichiometry in comparison to AB2, the sum of Ti- and Zr-contents is approximately
33 at %. Therefore, Zr has the opposite effects of Ti. A higher Zr-content will stabilize the hydride [163]
and lower HRD [150]. The bulk oxide of Zr is usually formed during solidification and has a higher
solubility in KOH solution than TiO2 [87]. A dense layer of ZrO2 formed on the surface of the Zr
particles during powder processing (grinding, sifting, and packaging), and impedes the activation
process [152,164,165].

6.1.3. Hafnium

Not many studies have examined the electrochemical properties of Hf- substituted AB2 MH
alloys [42,160]. An XRD study confirms that Hf and Ti share the A-site and V and Ni are found in the
B-site [166]. Hf-substitution yields a slightly smaller unit cell [167], which is unexpected because of
its relatively large atomic radius (Table 5). The reduced lattice constant c/a ratio with the addition
of Hf [167] predicts a lower pulverization rate. Partially substituting Hf for Zr results in a lower
electrochemical capacity, but a higher HRD [160].

6.1.4. Niobium

Nb occupying the A-site was confirmed by a Rietveld analysis with XRD data from a substituted
ZrCr2 alloy [168]. Partial replacement of Zr by Nb leads to a smaller C14 unit cell volume and,
consequently, a higher PCT plateau pressure [169]. It increases the C14 phase abundance and reduces
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lattice constants [167]. Like Hf, Nb also contributes to a reduced lattice constant c/a ratio [167] leading
to a smaller pulverization rate. The NiNb secondary phase is a poor catalyst/H-storage material
and, remarkably, reduces the surface exchange current [169]. Like Hf, Nb-substitution deteriorates
capacity [42], but enhances HRD [160].

6.1.5. Palladium

Pd is smaller than both Ti and Zr, and when it enters the A-site, it reduces the unit cell of the Laves
phases, which results in a decrease in discharge capacity. However, it also enhances the surface catalytic
ability and improves both HRD and low-temperature performance for the alloy [170]. Improvement in
HRD of C14 alloys was also reported by Yang, Ovshinsky, and their coworkers [171,172].

6.1.6. Scandium

Use of Sc, another expensive additive, in AB2 MH alloy is scarce. The gaseous phase H-storages
of C15/C36 ScM2 (M = Fe, Co, and Ni) were reported [173] with an electrochemical study of a C15
ScNiCo0.2Mn0.5Cr0.2 alloy [174]. The partial replacement by Zr and Y in Sc-based C15 showed cycle
stability improvement with the corresponding sacrifice in discharge capacity [142]. The addition
of Sc increased the abundance of the ZrNi secondary phase, improved the activation and capacity,
but resulted in a trade-off in HRD [175].

6.2. B-Site Element

Ni is the most widely used B-site element in alkaline battery applications. However, Ti, Zr,
and their mixture do not form Laves phase intermetallic compound (IMC) with Ni [176]. Therefore,
B-site substitutions, mainly from the first row of transition metals—because of their availability and
light weight—are essential for the stability of Laves phase IMC. Both the electron affinity and the
atomic radius decrease as the atomic number of the modifier atom increases, which reduces the
average metal-hydrogen bond strength, increases plateau pressure, and decreases H-storage capacity.
With different solubility and chemical properties related to corrosion, these modifier elements are
crucial for engineering various electrochemical properties and will be reviewed in the following
sections. Various properties of the first-row transition metals are summarized in Table 6. The atomic
radius of the element decreases as the atomic number increases until Ni and then increases from Cu
and Zn. The number of IMC with Ti also increases roughly with increasing atomic number.

Table 6. Properties of first-row transition metal elements as B-site atoms in AB2 alloys.

Properties V Cr Mn Fe Co Ni Cu Zn

Atomic Number 23 24 25 26 27 28 29 30
Atomic Radius in AB2 1.491 1.423 1.428 1.411 1.385 1.377 1.413 1.538

Electronegativity 1.63 1.66 1.55 1.83 1.88 1.91 1.90 1.65
Earth Crust Abundance (%) 0.019 0.014 0.11 6.3 0.003 0.009 0.007 0.008
Melting Temperature (◦C) 1890 1857 1245 1535 1495 1453 1083 420

ΔHh (kJ·mol H2
-1) −35 −8 −8 10 15 −3 20 8

Number of IMCs with Ti 0 1 1 2 4 3 5 7

6.2.1. Vanadium

V is the only B-site element that brings high H-storage capacity [17]. It results in a more stable
hydride, more disorder, but also decreases peak power and charge retention [177]. The high leaching
rate of V is the main cause of poor charge retention in conventional V-containing MH alloys [87,178].
The high electronic conductivity of V also improves the activation property of alloys [179]. A balance of
V-content is needed to optimize battery performance [180]. V-free MH C14 MH alloys were designed
to address the charge retention issue, but did so at the expense of cycle stability [144,178]. The large
atomic radius of V enlarges the alloy unit cell and reduces the volume expansion during hydrogenation,
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which in turn reduces PCT hysteresis and pulverization tendency [181], which results in a shorter cycle
life [42]. Reports of V lowering capacity are also available [42].

6.2.2. Chromium

The addition of Cr in C14 MH alloys improves cycle stability [11,131,182–185] and charge
retention [11,184,186] but decreases the HRD [11,186,187], capacity [131], and activation tendency [11].
Cr can suppress segregation of Ti, Zr, and V on the surface of MH alloys [188], retarding the
oxidation of V by forming a V-based bcc solid solution secondary phase [131,189], and slowing
down pulverization [190]. Retarding HRD by adding Cr was further attributed to poor bulk hydrogen
diffusibility and surface exchange current [133]. Compared to Co, Cr promotes a dendritic grain
structure that is beneficial for cycle stability [118]. Its capability of reducing PCT hysteresis also
contributes to a longer cycle life [11].

6.2.3. Manganese

Partial replacement of Ni by Mn increases capacity [17,186], facilitating the formation process [186],
but deteriorating the cycle life of the battery because of its poor oxidation resistance [186,191] and
results in micro short-circuits [192]. A high Mn-content in an alloy reduces the cycle life and charge
retention because of poor oxidation resistance in the KOH electrolyte [11]. A low Mn-content provides
improves activation, capacity, and HRD [193]. Therefore, a careful balance between the content of
Mn- and other B-elements is necessary to optimize battery performance [11,42]. In a separate report,
Mn was found to increase the discharge capacity and exchange current density while hindering HRD
and cycle stability [194]. Mn facilitates homogenizing the chemical composition of different constituent
phases in a multi-phase alloy system [11].

6.2.4. Iron

In V-containing C14 alloys, the addition of Fe facilitates activation, increases the discharge
capacity and surface reaction area, decreases HRD [131] and hydrogen diffusibility, and impairs
low-temperature performance [195]. However, reports also suggest that Fe contributes to a low
capacity [42] and higher cycle life [196,197]. In a V-free C14 alloy, the addition of Fe improves
low-temperature performance, but hinders cycle life and charge retention [144]. The solubility of Fe in
Zr7Ni10 and Zr9Ni11 phases is lower than that in TiNi phases, which explains the promotion of TiNi
phase by Fe-addition [195].

6.2.5. Cobalt

Co promotes an equiaxial grain structure that improves surface reaction kinetics, activation,
and capacity, but deteriorates cycle stability [196]. An optimal Co-content in a C14 MH alloy of 1.5 at %
provides the best performance in terms of formation, cycle life, and charge retention, but exhibits worse
specific power and low-temperature performance compared to other compositions [111]. Compared to
other modifiers, such as Fe, Cu, Mo, and Al, Co-substituted C14 MH alloys show a relatively higher
discharge capacity [120,198,199], good cycle performance [120,193,199], and poor HRD [152]. Reports
on Co-substituted C14 MH alloys with increased plateau pressure [200], a reduced capacity [200],
and a lower cycle life [42] are also available.

6.2.6. Nickel

Ni is the most efficient catalytic B-site element because of the formation of metallic clusters
embedded in the surface oxide after activation [87,201,202]. The introduction of Ni greatly improves
electrochemical behavior [203], HRD [11], low-temperature performance [11,202], surface exchange
current [204], and cycle stability [186], but impedes charge retention [11].
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6.2.7. Copper

In a typical C14 MH alloy, the addition of Cu, with is high degree of pulverization,
facilitates activation processes and improves discharge capacity and low-temperature performance,
but decreases HRD because of lower hydrogen diffusibility [205]. Cu has also been reported to impair
cycle stability [206] and lower capacity [42].

6.2.8. Zinc

Zn has an extremely low melting point compared to its neighbors’ in the periodic table (Table 6)
and is unable to remain in the C14 alloy at a melting point above 1350 ◦C. Therefore, ZnNi [207] and
ZnCu [208] IMCs were used as raw materials to reduce Zn loss from evaporation. 1 at % Zn results
in an increase in discharge capacities, a slight decrease in HRD, an easier activation process, and a
satisfactory low-temperature performance [207].

6.2.9. Second Row Transition Metals (Mo)

Mo is the only element in the second row of transition metals that is used as a modifier in the C14
MH alloys, as it is accessible and not very toxic. According to our recent study, partial substitution of
Co by Mo in a C14 MH alloy increases both the bulk diffusibility of hydrogen and surface catalytic
ability, which leads to improved HRD and low-temperature performance [209]. Mo also improves
charge retention and cycle stability, but yields a slightly lower capacity [209]. The cycle stability
improvement of C14 MH alloy using Mo was also reported [42]. However, reports on the negative
impact of Mo on the capacity, cycle life, and activation of C14 MH alloy are also available, presumably
due to lack of Cr or Co in the composition [197,199]. Partially replacing Cr with Mo increases the
gaseous phase H-storage capacity [210,211], ease of activation, and HRD [212].

6.2.10. Third Row Transition Metals (W, Pt)

W and Pt are the only two elements in the third row of the transition metals that are used because
of concerns with availability and weight. W improves corrosion resistance and self-discharge of C14
MH alloys [213]. The addition of Pt in a C14 ZrCrNi alloy with an annealing treatment improved HRD
and capacity because of the high catalytic activity of Pt for hydrogen electrosorption processes [214].

6.2.11. Group 13 Elements (B, Al)

B exhibits excellent solubility in V-free C14 MH alloys and contributes to a lower capacity,
a high HRD, and improved superior low-temperature performance [144]. In V-containing alloys,
B increased cycle stability [215] and bulk diffusion [216], however it also results in decreased capacity
and HRD [216]. Reports on the positive contributions of B to HRD and low-temperature performance
in V-containing C14 alloys are also available [217]. Ball milling C14 alloys with B show improved cycle
stability at the cost of a lowered capacity [218].

Al is the most frequently used non-transition metal in Laves phase MH alloys. Al use has been
shown to strongly correlate with a high capacity and a good HRD performance [219]. Al additives,
together with Co, positively contribute to activation, charge retention, HRD, and low-temperature
performances [136,220]. In the gaseous phase, Al was also shown to reduce PCT hysteresis, which in
turn retards pulverization [200]. This also contributes to a lower flammability, which enhances
safety in powder handling [221]. Even with the highest leaching out rate observed in Table 4,
Al has been reported to improve the corrosion resistance of alloys, leading to better charge retention
performance [164,213,222].

6.2.12. Group 14 Elements (C, Si, Ge, Sn)

In V-free C14 alloys, the addition of C promotes the formation of a ZrC secondary phase
and improves charge retention, but also deteriorates low-temperature performance, cycle life,
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   

                 
             
        

             
         
                 
            
               
     
                
    

                
            
                 
                
              
                 
               
                
           

      

                 
                 
           

   

               

                 
              
  

     

               
                 
            
        
                    
   

    

                
               
              
          
                 
                  
            
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6.3.3. Rare Earth (RE) Metals

A great number of studies have focused on how to solve the slow activation of RE-incorporated
C14MH alloys [67,165,184,239–243]. Low solubility of RE in Zr, Ti-based C14 IMC promotes a RE-Ni
(AB) secondary phase and facilitates activation processes [244]. Properties of commonly used
REs as modifiers in the AB2 MH alloy are summarized in Table 7. La, Ce, and Sm are the least
expensive. In general, the ionic radius, ease of oxidation, and MH-bond strength become smaller
when the atomic number increases. Previous studies in a comparison series of RE-doped C14 MH
alloys [112,113,138–141] showed that the RE-Ni phase is beneficial for activation, but detrimental to
HRD and low-temperature performance, and that a careful stoichiometric design is needed to balance
the abundance of the RE-Ni and TiNi phases [113]. The incorporation of La provides the greatest
low-temperature performance, but a contradictory microstructure (an increase in the detrimental LaNi
phase and corresponding decrease in the beneficial TiNi phase). Further TEM studies indicated that
the Ni-Cr alloy channeled and catalyzed by a single-crystal sheet contributes to improvements in the
surface catalytic ability of La-incorporated alloys [95]. Gd remains as a metallic inclusion when melted
with C14 MH alloys and improves low-temperature performance, but deteriorates HRD, cycle stability,
and charge retention [144]. Instead of using RE, which are nearly insoluble in Laves phase alloys,
MA was used and achieved similar effects of capacity and activation [245]. In addition to adding RE in
elemental form, RE-containing AB5 [246,247] and A2B7 [248] can be used for similar results.

Table 7. Properties of some REs used as additives in AB2 MH alloys.

Properties Y La Ce Pr Nd Sm Gd Yb

Atomic Number 39 57 58 59 60 61 55 70
Price (US$/kg) [249] 35 7 7 85 60 7 55 95

Ionic Radius in Laves (Å) [148] 1.990 3.335 2.017 2.013 2.013 1.990 1.992 1.990
Electronegativity 1.22 1.10 1.12 1.13 1.14 1.17 1.20 1.24

Melting Temperature (◦C) 1522 918 798 931 1021 1072 1313 819
Oxidation potential (V) −2.372 −2.379 −2.335 −2.353 −2.323 −2.304 −2.279 −2.19

Heat of Hydride Formation (kJ·mol H2
−1) [250] −114 −97 −103 −104 −106 −100 −98 −91

6.4. Summary of Modifier Studies

Unlike AB5, AB2 MH alloys are compatible with a remarkable number of elements. The degree
of impact for commonly used elements on MH alloy properties are summarized in Table 8. Proper
selection of elements can be based on the alloy requirements after checking each of the seven rows.
Meanwhile, the pros and cons of each element can be easily evaluated in the corresponding column.

Table 8. Influence of commonly used modifiers to C14 alloy performance. The symbols are ++ (highly
beneficial), + (beneficial), 0 (no significant effect), and − (detrimental). Degree of pulverization is the
combination of actual measurement [88] and estimation from PCT hysteresis and C14 phase lattice
constant ratio a/c. Equilibrium pressure changes are indicated with up or down arrows.

Alloy Requirements Ti Zr V Cr Mn Fe Co Ni Cu Zn Al Si La

H-storage Capacity − ++ + 0 0/+ 0 + 0 0 0 + 0 0
H-diffusibility + − − 0 0 − 0 0 − + + + +

Surface Catalysis − + + − − − 0 ++ − + + + ++
Anti-corrosion + − − ++ − 0 0 ++ 0 0 0 0 0

Equilibrium Pressure ↑↑ ↓↓↓ ↓↓ ↓ ↓ 0 ↑ ↑ 0 0 ↑ 0 0
Anti-pulverization + − 0 − 0 0 0 0 − − + − 0

Cost 0 0 − + ++ ++ − 0 ++ ++ ++ ++ +

7. Stoichiometry

An IMC with a fixed stoichiometry comes with a large negative heat formation [45]. The different
energy levels of anti-site and vacancy defects in a specific IMC may change its stoichiometry
range [251–253]. If the energy for such defects is relatively low, a wide range of compositions
(off-stoichiometry) are expected, among which AB2 Laves phase alloys make up the largest portion in
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IMC [21]. Compositions of a few IMCs based on Group 4 elements (Ti, Zr, and Hf) as A-site atoms
are listed in Table 9 and plotted in Figure 15 as a function of RA/RB. IMCs with a C14 structure
have a wider composition range (more likely to suffer from point defects) and the phase solubility
of IMCs with a C15 structure becomes larger as the radii ratio increases. An AB2 alloy with a B/A
ratio below 2.0 is a hypo-stoichiometric IMC. The reason that more hypo-stoichiometric IMCs tend
to form as the radii ratio increases is that a relatively small B-atom more rapidly forms a double B
in A-site (dumbbell model [254]) and further increases the B/A ratio. The characteristics of a few
off-stoichiometric C14 MH alloys were previously compared [45,255,256] and important results are
summarized in the next three sections.

Table 9. Solubility (range of A-site atom concentration in at %) of Laves phase IMCs (radius from [148]
and solubility from [257]).

IMC Structure RA/RB Solubility (at%)

ZrV2 C15 1.19 33.3
HfV2 C15 1.17 33.5–34.5
TiCr2 C15 1.13 35–37
ZrCr2 C15 1.24 31–36
HfCr2 C15 1.22 33–35
TiMn2 C14 1.13 30–40
ZrMn2 C14 1.24 20.8–40
HfMn2 C14 1.22 25.5–38
TiMn2 C14 1.14 27.5–35.5
ZrMn2 C15 1.26 27.1–34
HfMn2 C15 1.24 32–33.5
TiCo2 C15 1.17 33–33.5
ZrCo2 C15 1.28 27–35
HfCo2 C15 1.26 27–36

Figure 15. Plot of solubility (composition range) vs. ratio of atomic radii between A-site and B-site
atoms from Ti, Zr, Hf-based Laves phase intermetallic compounds (IMCs). Red and blue dots are the
upper and lower bounds of the AB2 soluble range (yellow vertical line) in the composition. Data points
in red circles are from C14 phases and other unmarked data points are from C15 phases.

7.1. Stoichiometric Alloy

The stoichiometric C14 MH alloys with a B/A ratio close to 2.0 have the highest electrochemical
capacity and surface exchange current, and the smallest PCT hysteresis (least pulverization) [256] and
is the most studied alloy stoichiometry in the field of battery applications.
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7.2. Hypo-Stoichiometry

A C14 alloy with a B/A ratio below 2.0 is a hypo-stoichiometric IMC. The relatively low B/A
ratio promotes the occurrence of AB phase (typically TiNi with a B2 structure) and improves activation
behavior [256]. In a MS + annealing sample, the additional Ti (hypo-stoichiometry) increases both
the capacity and cycle life of the electrode [64]. In a gaseous phase study of a TiCr based C14 alloy,
a hypo-stoichiometry ratio (B/A of 1.8) gave the highest H-storage capacity [211].

7.3. Hyper-Stoichiometry

A hyper-stoichiometric C14 alloy has a B/A ratio higher than 2.0 and shows a high HRD [151,256],
a high open-circuit voltage (from a higher PCT hydrogen equilibrium pressure) [256], and a flat PCT
plateau [256]. The hyper-stoichiometric alloy also shows an improved cycle life, due to increased
mechanical stability during cycling [185,258]. As x increases in a series of hyper-stoichiometric
alloys ABx (x = 2–6), the bcc phase abundance increases, and results in improvements in capacity,
kinetics [259], and cycle stability [260].

8. Discussions

The Ovonic Battery Company (Troy, MI, USA) focused on research about AB2 MH alloys
for Ni/MH battery applications for more than three decades before being acquired by BASF
(Ludwigshafen, Germany) in 2012. Throughout the years, we witnessed changing market demands
and the corresponding reaction from the research communities. Before the successful debut of the
commercialized Ni/MH battery in 1988, two main hurdles of the AB2 MH alloy were slow activation
and poor cycle stability. While the former was addressed by fluorination and hot alkaline baths,
the latter was improved substantially by composition modifications, mainly the introduction of Cr and
consequent bcc secondary phase. The challenge to the first generation AB2-made Ni/MH battery was
the self-discharge and was solved by the combination of V-free alloys and the use of the sulfonated
separator. At that stage, AB2 MH alloys were successfully used in products made by Hitachi-Maxell
(Tokyo, Japan), Gold-peak (Hong Kong, China), and General Motors (Detroit, MI, USA). With the
cheap misch-metal (main raw material for the rival AB5 MH alloy) available from China, AB2 MH
alloys started to phase out from the consumer market at the turn of the century. Later, the upset of RE
prices in 2010 created opportunities for AB2 MH alloys. However, the bar to enter the market has not
been raised in favor of AB2, mostly in the high-rate dischargeability requirement for HEV and power
tools. The superlattice alloy used by FDK (Tokyo, Japan), Panasonic (Osaka, Japan), and Kawasaki
Heavy Industry (Tokyo, Japan) became a strong competitor with a capacity between AB2 and AB5,
but better high-rate performance. Mg, an indispensable element in the superlattice alloy, makes it more
vulnerable to KOH electrolyte attack, but was mitigated using surfactant additives in the negative
electrode paste [44]. The structure of the superlattice allows the removal of Mn and Co from the
composition and improves the charge-retention characteristics tremendously [261]. At the current
stage, AB2 has a hard time competing with AB5 in term of price and superlattice alloys in terms
of performance.

However, new opportunities started to appear when the conventional Ni/MH battery based on
the RE-based AB5 or A2B7 alloy lost the battle against the rival Li-ion technology. New applications
require greater performance improvement in certain areas. For example, a solid-state battery with
a thin solid separator [262] and ultra-high-power application with a very thin separator require a
spherical MH alloy shape, which can be produced using GA techniques. Superlattice alloy with Mg
inside cannot tolerate the Mg-vaporization because of the large surface area of the powder produced
in the GA process, whereas GA with an associated annealing process already been successfully
developed for AB2 MH alloy [62]. The battery/fuel cell combination requires a MH alloy operated at
intermediate temperature range (200–250 ◦C) [263]. The other opportunity is in stationary applications
that require tolerance in the environment of above 50 ◦C [3,4,264]. While the RE-containing AB5 and
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A2B7 MH alloys form an impeccable surface oxide in the high-temperature environment, the transition
metal-based AB2 MH alloys leach out at a higher speed and are totally controllable by the composition
re-adjustment. In the case of the new start-stop automobile application, a low-temperature cranking
power is desperately needed [265]. There are a few elements contributing to the low-temperature
performance of AB2 MH alloys through different mechanisms, for example, Y for surface area increase,
La, Pd and Mo for surface catalytic ability improvement, and Fe for the increase of beneficial TiNi
secondary phase. The pouch cell design (like commercially available Li-ion battery for cell phones) of
Ni/MH battery operating under a flooded electrolyte configuration requires new MH alloys with a
very low plateau pressure and a highly electrochemically catalytic surface [266,267]. The last example
is the need for new high-capacity MH alloys that fully utilize the wide voltage window of the newly
developed ionic liquid electrolyte [268]. The new chemical environment (electrolyte interface) and
lifting of voltage constraint (from competition of hydrogen evolution) present new challenges (i.e.,
opportunities) for the development of new MH alloys. Although the function of each modifying
element in specific areas has been studied and reported in the current work, combinations and the
accompanying synergetic effects among these elements have not been reported. Therefore, a review
like the current work only provides a guideline for future research. Readers are encouraged to use
the results of this study to pursue further performance improvements in C14 Laves phase based
MH alloys.

9. Conclusions

The main advantages of C14 Laves phase based metal hydride alloys are higher capacities and
flexibilities in composition, stoichiometry, and constituent phases, which allow fine tailoring in the
electrochemical performance to meet the demands of different applications. Decades of research in this
area have already solved historical hurdles in C14-based alloys, such as slow activation, low cycle life,
high self-discharge, and poor low-temperature performance. To face the new challenges from future
applications, we have compiled comprehensive comparisons of preparation methods, alloy property
requirements, the pros and cons of each constituting/modifying element, and choice of stoichiometry
in the current study. Based on these previous works, new directions for additional improvement
in the electrochemical performance should focus on the combination of modifier elements with
different functions.
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Abbreviations

The following abbreviations are used in this manuscript:

Ni/MH Nickel/metal hydride
MH Metal hydride
H-storage Hydrogen-strorage
VIM Vacuum induction melting
AM Arc melting
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CC Centrifugal casting
MS Melt spinning
GA Gas atomization
MA Mechannical alloying
PS Plasma spray
SEM Scanning electron microscope
bcc Bady-centered cubic
HRD High-rate dischargeability
M-H metal-hydrogen
RE Rare-earth elements
PCT Pressure-concomposition-temperature
EV Electric vehicle
HEV Hybrid electric vehicle
N/P Negative/Positive
HIA Hydrogen-induced amorphization
IMC Intermettalic compound
TEM Transmission electron microscope
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Abstract: Both the patents issued and applications filed in China regarding nickel/metal hydride
(Ni/MH) battery technology are reviewed in the article. Selective works from 39 battery manufactures,
9 metal hydride alloy suppliers, 13 Ni(OH)2 suppliers, 20 hardware suppliers, 19 system integrators,
universities, and 12 research institutes are included. China being the country that produces the most
Ni/MH batteries is relatively weak in the innovation part of intellectual properties when compared to
the US and Japan. However, it produces very many patents in the areas of cell structure optimization
and production processes. Designs of high-capacity, high-power, and low-cost cells are compared
from different manufacturers.

Keywords: nickel metal hydride battery; Chinese Patent; metal hydride alloy; nickel hydroxide;
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1. Introduction

The nickel/metal hydride (Ni/MH) battery is an important technology for consumer portable
electronics, stationary, and transportation applications [1–3]. Even with the strong competition from
the rival Li-ion battery [4–7], Ni/MH still finds its niche market in replacing nickel-cadmium (NiCd)
and primary batteries [8–10]. China has been the country that has produced the most (>70%) of the
consumer-type Ni/MH batteries for the world since the turn of the century. China has also started
to produce Ni/MH batteries for hybrid electrical vehicles produced domestically [11]. While the
main mission for the Chinese companies is to make a profit from selling products, many of them
have devoted resources to the research and development of Ni/MH batteries—from raw materials,
components, the cell, the battery pack, to various applications. Since the intellectual properties
belonging to foreign companies have already been reviewed in two prior publications [12,13],
only those filed by domestic companies are covered in this article. Three different types of patents
are allowed in China: invention patent, utility model, and proactive. In this review, we focus mainly
on the invention part unless the content is unique and important. The discussions are classified
by the functions of those companies owning the patent right from the battery manufacture, metal
hydride (MH) alloy producer, Ni(OH)2 producer, other hardware producer, and system integrator.
The relationship between these companies is illustrated in Figure 1. These Chinese issued patents
and patent applications can be found online with the English translation of the abstract on the official

Batteries 2017, 3, 24 39 www.mdpi.com/journal/batteries

Bo
ok
s

M
DP
I



Batteries 2017, 3, 24

site of the State Intellectual Property Office of the People’s Republic of China (SIPO) [14]. The full
patent application in Chinese can be accessed from the website of the patent search engine—SooPAT as
well [15]. The patent application number starts with the year of application, for example 200510087099.
The issued patent has a shorter number such as 01242474.

Figure 1. Schematic diagram showing the supply chain for the nickel/metal hydride (Ni/MH)
battery industry.

2. Nickel/Metal Hydride (Ni/MH) Battery Manufacturer

In 2012, 74% of the consumer type Ni/MH batteries were produced in China [16]. More than
half of them were from the top four manufacturers: Gold Peak (GP, Hong Kong, China), Shenzhen
HighPower (SZHP, Shenzhen, Guangdong, China), Corun (Changsha, Hunan, China), and Suppo
(Anshan, Liaoning, China) (Figure 2). Brief introductions of the Chinese domestic Ni/MH battery
manufacturers are listed in Table 1 and their main inventions in the area of Ni/MH batteries
are reviewed in the next few sections. They are mainly located in Guangdong province, especially in the
Shenzhen Special District, which just borders Hong Kong (Figure 3). The details of the Ni/MH battery
fabrication process were discussed before [12] and a summary flow chart is illustrated in Figure 4.

Figure 2. Market share of Chinese domestic Ni/MH battery manufacturer in 2012 [16].

Table 1. Brief introduction of the Chinese Ni/MH battery manufacturers included in this review.

Company Name Established Date Headquarter Main Products Trademark

Gold Peak 金山/超霸 1964 New Territory,
Hong Kong Ni/MH, Li-ion, primary

HighPower 豪鹏 2001 Shenzhen, Guangdong Ni/MH, Li-ion

Corun 科力远 1998 Changsha, Hunan Ni/MH

Suppo 三普 1996 Anshan, Liaoning Ni/MH
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Table 1. Cont.

Company Name Established Date Headquarter Main Products Trademark

BYD 比亚迪 1995 Shenzhen, Guangdong Car, Li-ion, Ni/MH

Kan 凯恩 1993 Suichang, Zhejiang Ni/MH

Lexel 力可兴 1997 Shenzhen, Guangdong Ni/MH

McNair 迈科 2000 Dongguan, Guangdong Li-ion, Ni/MH

BetterPower 倍特力 2002 Shenzhen, Guangdong Ni/MH, Li-ion

EPT 量能 2001 Shenzhen, Guangdong Ni/MH

Grepow 格瑞普 1998 Shenzhen, Guangdong Ni/MH, Li-PO

JJJ 三捷 1989 Jiangmen, Guangdong Ni/MH, NiCd

Great Power 鹏辉 2001 Guangzhou,
Guangdong Ni/MH, Li-ion, Li-PO

Wewin 能一郎 2003 Shenzhen, Guangdong Li-PO, Ni/MH, Li-ion

TMK 三俊/大别山 2002 Shenzhen, Guangdong Ni/MH

Baosheng 宝生 2006 Chengdu, Sichuan Ni/MH

Huangyu 环宇 1982 Xinxiang, Henan Li-ion

Fengbiao 沣标/朗泰通 1999 Shenzhen, Guangdong Ni/MH

Tianneng 天能 1986 Changxin, Zhejiang Li-ion, Ni/MH

Wankaifeng 万凯丰 2010 Mianning, Sichuan Ni/MH, metal hydride
powder

REO 稀奥科 2001 Baotou, Inner Mongolia Ni/MH

BST Power 电科电源 2002 Shenzhen, Guangdong Ni/MH, NiCd, Li-ion
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Table 1. Cont.

Company Name Established Date Headquarter Main Products Trademark

Zhengda 淄博正大 2009 Zebo, Shandong Ni/MH

CENS 赛恩斯 1999 Suzhou, Jiangsu Ni/MH, NiCd

Jintion 劲鑫 2002 Quanzhou, Fujian Ni/MH. NiCd

Jinhui 金辉 2003 Dongguan, Guangdong Ni/MH, Li-ion, Li-PO

Troily 创力 1999 Xinxiang, Henan NiFe, Ni/MH, NiZn

Innovation 亿诺 2011 Liuan, Anhui Ni/MH, Li-PO

Cel 塞尔 1996 Huaian, Jiangsu Ni/MH, Li-PO, Li-ion

Bofuneng 博富能 2003 Shenzhen, Guangdong Ni/MH, Li-ion, Li-PO

Ryder 瑞鼎 2005 Shenzhen, Guangdong Ni/MH, NiCd, charger

DFEI德飞 2011 Dali, Shanxi Ni/MH, Li-ion

Wintonic 云通 1998 Guangzhou,
Guangdong Ni/MH, Li-ion

Oceansun 海太阳 2002 Shenzhen, Guangdong Li-PO, Ni/MH

Shida 实达 1996 Foshan, Guangzhou Li-PO, Ni/MH

Sanik 新力 1995 Foshan, Guangzhou Ni/MH

PeaceBay 和平海湾 1996 Tianjin, Tianjin Ni/MH

Unitech 联科 2002 Shenzhen, Guangdong Ni/MH, NiCd, Li-ion

Taiyi 太一 1996 Zhuhai, Guangdong Ni/MH
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Figure 3. Locations of domestic Chinese Ni/MH battery manufacturers.

Figure 4. A flow chart showing the Ni/MH battery fabrication processes of a typical manufacturer.

2.1. Gold Peak (GP)

GP obtained two Chinese Patents on the different thicknesses of active material applied on the
negative electrode (thicker on the current collector side) to improve the utilization [17] and design
of an auto-winding machine [18]. GP also applied patents on a rupture mechanism ensuring a good
gas release path when venting occurs [19] (Figure 5), with two separators with different lengths to
prevent electrical shortage [20], and a negative electrode with one side scratched to increase the current
connectivity to the cell can [21].
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Figure 5. Schematic diagram of a new venting cap design with 10: battery, 138: vent cap, 162: conductive
lead, 112: groove, 110: cell can, 122: positive electrode, 124: negative electrode, and 120: electrode
assembly [19].

2.2. Shenzhen HighPower

SZHP filed 65 Chinese Patent Applications and was granted 63. In the positive electrode area,
a Ni-plated perforated steel (NPPS) as the substrate [22], and a γ-CoOOH coating to extend the cycle life
and tolerate overcharge [23] were disclosed. In the negative electrode area, a Ni-coated carbon nanotube
as active material [24], a low Pr and Nd AB5 MH alloy [25], and a hydroxypropyl methylcellulose
coating to reduce corrosion [26] were shown. In the electrolyte area, a soluble bromide was added to
extend the storage period [27]. In the cell assembly, a multi-cell parallel-connected configuration [28],
a multi-venting hole cap design [29], a positive electrode current collector [30], a tap design to self-melt
during cell short-circuit [31], a safety short-circuit conduit to prevent explosion [32], a serviceable
(electrolyte refilling) cell design [33], an ultra-thin design [34] and a double current-collector design to
reduce the cost and production complexity [35] (Figure 6) were introduced. In the fabrication methods,
a wet pasting machine [36], a centrifugal electrolyte filling station [37], a capacity sorting machine [38],
a tap spot-welding machine [39], and a battery performance testing machine [40] were proposed.

Figure 6. Schematic diagram of a low-cost current collector design with 1: positive terminal, 2: Ni tap, 3:
cell assembly, 4: negative electrode bottom plate, 5: Ni tap, 6: negative terminal, and 7: plastic case [35].
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2.3. Corun

Corun filed 42 Chinese Patent Application in the area of Ni/MH battery and 18 of them were
granted. In the positive electrode area, an extended area covered with a metal wire outside the
active material [41], Ca, Y, Co additives [42], and a phosphate [43] and a fluoride [44] coating
for high-temperature application were disclosed. In the negative electrode area, a new design
of two single-sided electrodes [45] and an electrode composed of single- and double-side coated
segments [46] were advocated. In the electrolyte, a tungstate additive for high-temperature charge
acceptance [47] was invented. In the cell assembly area, a Ni-plate placed at the bottom of the cell as
the negative electrode current collector with a Ni- or Cu-foam in between to increase the high-power
capability [48,49], and new type of venting cap designs [50,51] were displayed. A new type of high
heat-dissipation battery was proposed with a central conducting rod [52,53] (Figure 7). The production
line inventions include an electrode sorting and classification system [54], a battery activation and
sorting system [55], an automatic venting cap production machine [56], an automatic electrolyte filling
station [57], and a new type of formation process [58].

Figure 7. (a) A cross-section, (b) a side-view of a high heat-dissipation cell design, and (c) a real
photograph with 1: electrode assembly, 2: central rod, 3: positive electrode terminal, 4: negative
electrode terminal, 5: case, 6: insulator plastic cover, 7: spring, 8: safe valve base, 9: screw, 10: vent cap,
11: rubber ball, 12: rubber washer, 13: safety valve, 14: groove, and 15: clamp seal [53].

2.4. Suppo

Suppo filed 10 Chinese Patent Applications and was granted six of them. Suppo patented
a liquid phase oxidation method to produce a pre-charged NiOOH positive electrode [59], a perforated
Cu-substrate for negative electrode [60], a long-life over-stoichiometric ABx (5.05 ≤ x ≤ 5.5) MH
alloy [61], and a design of a low self-discharge battery [62] (Figure 8).
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Figure 8. A cross-section view of a low self-discharge cell with an extra spacer at the end of electrode
and 1: negative electrode, 2: separator, 3: positive electrode, 4: spacer, and 5: spacer [62].

2.5. BYD

BYD (Shenzhen, Guangdong, China) filed the largest number of Patent Applications in China
regarding the Ni/MH battery with 108 applications filed and 84 of them granted. In the positive
electrode area, a LiOH solution sprayed Co-coated Ni(OH)2 [63], a Ti-additive to improve the
high-temperature charging efficiency [64], a metallic V, Ti, Mo, Mn, Nb, Hf, Zr, Y, or Ta powder
additive to improve the capacity and self-discharge performance [65], a poly-oxyalkylene and/or
polyhydric alcohol to improve the uniformity in capacity and cycle stability [66], an Al2O3, Al(OH)3 or
Al-containing salt additives [67], a CoOOH coating [68], a CoO mixture [69] and a depolarizer [70]
to increase the charging efficiency and cycle life, and a second coating besides the Co oxides containing
the oxide (hydroxide) of Mg, Ba, Zn, Ca, Ti, Al, Ta, Mn, Y, Cr, Cd, Sr, and La-family rare earth
element [71] were suggested. In the negative electrode area, surface treatment of NaBH4 [72],
NaH2PO2 [73], Ni-ion containing solution [74], surface activation by ball milling with alkaline
solution [75], Ni or other noble metal [76] coatings, CoO/Co3O4 composite additives [77], Y-Ni (or Co)
alloy additive to improve the cycle life [78], Cu- [79], Ni- [80], and carbon [81] fine particles coated
on the NPPS substrate, addition of Y-containing compounds [82] and tetrapropyl orthosilicate [83],
and a metallic thin film on the surface to promote the oxygen recombination during over-charge [84]
were proposed. A porous oxide from Ni, Y, Mn, Co, W, Fr, Pb, or Mo was advocated as additives to both
positive and negative electrodes to improve the low-temperature performance [85]. In the separator
area, a new type of high-temperature (up to 400 ◦C) material [86] and a new hydrophilic polymer
filling [87] were introduced. In the electrolyte area, both an S-containing soluble additive introduced
to solve the short-circuit and leakage problems [88] and a gel-type electrolyte for preventing freeze
in low-temperature [89] were disclosed. In the cell assembly area, an elongated seal ring [90–92]
(Figure 9), a new design of vent cap [93], a venting hole with an oval shape [94], and a multi-layer
current collector made of Ni, Cu, stainless steel, Cu and Ni layers [95] were presented. In the alloy
design, BYD patterned a NdMgNiAl alloy with a stoichiometry between 3.2 and 3.9 [96], a dual-phase
AB5-based alloy containing a Ti (Zr)-Ni secondary phase [97], a LaNiCuFeCoMnAl alloy containing
at least two alkaline earth metals [98], and a RENiCuFeMnSn alloy where RE (rare earth) contains
40–85 wt% La [99] were revealed.
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Figure 9. A schematic diagram of a cell with an elongated seal ring and 1: cell wall, 2: sealing ring,
3: vent cap, 4: separator, 5: positive electrode, 6: negative electrode, and 7: tap [91].

2.6. Kan

Kan (Suichang, Zhejiang, China) filed 16 Chinese Patent Applications related to the Ni/MH
battery and obtained 13 of them. A MH alloy particle distribution of D10 ≥ 3 μm, D50 ≤ 80 μm,
and D90 ≤ 130 μm was claimed to have good high-power capability [100]. An insulator layer
was coated on the positive electrode to prevent short-circuit from burr [101]. In the cell assembly,
a high-power battery design was repetitively shown in several applications [102–105] (Figure 10). In the
fabrication area, an electromagnetic-coupled winder [106], a device for shunting negative electrode [107],
an electrode collecting apparatus [108], a connection apparatus to reduce the stress in the automatic
spot-welder [109], and an automatic venting cap pressing machine [110] were patented.

Figure 10. A schematic diagram of a high-power cell design with 1: can, 2: positive electrode,
3: separator, 4: negative electrode, and 5: tap having more than 4 welding spots to the positive
electrode [100].

2.7. Lexel

Lexel (Shenzhen, Guangdong, China) filed 13 Chinese Patent applications and received 10 of
them as granted. Lexel proposed a composite additive (2% ErO2, 2% TiO2, 1% Ca(OH)2) to the
positive electrode to increase the energy conversion efficiency during trickle charge [111]. Lexel also
advocated the use of oxide or hydroxide of Ti, Y, Er, Tm, Yb, Rf, Ca, or Ba to improve the
self-discharge characteristic [112]. In the production facilities, Lexel patented a cell impedance
measuring apparatus [113], a cell thermo-resistivity measuring apparatus [114], a cell cleaning
machine [115], and a scraping mechanism to remove extra MH powder [116]. In the cell design area,
Lexel patented a low-temperature cell [117], a low-cost battery [118], and a high-capacity battery [119]
(Figure 11).
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Figure 11. Schematic diagram of a low-cost battery design with 1: rubber, 2: vent cap, 3: plastic gasket,
4: positive electrode, 5: separator, 6: negative electrode, 7: positive terminal, 8: steel can, and 9: space
filler [119].

2.8. McNair

McNair (Dongguan, Guangdong, China) disclosed Er, U, and Yb oxides or hydroxides additives
in the positive electrode and boron compound in the electrolyte to improve the high-temperature
charging efficiency [120], a positive electrode containing 3.7%–4.3% Zn, 1.3%–1.7% Co-co-precipitated
Ni(OH)2 with 6% CoO and 1%–10% metallic Ni for a fast charging battery [121], and an additive
composed of oxide, hydroxide, fluoride, sulfide, and chloride of Ca, Mn, Er, Y, Yb, and B in the positive
electrode with a negative electrode made from superlattice MH for the low self-discharge battery [122].

2.9. BetterPower

There are totally 65 Chinese Patent Applications filed by BetterPower (Shenzhen, Guangdong,
China) and 52 got granted. In the positive electrode preparation, an addition of Ca into the paste [123],
a vacuum-suction cleaning of the tab area [124], and a Sn-coating Ni-foam [125] were proposed.
In the negative electrode preparation, an alkaline pre-activation [126] and an extra current collector
layer on the electrode surface [127] were disclosed. In the cell assembly, new materials for the
sealing ring [128] and rubber stopper [129], an Al-Cu alloy solder [130], a multi-layer separator [131],
a graphite, Ni powder, acetylene black coating inside the wall of the can [132], a varying can wall
thickness [133], an open-cell activation method [134], soft oval-shape [135] and cylindrical [136] pouch
cells, an automatic powder cleaning station [137], and an automatic folding station [138] were included.
A product design of a 9 V battery pack from BetterPower was also granted [139].

2.10. EPT

EPT (Shenzhen, Guangdong, China) filed 52 Chinese Patent Applications on the Ni/MH battery
and received 37 of them granted, which cover a fabrication method of a high-capacity cell by
adopting electrodes with varying thicknesses [140], a battery with AB3 MH alloy and pre-oxidized
Ni(OH)2 which does not require activation [141], a positive electrode fabrication method using
ultrasound atomization [142], a negative electrode containing styrene-butadiene rubber (SBR) or
polytetrafluoroethylene (PTFE) as binder [143], a high-power design with additional negative electrode
current collector made of Ni-foam [144], and new designs of vent cap [145], sealing ring [146],
and current collector [147].

2.11. Grepow

Grepow (Shenzhen, Guangdong, China) filed 21 Chinese Patent Applications and had 10 granted.
In the negative electrode area, a Ni-rich (>65%) surface layer prepared by electrodeless plating was
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introduced to improve the low-temperature/high-rate performance [148]. Fabrication methods for
a low-capacity battery [149], a high-power battery [150] (Figure 12), a wide temperature range
battery [151], and a low-impedance battery [152] were also disclosed by Grepow. A combination
of battery and heating device was proposed to overcome the low-temperature hurdle of the Ni/MH
battery [153,154]. Grepow advocated removing the extra active material in the negative electrode area
contacting the can [155] and the related fabrication apparatus [156].

Figure 12. Schematic diagram of a high-power cell with 1: vent cap, 2: cell case, 3: current collector
plate, 4: negative electrode plate, 5: electrode assembly, 6: positive electrode plate, 7: separator, 8: spot
welding, 9: negative electrode, 10: positive electrode, 11: wound negative electrode, and 12: metallic
foam [150].

2.12. JJJ

JJJ (Jiangmen, Guangdong, China) filed nine Chinese Patent Applications and seven of them
were accepted. JJJ’s inventions include a basic cylindrical cell design [157] (Figure 13), an electrolyte
filling apparatus [158], an automatic cell sealing machine [159], a sealing ring coating apparatus [160],
a negative electrode waste recycling method [161], a new type of vent cap [162], a low-capacity D-cell
design [163], and a current collector design for a high-power battery [164].

Figure 13. Schematic diagram of a basic structure of a cell with 1: Ni/MH battery, 2: negative
electrode, 3: negative substrate, 4: can, 5: positive electrode, 6: separator, 7: vent cap, and 8: positive
substrate [147].
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2.13. Great Power

Great Power (Guangzhou, Guangdong, China) filed six Chinese Patent Applications and three
were allowed. Their inventions include a positive electrode containing CoO, Co, Ni, acetylene black,
TiO2, Y2O3, PTFE, and carboxymethyl cellulose [165], a positive electrode substrate using steel web
and superfine graphite powder [166], a new type of vent cap [167], and a tri-layer design of negative
electrode with a metal plate in between [168].

2.14. Wewin

Only one Chinese Patent Application was filed by Wewin (Xianning, Hubei, China) and is about
negative active material using a low-Co AB5/MgNi composite MH [169].

2.15. Other Battery Manufacturers

Besides the 14 main Chinese Ni/MH manufacturers reported above, there are other smaller
companies in China also contributing to the Chinese Patents for the Ni/MH battery and their
inventions are summarized in this section. Some of them may be already out of business but
their Patent Applications are still reviewed here. Among them, TMK (Shenzhen, China) filed
14 Chinese Patent Applications and received half of them granted. TMK introduced a Ni/MH
battery pack with an inspection function [170,171] and a self-balance circuitry [172], a charger
preventing overcharge [173], a battery with a good heat dissipation capability [174,175], a control
circuitry to prevent over-discharge [176], a low-cost cylindrical cell [177], and a prismatic battery for
electrical vehicles (EV) [178]. In the component area, TMK disclosed a new negative electrode current
collector [179], a new type vent cap [180], a high-power current collector [181], and a Cu and Ni-coated
stainless steel substrate for the negative electrode [182]. In the production facilities, TMK also invented
a fixed position electrode holding apparatus [183], a centrifugal electrode dryer [184], and a heated
electrolyte filling station [185].

Baosheng (Chengdu, Sichuan, China) applied for 11 Chinese Patents which covered the topics
of a high-Fe (3–26 at%) AB5 MH alloy [186], a Ni/MH battery module for an electrical bus [187],
a high-temperature Ni/MH battery with W-containing electrolyte and Ti and Y-added positive
electrodes [188], and a high-power Ni/MH battery [189] (Figure 14).

Figure 14. Schematic diagram of a high-power cell with 1: can, 2: electrode assembly, 3: positive
electrode, 4: negative electrode, 5: positive current collector, 6: negative current collector, 7: vent cap,
and 8: sealing ring [189].
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Huanyu (Xinxiang, Henan, China) disclosed an antioxidant made from boric acid [190], a tri-layer
separator [191], a Cu-foam [192], a Fe-foam [193], and a Ni-plated expanded-steel [194] (Figure 15)
substrates for the negative electrode, and a gas atomization fabrication method of MH powder [195]
in their Chinese Patent Applications.

Figure 15. Schematic diagram of a special current collector design with 1: tap, 2: substrate, 3: metal
hydride powder, 7: can, 8: negative electrode, 9: positive electrode, and 10: separator [194].

Fengbiao (Shenzhen, Guangdong, China) applied a Chinese Patent mainly in the area of
the high-power Ni/MH battery [196–201]. They also proposed a single prismatic cell [202],
a multi-prismatic battery pack [203], a low-cost/low-capacity battery [204], a large-capacity
battery [205], a wide temperature range battery [206,207] (Figure 16), and a negative electrode recycling
apparatus [208] in their additional applications.

Figure 16. Schematic diagram of a wide temperature range cell with 1: can, 2: Ni-foam mat, 3: electrode
assembly, 4: Cu-web with spikes, 5: positive current collector, and 6: vent cap FB [206].

Tianneng (Changxing, Zhejiang, China) invented a bi-polar prismatic Ni/MH battery [209]
(Figure 17), a high-power prismatic module [210], a positive electrode fabrication method placing
a PTFE layer between the active material and the foam substrate [211], a Y2O3-containing
low-temperature battery [212], and a Na3WO4 containing high-temperature battery [213]. Wangkaifeng
(Mianning, Sichuan, China) also owns Chinese Patents about prismatic Ni/MH batteries [214–216]
(Figure 18).

Rare-earth ovonic (REO) Ni/MH Power Battery (Baotou, Inner Mongolia, China) filed Chinese
Patents on HEV-used battery modules [217] and connectors [218], an EV-used battery module [219],
an activation process [220], a short-circuit inspection apparatus [221], a paste mixing apparatus [222],
a pasting machine [223,224], an electrode softener apparatus [225], an electrode pressing unit [226],
an electrode delivery mechanism [227], a positive current collector ultrasound spot-welder [228], a new
type of a sealing ring design [229,230], and an interconnecting mechanism in a battery module [231].
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Figure 17. Schematic diagram of a bipolar/prismatic cell with 1: resin case, 2: positive electrode,
3: negative electrode, 4: separator, 5: positive terminal, 6: negative terminal, 7: screw, 8: washer,
9: positive current collector, 10: sealing plate, 11: liquid conduit slot, 12: safety venting valve,
and 13: bare substrate [209].

Figure 18. (a) A schematic diagram and (b) a cross-section view of a prismatic cell with 1: current
collector and 2: tab [215].

BST Power (Shenzhen, Guangzhou, China) filed 16 Chinese Patent Applications and had
six granted, which cover the areas of: a high-power battery [232], a wide-temperature range
battery [233], a high-temperature overcharge-resistant battery [234], a high-temperature and long life
battery [235], a low-capacity battery [236], a flat supporting mechanism for transferring a battery during
assembly [237], a method to raise the venting pressure of the safety valve [238], an anti-electrolyte
spitting design of the cell [239], a gel-type electrode [240], a new tap design to increase the current
collection capability [241], a fast electrolyte-filling station [242], and a powder removal apparatus
in the positive electrode softening machine [243].

Zhengda (Zibo, Shandong, China) disclosed a high-power Ni/MH battery with a carbon nanotube
coated negative electrode and a Co/Y/Ce hydroxide coated positive electrode [244] (Figure 19),
a high-capacity cell design [245] (Figure 20), a constant power charger [246], a prismatic cell
design [247–249], and a battery sealing mechanism [250,251] in their Chinese Patent applications.
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Figure 19. Schematic diagram of a high-power cell with 1: vent cap, 2: can, 3: positive electrode coated
with co-precipitated hydroxide of Co, Y, and Ce, 4: negative electrode coated with carbon nanotube,
5: negative current collector, 6: positive current collector, and 7: separator [244].

Figure 20. Schematic diagram of a high-capacity cell with 1: positive electrode (three layers), 2: negative
electrode (three layers), 3: separator, 4: PTFE anti-corrosion film, and 5: can [245].

Suzhou CENS (Suzhou, Jiangsu, China) filed Chinese Patent Applications on the following
subjects: a low-capacity/high-power Ni/MH battery [252], a high-power Ni/MH battery [253],
a battery pack connection [254] with a temperature modulation unit [255], a water cooling
mechanism [256], and a safe charging device [257].

Jintion (Quanzhou, Fujian, China) owns Chinese Patents in the areas of a
high-capacity/high-power [258], high-power [259,260] (Figure 21), low-capacity [261], γ-CoOOH
coated high-temperature [262], and β-CoOOH coated long storage [263] Ni/MH batteries, a Y2O3

added positive electrode [264], and a new welding design between tap and Ni-foam [265].
It also applied Chinese Patents in these areas as well: a high-power positive electrode with
nano-size conductive additives [266], a composite separator for low self-discharge and high-rate
applications [267], an electroplating S-containing coating on the negative electrode [268],
a high-temperature battery with W-containing additives in the positive electrode [269],
a nylon/grid/polypropylene (PP) tri-layer separator [270], and a fast-charge/high-power battery [271].
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Figure 21. Schematic diagram of a high-capacity/high-power cell with 1: can, 2: current collector,
3: vent cap, 4: positive electrode, 5: negative electrode, 6: separator, 7: Ni-foam, and 41: Ni-foam [260].

Jinhui (Dongguan, Guangdong, China) owns Chinese Patents in the areas of new type button
cells [272,273], a low-impedance button cell [274], and a low-cost button cell [275].

Troily New Energy (Xinxiang, Henan, China) has one Chinese Patent granted on a coated positive
electrode [276] and one still in examination on a NaBO2·H2O containing electrode for high-temperature
application [277].

Innovation New Energy (Liuan, Anhui, China) filed 28 Chinese Patent Applications
and had 11 of them granted with the following scope: plastic wrappings for regular [278],
low self-discharge [279], high-capacity [280], high-power [281], and high-temperature [282] batteries,
sealing glues for regular [283], high-capacity [284], high-temperature [285], low self-discharge [286],
and high-power [287] batteries, a positive electrode for a wide temperature-range application [288],
a high-temperature/high-power battery [289], a low self-discharge battery [290], a high-capacity
non-winding type battery [291] (Figure 22), a high-voltage protection apparatus [292],
an energy-efficient battery [293], a high heat-dissipation battery [294], an over-charge protected
low-power dissipation battery [295], and an environmentally friendly high-capacity battery [296].

Cel (Huaian, Jiangsu, China) owns two Chinese Patents on a gel coating apparatus for electrode
fabrication [297] and a powder scraping apparatus for a dry pasted positive electrode [298].

Bofuneng (Shenzhen, Guangdong, China) owns two Chinese Patents on a prismatic design [299]
and an environmental protection cell design [300].
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Figure 22. Schematic diagram of a high capacity/non-winding cell with 1: vent hole, 2: cap, 3: sealing
ring, 4: can, 5: negative electrode, 6: positive electrode, 7: separator, 8: current collector, 9: tap,
and 10: electrolyte [291].

Ryder (Shenzhen, Guangdong, China) owns six Chinese Patents in the subjects of a high-voltage
connector design [301], a high-power Ni/MH battery [302,303] (Figure 23), a non-winding battery
design [304], a large capacity battery with attached charging unit [305], and a high-voltage module
with a high heat dissipation capability [306].

Figure 23. Schematic diagram of a high-power cell with 1: negative electrode, 2: separator, 3: positive
electrode, 4: positive current collection, 5: negative current collector, 6: can, 7: cap, 9: insulator,
and 10: insulator [302].

DFEI (Dali, Shanxi, China) owns five Chinese Patents in an extra paste removal apparatus in the
negative electrode fabrication [307], a dust-removal tape on the positive electrode [308], a high-power
design [309] (Figure 24), an automatic transport, vacuum, and de-burr apparatus [310], and a paste
stirring apparatus for preparing a positive electrode [311].
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Figure 24. Schematic diagram of a high-power cell with 1: positive current collector plate, 2: Cu mesh,
3: burr, 4: Ni foam, 5: welding spot, 6: insulator, 7: cell, and 8: positive terminal [309].

Wintonic (Guangzhou, Guangdong, China) owns five Chinese Patents on a cylindrical
design [312], a nano-carbon containing negative electrode [313], a dual-shell high-temperature can
design [314], a high-current positive electrode [315], and a sub-C positive electrode [316].

Oceansun (Shenzhen, Guangdong, China) disclosed a paste positive electrode fabrication
method [317], a low-capacity Ni/MH battery [318], and a high-power design [319] in their failed
Chinese Patent Applications.

Shida (Foshan, Guangzhou, China) disclosed the following technical ideas in their Chinese
Patent Applications: a multi-tab high-power Ni/MH battery [320], a side-folded expanded metal
for the electrode substrate [321], and a dry-compaction method for electrode fabrication [322].
Sanik (Foshan, Guangzhou, China) is another Ni/MH battery manufacture in the same city. However,
they only filed four patents on the Ni-Fe rechargeable battery and the associated Ni-electrodes.

PeaceBay (Tianjin, China), a company with technology transfer from Toshiba (Tokyo, Japan),
filed some early Chinese Patents (all obsolete now) in the areas of fabrications of positive
electrodes [323,324], methods of making [325] and winding [326] Ni-foam as positive electrode
substrate, a fabrication method for negative electrode [327], a MH/carbon nanotube composite [328]
and a MgNi-based alloy [329] as negative active materials, a high-capacity cell design [330] (Figure 25),
a reclaiming method of deteriorated MH power [331], and a recycling method for both electrodes [332].

Figure 25. Schematic diagram of a high-capacity cell with 1: can, 1a: positive terminal, 1b: negative
terminal, 2: negative electrode, 3: positive electrode, 4: central rod, 5: separator, and 6: current
collector [330].

Unitech (Shenzhen, Guangdong, China) filed eight Chinese Patent Applications to cover a
protective layer on positive electrode [333], a slot-containing positive electrode [334], a PTFE-coated
negative electrode [335], a high-capacity cell design [336], a low-capacity cell design [337], a new cell
winding structure [338], and a design of a pasting machine [339].
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Taiyi (Zhuhai, Guangzhou, China) has a Chinese Patent proposing a powder container with at
least one step inside for the preparing of dry compacted electrode on an expanded metal or a porous
metal substrate [340] which was used in some litigation procedures in China. It also applied another
application in formation apparatus but is not valid now [341].

3. Metal Hydride Alloy Producer

Chinese MH alloy producers made more than 90% of the MH alloy for Ni/MH battery application
(7300 tons in 2016). The top four largest manufactures, Xiamen Tungsten (Xiamen, Fujian, China),
Doublewin (Sihui, Guangdong, China), REO Metal Hydride (Baotou, Inner Mongolia, China), and
Jiangxi Tungsten (Nanchang, Jiangxi, China) supplied more than 70% of the domestic market in 2016
(Figure 26). Their main product is the rare-earth based AB5 MH alloy made either by conventional
induction melting and casting (Doublewin and REO) or by strip casting (Xiamen Tungsten and Jiangxi
Tungsten) (Figure 27). All of them are now working on the high-capacity superlattice MH alloys.

27.4%

15.1%

14.8%
13.7%

6.8%

6.8%
5.5%

2.7% 7.1%
XT

DW

REO

JT
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Figure 26. Market shares of MH alloys produced in China in 2016. XT: Xiamen Tungsten,
DW: Doublewin, REO: Rare-earth Ovonic, JT: Jiangxi Tungsten, KAM: Kingpowers Advanced Materials,
BS: Baotou Santoku, GR: Gansu Rare-earth, and WG: Weishan Gangyan Rare-earth Material.

Figure 27. Schematics for (a) a conventional melt-and-cast, (b) a melt-spin, and (c) a strip casting MH
alloy fabrication methods.

3.1. Xiamen Tungsten

Xiamen Tungsten, also called Amoi Wuye, has 14 Chinese Patent Applications and had
10 of them granted. In the alloy composition, it disclosed Cu-containing low-cost [342,343],
low-Co [344], Co-free and low-Ni [345], Pr-Nd free low self-discharge [346], Mg-containing
high-capacity (≥355 mAh g-1) [347], hypo-stoichiometric [348] and Co-free hyper-stoichiometric AB5

MH alloys [349], and La-Gd [350] and La-Y [351] based A2B7 MH alloys. In the alloy production area,
it proposed a strip casting of 0.1–0.3 mm thin flake [352–354] (Figure 28) and an electrode fabrication
method using Mg-based MH alloy [355].
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Figure 28. A schematic diagram for a mass-production strip-casting furnace with 1: strip casting motor,
2: rotation coupler, 3: strip casting axis, 4: top cover, 5: furnace, 12: rotating cooling rod, 14: collection
box, 16: inside container, 17: outside container, 18: cart, 19: floor foundation, 20: vacuum pump and
conduit, and 23: a railing system [354].

3.2. Doublewin

Doublewin filed eight Chinese Patent Applications and all were approved. Their inventions cover
mostly the MH alloy production processes, such as a dust collection unit in the powder mixer [356] and
in the ingot collection unit [357], an impurity removal unit in the sieving device [358], a cooling mold
design [359], a quick electrode fabrication method for alloy quality control [360], and an automatic
vacuum casting apparatus [361]. Doublewin also patented MH alloy formula in a (Ag, Sr, Ge)-modified
A2B7 with improved capacity and low-temperature performance [362] and a (Ag, Sr, Ge, Au) modified
AB5/A2B7 mixture [363].

3.3. REO Metal Hydride

REO Metal Hydride filed eight Chinese Patents on MH materials and related fabrication methods
which cover a La-rich, Sm-containing superlattice MH alloy [364,365], La-rich, Y, Zr, or Gd-containing
over-stoichiometric AB5 MH alloys [366], an electropolymerized polyaniline coating to protect the alloy
surface [367], and a sintered AB5/AB3 composite [368].

3.4. Jiangxi Tungsten

Jiangxi Tungsten Haoyun Technology has one issued Chinese Patent on an acid pre-etching
process for preparing the negative electrode [369].

3.5. Kingpowers

Kingpowers (Anshan, Liaonining, China) used to be sister company of Suppo and has eight
issued Chinese Patents on the alloy formula in a low-Co and (Pr, Nd) free AB5 MH alloy [370,371]
and a Mg-containing A2B7 MH alloy [372–374], the alloy production process in annealing [375],
and recycling processes from alloy slag [376] and spent batteries [377].
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3.6. Others

Guansu Rare-earth (Baiyin, Gansu, China) only has one Chinese Patent Application on a powder
grinding, sifting, and mixing process and was rejected [378].

Weishan Gangyan (Jining, Shandong, China) filed 12 Chinese Patent Applications covering areas
of a fabrication method of a Ti-containing [379–381] A2B7 MH alloy, a nano-graphite/RE2Mg41 type
MH composite [382], and a powder packing system [383]. None of them are valid now.

Beijing HarmoFinerY Technology (Beijing, China) owns Chinese Patents of (La, Ce,
Dy)-based [384] and (La, Nd, Dy)-based [385] A2B7 MH alloys. It also filed a patent about
a (La, Y)-based low-temperature A2B7 MH alloy.

Vapex (Zhuhai, Guangdong, China) filed 16 Chinese Patent Applications and had 13 granted.
In the alloy formula area, Vapex patented a Cu-containing low-Co [386], a Dy-containing [387],
a Pt-containing [388], a Fe-containing [389], a Nb-containing [390], a Ga-containing [391], a Sn-Cu
containing [386] AB5 MH alloys, and a Mg-containing A5B19 MH alloy [392]. In the alloy fabrication
area, Vapex proposed an induction melting of A2B7 alloy in a controlled Mg-vapor [393]. Besides,
it also owns patents in the new design of a current collector [394–397], a high-temperature battery
design [32], and a Ni/MH battery for solar cell application [398].

4. Ni(OH)2 Producer

The original spherical shape Ni(OH)2 used as the positive electrode active material in the Ni/MH
battery was first used in Yuasa (Takatsuki, Osaka, Japan) which was supplied by Tanaka Chemical
Co. (Fukui, Japan) [13]. Nowadays in China, almost all spherical shape Ni(OH)2 is produced by the
domestic suppliers using a continuous stirring single reactor co-precipitation process invented by
Ovonic Battery Co. (Troy, MI, USA) [399]. The top five manufactures, Jinchuan (Lanzhou, Gansu,
China), Kingray (Changsha, Hunan, China), Cologne (Xinxiang, Henan, China), Jien (Jilin, Jilin, China),
and Aland (Wuwei, Anhui, China) held more than 65% of the market share in 2013 (5.1 × 107 kg ,
Figure 29). Their contributions to the Ni/MH intellectual properties are summarized in this section.
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Figure 29. Market shares of Chinese domestic spherical Ni(OH)2 producers in 2013 [13].

4.1. Jinchuan

Jingchuan applied four Chinese Patent Applications on Ni(OH)2 and received one of them.
The applications mainly covered the chemical co-precipitation process of making spherical
particles [400], a sulfate removal process [401], and a Fe removal process [402].

4.2. Kingray

Kingray New Materials Science and Technology, now Minmetals Capital Co., did not file any
Chinese Patent Application on Ni(OH)2.

4.3. Cologne

Cologne filed seven Chinese Patent Applications about Ni(OH)2 and had three of them granted,
which cover the areas of a chemical co-precipitation method of making spherical Ni(OH)2 powder [403],
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a Ni(OH)2 specifically design for high-temperature battery [404], a Co-coated Ni(OH)2 [405],
an eletrolytically coated CoOOH on Ni(OH)2 [406,407], and a chemically precipitated CoOOH on
Ni(OH)2 [408].

4.4. Jien

Jien owns one Chinese Patent on a mechanical alloying method to coat Co on Ni(OH)2 [409]
and one application is still in the examination stage on a Co-coated Ni(OH)2 for high-temperature
applications [410].

4.5. Aland

Aland filed 16 Chinese Patent Applications related to Ni(OH)2 and had six of them
granted. The scope of these applications covers a gaseous phase [411,412], a liquid phase [413],
and a continuous [414] oxidation to prepare a Co-coated Ni(OH)2, a chemical co-precipitation of (Ni, Zn,
Mn, Al)(OH)2 [415], a Y, Yb, and Ca containing Ni(OH)2 for high-temperature applications [416], a new
method of making Ni(OH)2 with cyclic amine-containing ionic liquid [417], a reactor for making
high-power Ni(OH)2 [418], an oxidizer for high-power Co-coated Ni(OH)2 [419], a reactor for making
Co(OH)2 coated Ni(OH)2 [420,421], a microwave dryer [422], an electrochemical/chemical pre-charge
station for Ni(OH)2, [423], a static impedance measuring apparatus for Co-coated Ni(OH)2 [424],
and a scrap recycling process to treat Co-coated Ni(OH)2 [425].

4.6. Others

Zhonghong (Shaoguan, Guangdong, China) owns one Chinese Patent on the chemical
co-precipitation of spherical Ni(OH)2 [426] and also has one in the examination stage for the method
of making Co-coated Ni(OH)2 [427]. Liyuan (Changsha, Hunan, China), a subsidiary of Corun,
owns one Chinese Patent on a chemical co-precipitation method for making spherical Ni(OH)2

powder [428]. Jintian (Xiangtan, Hunan, China) owns one Chinese Patent on the preparation process
of the γ-CoOOH coated Ni(OH)2 [429]. Changyu (Jiangmen, Guangdong, China) owns Chinese
Patents in the area of a high-capacity and high discharge voltage Ni(OH)2 [430], a high-temperature
Ni(OH)2 [431], a Co-coated Ni(OH)2 drying machine [432], and a spherical Ni(OH)2 production
method [433,434]. It also filed Chinese Patents on the subjects of a reactor producing Ni(OH)2 [435],
a Co-coating reactor for Ni(OH)2 [436], and a γ-CoOOH coating method [437]. Zhongdao Energy
Development (Anding, Hainan, China) owns a Chinese Patent on a (Co, Al) hydrotalcite containing
positive electrolyte [438]. Zhongjin Metal Powder (Wuxi, Jiangsu, China) has two Chinese Patents on
a nano-structured CoOOH [439] and a β-Co(OH)2 [440]. Yixing Xinxing Zirconium (Yixing, Jiangsu,
China) owns a patent on a high-temperature battery with CaF2, ZnO, Ba(OH)2, Er2O3, Y2O3, and
Zr-compound additives for the positive electrode [441], It also filed Chinese Patents in the areas of a Zr
co-precipitated Ni(OH)2 [442] and a rinsing apparatus for spherical Ni(OH)2 [443]. GEM (Shenzhen,
Guangdong, China) has one Chinese Patent on a non-stoichiometric Co1.02~2O additive to increase the
electrochemical activity of Ni(OH)2 [444].

5. Other Hardware Suppliers

Besides the active materials from both electrodes (Ni(OH)2 and MH alloy), there is other hardware
used in Ni/MH batteries may also protected by Chinese Patents. Instead of grouping by companies,
we listed the inventions from various companies under each part category in this section.

5.1. Ni Foam

The Ni-foam used as the substrate mainly for the positive electrode was first patented by INCO
(Toronto, ON, Canada, now Vale Canada Limited) with a chemical vapor deposition (CVD) process
from nickel carbonyl onto polymer foam which was removed later on by a sintering process [445].
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This costly CVD deposition process was replaced by an electrode plating on the polymer form coated
with a carbon-containing substance in China. Dr. Zhong, Chairman of Corun, owns a few Chinese
Patents on the electroplating container for the continuous fabrication of Ni-foam [446] and a rough
surface of Ni-foam [447] which were used in litigation against INCO in China [448]. His company,
Liyuan (Changsha, Hunan, China) filed Chinese Patents in the areas of a high-strength Ni-foam [449,
450], a special structured Ni-foam [451], a carbon nanotube coated Ni-foam [452], a Ni-foam design
for vehicle use [453], a multi-stage deposited Ni-foam for HEV use [454], a Ni-foam for high-power
application [455], a Ni/Co-foam [456], a Fe-foam [457], a crystallization method for deposited Ni [458],
a continuous electroplating apparatus [459], and a recycling procedure for making fine Ni powder
from Ni-form waste [460].

Tianyu (Heze, Shandong, China) filed Chinese Patent Applications on the subjects of a Ni-alloy
foam for high-power application [461,462], an electroplating Ni-foam [463], a super thick Ni-
(or Cu-foam) [464], a purification process for Ni-foam [465], a high-uniformity Ni-foam production
method [466,467], a low-face density and high-porosity Ni-foam [468], a high efficiency vacuum
apparatus [469], and a raw material preparation method for improvement of Ni-foam uniformity [470].

Tiangao (Dalian, Liaoning, China) owns one Chinese Patent on a new type of electroplating basin
for Ni-foam [471] and has one in examination about a super high-density Ni-foam [472].

5.2. Separator

The regular separator used in the Ni/MH battery is treated by acrylic acid (white) and a
special sulfonated separator (brown) originally patented by Japan Vilene Co. (Tokyo, Japan) [13]
has the advantage of low self-discharge since no trace of nitrogen-containing ion is left. Kangjie
(Changzhou, Jiangsu, China) filed Chinese Patent Applications on a low-cost and high-yield sulfonation
process [473], a multi-layer nylon-based separator [474], and a grafted polyethylene (PE) separator [475].
Lianyou Jinhao (Laizhou, Shandong, China) also has sulfonated separator patents [476–478]. Besides
it also filed Chinese Patent Applications on a separator grafting apparatus [479], a separator pore
size measurement apparatus [480], and a separator winding machine [481]. Lingqiao Environment
Protection Equipment Works (Shanghai, China) has a Chinese Patent on a PP/PTFE/PP composite
separator for a Ni/MH battery [482]. Jianxiang Shunxin Technology (Beijing, China) owns a Chinese
Patent of a wet impedance measuring apparatus [483]. Meite Environmental Protection Material
(Xianyang, Xi’an, China) filed one patent about a low-cost grafting method for making a separator [484].
Kegao (Luoyang, Henan, China) filed one Chinese Patent Application on a high-power separator with
high gas permeability and small thermal contraction [485]. Rongsheng (Yizheng, Jiangsu, China) filed
one application for its separator manufacturing process [486].

5.3. Stainless Steel Can

Shanghai Jinyang (Shanghai, China) owns Chinese Patents on an incoming parts organizer [487],
an electroplating process [488], a dehydration station [489], a water-saving washing station [490],
a plating quality control [491] and a thermal energy recycling mechanisms [492] for plating Ni on
a stainless steel can. It also applied for Chinese Patents on the automatic plating apparatus [493].
Fujian Jinyang (Sanmin, Fujian, China) field Chinese Patents about double-plating [494] and
triple-plating [495] Ni on a stainless steel can. Donggang (Wuxi, Jiangsu, China) filed a Chinese
Patent on a can with gradual cylinder wall thickness [496]. Hugang Electronics (Zhangjiagang, Jiangsu,
China) claimed an electroplating/chemical plating combination method [497]. Haiyang (Nantong,
Jiangsu, China) filed two Chinese Patent Applications on a case with an easy heat dissipation
capability [498,499].

5.4. Negative Electrode Substrate

Zhongjin Gaoneng (Shenzhen, Guangdong, China) has three Chinese Patents on the punching
die for the fabrication of a perforated non-ferrous metal belt [500], one for the high-power
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perforated stainless steel substrate [501] and one for the regular NPPS belt [502] for the negative
electrode substrate of a Ni/MH battery. Besides, it filed a patent on the fabrication method of
NPPS [503]. Jiejing (Dongguan, Guangdong, China) also filed an application for an automatic
electroplating apparatus for NPPS [504]. Shuzhen (Shanghai, China) filed an application on the
Cu-web used as substrate material for a negative electrode [253]. Kingdom Sifang Metal Product
(Qinhuangdao, Hebei, China) owns a Chinese Patent to fabricate NPPS [505]. Shenjian Metallurgical
Equipment (Shanghai, China) filed an application on a non-metal fiber/Ni composite material for
high-strength/light-weight substrate [506].

6. Applications

Ni/MH batteries were first used in consumer-type applications, such as cell phone, notebook
computer, other portable electronic devices (walkman, personal data assistant, etc.), and dry cell
replacement. Facing competition from the lighter Li-ion battery, the Ni/MH battery moved to the
transportation propulsion type of applications, especially for hybrid electrical vehicles (HEV) and EV.
Recently, due to the longevity and wide-temperature tolerance of the Ni/MH battery, it also entered
stationary type of applications, for example, uninterrupted power supply (UPS), grid-pairing storage
systems, and the EV charging station. The Chinese Patents on the application of Ni/MH area are
reviewed here.

6.1. Consumer Type

A few common uses of the Ni/MH battery in consumer application are shown as examples
in Figure 30. There are many Chinese inventions on this use of the Ni/MH battery. Some examples are:
a moisture-protection battery case [507], a power supply for illumination in a mine [508,509], a power
supply with monitoring and communication functions [510], a high-speed power tool [511,512], a new
type of flashlight [513], an LED flashlight [514], a pager [515], a portable power modulator [516],
a rechargeable radio frequency identification card [517], a portable vacuum cleaner [518], a kinetic
energy rechargeable infrared detector [519], a remote humidifier [520], a wall-climbing vacuum
cleaner [521], a robot used in a mine [522–525], a trimmer [526], and a wearable battery capacity
extender [527].

Figure 30. Examples of Ni/MH batteries in consumer applications: (a) retailer, (b) cordless
phone, (c) vacuum cleaner, (d) power drill, (e) shaver, (f) toothbrush, (g) flashlight, (h) solar lamp,
and (i) remote control for game console.
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6.2. Transportation Type

In the transportation area, the Ni/MH battery dominates the HEV market. Three HEVs
made in China are shown in Figure 31: a Camry by Guangzhou Auto (Guangzhou, Guangdong,
China), a Prius by First Automobile Works (FAW, Changchun, Jilin, China), and an EC7 by Geely
Auto (Hangzhou, Zhejiang, China). In the Chinese Patent Applications in this area, an optimized
range-extended HEV design [528], a forced-air-cooled HEV battery module [529], a heat dissipation
unit [530,531], a temperature-regulated HEV battery system [532], and a HEV-use battery module [533,
534] are available. Besides, Qineng (Yangzhong, Jiangsu, China) filed nine Chinese Patent Applications
on the fabrication of an HEV-used Ni/MH battery and module [535–543]. In the EV application,
inventions like a high-capacity Ni/MH battery pack [544,545], a high-capacity EV battery [546–548],
an EV-used battery module [549–551], an overload protection for an EV battery [552], a pulse-based
cycle life testing method for EV application [553], a battery management system for EV with
Ni/MH [554], a large-capacity prismatic cell design [555–558] and a cylindrical Ni/MH battery [559]
for EV application, an MH alloy designed for EV application [556], a battery module for EV [550,551],
a Ni/MH battery pack [560], a special high-power cylindrical cell design [561–564], and an EV charging
method [565] were demonstrated. In other transportation areas, a lawn mower [566], a fork lift
truck [567], a solar-cell powered car, boat, or plane [568], a wind-powered car [569], an underwater
propeller [570], a battery assembly for an E-bicycle [571–575], and a fast-charge moving cart [576] can
be found.

Figure 31. Examples of Ni/MH batteries in transportation applications: (a) a Camry HEV (Guangzhou
Auto), (b) a Prius HEV (FAW), and (c) an EC7 HEV (Geely Auto).

6.3. Stationary Type

In the un-interrupted power supply (UPS) applications, a video recording system with
self-supporting power supply [577], a firefighting emergent light [578], a high-rise building emergency
power system [579], a charging circuitry [580], and a mobile communication tower [581] are listed.
In the energy storage associated with solar and wind energy, a solar cell/battery combination [582–585],
and a Ni/MH rechargeable by solar power [398], a solar charger [586], a light emitting diode
(LED) solar lamp [587], a solar rechargeable flashlight [588], and a solar-charged EV battery [589]
are included. An example of a solar station equipped with Ni/MH energy storage is shown in Figure 32.
In grid-companion energy storage, an energy distribution and EV used charging station [590],
a monitoring system for energy storage [591], a double-source power unit [592], a monitoring
system [593], a micro-grid Ni/MH system [594], a mega-watt class energy storage system [595],
and an energy balancing system for Ni/MH storage [596] were introduced.
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Figure 32. Example of Ni/MH batteries in alternative energy storage applications: (a) a solar cell
system and (b) the accompanying Ni/MH battery pack installed and tested in Qinghai Plateau.
(Courtesy of TMK).

7. Universities and Research Institutes

Many Chinese universities and state-owned research institutes have worked in the Ni/MH battery
area, especially those involved in the 863 special project [597]. We reviewed the status of the Patent
Applications of a few representative examples and present them here.

7.1. Beijing Institute of Technology

Beijing Institute of Technology (Beijing, China) filed four Chinese Patent Applications related
to the Ni/MH battery and had one granted. Their invention covers the areas of a NiO-containing
positive electrode [598], an inner-pressure reduction additive [599,600], and a battery non-destructive
regeneration method [601].

7.2. Beijing University of Chemical Technology

Beijing University of Chemical Technology (Beijing, China) filed six Chinese Patent Applications
about Ni(OH)2 and had two of them granted. The inventions are composed of an activated
graphene/needle-shaped Ni(OH)2 composite [602], nano-thin films of α-Ni(OH)2 [603] and
β-Ni(OH)2 [604], a nano-structured/doped α-Ni(OH)2 [605], an electrochemical/chemical process of
making doped nano-Ni(OH)2 [606], a low-cost fabrication method of nano-Ni(OH)2 using oxygen
in air [607], and a nano-C/Ni(OH)2 composite [608].

7.3. Tsinghua University

Tsinghua University (Beijing, China) owns one Chinese Patent on an estimation of state-of-charge
based on a standard battery model [609]. It also applied for the following inventions: a real-time
estimation of the temperature difference between inside and outside of a cell [610], a magnetic treatment
of MH alloy to improve its high-rate performance [611], and an air-cooled apparatus for an HEV-used
Ni/MH battery module [612].

7.4. Tianjin University

Tianjin University (Tianjin, China) filed four Chinese Patents Application on these subjects:
a negative electrode surface treatment to improve electrochemical performance [613], an apparatus
to measure inner pressure of a Ni/MH cell [614], a tri-cellulose acetate/metal oxide composite
separator [615], and α-Ni(OH)2 prepared by a ball-milling process [616].
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7.5. Nankai University

Nankai University (Tianjin, China) filed patents jointly with Peacebay. It also filed patents on
their own in the areas of a C60 or boron nitride added negative electrode [617], electrode recycling
methods [332], a large-capacity EV-used Ni/MH battery [555], and a negative electrode pasting
line [618].

7.6. Tianjin Polytechnic University

Tianjin Polytechnic University (Tianjin, China) has two Chinese Patents on a sulfonated
separator [619,620].

7.7. Shanghai Jao Tong University

Shanghai Jao Tong University (Shanghai, China) has one Chinese Patent on a primary
(non-rechargeable) Ni/MH battery and withdrew one on a Ni/MH battery with a self-heat-dissipation
mechanism [621].

7.8. Donghua University

Donghua University (Shanghai, China) has two Chinese Patents on a composite separator [622]
and a nano-coating separator [623].

7.9. Jilin University

Jilin University (Changchun, Jilin, China) filed five Chinese Patent Applications on MH
alloy/graphene [624], MH alloy/Co3O4 [625], and MH alloy/nanoporous Ni [626] composite negative
electrodes, a fast cycle life estimation method for MH alloy with a super long life [627], and a MoS2

surface treatment for MH alloy [628].

7.10. Yanshan University

Yanshan University (Qinhuangdao, Hebei, China) mainly worked with REO MH Alloy Company
in their inventions. In addition, it also filed Chinese Patent Applications on the subjects of a single
phase Nd-Mg-Ni-based PuNi3 MH alloy [629] and a surface polypyrrole treatment to improve
the electrochemical performance of MH alloy [630] by itself.

7.11. Sichuan University

Sichuan University (Chengdu, Sichuan, China) owns two Chinese Patents on a
Nd-free/low-temperature AB5 MH alloy [631] and a low-Co LaPrCe-Ni based AB5 MH alloy [632].
It also filed one application on an Nd-free A2B7 MH alloy [633].

7.12. University of Electronic Science and Technology of China (UESTC)

UESTC (Chengdu, Sichuan, China) owns three Chinese Patents in the areas of TiO2 [634],
Al2O3 ceramic [635], and NiO2 [636] coatings on a positive electrode.

7.13. Zhejiang University

Most of the Chinese Patents from Zhejiang University are associated with KAN Battery.
Zhejiang University (Hangzhou, Zhejiang, China) filed 45 Chinese Patent Applications themselves
on an amorphous Mg-Ni [637] and a Ti-Cu-Ni [638] MH alloy as negative electrode active materials
and ionic nitridation [639] and B-diffusion [640] methods to improve the anti-corrosion properties of
the Mg-based alloy surface.
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7.14. Zhejiang Normal University

Zhejiang Normal University (Hangzhou, Zhejiang, China) filed Chinese Patent Applications in the
following subjects: a new binder [641], a new electrolyte additive [642], tartaric [643] and mucus [644]
salts containing positive electrodes, and a saccharic salt containing a positive electrode [645].

7.15. South East University

South East University (Wuxi, Jiangsu, China) owns two Chinese Patents on a weak acid surface
treatment for MH alloy [646] and a high-capacity Mg-Co based MH alloy [647]. It also filed two
applications in the areas of an Mg-Pd-Co MH alloy [648] and a recycling method of a spent battery [649].

7.16. Henan Polytechnic University

Henan Polytechnic University (Jiaozuo, Henan, China) filed two Chinese Patent Applications on
a fabrication method of RE-Mg-B MH alloy [650] and a multi-phase Mg-based MH alloy [651].

7.17. Guangdong University of Technology

Guangdong University of Technology (Guangzhou, Guangdong, China) owns three Chinese
Patents on a graphene-based [652] and a nano-carbon composite [653] high-capacity negative electrodes
for high-power battery, and a heat measuring apparatus for a high-power cylindrical cell [654]. It also
applied patents in the areas of α-Ni(OH)2 [655], nano-Ni(OH)2 [656], and a multi-element doped nano
α-Ni(OH)2 [657,658].

7.18. South China University of Technology

South China University of Technology (Guangzhou, Guangdong, China) owns one Chinese Patent
on a Sm-containing A2B7 MH alloy [659]. It also filed applications based on a multilayer thinfilm
electrode [660], a thin-film electrode [661], and a Sm-containing Pr, Nd-free MH alloy [662].

7.19. Lanzhou University

Lanzhou University (Lanzhou, Gansu, China) filed one Chinese Patent Application on a
three-dimensional cellular Ni(OH)2 [663].

7.20. Institute of Metal Research (IMR) in the Chinese Academy of Sciences

IMR (Shenyang, Liaoning, China) filed four Chinese Patents in the areas of a Ni-foam using
vacuum evaporation [664], a thick electrodeposition Ni-foam [665], and a nano-carbon decorated
current collector for the negative electrode [666].

7.21. Changchun Institute of Applied Chemistry (CIAC) in the Chinese Academy of Sciences

CIAC (Changchun, Jilin, China) filed five Chinese Patents in the areas of a La-based AB3 MH
alloy [667,668], a high-power negative electrode with active carbon or graphite additives [669], a safe
design of a button cell [670], and a battery/supercapacitor composite negative electrode [671].

7.22. Shanghai Institute of Microsystem and Information Technology (SIMIT) in the Chinese Academy
of Sciences

SIMIT (Shanghai, China) filed Chinese Patents in the areas of a method for improving the
long-term storage performance of a Ni/MH battery [672], a high-capacity Ti-V-based MH alloy [673],
and a bipolar battery design [674].
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7.23. Dalian Institute of Chemistry and Physics (DICP) in the Chinese Academy of Sciences

DICP (Dalian, Liaoning, China) filed a Chinese Patent on a conductive polymer/AB3 MH alloy
composite [675].

7.24. General Research Institute for Nonferrous Metals (GRINM)

GRINM (Beijing, China) filed 11 Chinese Patents to cover a high-capacity, long-life, and
high-power A2B7/A5B19 based MH alloy [676], a low self-discharge Ce2Ni7/Cd2Co7 based MH
alloy [677], a long life Pr (Nd) free A2B7 (>85%) MH alloy [678], a Nd-free low-temperature
AB5 MH alloy [679], a conducting composite for negative electrode [680], a zirconia based
separator [681], high-temperature/high-power positive electrode active materials [682,683],
a disordered composite positive electrode active material for power application [684], a Ni,
Al (OH)2-based positive electrode [685], RE2O3-based additives to positive electrodes [686],
and a Ni(OH)2 for high-temperature/high-power application [687].

7.25. Guangzhou Research Institute of Non-Ferrous Metals (GZRINM)

GZRINM (Guangzhou, Guangdong, China) filed four Chinese Patents on a low self-discharge
Nd-based A2B7 MH alloy [688], a La, Sm-based A2B7 MH alloy [659], a Co-free AB5 MH alloy [689],
and a low-temperature MH alloy containing a secondary CeCo4B phase [690].

7.26. Baotou Rare Earth Research Institute (BRERI)

BRERI (Baotou, Inner Mongolia, China) owns a Chinese Patent on a Y-containing A2B7 MH
alloy [691]. Besides, it also applied for the following inventions: Y containing A5B19 [692] and
AB3 [693] MH alloys, Zr, Ti-modified AB3 [694], A2B7 [695], and A5B19 MH alloys [696], a Y-Ni based
MH alloy [697], an amorphous Mg-Ni alloy [698], and a method to improve the capacity stability of
Mg-based MH alloy [699].

7.27. National Engineering Research Center for Nanotechnology (NERCN)

NERCN (Shanghai, China) applied for two Chinese Patents on a superlattice MH alloy/BCC alloy
composite [700] and an addition of acetylene back to the negative electrode [701].

7.28. Guilin Geology and Mining Academe (GGMA)

GGMA (Guilin, Guangxi, China) has one Chinese Patent on a fabrication method of a paste used
in the negative electrode [702].

7.29. Changsha Research Institute of Mining and Metallurgy (CRIMM)

CRIMM (Changsha, Hunan, China) owns a Chinese Patent in the Ce, Co-coated Ni(OH)2

composite material [703].

7.30. China Electronics Technology Group Corporation (CETC) 18th Research Institute

CETC (Tianjin, China) owns one Chinese Patent on a chemical fabrication method of Ni(OH)2 [704]
and applied one on the Ni/MH battery with a temperature control apparatus [705].

7.31. Central Iron & Steel Research Institute (CISRI)

CISRI (Beijing, China) applied Chinese Patents in the areas of W-containing high-capacity and
V-high-temperature AB5 MH alloys [706,707], a single-role quench method to prepare MH alloy for
high-temperature application [708], a fabrication of a Ni/MH battery [709], an MH alloy pulverization
by hydrogenation [710], and an electrolysis method of making misch metal for the raw material of MH
alloy [711].
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8. Comparisons

So far, we have reviewed Ni/MH battery-related patents (applications) filed in the USA (371) [12],
Japan (275) [13], and China (692). The areas of these patents (applications) are categorized into negative
electrode (metal hydride alloy), positive electrode (Ni(OH)2), battery structure, manufacturing facilities,
applications, and others (other parts, charging algorithm, recycling, etc.) and are plotted in Figure 33.
While the US Patents are distributed evenly in each category, Japanese and Chinese Patents are heavy
on the negative electrode and battery structure, respectively (Figure 33). As for the assignees, almost all
US Patents are from foreign companies and domestic research institutes and those for Japan and China
Patents are from several sources: Battery companies, MH alloy suppliers, spherical nickel hydroxide
suppliers, vendors of other parts, universities, and research institutes (Figure 34).

Figure 33. Areas of Patents (Applications) in (a) USA, (b) Japan, and (c) Chinese from negative
electrode components (MH alloy), positive electrode component (nickel hydroxide), battery structure,
manufacturing facilities, applications, and other areas.

Figure 34. Comparison of numbers of company/institute contributing to the Patents (Applications)
in Japan and China.

9. Conclusions

692 Chinese Patent Applications in the nickel/metal hydride battery area are summarized
in this review articles categorized by their assignees: battery manufacturers, metal hydride alloy
manufacturers, nickel hydroxide manufactures, vendors of other marts, universities, and state-owned
research institutes. Some representative schematic diagrams of cell structure designs are included to
stimulate new ideas in this area.
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Abbreviations

Ni/MH Nickel/Metal Hydride
NiCd
HEV

Nickel-Cadmium
Hybrid Electrical Vehicle

MH Metal Hydride
SIPO State Intellectual Property Office of the People’s Republic of China
GP Gold Peak
SZHP Shenzhen HighPower
Li-PO Lithium-Polymer
NPPS Ni-Plated Perforated Steel
RE Rare Earth
SBR Styrene-Butadiene Rub
PTFE Polytetrafluoroethylene
EV Electrical Vehicle
REO Rare-Earth OVONIC
PP Polypropylene
CVD Chemical Vapor Deposition
PE Polyethylene
UPS Un-Interrupted Power Supply
LED Light Emitting Diode
UESTC University of Electronic Science and Technology of China
CIAC Changchun Institute of Applied Chemistry
SIMIT Shanghai Institute of Microsystem and Information Technology
DICP Dalian Institute of Chemistry and Physics
GNINM General Research Institute for Nonferrous Metals
GZRINM Guangzhou Research Institute of Non-Ferrous Metals
BRERI Baotou Rare Earth Research Institute
NERCN National Engineering Research Center for Nanotechnology
GGMA Guilin Geology and Mining Academe
CRIMM Changsha Research Institute of Mining and Metallurgy
CETC China Electronics Technology Group Corporation
CISRI Central Iron & Steel Research Institute
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Abstract: Patent applications in the field of nickel/metal hydride (Ni/MH) batteries are reviewed
to provide a solid technology background and directions for future developments. As the fourth
review article in the series of investigations into intellectual properties in this area, this article focuses
on 126 patent applications filed by European companies at the European Patent Office, while the
earlier articles dealt with those from USA, Japan, and China. The history and current status of the key
companies in the Ni/MH battery business are briefly discussed. These companies are categorized by
their main roles in the industry, i.e., battery manufacturer, metal hydride alloy supplier, separator
supplier, and others. While some European companies are pioneers in bringing the Ni/MH product
to customers, others have made significant contributions to the development of the technology,
especially in the button cell, bipolar cell, and separator areas.

Keywords: nickel metal hydride battery; European patent; metal hydride alloy; nickel hydroxide;
European battery manufacturer

1. Introduction

Nickel/metal hydride (Ni/MH) batteries are widely used in consumer electronics, stationary
energy storage, and hybrid electric vehicles (HEV). Their advantages are in energy density (compared
to the replaced NiCd), cycle stability at deep discharge (>3000), robust construction, ability to be quickly
charged, environmental friendliness, and higher abuse tolerance (compared to the Li product) [1].
Two types of Ni/MH batteries are available: the small consumer type (usually cylindrical with
a capacity <4 Ah) and the larger transportation type (usually prismatic with a capacity >6 Ah).
Nowadays, most consumer type and HEV Ni/MH batteries are produced in China and Japan.
Nevertheless, European companies still have a small portion of the market share (for example, about
10% in 2013 [2]) (Figure 1a). On the other hand, European countries are a large market for consumer
type Ni/MH batteries. For instance, in 2013, Germany, the Netherlands, Belgium, and the UK
accounted for a combined 8.3% of the Ni/MH batteries exported from China [2] (Figure 1b), and in
February 2014 Europe received 32.7% of the Ni/MH batteries from Japanese manufacturers (mainly
FDK, Tokyo, Japan) [2] (Figure 1c). European companies made great contributions to the debut of
Ni/MH batteries in their early days. For example, Klaus-Dieter Beccu from Battelle Memorial Institute
(Geneva, Switzerland) contributed to the earliest patent using MH alloy as the active material in
the negative electrode to construct a Ni/MH battery in 1970 [3]; Annick Percheron-Guégen and her
coworkers from the Agence Nationale de Valorisation de la Recherche (Neuilly sur Seine, France) filed
the first patent of using LaNi5 modified with Ti, Ca, Ba, Cr, and/or Cu with improved capacity as
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negative electrode material in 1978 [4]; and Johannes Willems, Johann van Beek, and Buschow Kurt
from Philips (Eindhoven, Netherlands) filed a USA patent adding Co and/or Cu in LaNi5 to reduce
the lattice expansion during hydride process and consequently extend the cycle life in 1984 [5]. In
the past, we have reviewed the Ni/MH-related patents (or patents applications) filed in the USA [6],
Japan [7], and China [8]. In this review, we focus on patent applications to the European Patent Office
submitted by European companies; these applicants are grouped as battery manufacturers, metal
hydride (MH) alloy suppliers, separator suppliers, and others. The patent applications can be found
online through the website of World Intellectual Property Organization (WIPO) [9]. In the case of a
non-English description, a machine translation option supplied by WIPO is available free of charge.
A brief introduction of European companies contributing to the European Patent Application (EPA) is
included in Table 1.

Table 1. European companies related to Ni/MH battery manufacturing included in this review, in
order of their presence.

Company
Name

Headquarter
Products Related

to Ni/MH
Trademark Website

Saft Bagnolet, France C, D, F-size cells

 

http://saftbatteries.com/

Arts Energy Nersac, France C, D, F-size cells
 

http://www.arts-energy.com

Varta Ellwangen,
Germany

AAA to FA,
button cell  

http://www.varta-microbattery.be/

Nilar Täby, Sweden Prismatic, bipolar
cell  

http://www.nilar.com/

Alcatel Paris, France Cell phone
battery  

http://www5.alcatel-lucent.com

Hoppecke Brilon-Hoppecke,
Germany Prismatic cell

 
https://www.hoppecke.com/

GfE Nuremberg,
Germany

MH alloy
powder http://www.gfe.com

Treibacher Althofen, Austria MH alloy
powder https://www.treibacher.com

SciMat Swindon, UK Separator  Not available now

Freudenberg Weinheim,
Germany Separator  http://www.freudenberg.com
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(a) (b) 

 
(c) 

Figure 1. Consumer Ni/MH battery market shares for (a) Sources in 2013, (b) Exports from China in
2013, and (c) Exports from Japan in February 2014. Data originate from [2].

2. Ni/MH Battery Manufacturer

Patent applications from five European battery/chemical companies related to the fabrication
of Ni/MH batteries are reviewed in this section. There are two large European companies, Varta
(Ellwangen, Germany) and SAFT (Bagnolet, France), that manufactured consumer-type Ni/MH
batteries and submitted patent applications in related fields over the past two decades. In 2002, Varta
microbattery spun off from Varta and focused on the button cell business. In 2013, SAFT sold its Small
Nickel Battery division to Arts Energy (Nersac, France). Alcatel (later merged into Lucent Technology,
Paris, France) made Ni/MH batteries for cell phones and was active in filing patent applications.
Recently, Nilar (Täby, Sweden) began to offer bi-polar prismatic Ni/MH batteries for transportation
applications. Hoppecke (Brilon-Hoppecke, Germany) made prismatic flooded-type Ni/MH batteries
for transportation applications.

2.1. SAFT and Arts Energy

The Société des Accumulateurs Fixes et al Traction (SAFT) was founded in 1918 and manufactured
batteries for the luggage carts and lighting in locomotives. In 2006, Saft and Johnson Controls
(Milwaukee, WI, USA) formed a joint-venture pursuing batteries for electric vehicles (EV) and HEV.
It was acquired by Total (Courbevoie, France) and delisted from the stock exchange in 2016. SAFT
filed 24 and 19 European patent applications (EPAs) from 1990 to 2013 in the name of Accumulateurs
Fixes and SAFT SA, respectively. In the positive electrode area, SAFT filed EPAs on the following
subjects: a fabrication method of co-precipitated metal hydroxide [10], a description of characteristic
of β-Ni(OH)2 [11], a fabrication method of pasted electrode [12,13], and uses of several additives
including Celestine [14], CoO with a spinal structure [15], active carbon [16], Li(OH)2 [17], Ba(OH)2

and Sr(OH)2 [18], Nb2O5 [19], non-conductive fiber [20], and plastic binders [21–23]. Out of these
inventions, those with additives and binders are particularly helpful in improving the performance of
positive electrodes. In the negative electrode area, SAFT filed EPAs on the following subjects: active
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materials made from a single phase TiNi-based alloy [24], a Zr-based C14 AB2 alloy [25], a mixed-metal
based AB5 alloy [26], superlattice alloys containing Y [27], Mg [28], or Zr (Ti) [29] and A2B7 [30] and
A5B19 [31] phases, a catalytic substrate [32], a hydrophilic additive [33], and a paste process [34].
Among these EPAs, the superlattice alloy-related patents lead to a new direction of material research
in MH alloy field. SAFT filed multiple EPAs on the subject of a foam substrate and associated
current collector design [35–41] (Figure 2), which built a strong foundation for further research in the
area. In the separator area, SAFT filed EPAs on microporous grafted membranes [42,43], a tri-layer
composite [44], a double-layer with different orientations [45], and a N-retaining substrate [46]. SAFT
also filed three EPAs on a charging algorithm [47–49] and one on a leak-tight box for holding battery
modules [50].

 

Figure 2. Schematics of three difference designs of current collectors by SAFT. The parts are 1: metal
plate, 2: plug, 3: indent, 4: electrode [37]; 5: expanded metal or perorated metal strip [38]; 6: threaded
holes, 7: terminal assembly, 8: conducting strip, and 9: shoulder [40].

Arts Energy filed two EPAs in the early days; one on the re-sealable safety valve [51] and the other
one on a battery cooling module design [52]. Arts Energy continues to perform research and produce
Ni/MH batteries after it was purchased from SAFT in 2013, but has not filed an EPA since then. Its
products are mainly cylindrical NiCd and Ni/MH batteries (Figure 3).

 

Figure 3. Cylindrical cells from Arts Energy [53].
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2.2. Varta and Varta Microbattery

Varta (originally Vertrieb, Aufladung, Reparatur Transportabler Akkumulatoren) was founded in 1887
and produced the batteries that powered the first EV in Germany. For the production of Ni/MH
batteries, Varta formed a joint-venture, 3C Alliance, with Toshiba (Tokyo, Japan) and Duracell (Bethel,
CT, USA) in 1996. Varta filed 10 EPAs in 1994 and 1995, which cover an oxidation-resistant graphite
additive in the positive electrode [54,55], a use of foam or felt electrode in the button cell [56], a
multi-segment cylindrical cell design [57] (Figure 4a), a button cell design [58,59] (Figure 4b), Fe- [60],
Ti(Zr)- [61] containing AB5 MH alloys, and metal recovery from spent batteries [62,63]. Out of these
EPAs, those related to the new cell structure designs are important to extend the applicability of
Ni/MH into various fields.

 
(a) (b) (c) 

Figure 4. Schematics of (a) A multi-segment cylindrical cell, (b) A button cell, and (c) A hollow-cathode
cylindrical cell from Varta. The parts are 1: terminal, 2: conducting pin, 3: positive electrode, 4: negative
electrode, 5: separator, 6: central hole [57]; 7: pressure spring, 8: current collector plate, 9: cover, 10:
gasket, 11: negative electrode, 12: electrolyte-saturated separator, 13: positive electrode, 14: case [58];
15: head, 16: disc shape lid with radial profile, 17: rim (bent radially inward), 18: seal, 19: separator, 20:
cylindrical wall, 21: shank, 22:thread, 23: negative electrode, 24: can, 25: flat circular bottom, 26: one
positive electrode, 27: positive electrode assembly, 28: another segment of positive electrode, 29: cavity,
30: screw shape current collector [64].

In 2002, Johnson Controls acquired the automotive battery division of Varta. Immediately before
the sale, Varta Automotive GMGB filed an EPA on an electrolyte containing soluble Al-compound
added in the positive electrode to improve high-temperature charge acceptance [65].

Varta Microbattery was a spin-off company from Varta in 2002 and is now owned by Montana
Tech Components (Menziken, Switzerland). Their main products are button cells (Figure 5). Between
1998 and 2015, five EPAs were filed with Varta Microbattery as the assignee. They covered the areas of
a charging device for Ni/MH battery [66,67], a hollow-cathode cylindrical cell design [64] (Figure 4c),
and a battery/supercapacitor composite design [68,69]. The combination of rechargeable battery and
supercapacitor increases the high-rate charging capability of Ni/MH battery and opens the door for
some power-demanding applications.

 

Figure 5. Button cells from Varta Microbattery [70].
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2.3. Alcatel

Alcatel (originally short fir the Société Alsacienne de Constructions Atomiques, de Télécommunications
et d’Électronique) was merged into CGE in 1966, which was later merged again with Lucent Technologies
in 2006 and formed Alcatel-Lucent. It was finally merged into the Nokia Group in 2016. Alcatel made
Ni/MH batteries for cell phones and cordless phone (Figure 6). Between 1994 and 2003, Alcatel filed
8 EPAs under the names of Alsthom CGE Alcatel and CIT Alcatel. They disclosed two designs for
metal current collectors [71,72] (Figure 7), a minus ΔV cut-off charge control method [73], a C14 AB2

MH alloy [74], a coated, perforated metal substrate for a negative electrode [75], a double-layered
separator [76], a cell design with a negative/positive ratio >1.15 [77], and a Ni(OH)2 coating on a MH
alloy to improve low-temperature and cycle performance [78]. The last EPA is very important for the
use of Ni/MH battery in areas with very harsh winter, Siberia, for example.

 

Figure 6. Alcatel One Touch 535 with Ni/MH battery [79].

 
(a) (b) 

Figure 7. Schematics of (a) A metal-foam connection and (b) A cylindrical cell design from Alcatel. The
parts are 1: metal strip, 2: foam without Ni(OH)2, 3: auxiliary foam, 4: main foam, 5: slot formed by
compression [71]; 6: folded part of can, 7: metal tab, 8: negative electrode, 9: separator, 10: positive
electrode, 11: can, 12: a piece of nickel plated steel disc, 13: adhesive tape, 14: lug, and 15: cover [72].
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2.4. Nilar

Nilar was founded in Sweden in 2011. Before moving to Sweden, Nilar used to operate its
research facility in Aurora, CO, USA. Nilar’s main product is a prismatic, bi-polar Ni/MH battery used
in transportation applications (Figure 8). Nilar owns 14 USA Patents covering components, casing,
assembly, module construction of a bi-polar design Ni/MH battery. Nilar filed 13 EPAs between 2002
and 2012, which included assembly of bipolar plates design [80] and manufacture [81], design [82]
and manufacture [83–86] of a current collector, a case [87], a stacking arrangement [88], a pressure
sensor [89], a powder reduction unit [90], a gasket design [91], and an energy managing system [92]
for bipolar Ni/MH batteries. These bi-polar Ni/MH batteries are very important for large-scale
transportation applications, which require both large capacity and high-rate drain capability. Recently,
Prof. Dag Noréus filed an international Patent Cooperation Treaty (PCT) with Nilar regarding the
addition of H2, O2, and/or H2O2 in sealed Ni/MH batteries to extend cycle life [93].

  
(a) (b) 

Figure 8. (a) Nilar’s bipolar prismatic Ni/MH batteries and (b) A ferry powered by them [94].

2.5. Hoppecke

Hoppecke was founded in 1927 to produce industrial batteries. It supplied lead-acid, Ni/MH
(Figure 9), and Li-ion batteries to railway applications. Hoppecke filed two EPAs in 2011 disclosing
a positive electrode manufacturing process [95] and a flooded design for a Ni/MH battery [96]. The
latter is unusual and opens the way for stationary storage associated with alternative energies, such as
solar and wind power.

 

Figure 9. Prismatic flooded Ni/MH batteries from Hoppecke [97].
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3. MH Alloy Suppliers

GfE (Nuremberg, Germany) and Treibacher (Althofen, Austria) were previously the only two
European companies producing MH materials used as active materials in the negative electrode of
Ni/MH battery. Nowadays, all the Ni/MH battery manufacturers have switched to vendors from
Japan and China.

3.1. GfE

GfE was founded in 1911 to produce metal products with electric furnaces. Today, it still offers
an AB2-based MH alloy, mainly for the use of solid hydrogen storage [98]. GfE filed one EPS in
1999 regarding addition of a metal oxide (Cr2O3, for example) to hydrogen storage material (Mg, for
example) as a catalyst [99].

3.2. Treibacher

Treibacher Industries AG was founded in 1898 to produce ferroalloy for the steel industry. Today,
it still offers AB2 and AB5 MH alloys for hydrogen storage and battery applications, respectively [100].
Treibacher filed an EPA in 2001 to cover a Cr-containing AB5 MH alloy [101]. It also filed an
international PCT on a two-chamber hydrogen storage canister [102].

4. Separator Suppliers

Scimat (Swindon, UK) and Freudenberg (Weinheim, Germany) were once two major separator
companies making non-woven grafted polyethylene/polypropylene separators for Ni/MH battery
producers worldwide. In 2006, Scimat was acquired by Freudenberg and, together, they still supply
separators for high-performance Ni/MH batteries, especially in the HEV area. In 2015, Freudenberg
also became the largest (75%) stockholder for Nippon Vilene—the top nonwoven producer in Japan.

4.1. Scimat

Scimat was founded in 1987, focusing on the production and development of automated controlled
separator production process. It was acquired by its main competitor, Freudenberg, in 2006. Between
1985 and 1998, Scimat filed 7 EPSs on a grafting method preparing microporous particles [103], a
halopolymer film [104,105], a double-layer (one porous, the other one partially blocking the pores)
membrane [106], a grafted sheet composed of copolymer and polyolefin [107], an ultraviolet radiation
process to increase the surface hydrophilicity of the separator [108], and a laminate composed of fiber
and vinyl monomer on the surface [109]. The Scimat separator is very important in the HEV application.

4.2. Freudenberg

Freudenberg was founded in 1849 to make leather products. Combining the intellectual property
and production capacity of past rivals Scimat and Nippon Vilene, Freudenberg became the only
separator producer outside of China. Freudenberg filed 8 EPAs from 1993 to 2010, covering the
subjects of a non-woven hydrophilic separator material [110], a grafting process making separator
material from polymers [111], an addition of alkaline hydroxide or carbonate in the separator before
use [112], a separator material containing a titrimetrically determined ammonia binding property [113],
a chemically active separator material with an alkaline electrolyte [114], a bi-layer separator with
different fiber diameters [115], a core-shell duel-component fiber as a separator [116], and a separator
material with coating to enhance its puncturing resistance [117]. Together with Eveready Battery
Company (St. Louis, MO, USA), Freudenberg filed an EPA on a cell design using a separator less than
0.15 mm thick in the dry state [118] (Figure 10).
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Figure 10. Schematic of a cylindrical cell design from Eveready/Freudenberg. The parts are 1: negative
current collector, 2: negative terminal, 3: metal plate, 4: polymer seal, 5: metalized plastic film, 6: steel
can, 7: tubular positive electrode, 8: separator, 9: negative electrode, 10: bottom of negative electrode,
11: bottom of folding cylinder, 12: positive terminal, and 13: folding can [118].

5. Other Companies

In addition to the companies mentioned above, which are (or were) involved directly with
the manufacturing of Ni/MH batteries, there are other companies and universities in Europe
that occasionally applied for EPAs in the Ni/MH battery field. In battery design, Deutsche
Automobilgesellschaft (now a subsidiary of Daimler AG, Stuttgart, Germany) filed 3 EPAs on a
prismatic cell [119] with the negative electrode covered by polytetrafluoroethylene (PTFE) threads [120],
and a bi-polar design of electrode stacking [121].

In the Ni(OH)2 area, the University of Southampton (Southampton, UK) filed one EPA [122]
and two PCTs [123,124] on the subject of a porous positive electrode active material with regularly
spaced pores. In the MH alloy area, Höganäs AB (Höganäs, Sweden) filed two EPAs on an organically
modified silicic acid coating for MH alloys [125], and MH alloys prepared by gas atomization with a
unique dendritic microstructure [126]. Fraunhofer-Gesellschaft (Munich, Germany) also filed an EPA
on an organically modified silicic acid polycondensated coating for MH alloys [127].

In the charging algorithm and devices, Peugeot (Paris, France) presented a method relating to
inner pressure to the state-of-charge (SOC) [128]; Friwo Geräetebau (Ostbevern, Germany) patented
a temperature sensor equipment charging device [129]; SGS Thomson Microelectronics (Geneva,
Switzerland) disclosed a −ΔV cut-off method [130,131]; and Solarc Innovative Solarprodukte (Berlin,
Germany) disclosed a solar-cell compatible battery charging unit [132].

EU countries are very concerned about battery recycling activities [133]. A special program,
COLABATS, was initiated in Europe in 2013 to conduct the development of recycling technology for
Ni/MH and Li-ion batteries [134]. In terms of battery recycling, Umicore (Brussels, Belgium) patented
a smelting process to reclaim Ni and Co [135]; Montanuniversität Leoben (Leoben, Austria) disclosed
a method of reclaiming rare earth metals by using a non-oxidizing acid [136]; Akkuser Ltd. (Nivala,
Finland) has a Patent issued on the separation of spent batteries by chopping or crushing followed
by a refining or smelting process [137]; CT Umwelttechnik AG (Winterthur, Switzerland) patented
a recycling process for the mixture of various kind of batteries [138]; Titalyse S.A. (Croix-de-Rozon,
Switzerland) patented an apparatus to sort spent batteries with different size and shape by an optical
camera with imaging software [139]; Enviro EC AG (Zug, Switzerland) published a method of
reclaiming MH from spent batteries by magnetic separation [140]; SNAM (Saint-Quentin-Fallavier,
France) also reclaimed MH by spraying surfactant and later sedimentation [141]; and Eco Recycling
SRL (Rome, Italy) reported a physical/chemical combinational method to reclaim Cu and plastic
materials [142]. Additionally, French Alternative Energies and Atomic Energy Commission
(Gif-sur-Yvette, France) filed a PCT on a process to reclaim rare earth elements, specifically Ni, Co, Mn,
and Fe, by selective salt precipitation from a mixture of acid solution for spent Ni/MH battery [143].
Finally, only one EPA was found for the application of Ni/MH batteries, a low self-discharge battery
used in soap dispensers filed by Vivian Blick [144].
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6. Comparisons to Other Countries

The development of MH alloy and associated Ni/MH battery started from European companies,
such as Battelle, Philips, Benz (Stuttgart, Germany) and followed by the successful commercialization
by American and Japanese companies [145]. Now the Ni/MH batteries are mainly fabricated in China
and Japan. Throughout the years, many important patents were filed in these four areas/countries,
namely EU, USA, Japan, and China. The nature of these patent applications is compared in Table 2.
Compared to other area/countries, European companies filed the fewest patents (application) in the
Ni/MH field. However, their patents in areas such as button cells (owned by Varta Micronbattery),
bi-polar design (owned by Nilar), and separators (owned by SciMat and now Freudenberg) are all
very important. USA has the largest consumer market in the world and most of its patents related to
Ni/MH batteries were filed by Japanese and European companies.

Table 2. Comparison of numbers of patents (applications) filed in EU, USA, Japan, and China and
number of associated companies (institutes). * The number of companies used in USA only counts for
American companies (institutes).

Country EU USA Japan China

Number of patents (application) related to Ni/MH 126 371 275 692
Number of patents in negative electrode 22 58 128 136
Number of patents in positive electrode 18 54 27 83

Number of patents in manufacturing technology 10 33 28 104
Number of companies (institutes) filed patents 29 18 * 46 99

7. Conclusions

A total of 126 patent applications related to Ni/MH batteries and filed by European companies
to the European Patent Office were reviewed. The scope covers metal hydride formulations and
processing, nickel hydroxide preparation, electrode fabrication, cell design, charging method, and
recycling. Together with reviews of patents (applications) in the Ni/MH field filed in the USA, Japan,
and China, this work completes our studies on the intellectual properties in this field. Compared to
companies (institutes) in other countries, European companies started the Ni/MH battery, but were not
as active in the development of the production technology. They still made significant contributions in
the separator and prismatic cell areas.
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the manuscript.
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The following abbreviations are used in this manuscript:

Ni/MH Nickel/metal hydride
HEV Hybrid electric vehicle
MH Metal hydride
WIPO World Intellectual Property Organization
EPA European Patent Application
EV Electric vehicle
PCT Patent Cooperation Treaty
PTFE Polytetrafluoroethylene
SOC State-of-charge
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Abstract: A combination of analytic tools and electrochemical testing was employed to study
the contributions of Palladium (Pd) in a Zr-based AB2 metal hydride alloy (Ti12Zr22.8V10

Cr7.5Mn8.1Co7Ni32.2Al0.4). Pd enters the A-site of both the C14 and C15 Laves phases and shrinks the
unit cell volumes, which results in a decrease of both gaseous phase and electrochemical hydrogen
storage capacities. On the other hand, the addition of Pd benefits both the bulk transport of
hydrogen and the surface electrochemical reaction. Improvements in high-rate dischargeability and
low-temperature performances are solely due to an increase in surface catalytic ability. Addition of Pd
also decreases the surface reactive area, but such properties can be mediated through incorporation
of additional modifications with rare earth elements. A review of Pd-addition to other hydrogen
storage materials is also included.

Keywords: metal hydride; nickel metal hydride battery; Laves phase alloy; palladium; electrochemistry;
pressure concentration isotherm

1. Introduction

Zr-based AB2 metal hydride (MH) alloy is an important research subject since it provides a
possible improvement to the relatively low gravimetric energy density of nickel/metal hydride
batteries [1,2]. Work regarding substitution of C14 Laves phase MH alloys started at the first row of
transition metals [3–6] and proceeded to several non-transition metals (for example, Mg [7], La [8],
Ce [9], and Nd [10]). Palladium (Pd), one of the two elements (the other is Vanadium (V)) with
hydrogen-storage (H-storage) capabilities at room temperature (the heats of hydride formation for
Pd and V are −20 [11] and −33.5 kJ·mol−1 [12], respectively), is very special among all possible
substitution candidates. Pd’s ability to absorb a large volume of hydrogen was first reported more
than 150 years ago by Thomas Graham in 1866 [13], which built the foundation for modern MH
research work [14–16]. In addition to use as a pure material, Pd also participates in H-storage research
in many ways, such as a main ingredient in Pd-based alloys [17–20], an additive in the form of a
nanotube [21], nanoparticle [22–25], or polycrystalline powder [26,27], a component in Pd [28–42] and
Pd-containing thin films [43–46], and an alloying ingredient [41–101]. The major results accomplished
by incorporating Pd in MH alloys are summarized in Table 1, and consist mainly of improvements in
gaseous hydrogen absorption and desorption kinetics, electrochemical discharge capacity, high-rate
dischargeability (HRD), activation, and cycle life performance in several MH alloy systems, including
Mg, C, A2B, AB, AB2, AB5, and body-centered-cubic solid solutions. In the two papers dealing with
Pd alloyed in AB2 MH alloys, one only discussed the HRD performance [56,79] and the other one
is focused on the C15-dominated MH alloy [54]. Therefore, it is important to further investigate
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the influences of Pd-addition to the structural, gaseous phase, electrochemical properties, and their
correlations in the C14-based AB2 MH alloys.

Table 1. Summary of the Pd-substitution research based on different preparation methods, including arc
melting (AM), replacement diffusion (RD), mechanical alloying by ball milling (MA), thermal annealing
(TA), induction melting (IM), melt spinning (MS), levitation melting (LM), and wet impregnation (WI),
in chronological order. GP and EC denote gaseous phase and electrochemical applications, respectively.
HRD and Io represent high-rate dischargeability and surface reaction current, respectively.

Host Preparation Application Amount Major Effect(s) of Pd Reference

LaNi5 AM GP 16 at % Increased plateau pressure [47]
Mg2Ni RD GP 8.3 at % Increased absorption kinetics [48]
Mg2Ni MA GP <1 wt. % Increased absorption kinetics [49]

TiFe MA GP <1 wt. % Increased activation [50]
V3TiNi0.56 AM EC 1 & 5 at % Increased capacity [51]

TiFe AM + TA GP 2.5 to 15 at % Increased activation [52]
Ti2Ni AM EC 9.6 at % Increased HRD and cycle life [53]
AB2 AM EC 3.3 at % Increased cycle life [54]
Mg MA GP 14 wt. % Increased desorption kinetics [55]
AB2 IM EC 1 to 4 at % Increased HRD [56]

Mg2Ni MS EC 5 to 20 at % Increased capacity and cycle life [57,58]
MgNix MS EC 10 at % Easy amorphization [59]
MgNi MA EC 1 to 10 at % Increased cycle life [60]
MgNi MA EC 10 at % Increased cycle life [61]
TiFe AM EC 5 to 10% Increased EC activity [62]

Mg0.9Ti0.1Ni MA EC 0 to 7.5 at % Increased cycle life and Io [63–66]
Li3BN2 MA GP 5 to 10 wt. % Increased desorption kinetics [67]

Mg MA GP 5 wt. % Decreased absorption kinetics [68]
Mg MA GP 10 wt. % Increased desorption kinetics [69]

MgTix MA EC 5 at % Increased activation [70]
Mg6Pd7Si3 TA GP 44 at % Increased cycle life [71]
LaMg2Pd TA GP 25 at % Novel MH alloy [72]

TiVCr AM GP 0 to 0.5 at % Increased capacity and activation [73]
TiVCr LM EC 0 to 3 at % Increased capacity, cycle life, and activation [74]
TiZrNi AM EC 0 to 7 at % Increased capacity, HRD, and cycle life [75]
MgNi MA EC 0 to 5 at % Increased HRD and cycle life [76]

C WI GP 0 to 6 at % Increased capacity [77]
MgTi MA EC 3.3 at % Increased capacity and Io [78]
AB2 AM + TA EC 5 to 10 wt. % Increased HRD [79]

Mg2Ni MA EC 10 wt. % Increased capacity [80]
TiNi IM GP 0 to 2.5 at % Decreased Capacity [81]

MgNi MA EC 3.5 at % Increased capacity, HRD, and cycle life [82]
LaNi5 AM + TA GP 4 to 25 at % Increase in plateau pressure [83]
Mg2Ni MA EC 3.3 at % Increased capacity and cycle life [84]

C WI GP 5 wt. % Decreased absorption kinetics [85]
MgNi MA EC 5 at % Increased HRD and cycle life [86]
MgNi MA EC 0 to 5 at % Increased capacity and cycle life [87]

Mg MA GP 0.1 to 5 wt. % Increased absorption and desorption [88]
MgNi MA EC 0 to 4 at % Increased capacity [89]

LaMg2Ni IM GP 5 at % Increased absorption and desorption [90]
TiNi MA EC 5 wt. % Increased capacity and cycle life [91]

Mg2Co MA EC 5 at % Increased capacity, Io, and cycle life [92,93]
WMCNT WI GP 5 wt. % Increased capacity [94]
Na2SiO3 TA GP 2.5 to 5 wt. % Increased capacity [95]

Graphene WI GP 5 to 10 wt. % Increased capacity [96]
TiNi, Ti2Ni MA + TA EC 5 wt. % Increased capacity and cycle life [97]

C WI GP 0 to 13 wt. % Increased capacity [98]
Mg6Pd TA GP 14 at % Novel MH alloy [99]
TiVCr AM GP 0.05 to 0.1 at % Increased capacity [100]
MgCo MA EC 5 at % Increased HRD [101]

PdCu, PdCuAg MA GP 15 to 100 at % Increased capacity [102]

In order to improve the electrochemical performance of C14-based MH alloy, especially at an
ultra-low temperature (−40 ◦C), effects of Pd-incorporation were investigated. We fabricated the alloys,
analyzed their microstructures with X-ray diffractometer (XRD) and scanning electron microscope
(SEM) studied the gaseous phase reaction with hydrogen by pressure-concentration-temperature (PCT)
isotherms, measured the electrochemical and magnetic properties, and correlated the results.
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2. Experimental Setup

Arc melting under a 0.08 MPa Ar protective atmosphere was employed to prepare the sample
ingots. To improve the homogeneity of the composition, the samples were flipped five times during
the melting/cooling procedure. After cooling, each sample went through a hydriding/dehydriding
process to created fissures and cracks to facilitate the later grinding process. The final product was a
−200 mesh powder ready for the electrochemical testing. A Varian Liberty 100 inductively coupled
plasma optical emission spectrometer (ICP-OES, Agilent Technologies, Santa Clara, CA, USA) was
used to examine the chemical composition of each sample. For the structural analysis, a Philips X’Pert
Pro XRD (Philips, Amsterdam, The Netherlands) and a JEOL-JSM6320F SEM (JEOL, Tokyo, Japan)
with energy dispersive spectroscopy (EDS) were used. Since EDS analysis is only semi-qualitative
in nature, results were used only for comparison purpose. For the gaseous phase H-storage study,
a multi-channel PCT (Suzuki Shokan, Tokyo, Japan) was used. PCT measurements were performed at
30, 60, and 90 ◦C after a 2-h thermal cycle between room temperature and 300 ◦C under 2.5 MPa H2

pressure. Electrode and cell preparations, as well as the electrochemical measurement methods, used
for the experiments in the current study were the same as the ones used in our previous studies on
the AB2 MH alloys [103,104]. Electrochemical testing was performed in an open-to-air flooded cell
configuration against a partially pre-charged sintered Ni(OH)2 counter electrode at room temperature.
A test electrode was made by dry compacting the MH powder directly onto an expanded Ni substrate
(1 cm × 1 cm) without the use of any binder or conductive powder, and the average weight of active
material per electrode was approximately 50 mg. The electrolyte used for testing was 30 wt. % KOH
solution. Each electrode was charged with a current of 50 mA·g−1 for 10 h and then discharged at the
same rate until a cut-off voltage of 0.9 V was reached. Two more pulls at 12 and 4 mA·g−1 then followed.
For the surface reaction exchange current measurement (Io), linear polarization was performed by
first fully charging the system, then discharging to 50% of depth-of-discharge, and followed by
scanning the current in the potential range of −20 to +20 mV of the open circuit voltage at a rate
of 0.1 mV s−1. For the bulk hydrogen diffusion coefficient (D) measurement, the system in a fully
charged state was polarized at 0.6 V for 7200 s. All electrochemical measurements were performed
on an Arbin Instruments BT-2143 Battery Test Equipment (Arbin Instruments, College Station, TX,
USA). A Solartron 1250 Frequency Response Analyzer (Solartron Analytical, Leicester, UK) with a
sine wave amplitude of 10 mV and a frequency range of 0.5 mHz to 10 kHz was used to conduct
the AC impedance measurements. A Digital Measurement Systems Model 880 vibrating sample
magnetometer (MicroSense, Lowell, MA, USA) was used to measure the magnetic susceptibility (M.S.)
of the activated alloy surface (activation was performed by immersing the sample powder in 30 wt. %
KOH solution at 100 ◦C for 4 h).

3. Results and Discussions

3.1. Properties of Pd

Several key physical properties of Pd are compared with those of transition metal elements
commonly used in AB2 MH alloys in Table 2. Pd is the heaviest among the reported elements
(i.e., the highest atomic number) and thus does not have a significant weight advantage in H-storage
applications. Moreover, Pd is in the same column and has the same number of outer-shell electrons
as Ni (10), but it is located a row below in the periodic table (4d instead of 3d for Ni). Table 2 also
shows the scarcity of Pd, which makes it very expensive, with a cost more than 2000 times higher
than Ni (US$20,580 kg−1 for Pd [105] vs. US$10.4 kg−1 for Ni [106]). Furthermore, the atomic radius
of Pd in the Laves phase is between those of the conventional A-site (Zr and Ti) and B-site elements
(other elements in Table 2). The preferred ratio of average atomic radius of the A-site atoms to that of
the B-site atoms in the Laves phase is approximately

√
3/2 ≈ 1.225 [107]. A Laves phase alloy with

Pd in the A-site must incorporate a B-site element with an atomic radius of approximately 1.242 Å
(1.521/1.225), which is too small for the commonly used B-site elements (Table 2). Besides Pd has a
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very high electronegativity value, which indicates that Pd attracts electrons, and is expected to occupy
the B-site in intermetallic compounds like other commonly used modifying elements. Therefore, a
Laves phase with Pd in the A-site is unlikely to happen. The only known Pd-containing Laves phase
binary alloys are CaPd2, SrPd2, and BaPd2 (all C15 structures) when alloyed with large alkaline earth
elements [108,109]. It is also known that Pd, together with Cr, Mn, and Co, form a solid solution with
Ni, indicating that a high solubility of Pd in Ni-based phases (TiNi and AB2 for battery application)
can be expected. The heat of hydride formation (ΔHh), an indication of the metal-to-hydrogen bond
strength, for Pd is slightly higher than that of V, meaning the hydride of Pd is more stable than that of
V and causing the H-storage capacity of Pd to be lower than that of V (PdH0.75 [110] vs. VH). Finally,
due to its superior H2 dissociative properties, Pd serves as a common catalyst in facilitating hydrogen
absorption and desorption for MH alloys [111].

Table 2. Properties of Pd and other constituent elements in the alloys of this study. The radius
quoted here is the atomic radius found in the Laves phase. Hcp, fcc, and bcc stand for hexagonal,
face-centered-cubic, and body-centered cubic structures, respectively. ΔHh is the heat of hydride
formation. IMC denotes intermetallic compound. Ni forms a solid solution with a continuous
composition range and has no IMC with Pd, Cr, Mn, or Co.

Property Zr Ti Pd V Cr Mn Co Ni Al

Atomic Number 40 22 46 23 24 25 27 28 13
Number of Outer-layer e− 4 4 10 5 6 7 9 10 3

Earth Crust Abundance (%) 0.013 0.66 6 × 10−7 0.019 0.014 0.11 0.003 0.009 8.1
Radius (Å) [112] 1.771 1.614 1.521 1.491 1.423 1.428 1.385 1.377 1.582
Electronegativity 1.33 1.54 2.20 1.63 1.66 1.55 1.88 1.91 1.61

Crystal Structure [113] hcp hcp fcc bcc bcc bcc hcp fcc fcc
Melting Point (◦C) [114] 1855 1668 1555 1910 1907 1246 1495 1455 660

ΔHh (kJ·mol−1) [11] −94 −67 −20 −35 −8 −8 15 −3 3
Number of IMC with Ni [115] 8 3 0 3 0 0 0 - 4

3.2. Chemical Composition

Six alloys (Pd0, Pd1, Pd2, Pd3, Pd4, and Pd5) with compositions of Ti12Zr22.8−xV10Cr7.5

Mn8.1Co7Ni32.2Al0.4Pdx (x = 0, 1, 2, 3, 4, and 5) were prepared by arc melting within a water-cooled
Cu crucible. The Pd-free Pd0 alloy was also the base alloy used previously in studies of La- [8],
Ce- [9], and Nd-substituted [10] AB2 MH alloys, and was selected due to its balanced electrochemical
performances with regard to capacity, rate, and cycle stability. In the composition design, Pd was
assumed to occupy the A-site, due to its relatively large size (Table 2), and therefore the Zr-content
was reduced to maintain the slightly hypo-stoichiometry (B/A = 1.87). ICP results are compared
with the design compositions in Table 3. Only small deviations in the Mn-content were found, due
to the Mn overcompensation in the case of evaporation loss. The average electron density (e/a),
an important factor determining the ratio of C14 to C15 phase abundances [116–120], is calculated from
the constituent elements’ numbers of outer-shell electrons. Since Pd has more outer-shell electrons
(10), compared to the replaced Zr (4), e/a increases with increasing Pd. While the observed e/a is very
close to the designed e/a, the B/A ratios determined by the ICP results of the Pd-containing alloys
are slightly higher than those determined by the design compositions, due to the slight loss of Pd and
correspondingly increased in the Mn-content.
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Table 3. Design compositions (in bold) and ICP results in at %. The average electron density is shown
as e/a, and B/A is the ratio of B-atoms to A-atoms (Ti, Zr, and Pd).

Alloy Source Ti Zr V Cr Mn Co Ni Pd Al e/a B/A

Pd0
Design 12.0 22.8 10.0 7.5 8.1 7.0 32.2 0.0 0.4 6.771 1.87
ICP 11.9 22.9 10.0 7.5 8.0 7.1 32.2 0.0 0.4 6.773 1.87

Pd1
Design 12.0 21.8 10.0 7.5 8.1 7.0 32.2 1.0 0.4 6.831 1.87
ICP 12.0 21.3 10.3 7.5 8.5 7.0 31.9 1.1 0.4 6.834 1.91

Pd2
Design 12.0 20.8 10.0 7.5 8.1 7.0 32.2 2.0 0.4 6.891 1.87
ICP 12.0 20.5 9.9 7.5 8.6 6.9 32.2 2.0 0.4 6.900 1.90

Pd3
Design 12.0 19.8 10.0 7.5 8.1 7.0 32.2 3.0 0.4 6.951 1.87
ICP 12.0 19.5 10.1 7.5 8.6 7.0 32.1 2.8 0.4 6.949 1.92

Pd4
Design 12.0 18.8 10.0 7.5 8.1 7.0 32.2 4.0 0.4 7.011 1.87
ICP 11.9 18.7 10.1 7.6 8.7 7.0 31.9 3.7 0.4 6.996 1.92

Pd5
Design 12.0 17.8 10.0 7.5 8.1 7.0 32.2 5.0 0.4 7.071 1.87
ICP 11.9 17.8 10.2 7.4 8.6 7.1 32.0 4.6 0.4 7.055 1.92

3.3. XRD Analysis

Alloy structures were studied using XRD, and the resulting patterns are shown in Figure 1.
Besides the C14 (MgZn2-type, hexagonal, hP12 with a space group of P63/mmc) and overlapped
C15 (MgCu2-type, cubic, cF24, with a space group of Fd3m) peaks, a small peak at around 41.5◦ was
identified and assigned as a TiNi-based cubic phase (with a B2 structure, cubic, cI2, a space group
of Pm3m). With the increased Pd-content, the Laves phase peaks shift to higher angles (indicating
a decrease in the lattice constants), and the TiNi peak moves in the opposite direction. Through a
full-pattern analysis using the Jade 9.0 software (MDI, Livermore, CA, USA), the lattice constants and
abundances of the C14, C15, and TiNi phases were calculated, and the results are listed in Table 4.
In the C14 phase, both the lattice constants a and c decrease, and the a/c ratio increases with increasing
Pd-content. Since the size of Pd is between those of the A-atoms (Ti, Zr) and those of the B-atoms
(except for Al), the lattice constants increase if Pd occupies the B-site and decrease if Pd sits in the A-site.
Thus, the evolution of the C14 lattice constants clearly indicates that Pd occupies the A-site, despite its
relatively high electronegativity (Table 2). V, with a slightly smaller size than Pd, was shown to occupy
the B-site in the C14 structure [121]. However, size is apparently not the only determining factor in site
selection because Al, which is larger than Pd, was found to occupy the B-site in the C14 structure [122]
and Sn, with a much larger size compared to Pd, first occupies the A-site when its concentration is
less than or equal to 0.1 at %, but then moves to the B-site at higher concentrations [123]. The lattice
constant of the C15 phase also decreases with increasing Pd-content, suggesting that Pd is also in the
A-site in C15. We will continue this discussion with the phase compositions revealed by EDS in the
next section. Different from the observations made in the Laves phases, the lattice constant of the cubic
TiNi phase increases with increasing Pd-content (as indicated by the shift of peak at around 41.5◦ to
lower angles), which shows that Pd is in the B-site (Ni-site) in the TiNi (B2) structure. TiNi and TiPd,
which share the same B2 structure, form a continuous solid solution, as demonstrated in the Ni-Pd-Ti
ternary phase diagram [124,125]. Therefore, it is not surprising to observe that Pd partially replaces
Ni in the TiNi phase. The partial replacement of Fe by Pd in TiFe (with the B2 structure) also leads
to an expansion in the unit cell [52]. Evolution of the lattice constants from the C14, C15, and TiNi
phases are plotted in Figure 2 and illustrate the linear dependencies on Pd-content in the design.
The phase abundances obtained from the XRD analysis are plotted in Figure 3. Since the major peaks
of C15 overlap with several peaks of C14, the C14 and C15 phase abundances were calculated from the
integration of diffraction peaks using a calibration with previous samples performed by the Rietveld
method. With increasing Pd-content, the C14 phase abundance experiences an initial drop, followed by
a flat plateau, and finally another drop; the C15 phase abundance increases slightly in the beginning,
then decreases, and finally increases at the highest Pd-content; the TiNi phase abundance continues
to increase. Evolution of the C14 and C15 phase abundances are not monotonic as the evolution of
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e/a (Table 3) since Pd has a much higher chemical potential, which increases the e/a value at the
C14/C15 threshold (C14:C15 = 1:1) [120]. Therefore, a higher e/a value does not necessarily correlate to
a higher C15 phase abundance in Pd-containing alloys. Furthermore, the impact of adding Pd at different
concentrations to the C14 crystallite size is insignificant, suggesting that all the alloys have very similar
liquid-solid compositions at elevated temperatures, due to the high affinity between Pd and Ni.

Figure 1. X-ray diffraction (XRD) patterns using Cu-Kα as the radiation source for alloys (a) Pd0,
(b) Pd1, (c) Pd2, (d) Pd3, (e) Pd4, and (f) Pd5. In addition to the two Laves phases, another cubic phase
is also identified. Vertical lines indicate the shifts of the TiNi and main C14/C15 peaks into lower and
higher angles, respectively, with increasing Pd-content in design.

(a) (b)

Figure 2. Evolution of the lattice constants of the (a) C14 and (b) C15 and TiNi phases with increasing
Pd-content in design.

Figure 3. Evolution of the C14, C15, and TiNi phase abundances with increasing Pd-content in design.
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Table 4. Lattice constants a and c, a/c ratio, and unit cell volume (VC14) for the C14 phase, lattice
constant a for the C15 and TiNi phases, Full width at half maximum (FWHM), and phase abundances
in wt. % calculated from the XRD analysis.

Structural Property Pd0 Pd1 Pd2 Pd3 Pd4 Pd5

a, C14 (Å) 4.9739 4.9631 4.9561 4.9471 4.9394 4.9328
c, C14 (Å) 8.1134 8.0915 8.0767 8.0598 8.0427 8.0254

a/c, C14 (Å) 0.61305 0.61337 0.61363 0.61380 0.61415 0.61465
VC14 (Å3) 173.83 172.61 171.81 170.83 169.93 169.12
a, C15 (Å) 7.0121 6.9929 6.9827 6.9689 6.9550 6.9468
a, TiNi (Å) 3.0795 3.0829 3.0846 3.0893 3.0955 3.0995

FWHM, C14 (103) 0.237 0.25 0.249 0.241 0.234 0.243
C14 Crystallite Size (Å) 482 446 448 469 491 465

C14 Abundance (%) 85.4 72.1 72.7 72.0 72.4 59.8
C15 Abundance (%) 11.2 12.6 11.0 7.0 5.5 13.4
TiNi Abundance (%) 3.4 15.3 16.3 21.0 22.1 26.8

3.4. SEM/EDS Analysis

The distribution and composition of the constituent phases in all the alloys were studied by
SEM/EDS. Representative SEM backscattering electron images (BEI) of alloys Pd1 to Pd5 are shown in
Figure 4, while that of the base alloy Pd0 was previously published (Figure 3a in [8]). The composition
of the numbered spots in each micrograph was further analyzed by EDS, and the results are listed in
Table 5. Areas with the brightest contrast have a B/A ratios between 0.9 and 1.1 and are identified
as the cubic TiNi phase. It should be noted that for the B/A ratio calculation of TiNi, Pd is treated as
a B-site element since TiNi and TiPd share the same structure and form a continuous solid solution
in the Ni-Pd-Ti ternary phase diagram [124]. Among the constituent phases, Pd has the highest
solubility in TiNi, which explains the increase in TiNi phase abundance with increasing Pd-content
(Figure 3). Concentrations of the major elements (Ti, Zr, Ni, and Pd) in the TiNi phase are plotted in
Figure 5a as functions of Pd-content in design. The observed replacement of the smaller Ni with the
larger Pd enlarges the TiNi unit cell, as shown by XRD analysis. Moreover, the main matrix with a
B/A ratio between 2.1 and 2.3 and a relatively low e/a value (6.7 to 6.9) was assigned to a slightly
hyper-stochiometric C14 phase with Pd residing in the A-site. Pd resides in the A-site for the C14
phase, or the B/A ratio would be even higher and beyond the practical range [126]. The dilemma
of site selection for Pd is the same as for the case of V, which resides in the A- and B- sites in AB
and AB2 phases, respectively [127,128]. Concentrations of the major elements (Ti, Zr, Ni, and Pd)
in the C14 phase are plotted in Figure 5b as functions of Pd-content in design. The major changes
observed with increasing Pd-content in the design include a decrease in Zr and an increase in Pd.
Pd is smaller than Zr and consequently causes a shrinkage in the C14 unit cell, as indicated by XRD
analysis (Figure 2a). Although Pd and V have similar atomic radii (Table 2), they act differently in
the multi-phase MH alloy; while Pd occupies the A-site in C14 and the B-site in TiNi, V does the
opposite [10,121]. The large differences in numbers of outer-shell electron and electronegativities of
Pd and V must play an important role in their site-selecting outcomes. One additional thing worth
mentioning is the increase in lattice constant ratio a/c with increasing Pd-content (Table 4). This has
been reported previously that the occupancy of B-site atoms (2a and/or 6h—Wykoff notation—in
Figure 6) has an impact on the a/c ratio [128–130]. However, the correlation between where the A-site
occupancy and the a/c ratio has not been reported, since only one possible site is available for the
A-atoms (4f in Figure 6). When the a/c ratios of alloys in the current study and those of alloys in a
previous Ti/Zr study [103] are plotted against the Zr-contents in C14 in Figure 7, we found that the
a/c ratio increases with increasing Zr-content, except for when the Zr-content is greater than 15.5% in
the Ti/Zr study. Therefore, the A-site arrangement on the A2B plane must affect the a/c ratio, which
warrants further computational studies.
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Figure 4. Scanning Electron Microscope Backscattering Electron Images (SEM BEI) micrographs from
alloys (a) Pd1, (b) Pd2, (c) Pd3, (4) Pd4, and (e) Pd5. The composition of the numbered areas was
analyzed by EDS, and the results are shown in Table 5. The bar at the lower right corner in each
micrograph represents 25 μm.

(a) (b)

Figure 5. Evolution of the contents of the major constituting elements in the (a) TiNi and (b) C14 phases
with increasing Pd-content in design.
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Figure 6. Schematic of the C14 structure. Green and blue spheres represent the A- (Zr, Ti, and Pd) and
B- (V, Cr, Mn, Co, Ni, and Al) atoms, respectively. While two sites (2a on the A2B plane and 6h on the
B3 plane) are available for the B-atoms, only one site (4f ) on the A2B plane is available for the A-atoms.

Figure 7. Evolution of the C14 lattice constant a/c ratio with increasing Zr-content in the phase. Data
for Zr/Ti and ZrTi/Pd series are from a prior work [103] and the current study, respectively.

Table 5. Summary of the EDS results from several selective spots in the SEM-BEI micrographs shown
in Figure 4. All compositions are in at %. The main C14 phase is identified in bold.

Alloy Location Ti Zr V Cr Mn Co Ni Pd Al e/a B/A Phase

Pd1

Pd1-1 16.8 24.5 1.4 0.5 2.3 2.7 45.4 5.8 0.5 7.3 1.1 TiNi
Pd1-2 13.3 20.8 9.2 5.1 8.2 6.7 35.2 1.0 0.5 6.9 1.8 C15
Pd1-3 9.6 21.8 12.4 10.6 10.2 7.8 26.5 0.6 0.5 6.7 2.1 C14
Pd1-4 7.8 58.9 5.0 2.6 4.2 3.0 17.4 0.9 0.3 - - ZrO2

Pd2

Pd2-1 21.6 19.2 2.1 0.9 3.6 4.3 39.6 8.0 0.7 7.2 1.0 TiNi
Pd2-2 11.6 20.8 7.2 4.0 7.1 5.1 40.9 2.8 0.5 7.2 1.8 C15
Pd2-3 10.0 20.7 12.4 9.6 10.1 8.0 27.7 1.0 0.5 6.7 2.2 C14
Pd2-4 5.7 69.1 3.3 2.3 3.0 2.3 12.5 1.6 0.3 - - ZrO2

Pd3

Pd3-1 20.7 18.3 2.0 0.8 4.3 3.8 37.8 11.6 0.7 7.3 1.0 TiNi
Pd3-2 12.7 19.7 6.0 3.0 6.4 4.5 41.9 5.3 0.5 7.4 1.7 C15
Pd3-3 10.1 20.2 11.9 10.1 9.7 8.1 28.0 1.4 0.4 6.8 2.2 C14
Pd3-4 19.5 51.8 3.3 1.5 3.2 2.2 15.3 3.0 0.2 - - ZrO2

Pd4

Pd4-1 19.7 17.2 2.0 0.8 5.4 3.4 35.7 14.9 0.8 7.4 0.9 TiNi
Pd4-2 10.7 18.9 7.5 4.2 6.9 4.8 40.8 5.7 0.6 7.4 1.8 C15
Pd4-3 9.6 19.0 12.1 10.9 10.2 8.1 27.8 1.8 0.5 6.8 2.3 C14
Pd4-4 3.6 80.1 1.8 1.0 1.3 1.3 7.6 3.2 0.1 - - ZrO2
Pd4-5 1.7 0.2 42.8 41.1 8.8 2.4 2.8 0.1 0.1 - - BCC

Pd5

Pd5-1 18.5 16.4 2.3 1.0 6.6 3.1 33.0 18.3 0.8 7.5 0.9 TiNi
Pd5-2 12.4 18.0 7.7 4.1 6.7 4.7 38.7 7.2 0.5 7.3 1.7 C15
Pd5-3 12.2 16.6 10.7 6.8 8.8 7.4 33.6 3.5 0.4 7.1 2.1 C14
Pd5-4 10.3 18.1 11.5 10.4 9.4 8.3 29.2 2.4 0.4 6.9 2.2 C14
Pd5-5 7.3 51.4 7.3 5.0 5.2 4.2 17.4 2.0 0.2 - - ZrO2
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The region between the main C14 matrix and TiNi secondary phase shows a contrast between
C14 and TiNi and has been assigned as the C15 phase, due to its relatively high e/a (6.9–7.4) [118,120].
Transmission electron microscopy [131,132] and electron backscattering diffraction [133] confirmed
that the C15 phase solidifies between the formations of the C14 and B2 phases in the multi-phase MH
alloys. Unlike the C14 phase, the C15 phase is hypo-stoichiometric with the B/A ratio between 1.7 and
1.8. Solubility of the off-stoichiometric phase is caused by either the anti-site defect or vacancy [134].
Figure 8 provides a comparison of solubilities for the C14 and C15 alloys with Ti, Zr, or Hf as the A-site
element. While the C14 alloy leans slightly toward being hyper-stoichiometric, the C15 alloy has an
approximately equal opportunity to become either hyper- or hypo-stoichiometric. Therefore, we do
not have a clear explanation for the stoichiometry preferences of the Laves phases in the current study.
Furthermore, a shift in the C14/C15 threshold with increasing Pd-content is observed in Figure 9 and
is thought to be due to the high chemical potential of Pd in the A-site, as predicted previously [120].
Compared to the C14 phase, the C15 phase has a higher solubility of Pd and Ni (Table 5), which have
the highest number of outer-shell electrons (10) and consequently contribute to a higher e/a value.
Lastly, areas with the darkest contrast consist of ZrO2, which is the product of oxygen scavenging
commonly seen in the Zr-based AB2 MH alloys [130,135,136].

Figure 8. Comparison of solubilities (flexibility in stoichiometry) for the C14 and C15 binary alloys
with Ti, Zr, or Hf as the A-site element (date from [115]).

Figure 9. Plots of the e/a values for the C14 and C15 phases. A shift in the C14/C15 threshold to a
higher e/a value with increasing Pd-content in design is observed.

3.5. PCT Analysis

PCT isotherms were used to study the interaction between the alloys and hydrogen gas. Both the
30 and 60 ◦C isotherms for each alloy are plotted in Figure 10. These PCT curves lack an appreciable
amount of plateau and are similar to those of the multi-phase MH alloys due to the synergetic effects
between the main working phase and catalytic secondary phase(s) [137]. In general, plateau pressure
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increases and the storage capacity and absorption/desorption hysteresis decrease as Pd-content
increases. The gaseous phase H-storage properties obtained from the PCT isotherms are summarized
in Table 6. As the Pd-content increases, both the maximum and reversible capacities first increase
slightly with 1 at % Pd but then decrease. The desorption pressure at 0.75 wt. % (plateau pressure)
H-content shows a monotonically increasing trend. This reduction in hydride stability by adding
Pd was also observed in the AB5 alloy previously [83]. Moreover, both the maximum capacity and
log (desorption pressure at 0.75 wt. %) show linear dependencies on the C14 unit cell volume for all
Pd-containing alloys, as demonstrated in Figure 11. Therefore, we believe that the gaseous H-storage
characteristics are mainly determined by the main C14 phase. One point that does not follow the
trend seen in Figure 11 is from alloy Pd1. Although alloy Pd1 has a smaller C14 unit cell and a lower
C14 abundance compared to the Pd-free base alloy Pd0, its capacity increases slightly due to a large
increase in the TiNi phase abundance. However, when prepared as an alloy, Ti1.04Ni0.86Pd0.1 exhibits
a mixed B19′/R/B2/Ti2Ni structure and yields a discharge capacity of only 148 mAh·g−1 at C/5
rate [82]. Therefore, the direct influence of the TiNi phase on H-storage capacity should be minimal.
The contribution from the TiNi phase most likely occurs through the synergetic effects that arise
from TiNi and other phases, as observed previously [104,137,138]. The remaining capacities during
desorption at 0.002 MPa of each alloy are listed in the third row in Table 6 and decrease with increasing
Pd-content. Raising the plateau pressure would not necessary decrease the remaining capacity, as seen
from a study on a series of pure Zr1−xTixMnFe C14 MH alloys [139]. Therefore, we believe the decrease
in remaining capacity during desorption (that correlates to a more complete desorption) results from
the presence of the catalytic TiNi phase (either through an increase in abundance or an increase in the
Pd-content in TiNi). Similar phenomenon has also been found in the study of the Mg-incorporated
C14-predominated alloys [7]. Slope factor is defined as the ratio of desorption capacity between
0.01 and 0.5 MPa to total desorption capacity, and a higher slope factor corresponds to a flatter PCT
isotherm. From the data listed in Table 6, slope factor in this series of alloys decreases with increasing
Pd-content in design, which means the isotherm becomes more slanted—an indication of increased
synergetic effects between the main storage phase and catalytic secondary phase(s) [10]. Due to the
lack of an identifiable plateau in the PCT isotherm, hysteresis is defined as log (ratio of absorption
to desorption pressures at 0.75 wt. % H-storage) and listed in Table 6. PCT hysteresis is commonly
accepted as correlating to the energy needed to overcome the reversible lattice expansion in the metal
(the αphase)/MH (the βphase) phase boundary during hydrogen absorption [119]. The catalytic TiNi
phase facilitates the hydrogen absorption in the storage phase by pre-expanding the lattice near the
interface and thus decreasing the energy needed to propagate hydrogen through the bulk [133]. Finally,
the thermodynamic properties specifically changes in hydride enthalpy (ΔHh) and entropy (ΔSh), were
calculated using the equilibrium pressures at 0.75 wt. % H-storage and the Van’t Hoff equation,

ΔG = ΔHh − TΔSh = R T ln P, (1)

where T and R are the absolute temperature and ideal gas constant, respectively. The calculated values
for alloys Pd0 to Pd4 are listed in the last two rows of Table 6. Those for alloy Pd5 are not available
since its high hydrogen equilibrium pressure is beyond the limit of our PCT apparatus (>2 MPa) and
therefore cannot be measured. With increasing Pd-content in design, both ΔHh and ΔSh increase. While
the increase in ΔHh is due to shrinkage of the C14 unit cell, the increase in ΔSh is caused by an increase
in disorder in the hydride, correlating well with the observed decrease in slope factor.
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(a) (b)

(c) (d)

Figure 10. 30 ◦C PCT isotherms of alloys (a) Pd0, Pd1, and Pd2 and (b) Pd3, Pd4, and Pd5 and 60 ◦C
PCT isotherms of alloys (c) Pd0, Pd1, and Pd2 and (d) Pd3, Pd4, and Pd5. Open and solid symbols are
for absorption and desorption curves, respectively.

Figure 11. Plot of the H-storage capacity and log (plateau pressure) vs. the C14 unit cell volume.

Table 6. Summary of gaseous phase properties: maximum and reversible capacities, plateau pressure,
slope factor, hysteresis, and changes in enthalpy and entropy.

Gaseous Phase Property Unit Pd0 Pd1 Pd2 Pd3 Pd4 Pd5

Maximum capacity @ 2 MPa and 30 ◦C wt. % 1.52 1.55 1.40 1.20 1.02 0.76
Reversible Capacity @ 30 ◦C wt. % 1.25 1.32 1.23 1.11 0.92 0.69

Capacity @ 0.002 MPa and 30 ◦C wt. % 0.30 0.23 0.17 0.10 0.09 0.06
Desorption Pressure @ 0.75 wt. % and 30 ◦C MPa 0.021 0.048 0.112 0.306 0.745 1.882

Slope Factor @ 30 ◦C % 78 81 78 66 53 44
Hysteresis @ 30 ◦C 0.21 0.05 0.03 0.05 0.03 0.00

−ΔHh kJ·mol H2
−1 41.6 40.5 35.6 30.9 28.0 -

−ΔSh J·mol H2
−1·K−1 127 125 118 111 109 -
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3.6. Electrochemical Analysis

Electrochemical testing was performed in an open-to-air flooded cell configuration against a
partially pre-charged sintered Ni(OH)2 counter electrode at room temperature. Each electrode was
charged with a current of 50 mA·g−1 for 10 h and then discharged at the same rate until a cut-off
voltage of 0.9 V was reached. The capacity obtained at this rate is assigned as the high-rate discharge
capacity. Two more pulls at 12 and 4 mA·g−1 then followed. The capacities at the three different
rates were summed, and the sum is designated as the full capacity. The ratio of the high-rate to full
capacities is reported as HRD. The activation behaviors in the electrochemical environment of alloys
in the current study are compared in Figure 12. Judging from the full capacities and HRD in the
first 13 cycles, the addition of Pd improves the activation performances of both properties. While the
degradation in full capacity was negligible for all alloys, degradations in HRD are obvious and become
more severe with increasing Pd-content. The deterioration in HRD with cycling is due to the formation
of a passive layer on the surface of TiNi, whose abundance also increases as Pd-content increases.
The Pd-addition in many MH alloys results in improvement in cycle stability (Table 1), a positive
contribution from the dense nature of TiO2 [140] and stability of Pd/PdO in alkaline solution [141].

(a) (b)

Figure 12. Activation behaviors observed from (a) full capacity and (b) HRD for the first 13 electrochemical
cycles measured at room temperature.

All the electrochemical properties obtained from the alloys are summarized in Table 7.
With increasing Pd-content, the following trends are observed: the high-rate capacity first increases
with the addition of catalytic Pd, but then decreases due to the reduction in unit cell volume of C14;
the full capacity decreases monotonically; HRD increases; and the activation performance is ultimately
improved. The increase in capacity for the gaseous phase in alloy Pd1 was not observed in the
electrochemical capacity. Although the TiNi phase is considered highly catalytic in the gaseous phase,
it is also prone to surface passivation and, consequently, may not be as effective in the electrochemical
environment. Electrochemical discharge capacity is plotted against the gaseous phase maximum
H-storage capacity, shown in Figure 13. Gaseous phase maximum H-storage capacity is composed of
reversible and irreversible capacities and considered to be the upper bound for the electrochemical
discharge capacity. Therefore, although a close correlation between electrochemical discharge capacity
and gaseous phase maximum H-storage capacity can be observed, it falls below the conversion of
1 wt. % = 268 mAh·g−1 due to some capacity irreversibility. Moreover, the linear relationship of
electrochemical discharge capacity vs. gaseous phase maximum H-storage capacity indicates that the
origin for the decrease in electrochemical discharge capacity with increasing Pd-content is the same
as that in the gaseous phase, specifically a decrease in the C14 unit cell volume. For all the alloys,
the discharge capacity is smaller than the gaseous phase H-storage since the open-to-air configuration
and high plateau pressure cause an incomplete charging in the electrochemical environment.
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Table 7. Summary of electrochemical half-cell measurements: capacities at the 3rd cycle, HRD
at the 3rd cycle, cycles needed to achieve 92% HRD, bulk diffusion coefficient, surface exchange
current, and results from AC impedance and magnetic susceptibility measurements. AC impedance
measurement was performed at −40 ◦C while all other properties were measured at room temperature.

Electrochemical and Magnetics Properties Unit Pd0 Pd1 Pd2 Pd3 Pd4 Pd5

3rd Cycle High-rate Discharge Capacity mAh·g−1 300 335 327 285 226 143
3rd Cycle Full Discharge Capacity mAh·g−1 376 349 330 288 228 150

3rd Cycle HRD % 80 96 99 99 99 98
Activation Cycle # to Achieve 92% HRD 6 1 1 1 1 1

Diffusion Coefficient, D 10−10 cm2·s−1 2.1 4.4 6.2 2.0 4.1 4.5
Surface Reaction Current, Io mA·g−1 12.8 24.7 28.8 25.2 22.1 17.1

Charge-transfer Resistance @ −40 ◦C Ω·g 158.6 29.1 28.3 22.9 15.7 39.9
Double-layer Capacitance @ −40 ◦C F·g−1 0.18 0.16 0.15 0.16 0.13 0.10

RC Product @ −40 ◦C s 28.4 4.8 4.2 3.6 2.0 4.0
Total Saturated Magnetic Susceptibility, MS emu·g−1 0.035 0.015 0.008 0.018 0.011 0.013

Applied Field @ M.S. = 1
2 MS, H1/2 kOe 0.50 0.47 0.34 0.61 0.77 0.36

Figure 13. Comparison of the electrochemical discharge capacity vs. gaseous phase H-storage
capacity. The green line shows the conversion between two properties, which sets the upper bound for
electrochemical discharge capacity.

To trace the source of Pd’s contribution to HRD, both D (bulk-related) and Io (surface-related)
were measured, and the results are listed in Table 7. Details on these two measurements can be found in
our previous publication [8]. The reported values were averaged from the values measured from three
samples prepared in parallel. Except for alloy Pd3, the D values from the Pd-containing alloys are at
least double of that from the Pd-free Pd0 alloy. We repeated the same experiments three times for alloy
Pd3, and the results are very close to the first measurement. At the present time, we cannot explain
the relatively low D value for alloy Pd3 and speculate that it may be related to the distribution and
orientation alignment of the C14 and C15 grains. The Io value increases in the first two Pd-containing
alloys (Pd1 and Pd2) but decreases with further increase in the Pd-content. In general, both D and Io are
improved by the addition of Pd, so we can conclude that the origin of enhanced HRD in Pd-containing
C14-based MH alloys is a combination of transportation of hydrogen in the alloy bulk and facilitation
of the surface electrochemical reaction.

Low-temperature performance of alloys in the current study was evaluated by AC impedance
analysis. Both the charge-transfer resistance (R) and double-layer capacitance (C) were obtained from
the semi-circle in the Cole-Cole plot (plot of the negative imaginary part vs. the real part of impedance
with varying frequency). While R is closely related to the speed of electrochemical reaction, C is
proportional to the reactive surface area, and their product (RC) can be interpreted as the surface
catalytic ability without any contribution from the surface area [7,9,142]. These calculated values
are listed in Table 7 and plotted with the amounts of Pd, Ce [9], and Nd [10] present in the C14 MH
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alloys in Figure 14. The R values are reduced dramatically with all the additives, but Ce and Nd are
demonstrate the most dramatic decrease in R, compared to Pd. Figure 14b shows that the surface
area increases by a large amount with Ce-addition, also does not increases as much with Nd-addition,
and decreases slightly with Pd-addition. While adding Ce and Nd results in the formation of a soluble
AB phase and a consequent increase the surface area in alkaline solution [9,10], the TiNi phase is more
protective and lowers the amount of reactive surface area in the Pd-containing alloys. Figure 14c
demonstrates that although all three additives increase the surface catalytic ability by lowering the RC
product (corresponding to a faster reaction), the Nd- and Pd-containing alloys (especially alloys Pd3
and Pd4) are more catalytic than the Ce-containing alloys. In conclusion, Pd, Ce, and Nd increase the
surface electrochemical reaction rate by improving the catalytic ability, reactive surface area, and both,
respectively. Future substitution work should combine the highly catalytic Pd and effective surface
area promoter Ce.

(a) (b)

(c)

Figure 14. Plots of (a) surface reaction resistance (R), (b) double-layer capacitance (C), and (c) their
product (RC) as functions of Ce-, Nd- and Pd-contents in design. Data of Ce- and Nd-substitutions was
previously published [9,10].

3.7. Magnetic Susceptibility

The catalytic ability in the surface of MH alloy was previously correlated successfully to the
saturated M.S. [143]. After activation, Zr from the alloy forms surface oxides, and the non-corroded
Ni atoms conglomerate and form metallic clusters within the oxides [144]. Since the M.S. of metallic
Ni is at least seven orders of magnitude larger than that of the alloy, due to the existence of unpaired
electrons in metallic Ni [145], the total percentage of metallic Ni can be estimated from the saturated
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M.S. (MS) by measuring the M.S. of the activated MH alloy. The average size of Ni clusters can
also be estimated by the strength of the applied magnetic field that corresponds to half of the MS

value (H1/2) [7]. The magnetic properties of several key MH alloys were compared in an earlier
publication [1]. Both the MS and H1/2 of alloys in this study are listed in the last two rows in Table 7.
The MS values of the Pd-containing alloys are much lower than that of the Pd-free alloy Pd0. Since
the percentage of reduction in MS of the Pd-containing alloys is much larger than that of the increase
in the TiNi phase abundance, Pd in the main C14 phase must also contribute to the reduction in MS.
Moreover, the improved HRD, achieved by adding Pd, is certainly not related to the amount of metallic
clusters embedded in the surface oxide. The H1/2 values for the alloys indicate that the Ni cluster size
is relatively unchanged with the addition of Pd.

MS and Io measured at room temperature vs. R measured at −40 ◦C for several C14-based alloys
with 1 at % of various additives are plotted in Figure 15. Except for Pd, MS and Io from the same alloy
correlate very closely. In other words, surface electrochemical reaction is dominated by the amount of
metallic Ni in the surface oxide for the majority of modified C14 MH alloys. However, Pd facilitates the
electrochemical reaction by acting as a catalyst. Figure 15 also demonstrates that MS (Io) is inversely
proportional to R, except for the Nd- and Pd-containing alloys. Nd, although it shows zero solubility
in the C14 phase, may participate in the catalytic process through another more complicated route
(for example, creating a unique surface oxide structure as in the case of the La-addition [146]).

Figure 15. MS and Io measured at room temperature vs. surface reaction resistance R measured at
−40 ◦C are plotted for the base alloy (Ti12Zr22.8V7.5Mn8.1Co7Ni32.2Al0.4) and alloys with additions of
1 at % Ce, Si, Pd, Zn, Fe, and Nd. All additives demonstrate a reduction in R measured at −40 ◦C.
The MS and Io pair from the Pd-containing alloy shows the largest separation, suggesting that the
amount of catalytic Ni embedded in the surface oxide is not the origin of the improvements in Io and R.

4. Conclusions

Incorporation of Pd in the Zr-based AB2 multi-phase metal hydride alloy has been systematically
studied. XRD analysis results show that Pd occupies the A-site for both the C14 and C15 structures,
which results in shrinkage of the unit cells and, consequently, reductions in the gaseous phase and
electrochemical capacities. With a strong affinity to Ni, Pd promotes the formation of the Ti(Ni, Pd)
phase with a B2 structure as shown by the XRD and SEM/EDS results (where as the Pd-content in the
alloy increases, the TiNi abundance and amount of Pd in the phase increase). This secondary phase is
beneficial for gaseous phase H-storage, which is indicated by the increase in H-storage capacity despite
the decrease in unit cell size of the main storage C14 phase at the point of dramatic increase in TiNi
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(substitution of 1 at % Pd); however, TiNi is detrimental to various electrochemical properties due to its
passivating nature with alkaline electrolytes. Although the reactive surface areas of the Pd-containing
alloys are smaller, the completeness of gaseous hydrogen desorption, high-rate dischargeability,
and low-temperature performance are all improved with the addition of highly catalytic Pd at only
1 at %. Therefore, combining a small amount of Pd with other substitution elements with the capability
of increasing capacity and/or reactive surface area, such as Ce, Y, and Si, is recommend for future
modification research.
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Abbreviations

The following abbreviations are used in this manuscript:

MH Metal hydride
H-storage Hydrogen storage
HRD High-rate dischargeability
AM Arc melting
RD Replacement-diffusion
MA Mechanical alloying
TA Thermal annealing
IM Induction melting
MS Melt spinning
LM Levitation melting
WI Wet impregnation
GP Gaseous phase
EC Electrochemical
Io Surface exchange current
XRD X-ray diffractometer
SEM Scanning electron microscope
PCT Pressure concentration temperature
ICP-OES Inductively coupled plasma optical emission spectrometer
EDS Energy dispersive spectroscopy
M.S. Magnetic susceptibility
ΔHh Heat of hydride formation
hcp Hexagonal close-packed
fcc Face-centered-cubic
bcc Body-centered-cubic
IMC Intermetallic compound
e/a Average electron density
VC14 Unit cell volume of the C14 phase
FWHM Full width at half maximum
BEI Back-scattering electron image
ΔSh Change in entropy
T Absolute temperature
R Ideal gas constant
D Bulk diffusion coefficient
R Surface charge-transfer resistance
C Surface double-layer capacitance
MS Saturated magnetic susceptibility
H1/2 Applied magnetic field strength corresponding to half of saturated magnetic susceptibility
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Abstract: In this study, boron, a metalloid element commonly used in semiconductor applications,
was added in a V-containing Zr-based AB2 metal hydride alloy. In general, as the boron content
in the alloy increased, the high-rate dischargeability, surface exchange current, and double-layer
capacitance first decreased and then increased whereas charge-transfer resistance and dot product
of charge-transfer resistance and double-layer capacitance changed in the opposite direction.
Electrochemical and gaseous phase characteristics of two boron-containing alloys, with the same
boron content detected by the inductively coupled plasma optical emission spectrometer, showed
significant variations in performances due to the difference in phase abundance of a newly formed
tetragonal V3B2 phase. This new phase contributes to the increases in electrochemical high-rate
dischargeability, surface exchange current, charge-transfer resistances at room, and low temperatures.
However, the V3B2 phase does not contribute to the hydrogen storage capacities in either gaseous
phase and electrochemical environment.

Keywords: metal hydride; nickel/metal hydride battery; Laves phase alloy; boron; electrochemistry;
pressure concentration isotherm

1. Introduction

As energy storage devices, nickel/metal hydride (Ni/MH) batteries are important in consumer
battery, transportation, and alternative energy-related stationary applications, and they are superior in
operation temperature range and cycle life compared to the competing Li-ion batteries [1]. However,
the specific energy of Ni/MH battery is lower than that of Li-ion battery, which has become the main
research direction in the field [2]. Two commonly used stoichiometries in Ni/MH batteries are AB2

and AB5, where the A-site is occupied by larger elements with stronger affinities with hydrogen,
and the B-site elements are relatively smaller and have the tendency to weaken the alloy’s average
metal-hydrogen bond strength [3]. Nevertheless, flexibility in stoichiometry [4,5] and abundantly
available secondary phases [6] in the AB2 metal hydride (MH) alloy allow for fine tailoring in chemical
composition to fulfill the stringent demands from different applications. Among various types of AB2

MH alloys, one based on the C14 Laves phase—an intermetallic phase with an AB2 stoichiometry—is
commonly used as the negative electrode active material of the Ni/MH battery [6]. Laves phases,
named after Fritz Laves (1906–1978), have three different classes: a cubic MgCu2 (C15), a hexagonal
MgZn2 (C14), and a dihexagonal MgNi2 (C36) [7]. Although the theoretical hydrogen storage of C15
phase is higher than that in the C14 phase (6.33 vs. 7 per AB2 formula) [8], C14 alloy was used in the
first commercially built electric vehicle (EV-1 by General Motor, Detroit, MI, USA) due to its large
capacity and superior cycle stability over C15 phase. Typical A-site elements in the C14 MH alloy are Ti
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and Zr, while B-site elements are mainly Ni with a small percentage of V, Cr, Mn, and Co. Contribution
of each element can be found in a recently published review article [6]. C14 Laves phase-based
AB2 MH alloy showed a reversible hydrogen storage (H-storage) capacity up to 2.1 wt % [9] and an
electrochemical discharge capacity reaching 436 mAh·g−1 [10], which provides a pathway to narrow
the gap in specific energy between Ni/MH and the rival Li-ion battery technologies. While most of
the substitution studies on the AB2 MH alloys were performed with transition metals with metallic
natures similar to other constituent elements (Zr and Ni), the number of studies with non-transition
metals, especially non-metals, is very limited [6].

Boron, a non-transition metal, was doped into a body-centered-cubic MH alloy and demonstrated
the capability of decreasing the alloy’s hydrogen absorption kinetics [11]. Moreover, a study in
which potassium boride was added to a Ti-based AB2 MH alloy revealed that boron, not potassium,
is responsible for the increase in electrochemical capacity [12]. In terms of electrochemical cycling
stability, boron was a beneficial additive in the La–Mg–Ni-based superlattice MH alloy system [13].
In a Zr-based AB2 MH alloy, boron reduced the unit cell volume and decreased the reaction kinetics of
hydrogen absorption with the increase in incorporation [14]. However, adding boron in a Zr-based
V-free AB2 alloy expanded the unit cell volume and lowered the gaseous phase desorption pressure
whereas the gaseous phase and electrochemical capacities were both reduced [15]. Therefore, as an
additive, boron’s functions in the AB2 MH alloys are not clear and warrant further evaluation. In this
study, boron is added in a Zr-based V-containing AB2 alloy to investigate its effects on structural,
gaseous phase, and electrochemical properties.

2. Experimental Setup

Sample preparation began with a conventional melt-and-cast by placing the designated atomic
proportionated raw materials into an Al2O3 crucible under a helium protective atmosphere with
the induction melting furnace heating up and holding at 1500 ◦C for 5 min; an iron plate was later
used for holding the melt for cooling. A hydriding/dehydriding process followed to pulverize
the ingot into powder smaller than 200 mesh. The actual chemical composition of each sample
was analyzed with a Varian Liberty 100 inductively coupled plasma optical emission spectrometer
(ICP-OES, Agilent Technologies, Santa Clara, CA, USA). A Philips X'Pert Pro X-ray diffractometer (XRD,
Philips, Amsterdam, The Netherlands) and a JEOL-JSM6320F scanning electron microscope (SEM,
JEOL, Tokyo, Japan) with energy dispersive spectroscopy (EDS) capability were used for the phase
identification, phase distribution, and phase composition studies. A Suzuki–Shokan multi-channel
pressure–concentration–temperature (PCT, Suzuki Shokan, Tokyo, Japan) system was used for the
gaseous phase H-storage study. A 2-h thermal cycle activation between room temperature (RT) and
300 ◦C under 2.5 MPa H2 pressure was conducted before the PCT measurements at 30, 60 and 90 ◦C.
For the electrochemical measurements, −200 mesh alloy powder was compacted onto an expanded
nickel mesh by applying 2 GPa pressure with a hydraulic press to form a negative electrode that
was 1 cm2 in size and 0.2 mm thick. Half-cell testing performed with an Arbin BT2000 battery tester
(Arbin, College Station, TX, USA) was used to measure electrochemical properties at RT with a 30 wt %
KOH aqueous solution as the electrolyte and two pieces of sintered Ni(OH)2/NiOOH as the counter
positive electrode. The system was charged at a current density of 50 mA·g−1 for 10 h and then
discharged at a current density of 50 mA·g−1 until a cutoff voltage of 0.9 V was reached. Next,
the system was discharged at a current density of 12 mA·g−1 until a cutoff voltage of 0.9 V was
reached and again discharged at a current density of 4 mA·g−1 until a cutoff voltage at 0.9 V was
reached [16,17]. AC impedance measurements were also performed to characterize the RT and low
temperature (LT, −40 ◦C) electrochemical properties. Each negative electrode was first subjected to
three full charge/discharge activation cycles, charged fully, and discharged to 80% state-of-charge
at a 0.1 C rate with an Arbin BT2000 battery tester. A Solartron 1250 Frequency Response Analyzer
(Solartron Analytical, Leicester, England) with a sine wave amplitude of 10 mV and a frequency
range of 0.5 mHz to 10 kHz was then used to conduct the AC impedance measurements. Magnetic

140

Bo
ok
s

M
DP
I



Batteries 2017, 3, 36

susceptibility (M) of the activated alloy powder surface (by immersing the alloy powder in a 30 wt %
KOH solution at 100 ◦C for 4 h) was measured by a Digital Measurement Systems Model 880 vibrating
sample magnetometer (MicroSense, Lowell, MA, USA).

3. Results and Discussion

3.1. Chemical Composition

A 2 kg induction melting furnace with an Al2O3 crucible was used to prepare six alloys (B0 to
B5) with the design compositions of Ti12Zr21.5V10−0.4xCr7.5Mn8.1Co8Ni32.2−0.6xAl0.4Sn0.3Bx, where x is
from 0 to 5. The base alloy (B0) was chosen because of its balanced performances in capacity, high-rate
dischargeability (HRD), charge retention, and cycle stability, and was previously used as the base
material in other substitution studies [18–22]. ICP results are compared with the design compositions in
Table 1. For each design composition, the vanadium- and nickel-contents were reduced by 40% and 60%
of the added boron content, respectively, to maintain the B/A ratio. Therefore, while 60% of boron was
designed to occupy the A-site, 40% of boron was designed to occupy the B-site. Boron, with the highest
melting point among the constituent elements (2076 ◦C), was dissolved (instead of melted) in the
liquid during melting. The participation rate (ratio between the content in the final alloy and content
in the raw materials) of boron decreases with the increase in the boron content, which results in the
lower boron contents and B/A ratios in alloys B3 to B5 compared to the corresponding design values.

Average electron density (e/a), as calculated by averaging the numbers of outer-shell electrons of
constituent elements, is a parameter used to predict the C14/C15 ratio in MH alloys [23–25]. In this
study, e/a of 6.57 to 6.82 is designed to promote the formation of C14 over C15 [25]. The design e/a value
decreases with the increase in the boron content due to boron’s relatively low number of outer-shell
electrons (3) compared to the replaced vanadium (5) and nickel (10). Even with the increased deviation
between the design and ICP result, as the boron content increases, the e/a values calculated from
the ICP results do not deviate much from the design values since boron shows the largest deviation
between the design and ICP result but has only three outer-shell electrons (two 2s and one 2p).

Table 1. Design compositions (in bold) and inductively coupled plasma (ICP) results in at %. e/a is the
average electron density. B/A is the atomic ratio of the B-atoms (elements other than Ti and Zr) to the
A-atoms (Ti and Zr).

Alloy Source Ti Zr V Cr Mn Co Ni Al Sn B e/a B/A

B0 Design 12.0 21.5 10.0 7.5 8.1 8.0 32.2 0.4 0.3 0.0 6.82 1.99
ICP 12.0 21.5 10.0 7.5 8.1 8.0 32.2 0.3 0.4 0.0 6.82 1.99

B1 Design 12.0 21.5 9.6 7.5 8.1 8.0 31.6 0.4 0.3 1.0 6.77 1.99
ICP 12.1 21.5 9.7 7.3 7.9 8.0 31.6 0.7 0.4 0.9 6.76 1.98

B2 Design 12.0 21.5 9.2 7.5 8.1 8.0 31.0 0.4 0.3 2.0 6.72 1.99
ICP 12.0 21.4 9.7 7.2 8.0 8.0 31.1 0.7 0.3 1.6 6.72 2.00

B3 Design 12.0 21.5 8.8 7.5 8.1 8.0 30.4 0.4 0.3 3.0 6.67 1.99
ICP 12.1 21.7 9.2 7.1 8.0 8.1 31.0 0.7 0.4 1.8 6.72 1.96

B4 Design 12.0 21.5 8.4 7.5 8.1 8.0 29.8 0.4 0.3 4.0 6.62 1.99
ICP 12.2 22.1 8.6 6.9 8.1 8.3 31.0 0.7 0.4 1.8 6.72 1.92

B5 Design 12.0 21.5 8.0 7.5 8.1 8.0 29.2 0.4 0.3 5.0 6.57 1.99
ICP 12.1 22.8 8.0 7.0 8.7 8.1 29.5 0.7 0.3 2.7 6.62 1.86

3.2. XRD Analysis

XRD was used to analyze the alloys’ structural characteristics, and the resulting patterns are shown
in Figure 1. For the Laves phases, peaks from the hexagonal C14 and cubic C15 phases overlapped at
several angles. A peak at around 41.5◦ is observed in each pattern and identified as the TiNi phase with
a B2 cubic structure. Furthermore, a tetragonal phase is detected in most boron-containing alloys and
assigned to the V3B2 phase with a tetragonal tP10 structure (Figure 2). Structure characteristics, such
as lattice constants and phase abundances, were analyzed by the Jade 9.0 software (MDI, Livermore,
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CA, USA), and the results are listed in Table 2 and Table S1. With the increased boron concentration,
the main peaks of the C14, C15, and TiNi phases shift to lower angles, indicating increases in lattice
constants according to Bragg’s Law. For the C14 phase, both lattice constants a and c increase, and
the a/c ratio decreases slightly, suggesting an anisotropic expansion in unit cell as the boron content
increases. Although boron is the smallest among all constituent elements, the C14 unit cell expansion
due to the addition of boron has been reported previously and attributed to the dumbbell model of
two smaller atoms occupying one A-site, which causes an anisotropic unit cell expansion (lower a/c
ratio) [4]. The C14 unit cell expansion in the current study is compared with that from a previous study
on the boron substitution in a V-free AB2 alloy [15] in Figure 3, and it demonstrates that more boron
can be incorporated in C14 of the V-free MH alloy (as shown by the higher rate of increase in the C14
unit cell vs. the boron content in the alloy) than that of the V-containing alloy because boron forms
a new V3B2 secondary phase in the V-containing MH alloy. Moreover, lattice constants of the C15
and TiNi phases follow the increasing trend observed in the C14 phase as the boron content increases.
It is possible that boron always enters a structure in pairs. Differently to the Laves and cubic TiNi
phases, the V3B2 unit cell volume does not have a linear dependency with the boron content, and
all are smaller than the reported value (100.17 Å3 from the JCPDF file [26]) because the mixed boron
configuration is suspected to be in play, where a reduced unit cell indicates a single boron atom in
the B-site, and an enlarged unit cell implies double boron atoms occupying the A-site in a dumbbell
manner [27]. Rietveld refinement was used to obtain the constituent phase abundances from the XRD
patterns, and the results are listed in Table S1 and illustrated in Figure 4. As the concentration of
boron increases, the TiNi phase abundance increases at the expense of the Laves phase abundance
monotonically, and the V3B2 phase starts to form.

Figure 1. XRD patterns using Cu-Kα as the radiation source for alloys (a) B0; (b) B1; (c) B2; (d) B3;
(e) B4; and (f) B5. Besides the two Laves phases, a cubic phase (TiNi) and a tetragonal phase (V3B2) can
also be identified. Vertical line indicates the main C14/C15 peak shifting into a lower angle with the
increase in the boron content.
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Figure 2. Schematic of the V3B2 crystal structure (tP10). Orange and green spheres represent the
vanadium and boron atoms, respectively.

Figure 3. C14 unit cell volume change vs. boron content in the V-free [15] and V-containing AB2 alloys.

Figure 4. Evolutions of the C14, C15, TiNi, and V3B2 phase abundances vs. alloy number.
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Table 2. Lattice constants a and c, a/c ratio, unit cell volume, and crystallite size of the main C14 phase
of alloys B0 to B5 from the XRD analysis. Lattice information of the secondary phases are also included.
N.D. denotes non-detectable.

Alloy
C14

a
(Å)

C14
c

(Å)

C14
a/c

VC14

(Å3)

C14
Crystallite

Size
(Å)

C15
a

(Å)

TiNi
a

(Å)

V3B2

a
(Å)

V3B2

c
(Å)

V3B2

a/c
VV3B2

(Å3)

B0 4.9635 8.0906 0.6135 172.62 260 7.0002 3.0637 N.D. N.D. N.D. N.D.
B1 4.9655 8.0959 0.6133 172.87 591 7.0077 3.0770 N.D. N.D. N.D. N.D.
B2 4.9667 8.0961 0.6135 172.96 643 7.0087 3.0775 5.7125 3.0232 1.8896 98.66
B3 4.9702 8.1072 0.6131 173.44 487 7.0148 3.0813 5.7089 3.0486 1.8726 99.36
B4 4.9744 8.1110 0.6133 173.81 496 7.0154 3.0841 5.7193 3.0330 1.8857 99.21
B5 4.9845 8.1330 0.6129 174.99 571 7.0293 3.0916 5.7287 3.0397 1.8846 99.76

3.3. SEM/EDS Analysis

Figure 5 shows the SEM back-scattering electron image (BEI) of each boron-containing alloy.
Table 3 lists the composition information of selected and numbered spots with different contrasts
(indicated in Figure 5) analyzed by EDS in each BEI. The microstructure of alloy B0 was studied
and reported previously [18–22]. For the B/A ratio calculation, vanadium is assumed to occupy the
B-site in the Laves phases [28] and the A-site in the non-Laves phases [29]. For the boron-containing
alloys B1 to B5, the brightest phase with the B/A ratio between 1.38 and 1.44 is identified as Zr7Ni10.
Three phases, TiNi, C15, and C14, are detected next to each other. The TiNi phase with the second
brightest contrast and a low vanadium-content exhibits the lowest B/A ratio (1.18 to 1.21) among the
three phases. The phase with an e/a value (7.07 to 7.10) higher than the C14/C15 threshold [25] and a
hypo-stochiometric composition (1.82 to 1.88) is identified as C15. The C15 phase solidifies between
the C14 and TiNi phases in the cooling sequence [30]. The C14 phase with the darkest contrast among
the three phases has an e/a value below 7.0 and a hyper-stoichiometry of 2.02 to 2.12. Furthermore,
EDS shows a high oxygen-content in a relatively dark area (second darkest among all phases due
to the light weight of oxygen), and this area is identified as ZrO2. By examining both the EDS and
XRD results, the phase with the darkest contrast is the tetragonal V3B2 phase. Boron is too light to be
detected by EDS, but the low BEI contrast indicates the existence of an element lighter than carbon.
The calculated B/A ratio for the V3B2 phase is not the real B/A ratio since boron is not detectable
by EDS; instead, it is the ratio of sum of the chromium-, manganese-, cobalt-, nickel-, aluminum-,
and tin-contents to that of the zirconium-, titanium, and vanadium-contents. This B/A ratio increases
from 0.32 to 0.48 with the increase in the boron content from alloys B1 to B4, which suggests increases
in the amounts of smaller transition metals in the V3B2 phase.

(a) (b) 

Figure 5. Cont.
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(c) (d) 

(e) 

Figure 5. SEM back-scattering electron images (BEIs) of alloys (a) B1; (b) B2; (c) B3; (d) B4; and (e) B5.
Compositions of the numbered areas were analyzed by energy dispersive spectroscopy (EDS), and the
results are shown in Table 4. Areas 1–6 are identified as the Zr7Ni10, TiNi, C15, C14, ZrO2, and V3B2

phases, respectively.

Table 3. Summary of the EDS results. All compositions are in at%. Compositions of the main C14 and
C15 phases are in bold and italic, respectively.

Location Ti Zr V Cr Mn Co Ni Al Sn O e/a B/A Phase

B1-1 4.8 35.9 0.4 0.2 1.6 1.4 40.3 0.4 15.3 0.0 - 1.44 Zr7Ni10
B1-2 25.3 18.9 1.2 0.4 2.3 7.5 43.8 0.4 0.4 0.0 - 1.21 TiNi
B1-3 11.8 22.9 6.8 3.4 7.0 6.5 40.6 0.6 0.5 0.0 7.10 1.88 C15
B1-4 9.6 22.4 11.9 9.7 9.6 8.7 27.2 0.5 0.1 0.0 6.65 2.12 C14
B1-5 0.2 33.8 0.1 0.1 0.1 0.2 0.6 0.1 0.0 64.9 - 1.94 ZrO2
B1-6 18.5 0.5 56.9 16.0 4.8 1.6 1.6 0.1 0.0 0.0 - - V3B2

B2-1 6.8 34.6 0.7 0.3 1.8 2.2 39.6 0.4 13.7 0.0 - 1.38 Zr7Ni10
B2-2 24.7 19.7 1.1 0.4 2.3 7.3 43.8 0.3 0.3 0.0 - 1.20 TiNi
B2-3 11.5 23.3 6.5 3.7 7.1 6.6 40.2 0.6 0.4 0.0 7.08 1.87 C15
B2-4 9.6 22.8 11.3 10.9 10.0 9.0 25.9 0.5 0.2 0.0 6.64 2.09 C14
B2-5 0.1 34.2 0.1 0.1 0.1 0.2 0.7 0.1 0.0 64.5 - 1.91 ZrO2
B2-6 10.4 0.4 62.2 21.1 3.6 1.0 1.3 0.1 0.0 0.0 - - V3B2

B3-1 6.2 34.4 0.5 0.3 1.9 2.3 38.5 0.4 13.4 1.9 - 1.38 Zr7Ni10
B3-2 23.7 21.0 1.0 0.3 2.2 7.3 43.5 0.3 0.4 0.0 - 1.18 TiNi
B3-3 11.4 24.0 6.0 3.8 7.4 6.8 39.7 0.7 0.4 0.0 7.08 1.83 C15
B3-4 10.1 23.1 10.4 9.8 10.0 9.1 27.0 0.5 0.1 0.0 6.67 2.02 C14
B3-5 1.2 31.5 0.2 0.1 0.2 0.4 2.2 0.1 0.0 64.1 - 2.04 ZrO2
B3-6 11.4 1.2 59.5 21.2 3.5 0.9 2.0 0.1 0.0 0.0 - - V3B2

B4-1 7.1 34.2 0.8 0.5 2.3 2.5 40.0 0.4 12.4 0.0 - 1.38 Zr7Ni10
B4-2 22.8 21.9 0.9 0.4 2.4 7.6 43.4 0.4 0.4 0.0 - 1.20 TiNi
B4-3 11.0 24.3 5.7 3.6 8.1 7.0 39.3 0.6 0.4 0.0 7.07 1.83 C15
B4-4 9.7 23.2 10.3 10.1 10.7 9.4 26.0 0.5 0.2 0.0 6.66 2.04 C14
B4-5 0.1 32.6 0.1 0.1 0.1 0.1 0.7 0.1 0.0 66.1 - 2.04 ZrO2
B4-6 14.8 1.8 52.0 23.4 4.1 1.2 2.6 0.1 0.1 0.0 - - V3B2
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Table 3. Cont.

Location Ti Zr V Cr Mn Co Ni Al Sn O e/a B/A Phase

B5-1 4.5 36.5 0.5 0.3 2.4 2.3 39.2 0.6 13.9 0.0 - 1.42 Zr7Ni10
B5-2 21.3 23.5 0.8 0.4 2.5 7.2 43.6 0.4 0.5 0.0 - 1.20 TiNi
B5-3 10.9 24.6 5.1 3.5 9.1 7.6 38.4 0.7 0.4 0.0 7.08 1.82 C15
B5-4 9.7 23.4 9.3 9.6 11.9 9.7 25.9 0.6 0.1 0.0 6.68 2.03 C14
B5-5 0.1 32.3 0.1 0.1 0.1 0.2 0.6 0.1 0.0 66.5 - 2.08 ZrO2
B5-6 17.5 2.0 48.2 22.8 4.6 1.5 3.2 0.1 0.2 0.0 - - V3B2

3.4. PCT Analysis

PCT measurements were used to study the gaseous phase H-storage characteristics of alloys
in this study. Isotherms from the PCT results measured at 30 and 60 ◦C are plotted in Figure 6.
At the same pressure, hydrogen storage at lower temperature (30 ◦C) is higher than that at a higher
temperature (30 ◦C). Compared to the AB5 MH alloy, the highly disordered AB2 MH alloy has a
relatively slanted isotherm without an easily defined plateau region [31–36]. Instead, the desorption
pressure at 0.75 wt % is introduced as an indicator for the plateau pressure and used in the calculations
of hysteresis, heat of hydride formation (ΔHh), and entropy change (ΔSh) [37]. Table 4 shows the
gaseous phase H-storage properties obtained from the PCT isotherms. In general, the boron-containing
alloys have higher maximum capacities and lower reversible capacities when compared to those from
the boron-free alloy.

Desorption pressure measured at 0.75 wt % H-storage decreases with the increase in the
boron content and can be attributed to the enlarged C14 unit cell revealed by the XRD analysis.
Slope factor (SF), defined as the ratio of desorption capacity between 0.01 and 0.5 MPa to total
reversible capacity [6,17,22], is an indicator of the degree of disorder (DOD) in the MH alloy [38] and
smaller in a more slanted isotherm. SF measured at 30 ◦C is listed in the fifth column in Table 4 and
shows a decreasing trend with the increase in the boron content. This finding suggests a decrease
in uniformity with the addition of boron and is consistent with the decrease in the main C14 phase
abundance. Hysteresis of PCT isotherm, defined as the natural log of ratio between the absorption and
desorption equilibrium pressures [39–41], can be used to predict the degree of pulverization through
cycling [28,37,42,43]. In the current study, hysteresis is listed in the sixth column in Table 4 and does
not change significantly as the boron content increases. Therefore, boron is not likely to have a major
impact on the pulverization rate during cycling.

ΔHh and ΔSh can be calculated from the desorption equilibrium pressures at 0.75 wt % H-storage
at 30, 60, and 90 ◦C by the Van’t Hoff equation,

ΔG = ΔHh − TΔSh = RTln P, (1)

where T and R are the absolute temperature and ideal gas constant, respectively. ΔHh is negative since
the hydrogen absorbing process is exothermic. The different between ΔSh and −130.7 J·mol H2

−1·K−1

for H2 gas indicates DOD of hydrogen in the MH alloy [42]. Both −ΔHh and −ΔSh are listed in Table 4
and share a similar trend with the gaseous phase H-storage capacities due to the existence of two
competing driving forces—an increase in the C14 unit cell volume and a decrease in the C14 phase
abundance as the boron content increases.
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(a) (b) 

(c) (d) 

Figure 6. 30 ◦C PCT isotherms of alloys (a) B0, B1, and B2 and (b) B3, B4, and B5 and 60 ◦C PCT
isotherms of alloys (c) B0, B1, and B2 and (d) B3, B4, and B5. Open and solid symbols are for absorption
and desorption curves, respectively.

Table 4. Summary of the gaseous phase properties.

Alloy

Maximum
Capacity
at 30 ◦C

wt %

Reversible
Capacity
at 30 ◦C

wt %

Desorption
PRESSURE at

0.75 wt %, 30 ◦C
MPa

Slope
Factor at

30 ◦C
%

Hysteresis
at 0.75 wt
%, 30 ◦C

−ΔHh

kJ·mol
H2

−1

−ΔSh

J·mol
H2

−1·K−1

B0 1.45 1.32 0.078 60 0.04 32.8 107
B1 1.50 1.29 0.037 54 0.08 38.9 120
B2 1.46 1.27 0.038 53 0.06 37.5 116
B3 1.44 1.21 0.036 55 0.07 35.3 108
B4 1.46 1.23 0.032 58 0.05 35.5 108
B5 1.50 1.22 0.025 50 0.05 42.9 130
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3.5. Electrochemical Analysis

Half-cell full discharge capacity is obtained by summing the discharge capacities at three different
rates, and half-cell HRD is defined as the ratio between the high-rate and full capacities. Electrochemical
activation behaviors of full capacity and HRD in the first 13 cycles are illustrated in Figure 7. All alloys
require the same number of activation cycles (2) to reach the stabilized capacity. As the boron content
increases, capacity decrease (Figure 7a), and more activation cycles are needed to reach 85% of
maximum HRD (Figure 7b). HRD starts to drop at the eighth cycle in alloys with higher boron contents.
HRD at the 10th cycle for each alloy is listed in Table 5 and shows a first-decrease-then-increase
trend with the increase in the boron content. Therefore, boron in the Laves phase-based MH alloy
is suspected to deteriorate HRD [4], but the increase in the V3B2 phase abundance at higher boron
content benefits it. In alloy B5, although the V3B2 phase abundance is smaller than that in alloy B4,
the abundance of another beneficial phase, TiNi [44], is higher, which results in the positive net effect
on HRD.

(a) (b) 

Figure 7. Activation behaviors observed from (a) half-cell capacity measured at 4 mA·g-1 and
(b) half-cell high-rate dischargeability (HRD) for the first 13 electrochemical cycles.

Table 5. Summary of the RT electrochemical half-cell results.

Alloy
10th Cycle High-Rate
Discharge Capacity

mAh·g−1

10th Cycle Full
Discharge Capacity

mAh·g−1

10th Cycle
HRD

%

Number of Activation
Cycles to Reach 85%

HRD

B0 359 371 97 3
B1 330 366 90 4
B2 325 362 90 5
B3 284 354 80 6
B4 307 359 86 6
B5 311 343 91 6

Both surface exchange current (Io) and bulk diffusion coefficient (D) are used to trace the cause
of change in HRD, and the results are listed in Table 6. While Io reflects the reaction kinetics at
the electrode surface, D shows the ability of hydrogen diffusing from the particle core to surface.
Details of these measurements can be found in previous studies [45]. Other temperature- and
hydrogen content-dependent measurements of hydrogen diffusion constant, such as nuclear magnetic
resonance [46] and quasi-elastic neutron scattering [47], in Laves phase alloys were also conducted
before. In this study, both Io and D first decrease and then increase with the increase in alloy number
as shown in Figure 8a. However, since the variation in D is on a smaller scale compared to that in
Io, Io is considered the main factor in affecting HRD. In other words, the HRD performances of the
boron-containing alloys are dominated by the speed of surface reaction. According to our previous
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study, the TiNi phase contributes more to D than Io [44], which is confirmed by comparing HRDs of
alloys B4 and B5 in this study.

Table 6. Summary of the room temperature (RT) and low temperature (LT) electrochemical properties
(D: bulk diffusion coefficient, Io: surface exchange current, R: charge-transfer resistance, C: double-layer
capacitance, and RC product).

Alloy
D at RT
10−10

cm2·s−1

Io at RT
mA·g−1

R at RT
Ω·g

C at RT
F·g−1

RC Product
at RT

s

R at LT
Ω·g

C at LT
F·g−1

RC Product
at LT

s

B0 1.3 38 0.44 0.24 0.11 16.5 0.21 3.5
B1 1.3 26 0.71 0.22 0.16 27.4 0.28 7.7
B2 1.2 22 1.04 0.21 0.22 83.9 0.18 15.1
B3 1.0 18 2.74 0.18 0.49 171.5 0.22 37.7
B4 1.2 25 0.99 0.20 0.20 70.0 0.16 11.2
B5 1.3 21 0.59 0.24 0.15 47.1 0.23 10.8

(a) (b) 

(c) 

Figure 8. Correlations of (a) D and Io vs. alloy number, (b) R at RT and LT vs. alloy number, and (c) RC
at RT and LT vs. alloy number.

To further investigate the connection between HRD and the surface reaction, AC impedance
measured at both RT and LT were conducted, and the resulting charge-transfer resistances (R) and
double-layer capacitances (C) from the Cole–Cole plots are summarized in Table 6. While R is
closely related to the speed of electrochemical reaction, C is proportional to the reactive surface area,
and their product (RC) represents the surface catalytic ability without the contribution from surface
area. From the results shown in Table 6 and plotted in Figure 8b,c, we found that R and RC obtained at
both RT and LT follow the same trend with the half-cell HRD (Table 6). Changes in surface reactive
area (proportional to C) at RT and LT are not as significant as those in R and RC at RT and LT. Therefore,
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we conclude that the improvement in HRD by the introduction of a new V3B2 secondary phase is from
the increase in surface catalytic ability.

3.6. Magnetic Susceptibility

To continue the study of surface catalytic ability, M measurements on the activated alloys were
conducted to quantify the amount of metallic nickel embedded in the surface oxide. Metallic nickel in
the surface acts as a catalyst for water splitting and recombination in the electrochemical reaction and
contributes directly to the surface exchange current. Saturated M (MS) from the ferromagnetic nickel
in the surface oxide can be obtained by deducting the paramagnetic part of M curve [48]. Strength of
the applied magnetic field corresponding to half of the MS value (H1/2) is associated with the magnetic
field domain size and can be used to estimate the average size of nickel clusters. The M vs. applied
magnetic field curves are plotted in Figure 9, and the calculated MS and H1/2 are listed in Table 7.
MS first decreases slightly and then increases with the increase in the boron content. The initial decrease
in MS is due to the reduction in the nickel-content in the alloy, and the later increase is caused by the
increase in the nickel-content in the catalytic V3B2 phase. As the boron content increases, not only
the V3B2 phase abundance increases, but the nickel content in the V3B2 phase also increases (Table 4).
The H1/2 values listed in Table 7 indicate a decrease in size and an increase in surface area of nickel
clusters with the increase in the boron content.

Figure 9. Magnetic susceptibilities of alloys in this study.

Table 7. Summary of the RT magnetic properties (MS: saturated magnetic susceptibility and H1/2:
applied field at half of the MS value).

Alloy
MS

emu·g−1
H1/2

kOe

B0 0.064 0.064
B1 0.059 0.120
B2 0.093 0.138
B3 0.099 0.139
B4 0.101 0.106
B5 0.090 0.139
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4. Conclusions

The influences of boron addition on the microstructural, gaseous phase, and electrochemical
properties of a V-containing Laves phase-based metal hydride alloy have been studied. A small amount
of boron (<2 at %) decreases the hydrogen equilibrium pressure because of the enlargement in unit cell
of the C14 main phase, decreases the discharge capacities, and impedes the high-rate performance.
However, a further increase in the boron content promotes the formation of a new V3B2 secondary
phase and increase in the abundance of the beneficial TiNi phase, which contribute positively to the
high-rate and low-temperature performances. Future studies will focus on optimizing the V3B2 phase
abundance and introducing this phase in other metal hydride alloy families.
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The following abbreviations are used in this manuscript:

Ni/MH Nickel/metal hydride
MH Metal hydride
H-storage Hydrogen-storage
ICP-OES Inductively coupled plasma-optical emission spectrometer
XRD X-ray diffractometer
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
PCT Pressure concentration temperature
RT Room temperature
LT Low temperature at −40 ◦C
M Magnetic susceptibility
HRD High-rate dischargeability
e/a Average electron density
VC14 Unit cell volume of the C14 phase
VV3B2 Unit cell volume of the V3B2 phase
BEI Back-scattering electron image
ΔHh Heat of hydride formation
ΔSh Change in entropy
SF Slope factor
DOD Degree of disorder
T Absolute temperature
R Ideal gas constant
Io Surface exchange current
D Bulk diffusion coefficient
R Surface charge-transfer resistance
C Surface double-layer capacitance
MS Saturated magnetic susceptibility
H1/2 Applied magnetic field strength corresponding to half of saturated magnetic susceptibility
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Abstract: Herein, we present a comparison of the electrochemical hydrogen-storage characteristics of
two state-of-art Laves phase-based metal hydride alloys (Zr21.5Ti12.0V10.0Cr7.5Mn8.1Co8.0Ni32.2Sn0.3Al0.4

vs. Zr25.0Ti6.5V3.9Mn22.2Fe3.8Ni38.0La0.3) prepared by induction melting and hydrogen decrepitation.
The relatively high contents of lighter transition metals (V and Cr) in the first composition results in an
average electron density below the C14/C15 threshold ( e/a ∼ 6.9) and produces a C14-predominated
structure, while the average electron density of the second composition is above the C14/C15 threshold
and results in a C15-predominated structure. From a combination of variations in composition, main
phase structure, and degree of homogeneity, the C14-predominated alloy exhibits higher storage
capacities (in both the gaseous phase and electrochemical environment), a slower activation, inferior
high-rate discharge, and low-temperature performances, and a better cycle stability compared to the
C15-predominated alloy. The superiority in high-rate dischargeability in the C15-predominated alloy
is mainly due to its larger reactive surface area. Annealing of the C15-predominated alloy eliminates
the ZrNi secondary phase completely and changes the composition of the La-containing secondary
phase. While the former change sacrifices the synergetic effects, and degrades the hydrogen storage
performance, the latter may contribute to the unchanged surface catalytic ability, even with a reduction
in total volume of metallic nickel clusters embedded in the activated surface oxide layer. In general,
the C14-predominated alloy is more suitable for high-capacity and long cycle life applications, and
the C15-predominated alloy can be used in areas requiring easy activation, and better high-rate and
low-temperature performances.

Keywords: metal hydride; nickel metal hydride battery; Laves phase alloy; electrochemistry;
synergetic effect

1. Introduction

Nickel/metal hydride (Ni/MH) rechargeable batteries are widely used in today’s consumer
electronics, stationary power storage, and transportation applications. One of the major factors limiting
the performance of Ni/MH batteries is a relatively low gravimetric energy density, compared to the
rival lithium-ion battery technology [1]. For the active materials in the negative electrode of Ni/MH
battery, Laves phase-based AB2 metal hydride (MH) alloy containing 1.85 wt % H with a potential
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capacity of 434 mAh·g−1 [2] has commonly been a high-energy alternative to the conventional rare
earth-based AB5 alloys, which have a capacity of approximately 330 mAh·g-1. Other performance
comparisons between these two MH alloy families are available in an earlier review article [3]. Different
from the single CaCu5 crystal structure in the AB5 MH alloys, the main phase in the AB2 MH alloys can
be C14, C15, or a mixture of two, which provides additional freedom in composition design to address
various requirements, such as ultra-low temperature performance, high-temperature storage, and
overcharge performance [4]. C14 and C15 are two Laves structures and form the largest intermetallic
compound group [5].

The difference between these two structures originates from the different types of packings in two
types of metal nets, Kagome 6363 nets formed by B atoms and containing hexagons and triangles, and
A2B buckled nets formed by both A and B atoms [6]. There are 6 types of these nets, depending of their
orientation along the [001] direction of the hexagonal/trigonal unit cells, as shown in Figure 1; A, B,
and C nets for the Kagome 6363 nets and a, b, and c nets for the A2B buckled nets. The packing of these
nets creates AcBc 2-layer stacking, resulting in a hexagonal C14 type Laves type structure, or 3-layer
stacking (AcBaCb), resulting in a face-centered cubic (fcc) C15 Laves type structure, both with AB2

stoichiometry. As shown in Figure 1, atoms in the A layer form a triangular net and there are two
possible arrangements for the next layer—atoms in the B or C position. If the stacking of the triangular
nets follows the sequence A-B-A-B, as shown in Figure 1b, a hexagonal crystal structure is formed.
In the case of another stacking sequence, A-B-C-A-B-C, the structure is fcc with the same packing
density as for the hexagonal one (Figure 1c). For the Laves phases, the triangular net is replaced by an
A4B8 slab with an A2B-B3-A2B-B3 structure, and C14 and C15 are formed following the A-B-A-B and
A-B-C-A-B-C stacking sequences, respectively. Another member of the Laves phases, hexagonal C36,
has the same building slabs, but they are stacked in a different sequence, AbCaBaCb. However, the
C36 type of structure is much less abundant than C14 and C15 [7], and we will not discuss it further in
this work.

Figure 1. Stacking (a) units of each layer, (b) C14, and (c) C15 Laves type structures.

Figure 2 shows the crystal structures of C14 and C15 type alloys, and Table 1 summarizes the
crystallographic data for both structures. Ideally, the lattice parameters are closely related in each
structure and between structures. However, in the actual C14-predominated MH alloys, the c/a ratio is

slightly lower than the theoretical value (2
√

2
3
∼= 1.633) [8,9]. Three types of positions are available for
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hydrogen occupation tetrahedral sites (A2B2, AB3, and B4) in both C14 and C15 structures, as shown in
Figure 2. In the Laves phases, octahedral sites are not present at all, therefore the following discussion
will only concentrate on tetrahedral sites.

Figure 2. Unit cells for (a) ZrCr2 (C15) and (b) ScFe2 (C14) structures. Various tetrahedral hydrogen
occupation sites (A2B2, AB3, and B4) are indicated by arrows.

Table 1. Basic physical parameters of C14 and C15. H-site denotes hydrogen occupying site.

Parameter C14 C15

Crystal symmetry Hexagonal (hP12) Face-centered-cubic (cF24)
Space group P63/mmc Fd3m

Ideal lattice constant a aC14
√

2aC14

Ideal lattice constant c 2
√

2
3 aC14 -

Number of A2B2/Full unit cell AB2 tetrahedral
H-sites per formula [10] 12 (6h1 + 6h2 + 12k1 + 24l) 12 (96g)

Number of AB3 tetrahedral H-site per formula [10] 4 (4f + 12k2) 4 (32e)
Number of B4 tetrahedral H-site per formula [10] 1 (4e) 1 (8b)

Maximum H-storage Up to 5.4 at. H/AB2 [11] Up to 7 at. H/AB2 [12]
Theoretical maximum H-storage 6.33 per AB2 [13] 7 per AB2 [13]

Hydrogen occupation occurs first at the A2B2 site, next at the AB3 site, and finally at the B4

site [14–17]. Furthermore, the ratio between the tetrahedral sites is 12 A2B2, 4 AB3, and 1 B4 for both
C14 and C15 structures. However, not all these sites can be occupied at the same time as the sites
with a common triangular face are blocked from simultaneous occupancy. This is because the distance
between their centers appears to be well below 0.2 nm, the minimum allowed H-H distance in the
structures of metal hydrides [18].

Storages of up to 5.4 and 4.25 H atoms per AB2 formula unit for the C14 and C15 structures,
respectively, have been demonstrated at room temperature and in a reasonable pressure range,
although their theoretical hydrogen storage (H-storage) capacities are higher (6.33 and 6 H atoms per
AB2 formula unit for C14 and C15, respectively).

The choice of the dominating Laves structure at room temperature in the alloy is not random.
While several determining factors, such as atomic size ratio, difference in electronegativity between the
A-site and B-site atoms [19], and stoichiometry [20] have been discussed in literature, average electron
density (e/a) was found to be the most crucial parameter and can be directly correlated to the ratio of
C14/C15 at room temperature [21]. An empirical model for predicating the C14/C15 formation was
originally supported by a set of tight-binding calculations [22] and recently confirmed by a density
function theory calculation [23]. In addition, the model for e/a at the C14/C15 threshold (C14:C15
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= 1:1) was further improved to include the contribution from the A-site atoms by incorporating the
average chemical potential of the A-site atoms [24].

While the initial studies of the AB2 MH alloys in the gaseous phase [25] and electrochemical
environment [26] started and were later commercialized with the C14 phase [3], studies on the
C15-predominated AB2 alloys for Ni/MH application were common from 1991 to 2004. The major
accomplishments during this period are summarized in Table 2. In order to increase the stability of the
C15 phase, these alloys are generally designed to have a higher Zr-content (which moves e/a at the
C14/C15 threshold to a lower value [27]), lower the V- and Cr-content (which increases e/a to a value
above the e/a of the C14/C15 threshold [27]), and have a hyperstoichiometry (B/A > 2), compared to
the C14-predominated MH alloys used in Ni/MH applications. Although the C15 alloys that exhibit
a high capacity and excellent high-rate dischargeability (HRD) have been successfully developed,
they are not as popular as the C14 alloys. Through the years, the performance of the C14 and C15
phases in both the gaseous phase and electrochemical environment have been compared over a dozen
times either in the alloys with the same composition but different preparation processes, or in a series
of alloys with close compositions. Unfortunately, the findings are inconsistent (Table 3). It is very
difficult to determine which phase has better performance with regard to capacity, HRD, and cycle
life. In this paper, we provide a different approach to compare these two Laves structures. To this end,
two state-of-art C14 and C15-based MH alloys were selected and their gaseous and electrochemical
H-storages were compared. We hope this work would illuminate future AB2 MH alloy research.

Table 2. Summary of previous studies on the hydrogen storage properties of C15-predominated MH
alloys in an electrochemical environment. AM, Ann, PM, LM, IM denote arc melting, annealing,
plasma melting, levitation melting, and induction melting preparation methods, respectively. Cm is the
discharge capacity obtained with an m mA·g−1 discharge current. HRD and EC are abbreviations for
high-rate dischargeability and electrochemistry, respectively.

Basic Composition Preparation Method Major Achievements References Year

ZrCr0.4Mn0.4Ni1.2 AM + Ann C30 of ~320 mAh·g−1 [28] 1991
ZrV0.8Mn0.4Ni1.2 Ar PM C10 of ~366 mAh·g−1 [29] 1991

ZrV0.5Ni1.5 LM C100 of ~365 mAh·g−1 [30,31] 1994
ZrV0.05Cr0.25Mn0.6Ni1.3 AM C50 of 343 mAh·g−1 [32] 1995

ZrV0.5Mn0.5NiMo0.15 AM C50 of 339 mAh·g−1 [33] 1995
ScCr0.2Mn0.5Co0.2Ni1.1 AM C70 of 400 mAh·g−1 [34] 1995

ZrV0.33Mn0.86Co0.11Ni0.9 AM C17 of 440 mAh·g−1 [35] 1995
ZrV1.5Ni1.5 LM C2 of 800 mAh·g−1 [36] 1997

ZrV0.2Cr0.1Mn0.6Ni1.2 IM + Ann C80 of 330 mAh·g−1 [37] 1997
ZrV0.5Mn0.7Ni1.2 AM C100 of 330 mAh·g−1 [38] 1998

ZrMn1−xVxNi1.4+y AM Surface area dominates EC
performance [39] 1998

ZrV0.2Cr0.05Mn0.6Co0.05Ni1.2 IM + Ann C70 of 370 mAh·g−1 [40,41] 1998
ZrV1.5Ni1.5 IM C160 of 356 mAh·g−1 [42] 1999

Zr(VMnCoNi)2+α IM 300 cycle with stable capacity
C60 = 342 mAh·g−1 [43] 1999

Zr0.5Ti0.5V0.6Mn0.2Pd0.1Ni0.8Fe0.2 AM C50 of 372 mAh·g−1 [44] 1999

ZrV0.2Mn0.6Cr0.1Ni1.2 AM F-treatment with Ni improves
cycle life [45] 1999

Zr0.4Ti0.6V1.2Cr0.3Ni1.5 AM 200 cycle with stable capacity [46] 2000
ZrV0.2Mn0.6Co0.1Ni1.2 AM + Ann C50 of ~350 mAh·g−1 [47] 2000

ZrV0.4Mn0.5Co0.05Ni1.1 AM Co improves HRD, cycle stability,
and self-discharge [48] 2001

ZrTi0.1V0.2Cr0.1Mn0.6Co0.1Ni1.2 AM + Ann C100 of 390 mAh·g−1 [49] 2001
Zr0.9Ti0.1V0.2Mn0.56Co0.1Ni1.14 IM C60 of 350 mAh·g−1 [50] 2002

Zr(NiVMnCoSnx)2+α IM Sn has detrimental effects to EC
performance. [51] 2006
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Table 3. Summary of previous comparative studies on the hydrogen storage properties of C14 and C15
in gaseous phase (GP) or electrochemical (EC) environment. ΔHh denotes heat of hydride formation.

Basic Composition
Preparation

Method
Application Major Findings References

(TiZr)V0.5Mn0.2Fe0.2Ni1.1 AM EC C14 has a better HRD [52]
Zr(CrNi)2 AM + Ann GP No difference if composition is the same [53]

(ZrTi)(VMnNi)x AM EC C14 has a higher discharge capacity (x < 2)
C15 has a better HRD (x > 2) [35,54]

(ZrTi)(NiMnM)x,
where M = Cr, V, Co, Al IM + Ann EC C15 has a better cycle life but slower activation [40]

(ZrTi)(VMnCoNi)2 LM EC C14 has a higher capacity and HRD [55]

(ZrTi)(VMnNi)2 AM EC With no Ti, C15 has more desirable capacities,
with Ti, C14 has a high capacity [44]

Zr(VMnNi)2 AM EC C15 is better with regards to capacity, HRD,
and activation [56]

(ZrTi)(VCrMnNi)2 AM EC C14 has a higher capacity and HRD [57]
(ZrTi)(VMnNi)x IM + Ann GP C15 has a longer cycle life [58]

Zr(VFe)x AM GP C14 has a higher H-storage capacity [59]
(ZrTi)(VAl)2 AM GP C14 has a lower ΔHh [60]

(ZrTi)(VCrMnCoNiAl)2 IM EC C15 has a better HRD and low-temperature
performance, but shorter cycle life [61]

(ZrTi)(VCrMnNil)2 IM EC C14 has a better charge retention and cycle life,
but lower capacity and HRD [62]

(ZrTi)(VCrMnCoNiAl)2 IM EC C15 phase improves both activation and HRD [63]

2. Experimental Setup

Each ingot sample was prepared by an induction melting process under a 0.08 MPa Ar protection
atmosphere and elemental raw materials with a purity of >99.9% (except for Zr, where Sn-containing
(1%) zircaloy was used). An MgO crucible, an alumina tundish, and a steel mold were used for melting.
Annealing was performed in vacuum (achieved with a diffusion pump) for 6 h at 960 ◦C with a 3 h
temperature ramp-up period. The ingot was then cooled naturally to room temperature. For powder
fabrication, the ingot underwent a hydriding/dehydriding process, which introduced initial volume
expansion/contraction to create internal stress before it was crushed and ground to a −200 mesh
powder. A Varian Liberty 100 inductively coupled plasma optical emission spectrometer (ICP-OES,
Agilent Technologies, Santa Clara, CA, USA) was employed to study the chemical composition.
A Philips X'Pert Pro XRD (X-ray diffractometer, Philips, Amsterdam, The Netherlands) was used to
perform the phase analysis, and a JEOL-JSM6320F scanning electron microscope (SEM, JEOL, Tokyo,
Japan) with energy dispersive spectroscopy (EDS) was also used to investigate the phase distribution
and composition. A Suzuki Shokan multi-channel pressure-concentration-temperature system (PCT,
Suzuki Shokan, Tokyo, Japan) was used to measure the gaseous phase H-storage characteristics.
PCT measurements at 30, 60, and 90 ◦C were performed after activation, which consisted of a 2 h
thermal cycle between room temperature and 300 ◦C under 2.5 MPa H2 pressure. MH alloy electrodes
were prepared by directly pressing the MH alloy powder onto an expanded Ni substrate (1 cm × 1 cm)
with a 10-ton press without the use of any metallic or organic binder. Electrochemical measurements,
including capacities at various rates, bulk diffusion coefficient (D), and surface exchange current (Io)
were performed on an Arbin Instruments BT-2143 Battery Test Equipment (Arbin Instruments, College
Station, TX, USA). A Solartron 1250 Frequency Response Analyzer (Solartron Analytical, Leicester, UK)
with a sine wave amplitude of 10 mV and a frequency range of 0.5 mHz to 10 kHz was used to conduct
the alternating current (AC) impedance measurements. A Digital Measurement Systems Model 880
vibrating sample magnetometer (MicroSense, Lowell, MA, USA) was used to measure the magnetic
susceptibility of the activated alloy surfaces (etched for 4 h in 30 wt % KOH at 100 ◦C).

3. Results and Discussion

Two compositions, Zr21.5Ti12.0V10.0Cr7.5Mn8.1Co8.0Ni32.2Sn0.3Al0.4 and Zr25.0Ti6.5V3.9Mn22.2Fe3.8Ni38.0La0.3,
were selected for this comparative study. Their target compositions and ICP results are summarized in
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Table 4. The first composition is a stoichiometric C14 composition and was used as the base alloy for
a number of comparative studies [8,63–66] due to its overall balanced performance with regard to
activation, HRD, and cycle stability. The e/a of the first composition is below the C14/C15 threshold
( e/a ∼ 6.9 [24]), and therefore a C14-predominated structure occurs. The second composition
was chosen based on a series of refinements targeting high-rate Ni/MH applications, and further
by containing an optimized Ti and Zr ratio with Ni, Mn, V, and Fe, with a minor amount of La
additive [67]. The half-cell capacity for the alloy with the second composition mixed with 80%
carbonyl nickel approached 460 mAh·g−1 at a discharge current density of 10 mA·g−1 [68]. Compared
to the first composition, the second composition is hyperstoichiometric and has a higher Zr-content,
lower V-content, no Cr, and higher Ni-content, which contribute to a higher e/a value and result
in a C15-predominated alloy. A small amount of La was added in the C15-predominated alloy to
facilitate the activation process [37,69,70]. While only the un-annealed C14 alloy was used for this
comparative work, two versions of the C15 alloys were assessed: pristine (C15) and annealed alloys
(C15A). Since the effects of annealing on the multi-phase C14-predominated AB2 MH alloys have
been well studied (elimination/reduction in secondary phase abundance results in reduction of
synergetic effects, leading to deterioration of electrochemical properties) [55,61,71,72], only the impacts
of annealing on the C15 AB2 MH alloy will be verified in this work. ICP results of the three alloys
(C14, C15, and C15A) are in excellent agreement with the corresponding design values.

Table 4. Design compositions (in bold) and ICP results in at %. e/a is the average electron density. B/A
is the atomic ratio of B-atom (elements other than Ti and Zr, and La) to A-atom (Ti, Zr, and La).

Alloy Source Zr Ti V Cr Mn Fe Co Ni Sn Al La e/a B/A

C14
Design 21.5 12.0 10.0 7.5 8.1 - 8.0 32.2 0.3 0.4 - 6.82 1.99

ICP 21.5 12.0 10.0 7.5 8.1 - 8.0 32.2 0.4 0.3 - 6.82 1.99

C15
Design 25.0 6.5 3.9 - 22.2 3.8 - 38.0 0.3 0.0 0.3 7.13 2.14

ICP 24.7 6.5 3.9 - 21.9 4.2 - 38.3 0.3 0.1 0.2 7.16 2.18

C15A
Design 25.0 6.5 3.9 - 22.2 3.8 - 38.0 0.3 0.0 0.3 7.13 2.14

ICP 24.9 6.5 3.9 - 21.8 4.2 - 38.2 0.3 0.1 0.2 7.15 2.16

3.1. X-Ray Diffractometer Analysis

XRD analysis was used to study the constituent phases occurring in the alloys. The obtained XRD
patterns are shown in Figure 3. The XRD pattern from the C14 alloy demonstrates a C14-predominated
structure with overlapping C15 peaks and a minor TiNi peak. Both XRD patterns from C15 and C15A
alloys show a C15 structure with a small ZrNi peak in the pristine alloy. Results from full XRD pattern
fitting with Jade 9.0 software (MDI, Livermore, CA, USA) are summarized in Table 5. The c/a ratio
obtained for the C14 alloy (1.629) is only slightly lower than the ideal ratio (1.633), and this deviation
is commonly seen in C14 alloys for Ni/MH application. The atomic size ratio, RA/RB (where RA and
RB represent the average atomic radii of the A-site and B-site atoms, respectively), in the C14 alloy

(1.216) is slightly lower than the ideal ratio of
√

3
2
∼= 1.225 [73], which causes a deviation in the c/a

ratio from the ideal value. Moreover, the secondary phases found in the C14 and C15 alloys belong to
TiNi and ZrNi structures, respectively. After annealing, the ZrNi secondary phase in the C15 alloy
becomes undetectable. This reduction/diminishing of the secondary phase after annealing also occurs
in the C14 AB2 MH alloys [55,61,71,72]. In addition to C14 and TiNi, there is also a 5.2 wt % of C15
found in the C14 alloy since the alloy’s e/a (6.82) is close to the e/a at the C14/C15 threshold for Zr/Ti
(∼=1.8 (6.91)) [24]. The C15 phase is usually located between the C14 main matrix and other ZrxNiy
secondary phases [74]. Therefore, due to the mixed nature of the C14 and C15 phases in the C14 alloy,
the crystallites in the C14 alloy are smaller than those in the C15 alloy. Furthermore, the annealed
C15 (C15A) has even larger crystallites. The increase in crystallite size after annealing is a common
observation in Laves phase-based MH alloys [61,75].

159

Bo
ok
s

M
DP
I



Batteries 2017, 3, 22

Figure 3. X-ray diffractometer patterns using Cu-Kα as the radiation source for the various alloys.
(a) C14, (b) C15, and (c) C15A.

Table 5. Lattice constants, abundance, crystallite size (CS) of the C14 and C15 phases of the C14, C15,
and C15A alloys. Abundances of TiNi and ZrNi secondary phases are also included.

Alloy C14 C15 C15A

C14 Lattice constant a, nm 0.49545 - -
C14 Lattice constant c, nm 0.80733 - -

C14 Abundance, wt% 93.7 - -
C14 CS, nm 68 - -

C15 Lattice constant a, nm 0.69932 0.70061 0.70047
C15 Abundance, % 5.2 99.3 100

C15 CS, nm 54 96 >100
TiNi Abundance, wt% 1.2 - -
ZrNi Abundance, wt% - 0.7 -

3.2. Scanning Electron Microscope/Energy Dispersive Spectroscopy Analysis

SEM back-scattering electron images (BEI) from the alloys are presented in Figure 4. The composition
of several representative areas (identified by Roman numerals) in the SEM micrographs were studied by
EDS, and the results are summarized in Table 6. SEM micrographs of the C14 alloy shows a very typical
multi-phase C14-C15-ZrxNiy microstructure, which has been extensively studied with transmission
electron microscopy (TEM) [76,77] and electron backscattering diffraction (EBSD) [75]. Occasional ZrO2

inclusions are also seen in the C14 alloy and act as oxygen scavengers [78], which may contribute
positively to the bulk diffusion of hydrogen and provide surface protection against oxidation by the
electrolyte [79]. In the SEM micrographs of the C15 and C15A alloys, a LaNi or La-rich phase with a high
contrast is observed, suggesting segregation of La from the main phase. Since La does not precipitate into
the Zr-based Laves phase, it segregates into a LaNi secondary phase, as in the cases of other rare earth
element substitutions [9]. The relatively high solubility of the LaNi phase in the KOH electrolyte results
in the facilitation of an initial formation process in alkaline solution [70]. The La-content and Ni-content
of the La-rich secondary phase in the C15 alloy increases and decreases after annealing, respectively. It
should be noted that the XRD analysis does not detect any La-containing phase, due to its small overall
abundance. In addition, the SEM micrographs shown in Figure 4 are not typical, but exhibit the most
features and therefore reveal all phases of the alloys. Additionally, the measured Sn-content in the LaNi
phase before annealing is quite high (15.7 at %) and becomes even higher (21.5 at %) after annealing.
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In the Laves phase MH alloys, Sn dissolves into the main C14 Laves phase and the ZrNi secondary
phase without forming any Sn-rich secondary phase [8,78,80–84], and more Sn migrates into the ZrNi
secondary phase after annealing [61]. The presence of Sn in the composition of the Zr-containing MH
alloy is due to a cost saving consideration—the market price of Sn-containing zircaloy scrap, which is
used as one of the raw materials in the current study, at one time was only one tenth of the cost of pure
Zr scrap. In general, a small percentage of Sn (approximately 0.2 to 0.4 at %), if dissolved fully into the
main phase, facilitates hydride formation but reduces HRD and cycle life [79]. Moreover, a phase with a
slightly brighter contrast (Spot 2 in Figure 4b) and a composition close to (Zr,Ti)Ni can be found in the
C15 alloy. It is eliminated during the annealing process and disappears in the SEM micrograph taken
from the C15A alloy (Figure 4c).

(a) (b) (c)

Figure 4. SEM BEI micrographs from the (a) C14, (b) C15, and (c) C15A alloys. The composition of the
numbered areas was analyzed by EDS and the results are shown in Table 6. The bar at the lower right
corner in each micrograph represents 25 μm.

Table 6. Summary of the EDS results. All compositions are in %. Compositions of the main AB2 phase
are in bold.

Location Zr Ti V Cr Mn Fe Co Ni La Sn B/A e/a Phase

C14-1 19.4 14.6 8.6 5.1 7.5 0.0 6.4 38.3 0.0 0.1 1.94 6.46 AB2

C14-2 18.0 23.3 3.0 1.4 3.5 0.0 5.1 45.6 0.0 0.1 1.42 - TiNi
C14-3 80.4 3.9 3.4 2.2 2.1 0.0 1.3 6.2 0.0 0.5 0.19 - ZrO2
C15-1 24.6 6.5 3.7 0.0 22.2 4.4 0.0 38.6 0.0 0.0 2.22 7.20 AB2

C15-2 23.6 15.2 0.9 0.0 8.4 1.4 0.0 50.2 0.3 0.0 1.56 - ZrNi
C15-3 5.0 1.7 0.7 0.0 4.7 0.8 0.0 20.9 50.5 15.7 0.75 - LaNi
C15-4 15.6 5.3 1.3 0.0 7.5 1.2 0.0 26.4 40.9 1.8 0.62 - Oxide

C15A-1 24.8 6.5 3.8 0.0 22.6 4.2 0.0 37.9 0.1 0.0 2.18 7.15 AB2

C15A-2 0.6 0.2 0.5 0.0 0.7 0.1 0.0 11.1 61.3 25.5 0.61 - La-rich
C15A-3 58.7 5.6 2.1 0.0 12.2 2.4 0.0 19.0 0.0 0.0 0.56 - ZrO2

3.3. Pressure-Concentration-Temperature Analysis

The PCT isotherms were measured at 30, 60, and 90 ◦C, and the results from the first two
temperatures are shown in Figure 5. PCT isotherms measured at 90 ◦C are not complete due to an
increase in plateau pressure (out of range for the testing apparatus), and therefore are not shown.
Gaseous phase H-storage characteristics obtained from the PCT analysis are summarized in Table 7.
Compared to the C14 alloy, the PCT isotherms of both the C15 and C15A alloys show a very steep
takeoff from the α (metal)-to-β (metal hydride) region, which is similar to the observations seen in
Nd-based AB5 [85] and A2B7 [86] MH alloys, and a lower self-discharge is expected. Moreover, the
C15 and C15A alloys show very flat plateaus, which are extremely uncommon in multi-phase MH
alloys [8,87]. In order to quantify the plateau flatness, slope factor (as previously defined in [8]: the
ratio of storage capacity between 0.01 MPa and 0.5 MPa to total capacity in the desorption isotherm) of
each alloy was calculated. The increase in slope factor (plateau flatness) from the C14 alloy (0.60) to
the C15 and C15A alloys (0.87 and 0.90, respectively) is a direct result of the elimination of multi-phase
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features and the accompanying synergetic mode [88]. Annealing of the C15 alloy decreases the storage
capacity, slightly decreases the plateau pressure, and increases the absorption/desorption hysteresis
(defined as ln

(
absorption plateau pressure
desorption plateau pressure

)
) in the middle of the pressure plateau due to the improvement

in the homogeneity and complete removal of the ZrNi secondary phase, which is very critical for
supplying the synergetic effects [89,90]. Several speculations have been proposed for the possible
origin of PCT hysteresis [91–94]. The energy required for elastic lattice deformation in the metal/MH
interface area during absorption [95] is currently the most accepted explanation. The reduction in PCT
hysteresis in the multi-phase system has been explained previously and is caused by the remaining
hydrogenated phase (from activation or previous hydrogenation) at the grain boundary between
phases (Figure 14 in [89]). Cleanness at the interface (free of amorphous and impurity phase) between
phases removes a possible source for dissipation of stresses at a boundary between the major and the
secondary phases and is important for the occurrence of such phenomenon. It has been confirmed
in similar alloys through the use of TEM and EBSD [74,96]. Therefore, the C14 alloy, that has the
highest secondary phase abundance (6.4 wt %), also has the smallest PCT hysteresis (0.04); the C15
alloy, that has a lower secondary phase abundance (0.7 wt %), has a larger PCT hysteresis (0.13), while
the C15A alloy has no detectable (through XRD analysis) secondary phase and shows the largest PCT
hysteresis (0.31). Synergetic effects resulted by the presence of the secondary phase and composition
inhomogeneity reduce the hysteresis and make more storage sites accessible, so the plateau region of
the PCT isotherm can be extended [89]. Furthermore, both the ΔHh and difference in entropy (ΔSh)
were estimated using desorption plateau pressures at 30 and 60 ◦C with the following equation:

ΔHh − TΔSh = 
 T lnP (1)

where 
 is the ideal gas constant and T is the absolute temperature. Although the C15 alloy has
a significantly higher plateau pressures compared to the C14 alloy, they exhibit similar ΔHh values,
which indicates that the current comparative study between C14 and C15 is fair. After annealing,
the C15A alloy demonstrates a lower ΔHh (more stable hydride) and a ΔSh closer to the ideal value
between free hydrogen gas and solid (−130.7 J·mol−1·K−1) [97]. The formation of the more ordered
hydride from C15A is resulted by the improvement in homogeneity by annealing.

(a) (b)

Figure 5. Pressure-concentration-temperature (PCT) isotherms from the C14, C15, and C15a alloys
measured at (a) 30 and (b) 60 ◦C. Open and solid symbols represent the absorption and desorption
curves, respectively.
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Table 7. Summary of the gaseous phase properties of the C14, C15, and C15A AB2 alloys.

Alloy C14 C15 C15A

Maximum Capacity @ 30 ◦C in wt% 1.45 1.47 0.95
Reversible Capacity @ 30 ◦C in wt% 1.32 1.44 0.94
Desorption Pressure @ 30 ◦C in MPa 0.078 0.55 0.50

Slope Factor @ 30 ◦C 0.60 0.87 0.90
PCT Hysteresis @ 30 ◦C 0.04 0.13 0.31

−ΔHh in kJ·mol−1 32 31.8 35.4
−ΔSh in J·mol−1·K−1 104 119 130

3.4. Electrochemical Analysis

The electrochemical capacity and activation characteristics of the alloys were studied using
half-cell measurements in a flooded configuration (for details, see [98]). Evolution of full capacity
(measured at a discharge rate of 4 mA·g−1) and HRD (the ratio of capacity at a discharge rate of
50 mA·g−1 to that at a discharge rate of 4 mA·g−1) for the first 13 cycles are plotted in Figure 6, and the
electrochemical properties are summarized in Table 8. Figure 6 shows that the C14 alloy has a higher
low-rate capacity, a lower HRD, and is more difficult to activate, compared to the C15 alloys. Since
the C15 and C15A alloys’ plateaus pressures are higher than 0.1 MPa (one atmosphere) and therefore
cannot be fully charged in the open-to-air half-cell configuration, their discharge capacities are lower
than the expected values from the conversion of the gaseous phase H-storage capacities (1 wt % =
268 mAh·g−1). If the C15 alloy powder samples are entirely embedded in a soft metallic binder (Ni
or Cu), their full capacities can be obtained [68]. However, for our measurements, the MH powder
was directly compacted onto a Ni substrate without any binder or metallic fine particles, which results
in the easy release of hydrogen gas from the surface and incomplete charge. Moreover, the C15 and
C15A alloys show better HRD and activation performances than the C14 alloy, and the HRD of the
C15 alloy is slightly higher than that of the C15A alloy, due to the eliminations of the secondary
phase and accompanied synergic effect by annealing. We believe that the differences in activation,
degradation, and HRD originated from the composition rather than the structure. By comparing the
compositions of alloys C14 and C15 (Table 4), Cr, a very important substitution element in the MH
alloy for the enhancement of corrosion resistance by forming the V-Cr-based solid solution secondary
phase [78,99], is absent in alloy C15. Alloy C15 also has a higher Ni-content, which is known for
achieving a better HRD performance [100,101]. While the Cr-containing alloy C14 is more difficult to
activate but maintains the discharge capacity in the first 13 cycles, the Cr-free alloy C15 shows some
capacity degradation. After annealing, the capacity degradation of alloy C15A is improved but still
noticeable in cycles 9 to 13 (Figure 6a).

(a) (b)

Figure 6. Activation behaviors observed from (a) full capacity (measured at low-rate) and (b) HRD for
the first 13 electrochemical cycles measured at room temperature.
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Table 8. Summary of the room temperature electrochemical and magnetic results (capacity, rate, D, Io,
and MS, H1/2,) of C14, C15, and C15A alloys. RT denotes room temperature.

Alloy C14 C15 C15A

3rd cycle capacity @50 mA·g−1 in mAh·g−1 318 307 273
3rd cycle capacity @4 mA·g−1 in mAh·g−1 354 311 277

HRD @ 3rd cycle 0.9 0.99 0.98
Activation cycle to reach 95% HRD 5 1 1

Diffusion coefficient, D @ RT in 10−10 cm2·s−1 2.5 2.4 1.6
Exchange current, Io @ RT in mA·g−1 22.5 46.8 39.4

MS in emu·g−1 0.037 0.042 0.017
H1/2 in kO2 0.11 0.26 0.48

The superiority in HRD of alloys C15 and C15A was further investigated by electrochemically
measuring D and Io. D was measured by a potentiostatic discharge process—the electrode was first
fully charged and then discharged at a potential of +0.6 V for 7200 s, and the anodic current response is
tracked with respect to time during the process. Figure 7a shows the resulted semi-logarithmic curves
of the anodic current response vs. time for the three alloys. D was estimated using the slope of the
linear region of the semi-logarithmic response according to the equation [102]:

log i = log
(

6FD
da2 (Co − Cs)

)
− π2

2.303
D
a2 t (2)

where i is the specific diffusion current (A·g−1), F is the Faraday constant, Co is the initial hydrogen
concentration in the alloy bulk (mol·cm−3), Cs is the hydrogen concentration on the surface of the
alloy particles (mol·cm−3), d is the density of the H-storage alloy (g·cm−3), a is the alloy particle radius
(cm), and t is the discharge time (s). Io was measured by linear polarization, specifically the electrode
was first fully charged, then discharged to 50% depth-of-discharge, and then scanned within a small
overpotential range of ±10 mV. In this small overpotential range, the current vs. overpotential shows
a linear dependence, as seen in Figure 7b, and Io can be obtained from the equation [103]:

Io =
i
T
Fη

(3)

where i is the specific current (A·g−1), F is the Faraday constant, and η is the overpotential. Further
details for the D and Io calculations have been previously reported [98], and the D and Io values for
the current set of alloys are listed in Table 8. While the D values of the C14 and C15 alloys are close,
it deteriorates after annealing for the C15 alloy, due to the elimination of the secondary phase. The
main difference between the C14 and C15 alloys occurs in the surface reaction, where Io in the C15
alloy is more than double that of the C14 alloy. The Io value found for the C15 alloy is even higher
than that in an AB5 MH alloy that has a higher Ni-content [104]. After annealing, Io decreases, which
confirms the positive contribution of the ZrNi secondary phase to the surface reaction. ZrNi is more
susceptible to dissolution in KOH solution, and its existence in the AB2 MH alloys has been shown to
improve HRD [62]. In conclusion, the superior HRD of the C15 alloy comes from the higher Io value,
which indicates a faster surface reaction.

In order to investigate the source of the faster surface reaction (higher Io) found in the C15
alloy, AC impedance measurements were conducted at both room temperature (RT) and −40 ◦C.
The charge-transfer resistance (R) and double-layer capacitance (C) obtained from Cole-Cole plots [88]
are listed in Table 9. There are two factors dominating the R values: the amount of reactive surface
area and surface reaction catalytic ability. While the former is directly proportional to the capacitance,
the latter can be related to the RC product (a higher RC corresponds to a worse catalytic surface) [105].
From the comparisons in Table 9, the C15 alloy has lower R values at both RT and −40 ◦C, mainly
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due to its higher amount of reactive surface area (higher C), which is closely related to the addition of
La [70]. In addition, the surface catalytic abilities of the C15 alloy at RT and −40 ◦C are the same as
and slightly worse, respectively, than those of the C14 alloy. Therefore, we conclude that the higher Io

of the C15 alloy originates from the higher amount of reactive surface, which is due to the additional
La, an absence of Cr, and a higher Mn-content in the composition. As for the annealing effects for the
C15 alloy, the data in Table 9 show deteriorated R’s at both RT and −40 ◦C after annealing, which
is due to the reduction in reactive surface area. The unchanged RC product with annealing requires
further investigation and is discussed in the next section.

(a) (b)

Figure 7. (a) Semilogarithmic curves of anodic current vs. time during potentiostatic discharge and
(b) linear polarization curves measured at 50% depth-of-discharge from the C14, C15, and C15A alloys.

Table 9. A summary of the electrochemical results from AC impedance measurement (R—charge
transfer resistance, C—double-layer capacitance) at room temperature (RT) and −40 ◦C for the C14,
C15, and C15A alloys.

Property R @ RT C @ RT RC R @ −40 ◦C C @ −40 ◦C RC

Unit Ω·g Farad·g−1 s Ω·g Farad·g−1 s

C14 0.32 0.34 0.11 29 0.24 7.0
C15 0.23 0.49 0.11 22 0.49 10.7

C15A 0.32 0.34 0.11 26 0.41 10.7

3.5. Magnetic Susceptibility Analysis

Measuring saturated values of magnetic susceptibility (Ms) is a convenient way to quantify the
amount of catalytic metallic Ni clusters embedded in the surface oxide, which has been shown to
strongly influence the surface catalytic ability of MH alloys for electrochemical reactions [79,104,106].
However, recent TEM studies revealed that other fine surface structures in the Si- [82] and La- [70]
containing AB2 MH alloys can also affect surface catalytic ability. Furthermore, applied magnetic
fields corresponding to half of Ms (H1/2) can be used as a parameter to quantify the size of the metallic
clusters; more specifically, it is inversely proportional to the size of the magnetic domain of these
clusters [8]. Results of Ms and H1/2 from the three alloys in this study are listed in the last two columns
in Table 8. The C15 alloy has a slightly higher Ms (more catalytic surface) and H1/2 (smaller metallic
clusters) compared to the C14 alloy, which may be related to the larger surface area of the C15 alloy
(higher RT C in Table 9). After annealing, Ms is reduced by a large amount, but this change in Ms is
not reflected in the RC product. Other factors, such as the change in composition of the La-containing
phase (increases in La and Sn but reduction in Ni) after annealing, may be the cause of the unchanged
catalytic ability, even though Ms is reduced with annealing.
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4. Conclusions

The gaseous phase and electrochemical hydrogen storage characteristics of two Laves phase
MH alloys are compared. In order to secure the dominance of a single phase, a composition with
a higher percentage of transition metals with lower number of valence electrons (V and Cr) was
adopted to achieve a low average electron density and the consequent C14-predominated alloy (Alloy
C14), and a composition designed oppositely is also adopted to acquire a C15-predominated alloy
(Alloy C15). The following performance variations are most likely linked to composition differences,
rather than structural difference. Alloy C15 in this study has a higher plateau pressure, lower gaseous
phase storage capacities under 2 MPa (both maximum and reversible), and a lower discharge capacity
compared to Alloy C14. The flatter PCT isotherm with a larger hysteresis and a smaller change in
entropy in Alloy C15 are due to the higher uniformity in the alloy (higher main phase abundance).
The increased high-rate performance of Alloy C15 originates from its larger surface exchange current,
which is the result of a higher amount of surface area from the addition of La. The effects of annealing
on Alloy C15 are identified as similar to those on the C14-predominated MH alloys, specifically
elimination/reduction in secondary phase abundance, which causes deterioration in the gaseous
phase and electrochemical hydrogen storage performances. However, the surface catalytic ability
is unchanged after annealing, even though a reduction in the total volume of surface metallic Ni
inclusions is observed. Therefore, other causes, such as a change in composition of the La-rich
secondary phase after annealing, may be in play. In summary, from the two compositions used in this
study, Alloy C15 is recommended for applications requiring high capacity and long cycle durability,
while Alloy C15 is more geared toward those requiring high-rate capability and easy formation.
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Abbreviations

Ni/MH Nickel/metal hydride
MH Metal hydride
fcc Face-centered cubic
H-site Hydrogen occupying site
H-storage Hydrogen storage
e/a Average electron density
HRD High-rate dischargeability
AM Arc melting
Ann Annealing
PM Plasma melting
LM Levitation melting
IM Induction melting
Cm Discharge capacity obtained at an m mA·g−1 discharge current
GP Gaseous phase
EC Electrochemical
ΔHh Heat of hydride formation
ICP-OES Inductively coupled plasma optical emission spectrometer
XRD X-ray diffractometer
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
PCT Pressure concentration temperature
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D Bulk diffusion coefficient
Io Surface exchange current
AC Alternating current
RA Average atomic radius of the A-site atoms
RB Average atomic radius of the B-site atoms
CS Crystallite size
BEI Back-scattering electron image
TEM Transmission electron microscope
EBSD Electron backscattering diffraction
α Metal
β Metal hydride
ΔSh Change in entropy
R Ideal gas constant
T Absolute temperature
i Specific diffusion current
F Faraday constant
Co Initial hydrogen concentration in alloy bulk
Cs Hydrogen concentration on alloy particle surface
d Density of hydrogen storage alloy
a Alloy particle radius
t Discharge time
η Overpotential
RT Room temperature
R Surface charge-transfer resistance
C Surface double-layer capacitance
Ms Saturated magnetic susceptibility
H1/2 Applied magnetic field strength corresponding to half of saturated magnetic susceptibility
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Abstract: In this work, we investigated the effects of heat treatment on the microstructure, hydrogen
storage characteristics and corrosion rate of a Ti34V40Cr24Fe2 alloy. The arc melted alloy was divided
into three samples, two of which were separately quartz-sealed under vacuum and heated to 1000 ◦C
for 1 h; one of these samples was quenched and the other furnace-cooled to ambient temperature.
The crystal structures of the samples were studied via X-ray diffractometry and scanning electron
microscopy. Hydrogenation/dehydrogenation characteristics were investigated using a Sievert
apparatus. Potentiostat corrosion tests on the alloys were performed using an AutoLab® corrosion
test apparatus and electrochemical cell. All samples exhibited a major body-center-cubic (BCC) and
some secondary phases. An abundance of Laves phases that were found in the as-cast sample reduced
with annealing and disappeared in the quenched sample. Beside suppressing Laves phase, annealing
also introduced a Ti-rich phase. The corrosion rate, maximum absorption, and useful capacities
increased after both heat treatments. The annealed sample had the highest absorption and reversible
capacity. The plateau pressure of the as-cast alloy increased after quenching. The corrosion rate
increased from 0.0004 mm/y in the as-cast sample to 0.0009 mm/y after annealing and 0.0017 mm/y
after quenching.

Keywords: Ti-V-Cr-Fe alloy; hydrogen storage characteristics; metal corrosion; heat treatment;
crystal structure

1. Introduction

Ti-V-Cr body-centered-cubic (BCC) solid solution alloys are very promising for the storage of a
large quantity of hydrogen at room temperature [1–3]. Some of the identified shortcomings of these
alloys include poor pressure-composition-temperature (PCT) plateau characteristics, low hydrogen
desorption capacities, and long activation times [4–7]. In an attempt to improve on these shortcomings,
controlled quantities of additives such as Fe, Zr, and Mn have been found to be effective in lowering
cost and enhancing the overall performance of the alloy [8–11]. The effects of substituting Fe for Cr
on the hydrogen storage property of the Ti0.32Cr0.43V0.25 alloy showed that the desorption plateau
pressure increased without decrease in effective hydrogen capacity, suggesting the possibility of
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using ferrovanadium as a substitute for the expensive pure vanadium [12]. Increasing the V content
in Vx–(Ti–Cr–Fe)100−x (Ti/(Cr+Fe) = 1.0, Cr/Fe = 2.5, x = 20–55) alloys led to an increase in both
the hydrogen absorption capacity and desorption capacity, but decreased the plateau pressure [13].
Miao et al. [14] found that all of the alloys Ti0.8Zr0.2V2.7Mn0.5Cr0.8−xNi1.25Fex(x = 0.0–0.8) mainly
consisted of two phases, the C14 Laves phase with a three-dimensional network and the dendritic
V-based solid solution phase. Further, the lattice parameters of the two phases and the maximum
discharge capacity decreased with an increase in Fe content, but the cyclic stability and the high rate
dischargeability increased first and then decreased with increasing x. Liu et al. [15] found that Ce
addition favored the chemical homogeneity of the BCC phase and, therefore, improved the hydrogen
storage properties of the (Ti0.267Cr0.333V0.40)93Fe7Cex (x = 0, 0.4, 1.1 and 2.0 at%) alloys. To increase
the hydrogen storage capacity and the plateau pressure of the Ti0.32Cr0.43V0.25 alloy, Yoo et al. [16]
replaced a fraction of the Cr with Mn or a combination of Mn and Fe. When Mn was used alone,
the effective hydrogen storage capacity increased to about 2.5 wt% though the plateau pressure showed
no significant change. However when Fe was added with Mn, both the effective hydrogen storage
capacity and the plateau pressure increased.

Further efforts include assessing the effects of heat treatment on hydrogen absorption properties;
Okada et al. [1] found that moderate heat treatment, specifically annealing at 1573 K for 1 min, enhanced
the storage capacity and flattened the desorption plateau of Ti25Cr40V35 alloy. Liu et al. [17] reported
that heat treatment effectively improved the flatness of the plateau and improved the hydrogenation
capacity of Ti32Cr46V22 alloy by lowering the oxygen concentration and homogenizing the composition
and microstructure. A hydrogen desorption capacity of 2.3 wt % was achieved when Ti32Cr40V25 was
annealed at 1653 K for 1 min. [18]. Chuang et al. [19] found that annealing atomized powder of Ti-Zr
based alloy at 1123 K for 4 h greatly enhanced the discharge capacity. Hang et al. [20] heat-treated
Ti10V77Cr6Fe6Zr alloy at a relatively lower temperature, but elongated the soaking time by annealing at
1523 K for 5 min and at 1373 K for 8 h, and found that the sample annealed at 1523 K for 5 min had the
best overall hydrogen storage properties, with a desorption capacity of 1.82 wt % and a dehydriding
plateau pressure of 0.75 MPa.

Although BCC solid solution alloys have very high gaseous phase hydrogen storage capacities,
they suffer from severe capacity degradation during electrochemical applications due to the leaching of
Vanadium (V) into the KOH electrolyte [21,22]. The preferential leaching of V in the negative electrode
material has been previously identified [23], and V-free Laves phase alloys have been adopted to
mitigate the consequent cycle life and self-discharge issues originating from V-corrosion [24,25].

Metal corrosion mainly occurs through electrochemical reactions at the interface between the
metal and electrolyte [26]. The basic process of metallic corrosion in an aqueous solution consists of
the anodic dissolution of metals and the cathodic reduction of oxidants present in the solution:

Mm → M2+
aq +2e−m anodic oxidation

2OX aq +2e−m → 2Red(e−redox)aq cathodic oxidation

In the formulae, Mm is the metal in the state of metallic bonding; M2+
aq is the hydrated metal

ion in an aqueous solution; e−m is the electron in the metal; Oxaq is an oxidant; Red(e−redox)aq is a
reductant; and e−redox is the redox electron in the reductant. The overall corrosion reaction is then
written as follows:

Mm +2Oxaq → M2+
aq +2Red(e−redox)aq

These reactions are charge-transfer processes that occur across the interface between the metal and
the aqueous solution, hence they are dependent on the interfacial potential that essentially corresponds
to what is called the electrode potential of metals in electrochemistry terms. In physics terms, the
electrode potential represents the energy level of electrons, called the Fermi level, in an electrode
immersed in electrolyte. For normal metallic corrosion, in practice, the cathodic process is carried out
by the reduction of hydrogen ions and/or the reduction of oxygen molecules in an aqueous solution.

174

Bo
ok
s

M
DP
I



Batteries 2017, 3, 19

These two cathodic reductions are electron transfer processes that occur across the metal–solution
interface, whereas anodic metal dissolution is an ion transfer process across the interface.

The rate of the reaction is evaluated in terms of the corrosion current. The natural logarithm of the
absolute value of the corrosion current versus the potential value is plotted as a Tafel curve. The corrosion
current values can be transformed to corrosion rate (CR) values (e.g., mm/y) using Equation (1) [27]:

CR = K
icorr

ρ
EW (1)

where K is a constant that depends on the unit of corrosion rate; K = 3272 for mm/y
(mmpy), or = 1.288 × 105 for milli-inches/y (mpy), icorr = corrosion current density (μA·Cm−2),
ρ = alloy density (g·Cm−3), EW = Equivalent weight = 1/electron equivalent (Q) where:

Q = ∑
ni fi
Wi

(2)

where ni = the valence if ith element of the alloy, fi = the mass fraction of the ith element in the alloy,
Wi = the atomic weight of the ith element in the alloy.

By combining Equations (1) and (2), the penetration rate (CR and mass loss, ML) of an alloy is
given by:

CR = K1
icorr

ρ ∑ ni fi
Wi

(3)

ML = K2icorrEW (4)

The equations above give values of 0.1288 if the unit of CR is m/y and 0.03272 if the unit of CR is
mm/y [28]. This work investigates the influence of heat treatment on hydrogen storage capacity and
corrosion rate of Ti34V40Cr24Fe2 in standard KOH electrolyte. V-based hydrogen storage alloys are
often used as the anode in NiMH batteries [29].

Cho et al. [29] identified a composition region in the Ti-V-Cr phase diagram as having the highest
hydrogen uptake. This informed the choice of the base alloy Ti25V40Cr35, which falls within the region.
The choice to use Fe as the additive was made because of its relatively low cost. Literature has shown
that in the ternary Ti-V-Cr system [12–16,30], Fe substituted Cr or V and FeV was used in place of
expensive V. Thus, research gap is noted, as the effect of substituting Fe at the Ti site on hydrogen
storage and corrosion behavior of Ti25V40Cr35 has not yet been investigated. The present work on
substituting an equal quantity of Fe for Cr and Ti on the hydrogen storage and corrosion behavior of
Ti25V40Cr35 therefore fills this gap.

2. Experimental Setup

The raw materials for this work were sourced from Metrohm, South Africa, including iron
(325–290 mesh, 99% purity, 0.01% C and 0.015% P and S); chromium (<0.3mm, 99.8% purity); vanadium
(−325 mesh, 99.5% purity); and titanium (−325 mesh, 99.5% purity). A 10-g sample of Ti34V40Cr24Fe2

alloy was prepared in a water-cooled, copper-crucible arc melting furnace under argon atmosphere.
The ingot was turned over and remelted three times to ensure homogeneity. After melting, the ingot
was divided into three pieces. Two cut samples were vacuum-sealed in separate silica glass tubes in
preparation for heat treatment.

The two quartz-sealed specimens were loaded in a heat treatment furnace and heated to 1000 ◦C
for 1 h. One tube was immediately removed and broken in cold water to quench the alloy, thereby
locking the microstructure, while the second sample was slowly furnace-cooled to room temperature.

The crystal structure and lattice parameters in the as-cast and heat-treated samples were
determined by X-ray diffraction (XRD) analysis, using a Bruker D2_Phaser X-ray® diffraction
instrument (Bruker AXS, Inc., Madison, WI, USA) with Cu-Kα radiation from 2θ = 10◦ to 80◦. Xpert
High Score® phase identification software produced by Philips analytical B.V. Almelo Netherlands was
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used to identify the phases from the XRD data. Elemental compositions of the phases were determined
using an FEI Nova NanoSEM 200® scanning electron microscope (SEM) (FEI, Hillsboro, OR, USA)
fitted with EDAX® advanced microanalysis solution (EDAX Inc., Mahwah, NJ, USA). The amount of
phases was determined by image analysis using the ImageJ freeware (National Institute of Mental
Health, Bethesda, MD, USA).

Pottentiostatic corrosion tests on the alloys were performed using an AutoLab® corrosion test
apparatus (Metrohm Autolab B.V., Utrecht, The Netherlands) and an electrochemical cell consisting of
a tri-electrode (a platinum reference electrode, Ag/AgCl counter electrode, and 0.14 cm2 test alloy as
the working electrode). An aqueous solution of 6 mol·L−1 KOH was used as the electrolyte. The alloys
were cut into rectangles and a copper wire of suitable length was attached to one side of the specimen
with aluminum tape. The sample was then covered in cold-resin for 24 h to enable curing, while leaving
only the test surface exposed. When cured, the test surface was ground to 1200 grit. The corrosion
experiments were performed at 25 ◦C and Tafel curves were recorded from −1.4V to −0.2 V with a
scanning rate of 1 mV·sec−1.

Measurement of the Pressure Composition Temperature, PCT isotherms was performed using
a Suzuki-Shokan multi-channel PCT (Suzuki Shokan, Tokyo, Japan) system. Samples were crushed
into particles <75 μm in size, and 1 g of each alloy was sealed into a stainless steel reactor and heated
to 573 K. Next, 3 MPa of hydrogen pressure was introduced into the apparatus for 30 min, followed
by slow cooling to room temperature in a hydrogen atmosphere. The alloys absorbed most of the
hydrogen and were pulverized in this step. After the hydrogenation process, the samples were heated
to 573 K and chamber was evacuated for 1 h with a mechanical pump to completely dehydrogenate
the samples for PCT measurements at 303, 333, and 363 K successively.

3. Results and Discussion

3.1. Microstrcuture

The XRD pattern in Figure 1 shows mainly a BCC (V) phase and some minor peaks from secondary
phases. Phase analysis indicated that both C14 and C15 phases co-existed in the as-cast sample and
transformed into an α-Ti phase after annealing (Table 1). Changes in the lattice parameters of the
BCC main phase and the α-Ti secondary phase with the different preparation methods are negligible.
The annealed sample showed the least amount of α-Ti.

 

Figure 1. XRD patterns of the as-cast and heat-treated Ti34V40Cr24Fe2 alloys.
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Table 1. XRD crystallographic parameters of the as-cast and heat-treated Ti34V40Cr24Fe2.

Crystallographic Description

Sample Phases Space Group (No.) A c Unit Cell Volume (Å3)

As-cast
BCC (V) Im3m (229) 3.00 27.08

C14 (Laves) P63/mmc (194) 4.85 7.94 161.7
C15 (Laves) Fd3m (227) 6.943 334.69

Annealed
BCC (V) Im3m (229) 3.01 27.37
α-Ti P63/mmc (194) 2.98 4.73 36.24

Quenched
BCC (V) Im3m (229) 3.01 27.37
α-Ti P63/mmc (194) 2.98 4.73 36.24

Figure 2 shows the representative back scattering electron (BSE) images of the as-cast and
heat-treated (both slow cooled and quenched) Ti34V40Cr24Fe2. The microstructure of the alloy was a
primary, light grey phase (C) with some darker intergranular phases (D and E) in all three samples.
The primary light grey phase corresponds to the main peak of BCC (V) phase, while the black
intergranular and the dark phases were the Laves and Ti-rich secondary phases. X-ray energy
dispersive spectroscopy (EDS) was used to measure compositions in the areas of interest, and the
results are summarized in Table 2. The EDS technique measures the average composition within 1–2
microns volume (depending on the primary electron energy) due to the nature of electron scattering
in the solid. The secondary phases in this study are either below or about that range, and therefore
EDS result can only indicate relative change in composition. In the as-cast sample, areas D and E have
relatively higher Ti-contents with a smaller atomic weight, which resulted in a darker contrast. Areas
D and E are assigned to C14 and C15 from the combined results of the XRD and EDS measurements.
In the annealed sample, C15 phase transformed into C14 phase (area D) and a Ti-rich phase (area E)
started to appear. We believe this Ti-rich phase can be assigned to the α-Ti phase found in the XRD
analysis. The α-Ti phase only has a very small solubility of Cr and V [31]. The high V and Cr contents
found in the EDS data in Table 2 can be explained by either the small grain size of Ti-phase, which
is below the sampling volume of the EDS technique, or a mixture of microcrystalline Ti/C15 that
occurred as the product of a Eutectic solidification at 667 ◦C [32]. Quenching introduced twinning in
the secondary phase, as shown inside the circle (F). The addition of Fe into the TiVCr solid solution
is known to promote the secondary Laves phase [33–35], which is considered to be a catalyst that
facilitates hydrogenation/dehydrogenation kinetics [36]. The reduction in the Laves phase abundance
by thermal annealing was reported before with a Laves phase-related BCC TiZrV-based alloy [37].
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Figure 2. Cont.
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(c) 

Figure 2. SEM BSE micrographs of (a) the as-cast, (b) annealed, and (c) quenched Ti34V40Cr24Fe2.

Table 2 shows that the BCC (V) in all three samples contained 17–22 at% Ti, 40–44 at% V,
and ~36 at% Cr. The black intergranular E areas in Figure 2b,c contained 23–66 at% Ti, 18–41 at% V,
and 14–36 at% Cr. The heat treatment reduced the Laves phase abundance from 21.5 to 18% and the
quenching totally removed it. The Ti/Cr ratio in the BCC phase is almost equal in all three samples.
However, the ratio of the darker areas (containing Laves phase and Ti-phase) increased from 0.6 to 4.4
after annealing and to ~2 after quenching.

Table 2. EDS results of the as-cast and heat-treated Ti34V40Cr24Fe2.

Composition (at%)
Phase Proportion

(% Area)Sample Location Ti V Cr Fe Ti/Cr Ratio
Phase

Identification

As-cast
C 17.7 (1.1) 43.5 (1.6) 36.5 (2.2) 2.3 (0.7) 0.5 BCC 78.5
D 24.7 (0.8) 37.8 (0.7) 34.0 (0.4) 3.5 (0.3) 0.7 C14 1.3
E 23.0 (3.7) 41.4 (2.4) 35.5 (1.4) 2.0 (0.2) 0.6 C15 20.2

Annealed C 17.7 (1.9) 43.5 (1.3) 36.5 (2.9) 2.3 (0.2) 0.5 BCC 82.0
E 65.9 (5.2) 18.6 (2.8) 14.9 (2.2) 0.6 (0.2) 4.4 α-Ti/BCC 12.0

Quenched
C 21.8 (1.5) 40.0 (1.3) 35.6 (1.2) 2.6 (1.7) 0.6 BCC 80.5
E 47.3 (3.7) 21.6 (2.5) 24.7 (1.4) 6.4 (0.5) 1.9 α-Ti/BCC 19.5

3.2. Gaseous Phase Hydrogen Storage

Table 3 shows that both heat treatment processes increased the reversible hydrogen storage
capacity (RHSC); the capacity increased from 0.44 to 1.26 wt % after annealing and to 0.65 wt % in the
quenched sample. Literature indicates that annealing increases hydrogen capacity [13,14]. The BCC
phase enhances hydrogen capacity [11,22,29]; an increase in its unit cell volume implies the availability
of more hydrogen absorption sites or spaces, leading to an increase in storage capacity. The Laves
phase is detrimental to storage capacity [10,38–40], and alloys with larger Laves unit cell volumes
or high Laves proportions are known to exhibit lower hydrogen capacity. Therefore, the observed
increase in useful capacity after heat treatment was due to the increase in the BCC unit cell volume.
The abundance of catalytic Laves phase in the as-cast sample reduced after annealing; this suggests
another reason for the higher hydrogen capacity observed in the annealed sample.

Table 3 also shows that the desorption plateau pressure reduced after annealing the alloy at 1000 ◦C
for 1 h, while it rose after quenching. Specifically, the pressure of the desorption plateau decreased from
1.32 to 0.68 MPa after annealing and increased to 2.34 MPa after quenching. The plateau properties
are affected by both the homogeneity and oxygen content in Ti-V based hydrogen storage alloys [10].
Inhomogeneity of microstructure can be minimized by heat treatment at higher temperatures for a
short time [41]. The observed reduction in the plateau pressure after annealing suggests a homogenized
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microstructure; in addition, the sample was annealed in a vacuum-sealed quartz tube, thereby
preventing oxygen intake. The quenched sample was exposed to oxygen in the quenching medium;
therefore, the rise in plateau pressure suggests the presence of a higher oxygen content.

Table 3. Effect of heat treatment on H storage properties of Ti34V40Cr24Fe2 alloy.

Sample
Absorption

Capacity (wt %)
Capacity

Remaining (wt %)
RHSC (wt %)

Plateau
Pressure (MPa)

As-cast 0.86 0.42 0.44 1.32
Annealed 1.54 0.28 1.26 0.68
Quenched 1.04 0.39 0.65 2.34

In Figure 3a, the PCT isotherms for both the as-cast and heat-treated alloys were steep,
an indication of high plateau pressure. However, the isotherm for the annealed sample showed
a flatter and wider plateau, indicating a reduction in plateau pressure, and the wider plateau also
indicated higher hydrogen capacity.
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Figure 3. PCT desorption curves of the as-cast and heat-treated Ti34V40Cr24Fe2 alloys at (a) 303, (b) 333,
and (c) 363 K.

In Figure 4, the maximum absorption capacity decreased with increasing isotherm temperatures,
similar to what has been previously described in the literature [42]. For the as-cast sample,
the maximum absorption capacity was 0.86 wt % at 30 ◦C, and the capacity declined to 0.69 and
0.62 wt % as the temperature rose to 333 and 363 K, respectively. Similar trends were observed for the
annealed and quenched samples. The kinetic energy of gas increased with increasing temperatures;
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a low kinetic energy is associated with lower temperatures, while increased temperature leads to
high kinetic energy. Hydrogen gas atoms with a low kinetic energy are more easily absorbed than
those with high kinetic energy because gases with higher kinetic energy move faster, thus requiring
additional force to attract to the surface of the adsorbate. This explains the observed higher capacity at
low temperatures and lower capacity at high temperatures.

 

Figure 4. Influence of isotherm temperatures on maximum hydrogen capacity.

The stability of the current alloy can be improved with the addition of Ni to promote other
secondary phases, such as TiNi [43] and Ti2Ni [44]. The synergetic interaction between the main
storage phase (BCC) and secondary phases can reduce the equilibrium plateau pressure of the BCC
phase and make them available for electrochemical storage purposes [45].

3.3. Corrosion Behavior

The corrosion behavior of Ti34V40Cr24Fe2 alloys in 30% KOH aqueous solution was studied by
Tafel curve measurements, and the results are plotted in Figure 5a. No significant change was observed
in the corrosion potential (Ecorr) for the as-cast alloy after annealing. However, a decrease from −0.80
to −0.867 mV was observed after quenching. Both heat treatment processes increased the corrosion
rate of the alloy (Figure 5b). The rate increased from 0.0004 in the as-cast alloy to 0.0009 mm/y after
annealing and to 0.0017 mm/y after quenching.
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Figure 5. (a) Tafel curves and (b) corrosion rates of the as-cast and heat-treated Ti34V40Cr24Fe2.
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Cr is known to improve the corrosion resistance of an alloy [40,41]. Samples containing high at
% Cr are expected to have low corrosion rates and vice versa. Therefore, an increase in the corrosion
rate of heat-treated samples could be a result of a reduction in Cr content in the secondary phase.
The phase structure and oxide layer are among the factors that determine the corrosion rate of an alloy.
The Laves structure has been reported to have a thinner oxide layer than the BCC structure [42], and
this oxide layer is known for passivation of corrosion [43–45]. It is therefore implied that for a dual
phase alloy, such as the alloys being investigated in this research, the corrosion rate will increase when
the proportion of the Ti-rich phase with a thinner oxide layer increases. The Ti-rich phase is more
easily corroded than the BCC phase [46].

4. Conclusions

The influence of heat treatment on the microstructure and hydrogen storage capacity of
Ti34V40Cr24Fe2 at% alloys was investigated. The main phase of all alloys under different preparations
is a BCC phase, while the secondary phase shifted from a Laves phase to a Ti-rich phase with annealing.
Heat treatment was beneficial with regard to hydrogen capacity, but detrimental to corrosion behavior.
Though both heat treatment processes enhanced useful hydrogen capacity, the annealed sample had
superior storage characteristics. Although both annealing and quenching increased the corrosion rate
of the alloy, the rate of corrosion was found to be highest in the quenched sample with the highest
amount of Ti-rich phase.
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Abstract: The effects of seven constituent phases—CeNi3, NdNi3, Nd2Ni7, Pr2Ni7, Sm5Ni19, Nd5Co19,
and CaCu5—on the gaseous phase and electrochemical characteristics of a superlattice metal hydride
alloy made by induction melting with a composition of Sm14La5.7Mg4.0Ni73Al3.3 were studied through
a series of annealing experiments. With an increase in annealing temperature, the abundance of
non-superlattice CaCu5 phase first decreases and then increases, which is opposite to the phase
abundance evolution of Nd2Ni7—the phase with the best electrochemical performance. The optimal
annealing condition for the composition in this study is 920 ◦C for 5 h. Extensive correlation studies
reveal that the A2B7 phase demonstrates higher gaseous phase hydrogen storage and electrochemical
discharge capacities and better battery performance in high-rate dischargeability, charge retention,
and cycle life. Moreover, the hexagonal stacking structure is found to be more favorable than the
rhombohedral structure.

Keywords: metal hydride (MH); nickel/metal hydride (Ni/MH) battery; hydrogen absorbing alloy;
electrochemistry; superlattice alloy

1. Introduction

Misch metal (Mm, a mixture of more than one rare earth element)-based superlattice metal hydride
(MH) alloys are very important for today’s nickel/metal hydride (Ni/MH) batteries, because of their
higher hydrogen storage (H-storage) capacity, better high-rate dischargeability (HRD) capability,
superior low-temperature and charge retention performances, and improved cycle stability [1–8].
The three main components in the superlattice alloy can be classified by chemical stoichiometry—or
more precisely, the B/A ratio—and they are AB3, A2B7, and A5B19. In each component, there are two
different types of structures—hexagonal and rhombohedral, depending on the stacking sequence for
the A2B4 slabs (illustrated in pink in Figure 1). Each A2B4 slab shifts on the ab-plane by 1/3

→
a and 1/3

→
b from its neighbor. Studies on superlattice alloys began with the structure [9] and gaseous phase (GP)
H-storage characteristics of the single rare earth element (RE)-based AB3 alloys [10–12] and soon shifted
to the Mm-based A2B7 chemistry for battery applications [13–16]. Some researchers continued to work
on RE-based AB3 chemistry for its basic electrochemical (EC) properties [17–22]. In the meantime,
RE-based A5B19 was also highly promoted for battery applications [23–27]. Several comparative works
on the EC performances of various superlattice phases were previously reported and are summarized
as follows. In a (LaMg)Nix (x = 3, 3.5, and 3.8) system, the capacity decreased, and both HRD and
cycle stability increased with the increase of x from 3 to 3.5 and finally 3.8 [28]. In a (LaY)(NiMnAl)x
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(x = 3, 3.5, and 3.8) system, both capacity and cycle stability reached the maximum at x = 3.5, and
HRD increased with the increase in x [29]. The EC properties of the Mm-based ABx (where A is Mm,
B is a combination of several transition metals and Al, and x = 2, 3, 3.5, 3.8, and 5) were compared,
and A2B7 showed the best overall performance [30,31], which prompted many investigations in the
A2B7 superlattice alloys [32–37]. However, no data were provided to support the comparative work.
Therefore, in this work we detail the correlations between the constituent phase abundances and
various properties.

Figure 1. Stacking sequences along the c-axis direction of various hexagonal and rhombohedral
structures available for the superlattice metal hydride alloys.

Annealing has been used to effectively alter the phase components in the AB [38,39], AB2 [40–43],
AB3 [44–47], A2B7 [48–51], A5B19 [52], AB5 [53–55], A8B21 [56,57], and body-centered-cubic (bcc) [58]
MH alloys. According to first-principle calculations on superlattice MH alloy systems, the preferable
phase abundance can be influenced by the starting composition and annealing condition [59,60].
For example, the A2B7 phase is more stable than the mixture of the AB3 and AB5 phases in the
La3MgNi14 alloy, however, the opposite is true in the La2CeMgNi14 alloy [60]. Therefore, while
annealing increased the A2B7 phase abundance in the La-based superlattice alloy [61], it promoted
phase segregation in the LaPrNd-based alloy [62]. Moreover, phase segregation is more prominent
in the Mm-based (A is more than one RE element) superlattice alloys than in the RE-based (A is only
one RE element) alloys. In this work, annealing is applied to engineer the abundances of constituent
components in a SmLa-based superlattice alloy, and the correlations of phase abundances with the GP
and EC properties are reported.

2. Experimental Setup

First, Eutectix (Troy, MI, USA) prepared a 250 kg ingot using the conventional induction melting
method [31]. Five 2 kg ingot pieces were annealed in 1 atm atmosphere of Ar for 5 h at different
temperatures. Each ingot was hydrided and then crushed and ground into the size of −200 mesh.
Chemical compositions of ingots before and after annealing were verified with a Varian Liberty 100
inductively coupled plasma-optical emission spectrometer (ICP-OES, Agilent Technologies, Santa
Clara, CA, USA). A Philips X’Pert Pro X-ray diffractometer (XRD, Amsterdam, The Netherlands)
and a JEOL-JSM6320F scanning electron microscope (SEM, Tokyo, Japan) with energy dispersive
spectroscopy (EDS) was used to conduct microstructure analysis. GP H-storage characteristics were
evaluated with a Suzuki-Shokan multi-channel pressure-concentration-temperature system (PCT,
Tokyo, Japan). Negative electrodes were fabricated by compacting the alloy powder onto an expanded
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nickel substrate through a roll mill without any binder. Half-cell measurements were performed using
a CTE MCL2 Mini cell testing system (Chen Tech Electric MFG. Co., Ltd., New Taipei, Taiwan) with a
partially pre-charged Ni(OH)2 positive electrode and a 30% KOH electrolyte. The electrode was first
charged with a current density of 100 mA·g−1 for 4 h and then discharged with a current density of
400 mA·g−1 until a cutoff voltage of 0.9 V was reached. More discharges at smaller current densities
(300, 200, 100, 50, and 5 mA·g−1) with the same cutoff voltage were performed afterward with a 2 min
rest in between. The sum of capacities from six discharge stages was used as the full discharge capacity.
The HRD was defined as the ratio of the capacity obtained at the highest rate (400 mA·g−1) vs. full
discharge capacity. A Solartron 1250 Frequency Response Analyzer (Solartron Analytical, Leicester,
UK) with a sine wave amplitude of 10 mV and a frequency range of 0.5 mHz to 10 kHz was used
for the AC impedance measurement. A Digital Measurement Systems Model 880 vibrating sample
magnetometer (MicroSense, Lowell, MA, USA) was used to measure the magnetic susceptibility of
the alloy powder surface after activation, which was performed by immersing the powder in 30 wt %
KOH solution at 100 ◦C for 4 h.

For the sealed cell testing, a C-size cylindrical cell was chosen. While the negative electrode was
fabricated by dry compacting the alloy powder onto nickel mesh current collectors, the counter positive
electrode was fabricated by pasting a mixture of 89% standard AP50 [63] with the composition of
Ni0.91Co0.045Zn0.045(OH)2 (BASF—Ovonic, Rochester Hills, MI, USA), 5 wt % Co powder, and 6% CoO
powder onto nickel foam substrates. Scimat 700/79 acrylic acid grafted polypropylene/polyethylene
separators were used (Freudenberg Group, Weinheim, Germany). A 1.5 to 1.7 negative-to-positive
capacity ratio cell design was used to maintain a good balance between the over-charge and
over-discharge reservoirs [64]. A 30 wt % KOH solution with LiOH (1.5 wt %) additive was used as the
electrolyte. Formation was performed with a six-cycle process using a Maccor Battery Cycler (Maccor,
Tulsa, OK, USA). Details of cell testing can be found in an earlier publication [65].

3. Results and Discussion

The design compositions for this study are presented in Table 1. Sm was chosen as the main RE
element because it is relatively inexpensive (like La and Ce) and less oxidable (for a comparison to
other RE elements, see Table 7 in [31]). However, the metal–hydrogen bond strength of the Sm-based
superlattice MH alloy is too weak (Sm2Ni7 has a discharge capacity of 170 mAh·g−1 [66]), and thus
adding La is necessary to increase the storage capacity [67]. LaSm-based superlattice MH alloys
with the La/Sm ratio above 1 were previously reported. While the AB5 phase cannot be removed
completely by annealing in those alloys, the AB5 phase abundance still decreased with the increase in
Sm-content [27,68–72]. In this experiment, a La/Sm ratio of 0.4 was adopted to attempt to suppress the
AB5 phase abundance. Two common constituent elements used in the AB5 MH alloy, Mn and Co, are
excluded in this study for better charge retention and cycle stability [1,73]. Al is included to prevent
the hydrogenation-induced-amorphization in the superlattice MH alloys [36].

Table 1. Designed composition and ICP results in at%. B/A is the ratio of the B-atom (Ni and Al) to the
A-atom (La, Sm, and Mg).

Alloy Annealing Temperature Source La Sm Mg Ni Al B/A

- - Design 5.7 14.0 4.0 73.0 3.3 3.2
A0 - ICP 5.7 14.0 3.9 73.0 3.4 3.2
A1 880 ◦C ICP 6.0 14.5 4.2 72.1 3.2 3.0
A2 900 ◦C ICP 5.8 13.9 4.0 72.9 3.4 3.2
A3 920 ◦C ICP 5.8 13.9 4.0 73.0 3.3 3.2
A4 940 ◦C ICP 5.8 14.3 4.0 72.7 3.2 3.1
A5 960 ◦C ICP 5.8 14.5 4.0 72.5 3.2 3.1
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Five pieces of ingot from the induction melting were annealed at 880, 900, 920, 940, and 960 ◦C for
5 h in an Ar environment. Compositions of the as-cast (alloy A0) and annealed ingots (alloys A1 to A5)
were measured by ICP, and the results are summarized in Table 1. ICP results reveal that the annealed
ingots have similar Mg-content, but are slightly rich in La and lean in Ni.

3.1. Microsctructure Analysis

XRD patterns of alloys in this study are presented in Figure 2. These patterns show the typical
multi-phase superlattice structures. By using the Jade 9.0 software (MDI, Livermore, CA, USA), we
were able to deconvolute each pattern into its constituent phases, and the results are summarized in
Table 2. One example of such deconvolution is plotted in Figure 3. There are two stacking structures for
each stoichiometry (AB3, A2B7, and A5B19)—hexagonal (H) and rhombohedral (R). Most of the phase
transformations in the superlattice phases are through the peritectic reaction and are very sensitive
to the annealing conditions (temperature and duration). From Table 2, it is clear that annealing
initially suppresses the unwanted non-superlattice AB5 phase, which decreases both the capacity
and HRD [72,73]. However, further increases in annealing temperature promotes the formation
of AB5. Evolutions in phase stoichiometry (x value in ABx) and stacking structure (hexagonal vs.
rhombohedral) with different annealing temperatures are plotted in Figure 4. Annealing first increases
the A2B7 abundance at the expense the AB3 abundance, but further increases in annealing temperature
decreases the A2B7 abundance. In comparison, the changes in A5B19 abundance are less obvious.
For the stacking structure evolution, annealing first increases the hexagonal structure and then slowly
decreases it as the annealing temperature increases (Figure 4b).

Figure 2. XRD patterns using Cu-Kα as the radiation source for alloys (a) A0, (b) A1, (c) A2, (d) A3,
(e) A4, and (f) A5.
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Figure 3. Phase deconvolution performed by Jade 9 software on XRD pattern from alloy A0. The red
and black lines are the raw data and fitting curve, respectively. The residue of fitting is plotted in the
top of the figure.

(a) 
 

(b) 

Figure 4. Phase abundance distributions classified by (a) stoichiometry and (b) structure family.

Table 2. Abundances (in wt %) of the constituent phases obtained from the XRD data for hexagonal
(H) and rhombohedral (R) systems.

Alloy CeNi3 (H) NdNi3 (R) Nd2Ni7 (H) Pr2Ni7 (R) Sm5Ni19 (H) Nd5Co19 (R) CaCu5 (H)

A0 8.4 37.1 14.9 - - 18.6 21.0
A1 20.8 8.6 50.4 10.0 - 10.2 -
A2 - 17.9 48.6 7.0 13.9 12.6 -
A3 - 18.5 52.4 4.8 11.9 12.5 -
A4 24.3 20.8 17.5 - 20.9 13.2 3.3
A5 24.3 27.7 15.9 - 12.5 15.5 4.2
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Representative SEM backscattering electron image (BEI) micrographs from alloys A0 (as-cast) and
A3 (annealed at 920 ◦C) are compared in Figure 5. While obvious phase segregation can be observed
in alloy A0 (Figure 5a), alloy A3 appears to be more uniform (Figure 5b). EDS was used to measure
chemical compositions of several spots in each micrograph, and the results are summarized in Table 3.
In alloy A0 (Figure 5a), undissolved La (spot 1), the SmNi (spot 2), AB3 (spot 4), AB2 (spot 6) and AB5

(spot 7) phases can be identified. The main phase (spot 5) is a mixture of the AB3, A2B7, and A5B19

phases. In the annealed alloy A3, only occasional undissolved La and Sm (spot 1) and the AB2 phase
(spot 4) can be identified, and the majority is composed of a fine mixture of the AB3, A2B7, and A5B17

phases (Figure 5b).

(a) 
 

(b) 

Figure 5. SEM backscattering electron image (BEI) micrographs from alloys (a) A0 and (b) A3.
Compositions of the numbered areas were analyzed by EDS, and the results are shown in Table 3.

Table 3. Summary of EDS results from several selective spots in the SEM–BEI micrographs of alloys A0
and A3 shown in Figure 5a,b.

Sample Location La Sm Mg Ni Al B/A Phase

A0

3a-1 90.8 5.1 1.5 1.9 0.7 0.03 La
3a-2 2.5 42.9 7.3 47.0 0.3 0.90 AB
3a-3 9.3 13.6 5.2 65.7 6.2 2.56 AB2/AB3
3a-4 4.1 15.3 5.4 71.6 3.6 3.03 AB3
3a-5 3.4 15.0 4.4 73.6 3.6 3.39 AB3/A2B7/A5B19
3a-6 7.2 14.3 13.5 63.7 1.2 1.85 AB2
3a-7 3.5 14.0 0.6 78.3 3.6 4.52 AB5

A3

3b-1 27.9 61.0 2.7 7.3 1.1 0.09 La/Sm
3b-2 5.1 14.4 5.1 71.1 4.3 3.07 AB3/A2B7
3b-3 3.1 13.9 4.0 75.2 3.8 3.76 A2B7/A5B19
3b-4 4.8 14.5 15.6 64.0 1.0 1.86 AB2

3.2. Gaseous Phase Hydrogen Storage

In this study, PCT analysis was used to examine hydrogen absorption/desorption characteristics
of alloys, and the isotherms measured at 30 and 45 ◦C are plotted in Figure 6. While no obvious
plateau is observed in the isotherms of alloy A0, isotherms of the annealed alloys show well-defined
plateau regions. GP H-storage properties obtained from the PCT analysis are summarized in Table 4.
Both maximum and reversible capacities first increase and then decrease with an increase in annealing
temperature, and the annealed alloys have higher storage capacities compared to the as-cast alloy A0.
The desorption pressure at 0.75 wt % H-storage increases monotonically with an increase in annealing
temperature. For the annealed alloys, the slope factor (ratio of the H-storage capacity between 0.02 and
0.5 MPa to the total reversible capacity) first decreases (more slanted, less uniform in composition [74])
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and then increases (flatter and more uniform in composition) as the annealing temperature increases,
but all are higher than that of the as-cast alloy A0. PCT hysteresis, defined as

PCT hysteresis = ln
(

absorption pressure at 0.75 wt % H − storage
desorption pressure at 0.75 wt % H − storage

)
(1)

of alloys A4 and A5 are relatively smaller, which suggest a better resistance to pulverization during
charge/discharge cycling [75]. Changes in enthalpy (ΔH) and entropy (ΔS) were calculated by using
the desorption pressures (P) at 0.75 wt % H-storage measured at different temperatures in the Van’t
Hoff equation,

ΔG = ΔH − TΔS = 
 T lnP, (2)

where T and 
 are the absolute temperature and ideal gas constant, respectively. Calculation results
are listed in the last two rows of Table 4. Both ΔH and ΔS of the annealed alloys are lower than those
of the as-cast alloy A0. Among the annealed alloys, both ΔH and ΔS increase (except for alloy A5) with
an increase in annealing temperature. The lowest ΔS value obtained from alloy A5 is the closest to the
ΔS value for H2 gas (−135 J·mol H2

−1 K−1), indicating the highest degree of order of hydrogen in the
MH alloy [76].

(a) (b) 

  
(c) (d)

Figure 6. PCT isotherms measured at (a,b) 30 and (c,d) 45 ◦C for alloys A0–A5. Open and solid symbols
represent absorption and desorption curves, respectively.
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Table 4. Summary of gaseous phase properties measured at 30 ◦C.

Gaseous Phase Properties Unit A0 A1 A2 A3 A4 A5

Capacity at 2 MPa wt % 1.11 1.18 1.21 1.21 1.18 1.08
Reversible capacity wt % 0.95 0.98 1.17 1.17 1.13 1.00
Desorption pressure MPa 0.16 0.029 0.035 0.037 0.071 0.091
Slope factor % 69 78 76 72 77 79
Hysteresis 0.17 0.16 0.22 0.17 0.08 0.09
–ΔH kJ·mol H2

−1 25.8 38.8 35.2 33.6 31.8 39.3
–ΔS J·mol H2

−1·K−1 89 118 107 102 102 129

3.3. Electrochemical and Magnetic Susceptibility Measurements

Before the half-cell capacity measurement, the compacted negative electrode went through a 4 h
activation process in 30 wt % KOH at 100 ◦C. The second cycle capacities obtained at different discharge
currents for each alloy are plotted in Figure 7a together with those for a standard and commercially
available AB5 alloy (Alloy B with a chemical composition of La10.5Ce4.3Pr0.5Nd1.4Ni60Co12.7Mn5.9Al4.7

supplied by Eutectix). Discharge capacity decreases with the increase in discharge rate in a roughly
linear manner. The slope of capacity vs. discharge rate for the superlattice alloys (dashed red line) is
lower than the slope for the AB5 alloy (solid green line), which confirms the superiority of superlattice
alloys in HRD, as previously reported [30]. EC test results of alloys in this study are summarized in
Table 5. Annealing improves the capacity substantially. Both the capacity and half-cell HRD (the ratio
between the capacities obtained at 400 and 5 mA·g−1) increase first and then decrease with the increase
in annealing temperature and peak at alloy A2 (Figure 7b). EC discharge capacities of alloys A1 to A3
(323 to 326 mAh·g−1) are very close to the maximum H-storage capacities in GP (1.18 to 1.21 wt %,
which is equivalent to 316 to 324 mAh·g−1).

Evolution in half-cell HRD was further investigated by the bulk hydrogen diffusion constant (D)
and surface reaction current (Io), and the results are listed in Table 5. Details of both measurements
were previously reported [33]. While the D value remains approximately the same, the Io value
peaks at alloy A2. Therefore, we conclude the half-cell HRD in this series of annealed superlattice
alloys is related more to the surface catalytic ability, which agrees with our previous findings
from the Co-substituted Mm-based superlattice MH alloys [33]. With the −40 ◦C AC impedance
measurement, both charge-transfer resistance (R) and double-layer capacitance (C) were obtained,
and are summarized in Table 5. With an increase in annealing temperature, both R and RC product
(a measure of surface catalytic ability [77]) first decrease and then increase; this trend is similar to that
observed in HRD. Moreover, alloys A2, A3, and A4 demonstrate the best low-temperature performance
(the lowest Rs), which is dominated by the surface catalytic ability (the lowest RC products).

Magnetic susceptibility was measured to study the evolution in surface metallic Ni with
the annealing temperature. Details of this measurement and the connection between magnetic
susceptibility and HRD were previously published [78,79]. Saturated magnetic susceptibility (MS,
closely related to the surface catalytic ability) first decreases and then increases with an increase in
annealing temperature, suggesting that the surface’s catalytic ability first decreases and then increases.
This result is contradictory to the conclusion drawn from the RC product result. Therefore, the
lowest Rs and RC products observed in alloys A2, A3, and A4 do not correlate with the amount
of surface metallic nickel. This discrepancy is rare, but there is example when the surface oxide
microstructure, rather than the metallic nickel, played an important role in affecting the HRD and low
temperature performances [80]. Further study of the surface oxide microstructure by transmission
microscope is necessary to explain the source of highly catalytic surface of alloys A2, A3, and A4. Lastly,
the applied field strength corresponding to half of MS (H1/2) of these alloys are similar, indicating
the size of metallic nickel inclusion in the surface oxide remains constant despite the change in
annealing condition.
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(a) (b) 

Figure 7. Electrochemical discharge capacities as functions of (a) discharge rate and (b) annealing
temperature. Alloy B is a commercially available La-rich AB5 MH alloy.

Table 5. Summary of electrochemical half-cells.

Electrochemical and Magnetics Properties Unit A0 A1 A2 A3 A4 A5

High-rate discharge capacity mAh·g−1 249 288 295 291 283 266
Full discharge capacity mAh·g−1 285 323 326 323 315 300
Half-cell HRD % 87.5 89.2 90.4 90.1 89.8 88.7
Diffusion coefficient, D 10−10 cm2·s−1 4.0 4.0 4.2 4.4 4.2 4.1
Surface reaction current, Io mA·g−1 24.2 24.0 33.1 23.8 21.9 17.6
Charge-transfer resistance at −40 ◦C, R Ω·g 4.9 8.8 4.0 3.7 3.4 5.3
Double-layer capacitance at −40 ◦C, C F·g−1 1.6 0.86 1.02 0.88 1.12 1.29
RC product at −40 ◦C s 7.7 7.6 4.1 3.3 3.8 6.8
Total saturated magnetic susceptibility, MS emu·g−1 1.45 1.36 0.96 0.60 1.05 1.12
Applied field where M.S. = 1

2 MS, H1/2 kOe 0.11 0.10 0.11 0.12 0.10 0.10

3.4. Sealed Cell Performance

Five annealed alloys (alloys A1 to A5) were incorporated into cylindrical C-size cells (20 cells for
each alloy), and each cell has a nominal capacity of 5.0 Ah. After a standard formation process [65],
cells were distributed to various tests, and the results are discussed in the following sections.

3.4.1. High-Rate Performance

Four different discharge rates (C/5, C/2, C, and 2C) were used to obtain the room temperature
(RT) discharge voltage curves, and the results from cells made with alloys A1 and A3 are shown in
Figure 8. As the discharge rate increases, voltage is suppressed by the internal resistivity in the cell [65],
and the discharge capacity obtained at the fixed cutoff voltage (0.8 V) decreases. Cells made with alloy
A3 show a smaller voltage reduction with the increase in discharge rate, which indicates a lower cell
internal resistance compared to the internal resistance in the cell made with alloy A1. The normalized
discharge capacity obtained at a 2C rate for cells made with the five annealed alloys are listed in Table 6.
The data displays an initial increasing and later decreasing trend with an increase in alloy annealing
temperature. Cells made with alloy A3 yield the best RT high-rate (2C) performance in this test.
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(a) (b) 

Figure 8. Room temperature discharge voltage curves at different discharge rates (C/5, C/2, C, and 2C)
for cells made with alloys (a) A1 and (b) A3.

Table 6. Summary of C-cell test results (RT stands for room temperature).

C-Cell Results Unit A1 A2 A3 A4 A5

2C at RT capacity/0.2C at RT capacity % 87 90 93 90 87
1C at −10 ◦C capacity/0.2C at RT capacity % 92 94 95 94 91
14-day charge retention % 85.3 84.9 84.8 76.1 85.3
28-day 45 ◦C voltage stand V 1.213 1.222 1.218 1.218 1.220
Peak power at RT (20th cycle) W·kg−1 183 198 206 200 194
0.5C/0.5C cycle life (before reaching 3 Ah) Number of cycles 220 255 365 340 210
C/C cycle life (before reaching 3 Ah) Number of cycles 110 185 205 130 120

3.4.2. Low-Temperature Performance

Low-temperature performance was evaluated at −10 ◦C and a 1C discharge rate, and the results
are summarized in Table 6. Like the trend in high-rate performance, a trend of initial increase followed
by decrease is observed for the low-temperature performance with an increase in alloy annealing
temperature. The cell made with alloy A3 shows the best low-temperature result, which can be
attributed to its surface catalytic ability being the best (lowest RC product in Table 5).

3.4.3. Charge Retention

RT charge retention test results are shown in Figure 9a. All cells (except for the one made with
alloy A4) exhibit similar charge retention characteristics. Three cells made with alloy A4 were tested,
and all show inferior charge retention performance compared to the cells made with the other annealed
alloys. 45 ◦C voltage stand test results are plotted in Figure 9b and summarized in Table 6. In this test,
the cells made with alloy A2 demonstrate the best result.

(a) 
 

(b) 

Figure 9. (a) Room temperature charge retentions and (b) 45 ◦C voltage stands for cells made with
alloys A1 to A5.
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3.4.4. Peak Power

Peak power was measured at the 20th cycle and RT, and the results are compared in Table 6.
Peak power follows the same trend as those in high-rate and low-temperature performances.
Cells made with alloy A3 show the best balance among peak power, best high-rate, and
low-temperature performances.

3.4.5. Cycle Life

The RT cycle life performance was evaluated in two different configurations: a regular
configuration charged at a C/2 rate and discharged at a C/2 rate, and an accelerated configuration
charged at a C rate and discharged at a C rate. The results are plotted in Figure 10 and summarized in
Table 6. The number of cycles before reaching a capacity of 3 Ah first increases and then decreases
with an increase in alloy annealing temperature. Cells with alloy A3 show the best cycle stability
in both C/2-C/2 and C-C cycling tests. As reported previously, the main degradation mechanism
for superlattice alloy free of Mn and Co is the combination of particle pulverization and surface
oxidation [34,35].

(a) (b) 

Figure 10. Room temperature cycle life from cells made with alloys A1 to A5 (a) in the configuration of
a C/2 rate charge, a C/2 rate discharge, and a −ΔV cutoff voltage of 3 mV and (b) in the configuration
of a C rate charge, a C rate discharge, and a −ΔV cutoff voltage of 5 mV.

3.5. Performance Correlation with Individual Phase

Correlations between the seven constituent phase abundances (CeNi3, NdNi3, Nd2Ni7, Pr2Ni7,
Sm5Ni19, Nd5Co19, and CaCu5) and seven GP, eight half-cell EC, and five sealed cell properties were
studied by the linear regression method, and the resulting correlation factors (R2) are summarized in
Table 7. Although these phase abundances were obtained from the XRD analysis of the un-activated
alloys, the XRD performed on the activated alloys only showed additional minute rare-earth oxide
(hydride) peaks and no changes in the main phase peaks were found [81]. For the maximum H-storage
capacity, Nd2Ni7 (Figure 11a) and Pr2Ni7 are considered beneficial, whereas NdNi3 and Nd5Co19 are
detrimental. Reversible H-storage capacity does not correlate well with any phase. NdNi3, Nd5Co19

(Figure 11b), and CaCu5 (Figure 11c) are effective in increasing the PCT plateau pressure; however,
Nd2Ni7 and Pr2Ni7 have an opposite effect. CeNi3 increases the flatness of PCT isotherm, but CaCu5

decreases it. While CeNi3 reduces the PCT hysteresis, Nd2Ni7 and Pr2Ni7 increase it (Figure 11d).
The only strong influence on the change in enthalpy is from CaCu5, which contributes to a much less
negative ΔH value (weaker metal-hydrogen bond strength). NdNi3 and Nd5Co19 may also increase
ΔH. None of the phases have a significant correlation with the change in entropy (which is essentially
the change of entropy between hydrogen gas and hydrogen in an ordered solid).
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(a) (b) 

(c) (d)

Figure 11. Examples of correlations between the constituent phase abundances and several gaseous
phase/electrochemical properties: (a) Nd2Ni7 (b) Nd5Co19 (c) CaCu5 (d) CeNi3.

Table 7. Correlation factors (R2) between the constituent phase abundances and various gaseous phase,
half-cell, and sealed cell properties. Plus (+) and minus (−) signs after the numbers indicate positive
and negative correlations, respectively. Significant correlations with R2 ≥ 0.6 are highlighted in red.
EC full capacity is the discharge capacity measured with a 5 mA·g−1 current density.

Properties CeNi3 NdNi3 Nd2Ni7 Pr2Ni7 Sm5Ni19 Nd5Co19 CaCu5

GP maximum capacity 0.26− 0.51− 0.63+ 0.42+ 0.07+ 0.55− 0.38−
GP reversible capacity 0.24− 0.14− 0.21+ 0.03+ 0.57+ 0.20− 0.37−
Equilibrium pressure 0.02+ 0.89+ 0.68− 0.58− 0.09− 0.92+ 0.92+
PCT slope factor 0.42+ 0.31− 0.00 0.05+ 0.14+ 0.31− 0.46−
PCT hysteresis 0.73− 0.03− 0.46+ 0.39+ 0.17− 0.02− 0.00
ΔH 0.12− 0.43+ 0.16− 0.24− 0.02− 0.42+ 0.61+
ΔS 0.28− 0.16+ 0.01− 0.05− 0.01− 0.15+ 0.33+
EC high-rate capacity 0.06− 0.79− 0.65+ 0.49+ 0.17+ 0.84− 0.84−
EC full capacity 0.05− 0.84− 0.69+ 0.56+ 0.13+ 0.89− 0.84−
HRD 0.09− 0.52− 0.43+ 0.22+ 0.42+ 0.59− 0.76−
Diffusion constant, D 0.25− 0.05− 0.16+ 0.00 0.42+ 0.09− 0.27−
Exchange Current, Io 0.52− 0.08− 0.33+ 0.31+ 0.00 0.07− 0.02−
−40 ◦C resistivity, R 0.15+ 0.17− 0.06+ 0.32+ 0.53− 0.11− 0.01−
−40 ◦C capacitance, C 0.02+ 0.91+ 0.71− 0.59− 0.05+ 0.94+ 0.85+
RC product 0.17+ 0.08+ 0.11− 0.00 0.65− 0.13+ 0.29+
High rate 0.54− 0.00 0.14+ 0.00 0.20+ 0.00 0.15−
Low temperature 0.50− 0.02− 0.18+ 0.01+ 0.19+ 0.07− 0.23−
Charge retention 0.17− 0.03− 0.31+ 0.30+ 0.48− 0.01− 0.21−
Peak power 0.29− 0.25+ 0.00 0.23− 0.56+ 0.17+ 0.00
Cycle life 0.90− 0.00 0.31+ 0.02+ 0.07+ 0.00 0.30−
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For the EC properties, Nd2Ni7 (Figure 11a) and Pr2Ni7 make positive contributions to the high-rate
and low-rate discharge capacities, while NdNi3, Nd5Co19 (Figure 11b) and CaCu5 have an opposite
effect. Nd2Ni7 and Sm5Ni19 increase HRD, but NdNi3, Nd5Co19, and CaCu5 decrease it. The increase
in HRD comes from different sources: improvement in surface reaction for Nd2Ni7 (indicated by
its positive correlation with Io) and enhancement of bulk diffusion for Sm5Ni19 (indicated by its
positive correlation with D). For the low-temperature characteristics determined by the AC impedance
measured at −40 ◦C, Sm5Ni19 decreases the charge-transfer resistance by increasing the surface’s
catalytic ability (indicated by its negative correlation with the RC product), but Pr2Ni7 increases it by
reducing the surface’s reactive area (indicated by its negative correlation with C). Although NdNi3,
Nd5Co19, and CaCu5 (Figure 11c) can increase the surface reactive area, they have a marginal effect on
the charge-transfer resistance, due to their relatively low catalytic abilities.

Judging from the ratio between the number of significant correlations (R2 ≥ 0.60) found and
number of properties (7/7 for the GP properties, 14/8 for the half-cell EC properties, and 2/5 for
the sealed cell properties), correlations with the sealed cell properties are the weakest. There are
two explanations for the difficulty in setting up correlations for the sealed cell properties: manual
assembly operation and limited cell number. While the former adds inconsistency, the latter limits the
accuracy of sampling. Therefore, further confirmation on a larger scale (hundreds of cells) is needed.
Nevertheless, correlations obtained from the 100 cells (20 for each annealed alloy) in this study are
shown in the bottom five rows of Table 7. Only CeNi3 shows a significant and detrimental effect on
the high-rate performance. For the low-temperature performance, only Sm5Ni19 exhibits a positive
influence. Both Nd2Ni7 and Pr2Ni7 show a positive impact on the charge retention performance,
but Sm5Ni19 influences it negatively. Among all phases, Sm5Ni19 most effectively increases the peak
power. Only NdNi3 contributes to the increase in cycle stability, whereas CeNi3 (Figure 11d) and
CaCu5 deteriorate it.

As the exact chemical composition in each superlattice phase cannot be quantified by SEM–EDS,
the correlations found in this session may come from the non-uniform distribution of A-site and B-site
elements in these phases, but this cannot be verified.

3.6. Performance Correlation with Phase Stoichiometry

In earlier superlattice MH alloy studies of various phases’ contributions to the EC performances,
phases are grouped according to the phase stoichiometry, such as AB3 (CeNi3 and NdNi3), A2B7

(Nd2Ni7 and Pr2Ni7), and A5B19 (Sm5Ni19 and Nd5Co19) [28–30]. In this study, we correlated the
properties with the phase stoichiometry, and the resulted R2s are summarized and shown in the first
three columns of Table 8. AB3 decreases the GP and EC capacities (Figure 12a), increases the plateau
pressure, decreases HRD because of the reductions in D and Io, which also contribute to an inferior
high-rate performance. Moreover, although AB3 decreases the PCT hysteresis, it still deteriorates the
cycle stability. A2B7 increases the GP and EC capacities (Figure 12b), lowers the equilibrium pressure,
increases HRD because of the enhanced D and Io, and improves both the charge retention and cycle
life. A5B19 increases the GP reversible H-storage, improves the −40 ◦C performance via the increase in
surface catalytic ability, increases the peak power, and deteriorates the charge retention. By comparing
these correlations, A2B7 appears to be the most desirable stoichiometry for battery applications among
all stoichiometries for the superlattice MH alloys. This conclusion is in complete agreement with
previous reports [29–31].
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(a) (b) 

Figure 12. Examples of correlations between the abundances of phases with (a) an AB3 and (b) an
A2B7 stoichiometry and several gaseous phase/electrochemical properties.

Table 8. Correlation factors (R2) between the phase stoichiometry/structure and various gaseous
phase, half-cell, and sealed cell properties and. Plus (+) and minus (−) signs after the numbers indicate
positive and negative correlations, respectively. Significant correlations with R2 ≥ 0.6 are highlighted
in red. EC full capacity is the discharge capacity measured with a 5 mA·g−1 current density.

Properties AB3 A2B7 A5B19 Hexagonal Rhombohedral

GP maximum capacity 0.75− 0.60+ 0.00 0.44+ 0.46−
GP reversible capacity 0.40− 0.17+ 0.36+ 0.29+ 0.21−
Equilibrium pressure 0.52+ 0.68− 0.00 0.93− 0.85+
PCT slope factor 0.02+ 0.01+ 0.03+ 0.45+ 0.41−
PCT hysteresis 0.61− 0.46+ 0.21− 0.00 0.00
ΔH 0.03+ 0.17− 0.01+ 0.54− 0.43+
ΔS 0.02− 0.01− 0.00 0.26− 0.18+
EC high-rate capacity 0.60− 0.63+ 0.01+ 0.84+ 0.78−
EC full capacity 0.61− 0.68+ 0.00 0.86+ 0.81−
HRD 0.49− 0.40+ 0.14+ 0.70+ 0.59−
Diffusion constant, D 0.29− 0.11+ 0.29+ 0.18+ 0.11−
Exchange Current, Io 0.56− 0.34+ 0.01− 0.02+ 0.01−
−40 ◦C resistivity, R 0.00 0.10+ 0.72− 0.04+ 0.08−
−40 ◦C capacitance, C 0.53+ 0.71− 0.01+ 0.90− 0.88+
RC product 0.26+ 0.08− 0.46− 0.23− 0.16+
High rate 0.34− 0.09+ 0.13+ 0.02+ 0.00
Low temperature 0.42− 0.13+ 0.10+ 0.11+ 0.09−
Charge retention 0.17− 0.32+ 0.38− 0.00 0.04+
Peak power 0.05− 0.02− 0.53+ 0.11− 0.16+
Cycle life 0.58− 0.24+ 0.05+ 0.00 0.03+

3.7. Performance Correlation with Phase Structure

Another way to classify the various phases in the superlattice MH alloys is by structure symmetry.
Stacking of the A2B4 slabs in the CeNi3, Nd2Ni7, and Sm5Ni19 phases is the same as that in the C14
crystal structure and is considered as the hexagonal group, and the rhombohedral group containing the
NdNi3, Pr2Ni7, and Nd5Co19 phases shares the same A2B4 stacking as the C15 structure. The C14- and
C15-based MH alloys behave differently in the EC environment, and we have reported the comparison
previously [82] and concluded that the C14-predominated alloy is more suitable for high-capacity and
long-cycle life applications, whereas the C15-predominated alloy is preferable in applications requiring
easy activation and good high-rate and low-temperature performances. Therefore, it will be interesting
to determine whether similar conclusions can be drawn from the superlattice MH alloy study.
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R2s obtained by correlating the total abundances of the hexagonal and rhombohedral phase
groups with various properties are listed in the last two columns in Table 8. Compared to those in the
rhombohedral group, the hexagonal group shows higher GP and EC capacities (Figure 13a), a lower
equilibrium pressure (Figure 13a), a flatter PCT isotherm, a better HRD (Figure 13b), and a reduced
surface reactive area at −40 ◦C (Figure 13b), but without affecting the charge-transfer resistance.
Based on the results, a hexagonal phase will be more desirable for battery applications. Furthermore,
combining the preferences in stoichiometry and structure yields the champion of this study—the
Nd2Ni7 phase.

(a) (b) 

Figure 13. Plots of (a) PCT H2 equilibrium pressure and half-cell electrochemical discharge capacity
and (b) half-cell high-rate dischargeability and capacitance measured at −40 ◦C vs. the hexagonal
superlattice structure abundance.

4. Conclusions

Constituent phase abundances of an SmLa-based superlattice alloy were engineered by changing
the annealing temperature. Various gaseous phase, half-cell electrochemical, and sealed cell properties
and performances were correlated to the individual phase, phase stoichiometry, and type of structure.
Many significant correlations were identified; however, because of the complication of phase structure
and limited sampling size used in this study, all correlations need further confirmation. In general,
an A2B7 stoichiometry and a hexagonal structure are more favorable for battery applications.
Among the six superlattice phases in this study, Nd2Ni7 is the most desirable. As a result, establishment
of a single target of maximizing Nd2Ni7 phase abundance simplifies the composition/process
optimization task. In this study, an annealing condition of 920 ◦C for 5 h for the superlattice
Sm14La5.7Mg4.0Ni73Al3.3 MH alloy renders the highest Nd2Ni7 phase abundance and the best overall
electrochemical performance.
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Abbreviations

Mm Misch metal
MH Metal hydride alloy
Ni/MH Nickel/metal hydride
H-storage Hydrogen-storage
HRD High-rate dischargeability
GP Gaseous phase
RE Rare earth
EC Electrochemical
bcc Body-centered-cubic
ICP-OES Inductively coupled plasma-optical emission spectrometer
XRD X-ray diffractometer
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
PCT Pressure-concentration-temperature
BEI Backscattering electron image
ΔH Change in enthalpy or heat of hydride formation
ΔS Change in entropy
P Desorption pressure
T Temperature
R Ideal gas constant
D Bulk hydrogen diffusion coefficient
Io Surface exchange current
R Surface charge-transfer resistance
C Surface double-layer capacitance
MS Saturated magnetic susceptibility
H1/2 Applied field strength corresponding to half of MS
RT Room temperature
R2 Correlation factor
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Abstract: The effects of Fe partially replacing Ni in a misch metal-based superlattice hydrogen
absorbing alloy (HAA) were studied. Addition of Fe increases the lattice constants and abundance of
the main Ce2Ni7 phase, decreases the NdNi3 phase abundance, and increases the CaCu5 phase when
the Fe content is above 2.3 at%. For the gaseous phase hydrogen storage (H-storage), Fe incorporation
does not change the storage capacity or equilibrium pressure, but it does decrease the change in
both entropy and enthalpy. With regard to electrochemistry, >2.3 at% Fe decreases both the full and
high-rate discharge capacities due to the deterioration in both bulk transport (caused by decreased
secondary phase abundance and consequent lower synergetic effect) and surface electrochemical
reaction (caused by the lower volume of the surface metallic Ni inclusions). In a low-temperature
environment (−40 ◦C), although Fe increases the reactive surface area, it also severely hinders
the ability of the surface catalytic, leading to a net increase in surface charge-transfer resistance.
Even though Fe increases the abundance of the beneficial Ce2Ni7 phase with a trade-off for the
relatively unfavorable NdNi3 phase, it also deteriorates the electrochemical performance due to a
less active surface. Therefore, further surface treatment methods that are able to increase the surface
catalytic ability in Fe-containing superlattice alloys and potentially reveal the positive contributions
that Fe provides structurally are worth investigating in the future.

Keywords: metal hydride (MH); nickel/metal hydride (Ni/MH) battery; hydrogen absorbing alloy
(HAA); electrochemistry; superlattice alloy

1. Introduction

Misch metal-based superlattice hydrogen absorbing alloy (HAA) has become the mainstream
negative electrode active material for commercial nickel/metal hydride (Ni/MH) batteries due to
its higher capacity, improved high-rate capability, wider operating temperature range, and lower
self-discharge compared to the conventional AB5 HAA [1–4]. Superlattice HAAs belong to a family of
alloys mainly composed of AB3, A2B7, and A5B19 structures, which are constructed with various
numbers of AB5 building slabs (one, two, and three, respectively) between the A2B4 building
slabs [5–7]. Other non-superlattice phases, such as AB2, MgLaNi4, and AB5, may also be present
in these multi-phase superlattice alloys [8–11]. While the basic formula of the commercial superlattice
HAAs contains only rare earth metals (La, Pr, Nd, and/or Sm), Ni, or Al, we have previously reported
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the effects of adding Ce [12], Mn [8,13], and Co [9,14]. In general, Ce promotes AB2 phase formation
and deteriorates battery performance, Mn improves the high-rate performance but creates micro-shorts
in the separator and consequently causes severe self-discharge, and Co improves the low-temperature
performance with the sacrifices in self-discharge and high-temperature performance. In this paper,
we investigate the effects of Fe, another transition metal with an atomic number between Mn and Co,
partially replacing Ni on the structural, gaseous phase storage, and electrochemical properties of HAA.

Fe has been used as a low-cost supplement in AB2 [15–22], AB5 [23–34], and body-centered-cubic
(bcc) [35–40] HAAs. However, the results of Fe incorporation in these HAAs have so far been inconsistent.
For example, the addition of Fe to V-containing AB2 HAA deteriorated the low-temperature
performance but increased the discharge capacity [21] and cycle stability [18]. Contradictory results
from adding Fe to V-free AB2 HAA were also reported (improved low-temperature performance but
degraded capacity and cycle performance) [22]. Moreover, Fe incorporation in AB5 HAA enhanced the
low-temperature performance due to increases in surface area [23,28] and surface catalytic ability [34],
but lowered the capacity [23,27,28,34] and cycle stability [29,34]. However, negative impact on
low-temperature performance [30] and positive contribution to cycle stability [32] from Fe addition in
AB5 HAA have also been previously reported. In the Laves phase-related bcc solid solution HAA, Fe
impeded high-rate dischargeability (HRD) [40] and decreased the bcc phase abundance [35,36], but
the opposite results have also been reported (improved HRD and increased bcc phase abundance) [37].
In addition, ferrovanadium was used as an alternative and inexpensive source of vanadium in the bcc
HAA [38,39]. Very few results regarding Fe addition in the superlattice HAA have been published,
and all published articles concerned the La-only alloy, which has very limited use in practical Ni/MH
battery applications due to its easily oxidized nature and thus short life cycle [41]. Wang et al. [42]
reported that Fe addition in the (La,Mg)Co0.45Ni2.55 HAA decreased the discharge capacity and HRD,
but improved the charge stability. Wu et al. [43] reported that Fe substitution in the La0.7Ng0.3Ni3
superlattice HAA resulted in a lower capacity and HRD. Since any investigation on the effects of Fe
incorporation in the misch metal-based superlattice HAA was absent, such results are very desirable
in order to further improve the electrochemical properties of the superlattice HAA. While this
paper (Part 1) summarizes the results of structural, gaseous phase, and electrochemical (in half-cell
configuration) studies on the Fe-substituted misch metal-based superlattice alloys, the performance
and failure analysis of the Ni/MH batteries made using these alloys will be discussed in another
publication (Part 2, [44]).

2. Experimental Setup

First, −200 mesh HAA powder (2 kg per composition) was prepared by Japan Metals & Chemicals
Company (Tokyo, Japan) using the induction melting method. The chemical composition of the
HAA powder was verified with a Varian Liberty 100 inductively coupled plasma-optical emission
spectrometer (ICP-OES, Agilent Technologies, Santa Clara, CA, USA). Microstructure analysis was
performed with a Philips X’Pert Pro X-ray diffractometer (XRD, Amsterdam, The Netherlands)
and a JEOL-JSM6320F scanning electron microscope (SEM, Tokyo, Japan) with energy dispersive
spectroscopy (EDS). A Suzuki-Shokan multi-channel pressure-concentration-temperature system (PCT,
Tokyo, Japan) was used to measure the gaseous phase hydrogen storage (H-storage) characteristics.
PCT measurements at 30 and 45 ◦C were performed after activation. A negative electrode sample was
made by compacting the HAA powder onto an expanded nickel substrate through a roll mill without
the use of a binder. The half-cell experiment, which employed a pre-activated sintered Ni(OH)2

counter electrode and 30% KOH as the electrolyte, was performed using a CTE MCL2 Mini cell testing
system (Chen Tech Electric Mfg. Co., Ltd., New Taipei, Taiwan). A Solartron 1250 Frequency Response
Analyzer (Solartron Analytical, Leicester, UK) with a sine wave amplitude of 10 mV and a frequency
range of 0.5 mHz–10 kHz was used for the alternative current (AC) impedance measurements. A Digital
Measurement Systems Model 880 vibrating sample magnetometer (MicroSense, Lowell, MA, USA) was
used to measure the magnetic susceptibility of the surfaces of the activated alloy powder (activation
was performed by immersing the powder in 30 wt % KOH solution at 100 ◦C for 4 h).
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3. Results and Discussion

Five superlattice HAAs (Fe1–Fe5) with a general composition of Mm0.83Mg0.17Ni2.94−xAl0.17Co0.2Fex

(x = 0, 0.05, 0.1, 0.15, 0.2) were prepared for this study. Design compositions and ICP results in at% are
listed in Table 1. The B/A ratio was set to 3.31, which is the same as in previous matrices for Mn [8]
and Co substitutions [9], and the stoichiometry for the main Ce2Ni7 phase was independent of the
overall composition [10]. The base alloy (Fe1) was chosen from a previous matrix of Co-substituted
superlattice HAAs (C3) due to its superior low-temperature performance [9]. ICP results show that the
composition of each alloy is very close to its designed value (Table 1).

Table 1. Designed compositions (in bold) and inductively coupled plasma (ICP) results in at%.
Mm stands for misch metal (mixture of rare earth elements).

Alloy Source Mm Mg Ni Al Co Fe B/A

Fe1
Design 19.3 3.9 68.2 3.9 4.6 0.0 3.31

ICP 19.2 4.0 68.0 4.0 4.7 0.1 3.32

Fe2
Design 19.3 3.9 67.1 3.9 4.6 1.2 3.31

ICP 19.1 3.9 67.0 4.0 4.8 1.2 3.35

Fe3
Design 19.3 3.9 65.9 3.9 4.6 2.3 3.31

ICP 19.1 4.0 65.8 4.0 4.7 2.4 3.33

Fe4
Design 19.3 3.9 64.7 3.9 4.6 3.5 3.31

ICP 19.2 4.0 64.6 4.0 4.7 3.6 3.32

Fe5
Design 19.3 3.9 63.6 3.9 4.6 4.6 3.31

ICP 19.1 4.0 63.4 4.0 4.7 4.7 3.31

3.1. X-Ray Diffraction Analysis

The powder XRD patterns of the five alloys in this study are shown in Figure 1. Peaks from the
Ce2Ni7, NdNi3, and CaCu5 phases can easily be identified. The lattice parameters of the main phase
(Ce2Ni7) and phase abundances of all three phases were calculated using the Rietveld refinement
method with the Jade 9 software (Materials Data Inc. (MDI), Livermore, CA, USA), and the results are
summarized in Table 2.

 

Figure 1. X-ray diffraction (XRD) patterns using a Cu–Kα radiation source for alloys Fe1–Fe5.
The vertical line shows the shift in the main peak to lower angles (the unit cell becomes larger)
with increasing Fe content.
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Table 2. Lattice constants a and c, c/a ratio, unit cell volume, and crystallite size of the main Ce2Ni7
phase from a full-pattern fitting, and phase abundances calculated from XRD analysis of alloys
Fe1–Fe5. Error ranges are indicated in parentheses after the lattice parameters. R: rhombohedral;
and H: hexagonal.

Alloy Fe1 Fe2 Fe3 Fe4 Fe5

Ce2Ni7 a (Å) 5.0198(3) 5.0228(4) 5.0282(5) 5.0306(4) 5.0321(3)
Ce2Ni7 c (Å) 24.3951(8) 24.4085(9) 24.4166(7) 24.4310(8) 24.4340(12)

Ce2Ni7 c/a ratio 4.860 4.860 4.856 4.856 4.856
Ce2Ni7 unit cell volume (Å3) 532.36 533.29 534.61 535.44 535.83

Ce2Ni7 crystallite size (Å) >1000 >1000 880 >1000 844
Ce2Ni7 (H) abundance (wt %) 58.0 62.3 66.4 66.6 68.0

NdNi3 a (Å) 5.0265(3) 5.0363(4) 4.9782(5) 5.0399(5) 4.9539(3)
NdNi3 c (Å) 24.4471(11) 24.4575(9) 24.7684(7) 24.7587(8) 23.9907(10)

NdNi3 (R) abundance (wt %) 20.1 17.5 13.7 10.2 1.5
CaCu5 a (Å) 5.0203(4) 5.0263(5) 5.0293(4) 5.0209(3) 5.0322(6)
CaCu5 c (Å) 4.0693(3) 4.0692(4) 4.0706(6) 4.0729(5) 4.0716(6)

CaCu5 (H) abundance (wt %) 21.9 20.2 19.8 23.2 30.4

As seen in Figure 2, both lattice parameters a and c of the main Ce2Ni7 phase increase with
increasing Fe content (larger size compared to that of Ni), resulting in the unit cell expansions and,
consequently, a shift in the main XRD peak (around 42.2◦) to lower angles (larger interplanar distance),
as indicated by the vertical line in Figure 1. Moreover, the roughly unchanged c/a ratios shown in
Table 2 suggest that the Ce2Ni7 unit cell expansion is isotropic, which differs from the faster growth in
the a-direction reported in the Mn-substitution study [8]. Changes in the Ce2Ni7 unit cell volume with
Mn, Fe, and Co substitutions are compared in Figure 3. While the slopes of graphs representing increase
versus substitution amount for the Mn and Fe substitutions are similar, no change is observed for the
Co substitution due to the similarity in atomic radii between Co and the replaced Ni. Additionally,
no particular trend in Ce2Ni7 crystallite size (determined by the full width at half-maximum of the
(109) peak) with increasing Fe content can be established, which differs from the Mn (decreasing) [8]
and Co substitutions (increasing) [9].

Figure 2. Changes in the Ce2Ni7 phase lattice constants a and c with the designed change in Fe content.

Phase abundances of the three constituent phases from the Mn, Fe, and Co substitution studies
are plotted in Figure 4. It should be noted that phases with the same composition are merged into
one category. For example, calculations for the A2B7 phase abundance include both the hexagonal
(Ce2Ni7) and rhombohedral (Pr2Ni7) phase structures. Compared to the large fluctuations in A2B7

phase abundance for the Mn and Co substitutions, the Fe substitution increases the amount of the
main A2B7 phase (Figure 4a). The electrochemical performance of the A2B7 phase was believed to be
superior to that of the AB3 phase [45]. However, while additives, including Ce, Nd, Pr, Sm, Zr, Ti, Si,
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and Cr, decreased the A2B7 phase abundance, only Fe and Cu were found to increase the abundance of
this phase [46]. It is clear from the comparison shown in Figure 4b that Mn promotes and Fe decreases
the AB3 phase formation. Meanwhile, the effect of Co in this case is not obvious. Trends in AB5

phase abundance are similar for the increases in all three substitutions, except for the alloy with the
least amount of Mn in the Mn-series, and exhibit the behavior of first decreasing and then increasing.
Among the three substitutions, the average amount of the AB5 phase abundance increases in the
following trend: Mn < Co < Fe.

Figure 3. Comparison of Ce2Ni7 unit cell volumes with different substitutions.

(a) (b) 

(c) 

Figure 4. Changes in the (a) A2B7; (b) AB3; and (c) AB5 phase abundances with increasingdf
substitution amounts.

3.2. Scanning Electron Microscope/Energy Dispersive Spectroscopy Analysis

SEM analysis was performed on the polished powder sample surface, and the backscattered
electron (BSE) micrographs of the five alloys are shown in Figure 5. In general, the color intensity of
each image is very uniform, with some occasional brighter spots and/or areas with slightly darker
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contrasts. The chemical composition of the numbered areas in each BSE micrograph were studied by
EDS, and the results are summarized in Table 3. Brighter spots (Figure 5a-2,b-2) are an excess of rare
earth metals, and the darker areas are either the AB5 (Figure 5b-3,d-2) or LaMgNi4 (Figure 5c-2,e-2)
phase. The AB3 and A2B7 phases cannot be separated due to their similarity in composition. The B/A
ratios in the main AB3/A2B7 phase of alloys Fe1–Fe5 are in the range of 3.31–3.41, which is between
the B/A ratios of AB3 (3.0) and A2B7 (3.5) and closer to the B/A ratio of A2B7 (3.5). This finding
is in agreement of the XRD results, where the A2B7 phase abundance was found to be higher than
the AB3 phase abundance. Similar to the cases of Mn and Co substitutions, Fe does not form any
separated secondary phase and dissolves completely in the main AB3/A2B7 phase. Therefore, changes
in the lattice constant of the main phase, as revealed by XRD, were the result of Fe incorporation. EDS
analysis also shows that the LaMgNi4 phase is deficient in Al, Co, and Fe, while the AB5 phase is rich
in Al, Co, and Fe.

(a) (b) 

(c) (d) 

(e) 

Figure 5. Scanning electron microscope-backscattered electron (SEM-BSE) micrographs from alloys
(a) Fe1; (b) Fe2; (c) Fe3; (d) Fe4; and (e) Fe5. The bar on the lower right corner represents 25 microns.
The composition of the numbered areas was analyzed by energy dispersive spectroscopy (EDS), and
results are available in Table 3.
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Table 3. Summary of EDS results. All compositions are in at%. The composition of the main phase is
in bold.

Sample Location La Pr Nd Mg Ni Al Co Fe Mg/A B/A Phase

Fe1
Figure 5a-1 3.9 8.0 8.0 3.0 68.6 3.8 4.7 0.0 0.13 3.37 AB3/A2B7

Figure 5a-2 41.6 27.3 26.7 0.0 3.9 0.5 0.0 0.0 0.00 0.05 Rare Earth

Fe2
Figure 5b-1 4.0 7.9 7.9 3.0 66.2 4.7 5.2 1.1 0.13 3.39 AB3/A2B7

Figure 5b-2 43.4 22.7 21.1 0.0 11.6 0.8 0.4 0.0 0.00 0.15 Rare Earth
Figure 5b-3 2.8 7.2 7.8 0.6 69.0 5.2 6.0 1.4 0.03 4.43 AB5

Fe3
Figure 5c-1 4.2 8.0 8.0 3.0 65.5 4.3 4.8 2.2 0.13 3.31 AB3/A2B7

Figure 5c-2 3.1 8.1 8.3 14.3 61.7 0.8 2.7 1.0 0.42 1.96 LaMgNi4

Fe4
Figure 5d-1 3.8 7.8 7.9 3.3 64.7 4.8 4.4 3.3 0.14 3.39 AB3/A2B7

Figure 5d-2 3.2 6.8 6.9 0.4 64.3 8.3 5.3 4.8 0.02 4.78 AB5

Fe5
Figure 5e-1 4.4 8.0 7.9 2.4 62.8 4.4 5.1 5.0 0.11 3.41 AB3/A2B7

Figure 5e-2 3.0 8.0 7.9 15.0 60.7 0.8 2.8 1.8 0.44 1.95 LaMgNi4

3.3. Gaseous Phase Hydrogen Storage

The gaseous phase H-storage characteristics of the alloys were studied using PCT measurements
performed at 30 and 45 ◦C. The PCT isotherms are plotted in Figure 6. In general, the changes in shape
and position of the isotherms from the Fe-incorporated alloys are small. The isotherms are similar to
those from the Co-incorporated alloys [9], but different from the Mn-incorporated alloys [8].

(a) (b) 

(c) (d) 

Figure 6. Pressure-concentration-temperature (PCT) isotherms measured at (a,b) 30 and (c,d) 45 ◦C for
alloys Fe1–Fe5. A and D denote absorption and desorption, respectively. The plateau region has been
expanded in the inset.
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   

             
             
            

             
                
             
              
  

             
          

 


    

           
           

          
           

          
          

         
         

             
               

(a) (b) 

(c) 

              
               
 
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Due to the multi-phase nature of the superlattice HAA, the plateau region of the PCT isotherm
is not well defined. Therefore, the desorption pressure at 0.75 wt % H-storage is used instead of
the plateau pressure in this study. Changes in desorption pressure at 0.75 wt % H-storage for the
Fe-substituted alloys were very small, which is similar to what occurs with Co and Mn substitutions
(Figure 7c). Composition modifications with Al [11] and La [12] are more effective in changing the
equilibrium pressure.

PCT hysteresis is defined as ln(absorption pressure at 0.75 wt % H-storage/desorption pressure at
0.75 wt %). PCT hysteresis is an indication of the elastic deformation energy needed to overcome the
lattice expansion at the metal (α)-hydride (β) interface and has been used to predict the pulverization
rate during hydride/dehydride cycling [47]. Both PCT hystereses measured at 30 and 45 ◦C increase
and then decrease with increasing Fe content. In addition, Fe-substituted alloys show smaller PCT
hysteresis compared to the Mn- and Co-substituted alloys.

Slope factor (SF), defined as the ratio of the H-storage capacity between 0.005 and 0.2 MPa and
the reversible H-storage, is related to the degree of homogeneity in the alloy. More specifically, a
higher SF value corresponds to a higher uniformity and lesser degree of disorder in the alloy. For the
Fe-substituted alloys, SF is independent of Fe content, and the SFs measured at 30 ◦C are lower than
those at 45 ◦C. Addition of Fe does not alter the alloy homogeneity, which is similar to the case of
Co incorporation [9], but different from Mn incorporation, where a reduction in homogeneity was
observed [8].

Two thermodynamic parameters, the changes in enthalpy (ΔH) and entropy (ΔS), were estimated
using the Van’t Hoff equation and the results are listed in Table 4. With increasing Fe content, both
ΔH and ΔS become more negative, indicating the formation of a more stable (involving stronger
metal–hydrogen (M–H) bonding) and ordered hydride. Compared to the results obtained previously [8,9],
the influences on both ΔH and ΔS from Fe are stronger than those from Co and Mn. If we only
focus on the Fe-substituted alloys, we may reach the conclusion that with increasing Fe content, the
unit cell volume of the main Ce2Ni7 phase increases, resulting in a more stable hydride. However,
compared to the Fe-substituted alloys, the Mn-substituted alloys have larger Ce2Ni7 unit cells, but
higher ΔHs. Therefore, the correlation between the structural properties and gaseous phase H-storage
characteristics may be too convoluted to establish due to the complex and multi-phase nature of the
superlattice alloys.

3.4. Electrochemical Analysis

The open-to-atmosphere half-cell configuration was used to measure the discharge capacities
of the five alloys in this study. The dry-compacted electrode was charged with a current density of
100 mA·g–1 for 5 h, and it was then discharged initially with the same current density and followed by
two pulls at 24 and 8 mA·g–1. These three discharge capacities were added, and the sum considered
as the full discharge capacity measured at 8 mA·g–1. In order to examine the activation behaviors,
full discharge capacities and HRDs (the ratio of the high-rate discharge capacity to the full discharge
capacity) from the first 13 cycles for the five alloys in this study are plotted in Figure 8. Compared
to the capacity and HRD curves from the Mn- and Co-substituted alloys, Fe does not facilitate the
formation process in the same manner as Mn and Co, which is possibly due to the relatively low
solubility of Fe in alkaline solutions, as shown by the following comparison [48]:

MnO + H2O = HMnO3
– + H+, log(HMnO3

–) = −16.57 + pH (1)

FeO + H2O = HFeO3
– + H+, log(HFeO3

–) = −18.30 + pH (2)

CoO + H2O = HCoO3
– + H+, log(HCoO3

–) = −16.67 + pH (3)

Achievable concentrations of soluble Mn and Co ions are higher than for soluble Fe ion, indicating
that Mn and Co are more soluble compared to Fe and therefore contribute positively to the activation
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performance. Both the full and high-rate discharge capacities, together with HRD, are listed in Table 5.
A lower amount of Fe (≤2.3 at%) does not affect the capacity or HRD significantly, but a larger amount
of Fe deteriorates both the capacities and HRD. Moreover, the reduction in discharge capacity does not
correlate well with the relatively unchanged gaseous phase H-storage values (Figure 7a,b).

(a) (b)

Figure 8. Activation characteristics over the first 13 cycles demonstrating (a) full discharge capacity with
the lowest discharge current (8 mA·g–1); and (b) high-rate dischargeability (HRD) for alloys Fe1–Fe5.

Table 5. Summary of electrochemical properties: capacity, rate, bulk diffusion coefficient (D), and
surface exchange current (Io). RT stands for room temperature.

Alloy
2nd Cycle High-Rate Capacity 2nd Cycle Full Capacity HRD D @ RT Io @ RT

(mAh·g−1) (mAh·g−1) (%) (10−10 cm2·s−1) (mA·g−1)

Fe1 327 351 0.93 5.2 37.5
Fe2 322 347 0.93 4.7 37.2
Fe3 326 346 0.94 3.5 25.7
Fe4 308 335 0.92 3.4 23.6
Fe5 299 345 0.87 2.7 20.5

Changes in full capacity, high-rate capacity, and HRD with different substitution elements are
compared in Figure 9a–c, respectively. While Co substitution slightly improves both the full and
high-rate capacities, Mn and Fe substitutions (>2.3 at%) decrease the capacities and HRD.

In order to trace the source of the degradations in electrochemical capacities and HRD,
both the bulk hydrogen diffusion constant (D) and surface exchange current (Io) were measured
electrochemically (a detailed methodology were reported in our earlier publications [9,49]), and the
results are summarized in Table 5. Since D decreases monotonically from the initial measurements,
while Io decreases when the Fe content is greater than 1.2 at%, both bulk hydrogen diffusion and
surface catalytic ability deteriorate with Fe incorporation. The decrease in D may be due to a decrease in
abundance of the AB3 secondary phase, which decreases the synergetic effects and is an indispensable
element in electrochemical H-storage in a multi-phase HAA system [50,51]. Similar to the case in
the Laves phase-related bcc solid solution HAA system, where C14 (with stronger M–H bonding)
serves as the catalytic phase for the bcc storage phase (with weaker M–H bonding) [51], the AB3 phase
can also serve as the catalytic phase that contributes to the synergetic effects despite the fact that it
has stronger M–H bonding (judging from its lower B/A ratio compared to the main A2B7 phase).
By reducing the AB3 phase abundance through Fe incorporation, the synergetic effects are lowered
and, consequently, the hydrogen diffusion in the alloy bulk is impeded. Furthermore, the observed
decrease in Io may be caused by the differences in alloy surface created by addition of Fe, which will
be further investigated in the next section. From the observations of D and Io, it can be concluded
that both poor bulk diffusion and surface reaction properties are responsible for the decrease in HRD
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seen with Fe incorporation. Changes in D and Io with different substitution elements are compared in
Figure 10, and both Mn and Fe result in deterioration, but Co improves the bulk hydrogen diffusion
and surface electrochemical reaction.

(a) (b) 

(c) 

Figure 9. Changes in (a) full and (b) high-rate (100 mA·g-1) capacities; and (c) their ratios (HRD) with
increasing substitution amounts.

(a) (b) 

Figure 10. Changes in (a) bulk diffusion constant (D) and (b) surface reaction current (Io) with
increasing substitution amounts.

Overcoming low-temperature performance (especially at −40 ◦C) in Ni/MH batteries has always
been a very challenging task [52]. We have consistently chosen the AC impedance measurement as
the main tool for investigating the −40 ◦C electrochemical reaction [53,54]. Details regarding the
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experimental setup can be found in our earlier publications [55,56]. Surface charge-transfer resistances
(R) and surface double-layer capacitances (C) obtained from the Cole–Cole plots measured at both
room temperature and −40 ◦C are summarized in Table 6. In general, Rs and Cs measured at room
temperature and −40 ◦C increase with increasing Fe content. An increase in the reactive surface area
(proportional to C) with Fe incorporation was also reported for the AB2 [21] and AB5 HAAs [29].
However, the contributions of Fe to R vary for the AB2 [21] and AB5 HAAs; R decreases in AB2 [21],
but increases in AB5 [34]. The RC product has been previously used to characterize the surface catalytic
ability [29,34]. With increasing Fe content, the RC product increases in the current study and for the
AB5 HAA [34], but it decreases with the AB2 HAA [29], which suggests that Fe incorporation impedes
the surface electrochemical reaction of A2B7 and AB5, but facilitates that of AB2. R, C, and RC measured
at −40 ◦C for the Fe- and Mn-substituted superlattice alloys are compared in Figure 11. Although Fe
promotes an increase in the surface area more effectively than Mn, the resistances of Fe-containing
alloys are much higher than those of the Mn-containing alloys, due to the loss of surface catalytic
ability with Fe incorporation, as indicated by the RC plot in Figure 11c.

Table 6. Summary of alternative current (AC) impedance and magnetic susceptibility measurement
results. R, C, MS, and H1/2 represent the charge transfer resistance, double-layer capacitance, saturated
magnetic susceptibility, and magnetic field at half of MS, respectively.

Alloy
R @ RT C @ RT RC @ RT R @ −40 ◦C C @ −40 ◦C RC @ −40 ◦C MS H1/2

(Ω·g) (Farad·g−1) (s) (Ω·g) (Farad·g−1) (s) (memu·g−1) (kOe)

Fe1 0.11 0.30 0.03 5.1 0.58 2.9 1016 0.128
Fe2 0.10 0.42 0.04 5.8 0.75 4.3 835 0.109
Fe3 0.15 0.37 0.06 7.4 0.81 6.0 718 0.106
Fe4 0.13 0.71 0.09 9.1 0.95 8.7 481 0.091
Fe5 0.13 0.82 0.11 10.4 0.99 10.3 341 0.060

−

(a) (b) 

Figure 11. Changes in (a) charge transfer resistance (R) and double-layer capacitance (C) calculated
from the AC impedance measured at −40 ◦C; and (b) their product (RC) with increasing substitution
amounts. A larger RC product corresponds to a slower surface electrochemical reaction and a less
catalytic surface.

3.5. Magnetic Properties

The source of degradation in the surface catalytic ability for the Fe-containing superlattice HAAs
was further investigated using magnetic susceptibility measurements. Due to the large difference
(more than seven orders of magnitude) in the saturated magnetic susceptibilities (MS) of elemental Ni
and Ni in HAA, MS has been used to estimate the total volume of the metallic Ni clusters imbedded in
the surface oxide formed during activation [57]. This measurement has been successfully correlated to
HRD of HAA [58]. Moreover, the strength of the applied magnetic field corresponding to half of the MS
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value (H1/2) is inversely proportional to the magnetic domain size and used as an indicator of the size
of metallic clusters in the surface oxide [59]. Both the MS and H1/2 values obtained from the five alloys
in this study are listed in Table 6 and plotted with the data from Mn- and Co-substitution studies [8,9]
in Figure 12. With increasing Fe content, both MS and H1/2 decrease, suggesting that Fe incorporation
decreases the total volume and surface area of catalytic Ni clusters, judging from the increase in cluster
size indicated by the reduction in H1/2. The reduction in the amount of catalytic Ni clusters in the
surface oxide for the Fe-containing alloys explains the observed decreases in surface catalytic ability,
as indicated by the increase in RC in Figure 11c and the surface reaction current (Figure 10b), causing
the deterioration in HRD (Figure 9). In addition, the MSs of the Mn- and Co-containing alloys are
slightly lower than those seen in the base alloy (free of Mn and Co), which suggests that the amount of
Ni in the alloy composition correlates closely to the amount of metallic Ni in the surface oxide after
activation. Partial replacement of Mn, Fe, and Co for Ni may benefit several electrochemical properties,
but certainly deteriorate the high-rate and low-temperature performances due to the reduction in
amount of surface catalytic Ni clusters. Interestingly, it was also observed that both H1/2 and the AB3

phase abundance demonstrate similar trends (Figures 4b and 12), and such correlations will be verified
in the future.

(a) (b) 

Figure 12. Changes in (a) saturated magnetic susceptibility (MS); and (b) strength of the applied
magnetic field corresponding to half of MS (H1/2) with increasing substitution amounts.

4. Conclusions

The effects of partial replacement of Ni with Fe in the misch metal-based superlattice HAA
were studied and compared with those Mn and Co substitutions. An increase in abundance of the
favorable Ce2Ni7 phase with Fe incorporation does not significantly affect the H-storage capacity, but
the electrochemical properties degraded. Partial replacement of Ni with Fe results in a reduction in
total volume of surface metallic Ni inclusions and, consequently, lowers the surface electrochemical
reactivity. Even with an increase in the reactive surface area, the Fe-containing alloys exhibit higher
surface resistivity at both room temperature and −40 ◦C, due to severely deteriorated surface catalytic
ability. Among various studied substitutions, Co is a better substituting element with regards to general
electrochemical performance. However, the Fe-substituting-Ni studied in this work exhibits an increase
in the beneficial Ce2Ni7 phase abundance and decreases the relatively unfavorable NdNi3 phase among
all the AB3-type phases. Therefore, although Fe incorporation deteriorates most electrochemical
properties, further surface treatment may be needed to improve the surface catalytic ability and reveal
the positive contribution that Fe structurally provides. Moreover, alternative substitutions targeted to
improve the low-temperature performance in Ni/MH battery, such as Mo and Cu, will also be studied
in the near future.
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Abbreviations

HAA Hydrogen absorbing alloy
Ni/MH Nickel/metal hydride
bcc Body-centered-cubic
HRD High-rate dischargeability
ICP-OES Inductively coupled plasma-optical emission spectrometer
XRD X-ray diffractometer
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
PCT Pressure-concentration-temperature
AC Alternative current
H-storage Hydrogen storage
BSE Backscattered electron
α Metal phase or alloy matrix
β Hydride phase
SF Slope factor
M–H Metal–hydrogen
ΔH Change in enthalpy or heat of hydride formation
ΔS Change in entropy
D Bulk hydrogen diffusion coefficient
Io Surface exchange current
R Surface charge-transfer resistance
C Surface double-layer capacitance
RT Room temperature
MS Saturated magnetic susceptibility
H1/2 Applied magnetic field strength corresponding to half of saturated magnetic susceptibility
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Abstract: The responses of one AB5, two AB2, four A2B7, and one C14-related body-centered-cubic
(BCC) metal hydrides to an alkaline-etch (45% KOH at 110 ◦C for 2 h) were studied by internal
resistance, X-ray diffraction, scanning electron microscope, inductively coupled plasma, and AC
impedance measurements. Results show that while the etched rare earth–based AB5 and A2B7

alloys surfaces are covered with hydroxide/oxide (weight gain), the transition metal–based AB2 and
BCC-C14 alloys surfaces are corroded and leach into electrolyte (weight loss). The C14-predominated
AB2, La-only A2B7, and Sm-based A2B7 showed the most reduction in the internal resistance with
the alkaline-etch process. Etched A2B7 alloys with high La-contents exhibited the lowest internal
resistance and are suggested for use in the high-power application of nickel/metal hydride batteries.

Keywords: metal hydride alloy; nickel metal hydride battery; alkaline bath; high rate performance;
superlattice alloys; surface morphology

1. Introduction

Metal hydride (MH) alloy, or hydrogen storage alloy, is a group of intermetallic alloys (IMCs)
capable of storing hydrogen in the solid form [1]. One of its key applications is the rechargeable
nickel/metal hydride (Ni/MH) battery, which is used widely in consumer electronics, as well as
stationary and transportation energy storage areas. A large variety of IMCs have been used/proposed
as the active materials in the negative electrode of Ni/MH battery, such as A2B [2], AB [3,4], AB2 [5],
AB3 [6], A2B7 [7], A5B19 [8], AB5 [9], body-centered-cubic (BCC) solid solution [10], and their
combinations [11,12]. These IMCs are composed of mostly transition metals (TM), and some may
contain rare-earth (RE) elements. The electrochemical high-rate performances of some of these MH
alloys were compared in 2010 and the RE-based AB5 MH alloy had the best high-rate dischargeability
(HRD) performance [13]. The magnetic susceptibilities of these alloys, and a couple new ones, were
compared in a 2013 article [14]. With several new MH alloys, especially the recently discovered
superlattice A2B7-based ones with improved electrochemical properties, it is important to update the
comparison results.

A few pre-activation processes, such as surface fluorination, alkaline bath, acid etch, mechanical
alloying, etc., were proposed to shorten the activation process and improve the electrochemical
performance of the MH alloys (see a review in [15]). Among these processes, the alkaline bath is
very effective in dissolving the native oxide, so as to form a porous oxide surface with catalytic Ni
clusters imbedded [13,16–22] and to increase the surface reactive area [23]. In the past, we have
used this technique to prepare the alloy for the study of activated surfaces without going through
electrochemical formation cycling [24].
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2. Experimental Set-Up

MH alloys were prepared by either vacuum induction melting (VIM) or arc melting (AM).
Details of the melting process were reported before [25,26]. The main difference between these
two preparation methods is the size of ingot. While the former is usually used in large production
(1–1000 kg), the latter is mostly used in laboratories (5–200 g) [15]. Some alloys went through annealing
either in vacuum or Ar. The obtained ingot was hydrided first, followed by grinding and sifting
into a −200 mesh size powder. To make the electrode, the powder was compacted directly onto a
1 cm × 1 cm expanded Ni substrate without any binder or conductive metal powder. The loading
of powder per electrode ranged from 70 to 100 mg. The KOH etching (activation) experiment
was performed on the electrode assembly in 45 wt % KOH at 110 ◦C for 2 h. After the etching
process, the electrode was pulled out, rinsed by deionized water, dried, and tested. A Suzuki-Shokan
multi-channel pressure-concentration-temperature system (PCT, Suzuki Shokan, Tokyo, Japan) was
used to measure the MH-hydrogen interaction in gaseous phase. PCT measurements at various
temperatures were performed after activation, which consisted of a 2 h thermal cycle between room
temperature and 300 ◦C under 2.5 MPa H2 pressure. A Varian Liberty 100 inductively coupled
plasma optical emission spectrometer (ICP-OES, Agilent Technologies, Santa Clara, CA, USA) was
used to study the chemical composition of the solution after etching. A Philips X'Pert Pro X-ray
diffractometer (XRD, Philips, Amsterdam, The Netherlands) was used to perform the phase analysis,
and a JEOL-JSM6320F scanning electron microscope (SEM, JEOL, Tokyo, Japan) was also used to
investigate the phase distribution and composition.

A 30 wt % KOH electrolyte, a Hg/HgO reference electrode, and a sintered Ni(OH)2/NiOOH
counter electrode were used for the electrochemical testing. The internal resistance measurement was
performed in the following steps:

(1) Charge at 0.1 C and discharge at 0.1 C (to -0.7 V vs. Hg/HgO). Record discharge capacity;
(2) Charge at 0.1 C, discharge 0.1 C to 80% state-of-charge (SOC);
(3) Conduct internal resistance test at 80% SOC (1st internal resistance test):

a. Put in open circuit for 10 min;
b. Discharge at 0.5 C for 10 s;
c. Charge at 0.5 C for 10 s;
d. Put in open circuit for 10 min;
e. Discharge at 2 C for 10 s;
f. Charge at 2 C for 10 s;
g. Put in open circuit for 10 min;
h. Calculate internal resistance.

(4) Charge at 0.1 C back from 80% SOC to 100% SOC;
(5) Conduct 4 more capacity tests at 0.2 C charge rate and 0.1 C discharge rate. Record

discharge capacities;
(6) Repeat step 3 (2nd internal resistance test);
(7) Repeat step 4;
(8) Conduct rate test:

a. Charge at 0.2 C, discharge at 0.1 C;
b. Charge at 0.2 C, discharge at 0.2 C;
c. Charge at 0.2 C, discharge at 0.5 C;
d. Charge at 0.2 C, discharge at 1 C;
e. Charge at 0.2 C, discharge at 2 C;
f. Charge at 0.2 C, discharge at 3 C;
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g. Charge at 0.2 C, discharge at 5 C.

(9) Repeat step 3 (3rd internal resistance test).

A Solartron 1250 Frequency Response Analyzer (Solartron Analytical, Leicester, UK) with a sine
wave amplitude of 10 mV and a frequency range of 0.5 mHz to 10 kHz was used for the alternative
current (AC) impedance measurements.

3. Results and Discussions

3.1. Alloys Selection

Eight MH alloys (A–H) were selected for this study. The composition and preparation method
of each alloy are summarized in Table 1. Details in microstructures of these alloys can be found in
the cited reference at the last column in Table 1. A is the most commonly used RE-based AB5 alloy
in the Ni/MH battery. B and C are TM-based AB2 alloys with dominating C14 and C15 structures,
respectively. D is a Laves-phase related BCC solid solution MH alloy composed of a main BCC phase
and C14 and TiNi secondary phases, and shows a high capacity at a moderate rate that is suitable for
electric vehicle application [12]. Alloys E–H are RE-and Mg-containing A2B7-based superlattice alloys
used mainly in the high-performance consumer Ni/MH batteries [7,27,28]. PCT isotherms measured
at 30 ◦C and room temperature half-cell discharge capacities in the first 10 electrochemical cycles
for eights alloys in this study are compared in Figures 1 and 2, respectively. The capacities of these
alloys are summarized in Table 1. The BCC-C14 alloy (D) has the highest hydrogen-storage capacity
whereas C14 AB2 alloys (B), and superlattice alloys (E, G, and H) are next, followed by the standard
AB5 alloy (A). The half-cell discharge capacity of C15 AB2 alloy (C) is the lowest due to its relatively
high hydrogen equilibrium pressure, which makes it difficult to charge into higher state-of-charge in
the open-air environment. Alloy F has the lowest discharge capacity in the superlattice alloy family
(E–H) because of its high Sm-content. From Figure 2, the ease of activation in order is E, F, G > C, H

> A > D, B. In general, Mg-containing superlattice alloys are easier to activate, and alloys without
La (B, D) take more cycles to reach their maximum capacities. The addition of rare elements to a
TM-based MH alloy to improve the activation behavior is a well-known recipe for the preparation of
electrochemical applications [29–36].

(a) (b) 

Figure 1. Pressure-concentration-temperature system (PCT) isotherms measured at 30 ◦C for as-is
alloys (a) A–D and (b) E–H. Open and solid symbols represent the absorption and desorption
curves, respectively.
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(a) (b) 

Figure 2. Electrochemical full-capacity activation behavior for as-is alloys (a) A–D and (b) E–H.

Table 1. Preparation and properties of alloys used in this study. Low-rate discharge capacity and
saturated magnetic susceptibility (Ms) are in the units of mAh·g-1 and emu·g-1, respectively. HRDs are
the ratio of capacities between 50 and 4 mA·g-1 for B–D and capacities between 100 and 8 mA·g-1 for
all other alloys.

Alloys System Composition Melting Annealing Capacity HRD MS Reference

A AB5
La10.5 Ce4.3Pr0.5Nd1.4Ni60

Co12.7Mn5.9Al4.7
VIM In

vacuum 331 0.99 0.43 A in [13]

B AB2-C14 Zr21.5Ti12V310 Cr7.5Mn8.1
Co8Ni32.2Sn0.3Al0.4

VIM None 354 0.90 0.04 Mo0 in [37]

C AB2-C15 Zr25Ti6.5V3.9Mn22.2Fe3.8
Ni38Sn0.3La0.3

AM None 307 0.99 0.04 C15 in [38]

D BCC-C14 Zr2.1Ti15.6V44 Cr11.2Mn6.9
Co1.4Ni18.5Al0.3

VIM None 397 0.95 0.39 P17 in [39]

E A2B7 La16.3Mg7Ni65.1 Co11.6 VIM In Ar 361 0.98 0.37 C in [13]
F A2B7 La6Sm13.8Mg3Ni73.8Al3.4 VIM In Ar 320 0.99 0.60 A3 in [40]

G A2B7
La11.3Pr1.7Nd5.1Mg4.5Ni63.6

Co13.6Zr0.2
VIM In Ar 370 0.98 1.19 B in [41]

H A2B7
La3.9Pr7.7Nd7.7Mg3.9Ni68.1

Co4.7Al4
VIM In Ar 354 0.94 0.62 C3 in [42]

3.2. Electrochemical Results

Four electrodes from each alloy went through half-cell electrochemical testing. Examples of
capacities measured at different rates and three internal resistances (R) from alloy A (as-is), alloy B

(as-is and etched), and alloy E (as-is and etched) are plotted in Figures 3 and 4. The voltage dropped
very quickly with the increase in the discharge current, which resulted in a significant decrease in
measured capacity. The etched C14 AB2 alloy (B) shows the highest discharge capacity, up to a 2 C rate.
In the comparison of R, the etched E shows the lowest resistance, and, in general, the HRD capability
is in the order of A2B7 (E) > AB5 (A) > AB2 (B) regardless of being etched. This finding is consistent
with our previous reports [40,43].

The electrochemical testing results are summarized in Table 2. The reported capacity and internal
resistance are highest when obtained with a 0.1 C discharge rate and the lowest value in the three
measurements, respectively. The specific power (P) was estimated by using formula:

P = 2(0.45 − Voc)2/9R (1)

where 0.45 and Voc are the voltage of Ni(OH)2/NiOOH electrode and the open-circuit voltage of the
tested alloy electrode vs. Hg/HgO reference electrode, respectively. The estimated specific power is
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inversely proportional to the measured internal resistance as shown in Figure 5. From Table 2, it is
obvious that KOH-etching (activation) is very effective to reduce the internal resistance in C15 AB2 (C,
-25%) and Sm-based A2B7 (F, -19%) alloys. The reduction in the internal resistance is less significant
in La-based A2B7 (E, -12%), C14 AB2 (B, -9%) and Mm-based Al-free A2B7 (G, -8%) alloys. Etching
in KOH (activation) even increases the internal resistance of AB5 (A, +36%) and BCC-C14 (D, +30%)
alloys by large percentages. Three A2B7 alloys (E, F, and G) show lower R than that of the standard
AB5 (A) after KOH-etching. The as-prepared (no etch) E and G show even lower R than that from A
and have been used in the high-power design of Ni/MH batteries [41,44]. Overall, G shows the lowest
R and the highest estimated specific power of 390 W·kg-1, which is considerably higher than that from
the standard A (317 W·kg-1).

Figure 3. Examples of half-cell discharge capacities measured with 0.1 C (cycle 1–6), 0.2 C (cycle 7),
0.5 C (cycle 8), 1 C (cycle 9), 2 C (cycle 10), 3 C (cycle 11), and 5 C (cycle 12) rates from A (as-in only),
B (both as-is and etched) and E (both as-is and etched).

Figure 4. Examples of three internal resistance results from A (as-is only), B (both as-is and etched),
and E (both as-is and etched). (a) and (e) in parentheses represent for as-is and etched.
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Table 2. Electrochemical discharge capacity measured at 50 mA·g-1, surface charge-transfer resistance
(R) from AC impedance measurement, and specific power density.

Alloys Treatment Capacity (mAh·g-1) Resistance (Ω·g) Specific Power (W·kg-1)

A
None 321 1.28 317

KOH-etch 321 1.74 238

B
None 360 1.88* 228*

KOH-etch 352 1.71* 261*

C
None 290 2.25* 192*

KOH-etch 291 1.68* 256*

D
None 390 1.80 235

KOH-etch 349 2.34 181

E
None 356 1.22* 334*

KOH-etch 358 1.07* 388*

F
None 300 1.42* 287*

KOH-etch 304 1.15* 355*

G
None 353 1.13* 347*

KOH-etch 353 1.04* 390*

H
None 345 1.86 218

KOH-etch 320 2.04 202

Note: * The reduced R from the KOH-etch treatment.

Figure 5. Plot of the calculated specific power vs. internal resistance for as-is and etched A–H.

The superiority of E vs. A in the high-rate performance has been verified by room-temperature
AC impedance measured at different frequencies as shown in Figure 6. The radius of the semi-circle
represents the surface charge-transfer resistance and shows the trend of as-is A > as-is E > etched E,
which is in total agreement with the internal resistance measurement.

Figure 6. Cole-Cole plots obtained from room temperature alternative current (AC) impedance
measurements of A (as-is only) and E (both as-is and etched).
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The HRD capability of MH alloy was associated with the metallic nickel clusters embedded in
its surface oxide after activation [45,46]. The saturated magnetic susceptibility (MS) obtained from
the magnetic susceptibility measurement shows clear correlation to the HRD of a series of A2B7 MH
alloys [13]. However, we also reported that some MH alloys with HRD were more related to the
structure of the metal/oxide interface [47,48]. Therefore, it is interesting to compare the internal
resistance of the etched alloy with the MS values reported in the literature (Table 1). The resulting
plot is shown in Figure 7 (red dots) and does not reveal any clear correlation. The difference in R
before and after etching is also plotted in the same figure (triangles) and no clear trend can be seen.
We conclude that an MS estimation of surface catalytic ability can be used only in the comparison of
a series of MH alloys with a similar composition/structure and cannot be elaborated freely among
various alloy systems.

Figure 7. Plots of the internal resistance (R measured from the annealed alloys and the difference in R
before and after annealing (triangle) vs. the saturated magnetic susceptibility (MS) (red dots)).

3.3. Microsnalysis of the Activated Surface

SEM micrographs taken from the surfaces of etched alloys are shown in Figure 8. While the
surfaces of RE-based AB5 (A) and A2B7 (E–H) alloys are covered with RE(OH)3 needles, those from
TM-based AB2 (B and C) and BCC-C14 (D) are modified by patches of ZrO2. Needles from La(OH)3

are smaller compared to hydroxides from other RE elements [24]. The microstructures of RE- and
TM-based MH alloys were studied by transmission electron microscope before and can be summarized
as a 50 nm buffer oxide (amorphous) and a 100 nm surface oxide with Ni-inclusion with RE(OH)3

needles on top in the former and a 100 nm buffer oxide layer and a 200 nm surface oxide with
Ni-inclusion with patches of ZrO2 on top in the latter [24]. While the RE in AB5 and A2B7 alloys
formed an impeccable passive surface oxide when reacting with hot KOH, the TM just leaches out into
electrolyte. The weight comparison of three B (AB2) and three E (A2B7) electrodes before and after
KOH-etching (dried in vacuum over for 24 h) were conducted and results are listed in Table 3 and
plotted in Figure 9. The average weight loss (gain) for B and E (MH powder only) are −2.2% and
+1.0%. The leached-out species were further analyzed by examining the composition of the alkaline
solution after the etching experiment with ICP and results are summarized in Table 4. In the solutions
with RE-based alloys, only Al (A, F, and H) and a very small amount of Mg (E, F, and G) are detected.
In the TM-based alloys (B–D), larger concentrations of Ti, V, and Zr are found. The Ni-concentrations
in the solutions from TM-based alloys are much higher than those from the RE-based one, while the
former have smaller Ni-content in their compositions. This is additional evidence showing that when
the TM-based alloys were attached by hot KOH they went through a preferential leach-out and the
RE-based alloys formed a passive hydroxide layer under the same situation.
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To confirm the results from SEM and ICP analysis, XRD was performed, and the resulting
patterns obtained before and after KOH-etch for each alloy in this study are plotted in Figure 10.
All RE-based MH alloys (A, E–H) show peaks of RE(OH)3 after etching. Only etched B shows ZrO2

phase, and both AB2 alloys (B and C) contain metallic Ni as a product of corrosion after etching.
D exhibited a small portion of partially hydride (α-phase) formed by storing the hydrogen generated
from the high level of oxidation of TM (mainly V [11]). The metal-hydrogen bond of the product from
the initial hydrogenation is very strong, as seen from the large portion of low-pressure irreversible
hydrogen storage in D (PCT in Figure 1). The XRD analysis results indicate that the leaching-out
(corrosion) of the alloy surface by hot KOH is in the order of D > C > B > the rest.

Figure 8. Scanning electron microscopy (SEM) micrographs from the etched alloys (a) A, (b) B, (c) C,
(d) D, (e) E, (f) F, (g) G and (h) H. The bar at the lower right corner in each micrograph represents
2.5 μm.

Table 3. Measurement of weight change before and after KOH-etch for A and B. All numbers are
in mg.

Sample # Substrate Weight Electrode Wright Before Electrode Weight After Weight Difference

B 1 192.8 262.3 260.8 −1.5
B 2 182.7 257.4 255.7 −1.7
B 3 178.4 252.0 250.5 −1.5
E 1 199.5 279.6 280.3 0.7
E 2 181.3 278.7 279.8 1.1
E 3 186.4 289.0 290.1 1.1
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Figure 9. Weight changes after KOH-etching for three electrodes from B (left) and three from E (right).

(a) (b) 

(c) (d) 

Figure 10. X-ray diffractometer (XRD) patterns using Cu-Kα as the radiation source for alloys (a) A, B,
(b) C, D, (c) E, F and (d) G, H before and after KOH-etching.
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Table 4. ICP results (in unit of ppm) from the solutions after etching experiment. N.D. and LLD denote
non-detectable (below LLD) and lowest limit of detection, respectively.

Alloy A B C D E F G H LLD

Al 58 1.6 N.D. 29 N.D. 78 N.D. 20 0.012
Co N.D. 0.1 N.D. 1.0 N.D. N.D. 1.2 N.D. 0.004
Cr N.D. 4.3 N.D. 48 N.D. N.D. N.D. N.D. 0.054
Fe N.D. N.D. 1.0 N.D. N.D. N.D. N.D. N.D. 0.002
Mg N.D. N.D. N.D. N.D. 0.05 0.3 0.5 N.D. 0.001
Mn N.D. 2.0 0.1 8.0 N.D. N.D. N.D. N.D. 0.001
Ni N.D. 6.0 0.3 5.0 N.D. N.D. N.D. N.D. 0.001
Ti N.D. 150 7 416 N.D. N.D. N.D. N.D. 0.004
V N.D. 125 92 988 N.D. N.D. N.D. N.D. 0.013
Zr N.D. 495 518 309 N.D. N.D. N.D. N.D. 0.002

4. Conclusions

Combining the electrochemical testing results and microstructure analysis, we have the following
findings: The improvement in the high-rate capability (reduction in R) by KOH-etch is the most
prominent in C15 AB2 (C) with a small La-content, followed by two A2B7 alloys (E and F) with Mg,
and then C14 AB2 (A) and an A2B7 with Mg and no Al (G). The KOH-etch deteriorates the high-rate
performance (increase in R) in the standard Mg-free AB5 (A) and V-rich BCC-C14 (D) alloys, whereas
Mg-content in A2B7 MH alloys responds well with the KOH-etch and La also helps the decrease in
surface charge-transfer resistance by etching. BCC phase in a multiple phase alloy is more robust
against the KOH corrosion [49] and is inert in the electrochemical environment [50–52]. Etching at a
high temperature will increase the density of BCC phase on the surface and impede the electrochemical
reaction, which explains the severe degradation in high-power performance of alloy D after KOH-etch.
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Abbreviations

The following abbreviations are used in this manuscript:

MH Metal hydride
IMC Intermetallic compound
Ni/MH Nickel/metal hydride
BCC Body-centered-cubic
TM Transition metal
RE Rare earth
HRD High-rate dischargeability
VIM Vacuum induction melting
AM Arc melting
PCT Pressure–concentration–temperature

ICP-OES
Inductively coupled plasma-optical emission
spectrometer

XRD X-ray diffractometer
SEM Scanning electron microscope
SOC State of charge
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MS Saturated magnetic susceptibility
AC Alternative current
R Internal resistance
P Specific power
Voc Open-circuit voltage
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Abstract: Three different methods were used to produce α-Ni(OH)2 with higher discharge capacities
than the conventional β-Ni(OH)2, specifically a batch process of co-precipitation, a continuous
process of co-precipitation with a phase transformation step (initial cycling), and an overcharge at
low temperature. All three methods can produce α-Ni(OH)2 or α/β mixed-Ni(OH)2 with capacities
higher than that of conventional β-Ni(OH)2 and a stable cycle performance. The second method
produces a special core–shell β-Ni(OH)2/α-Ni(OH)2 structure with an excellent cycle stability in the
flooded half-cell configuration, is innovative and also already mass-production ready. The core–shell
structure has been investigated by both scanning and transmission electron microscopies. The shell
portion of the particle is composed of α-Ni(OH)2 nano-crystals embedded in a β-Ni(OH)2 matrix,
which helps to reduce the stress originating from the lattice expansion in the β-α transformation.
A review on the research regarding α-Ni(OH)2 is also included in the paper.

Keywords: alpha nickel hydroxide; continuous stirring single reactor process; core–shell structure;
nickel metal hydride battery

1. Introduction

Nickel hydroxide has been used as the positive electrode for various rechargeable alkaline
batteries for a long time. The history extends from Ni-Fe [1] and Ni-Cd [2], which were invented over
100 years ago, to Ni-H, Ni-Zn, and the current Ni/metal hydride (MH) batteries. The advantages
of using nickel hydroxide include relatively low cost, adequate redox voltage (close to the oxygen
gas evolution potential to maximize the operation voltage), good high-rate dischargeability (HRD)
performance, and wide operation and storage temperature ranges. US Patents [3] and Japanese
Patent Applications [4] for nickel hydroxide as a positive electrode active material were previously
reported by our group. While the conventional nickel hydroxide used in the battery went through
a β-Ni(OH)2-Ni(II)/β-NiOOH-Ni(III) redox electrochemical reaction, Bode et al. demonstrated
another redox reaction between α-Ni(OH)2-Ni(II)/γ-NiOOH-Ni(III) [5]. The α–γ transformation
may involve more than one electron transfer per Ni atom (up to 1.6 to 1.67 electrons [6,7]) due to the
non-integral average oxidation states of the α and γ phases that occur because of the presence of anions
(NO3

−, CO3
2−, SO4

2−, Cl−, etc.) and cations (Li+, Na+, K+, etc.) in the water layers in α-Ni(OH)2

and γ-NiOOH, respectively [8–10] (see Bode’s diagram in Figure 1). The relatively large theoretic
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capacity of α–γ transformation (462–480 mAh·g−1), compared to that in the β(II)–β(III) transformation
(289 mAh·g−1), makes it a very attractive research topic for electrochemical material scientists. These
efforts are summarized in Table 1. The most common preparation methods involve co-precipitations
using metal nitrates or sulfates. Since the beginning, pure α-Ni(OH)2 was found to be unstable and
will convert to β-Ni(OH)2 through a slow aging process [11]. Trivalent elements, such as Al, Y, and
La, have been added to stabilize the α-Ni(OH)2 phase. Other elements, such as Mg, Fe, Co, Cu, Zn,
Ce, Nd, and Yb, have also been previously reported. In the case of battery operation using the β–β
one-electron transition, the α-Ni(OH)2 phase formed during accidental overcharge will cause the early
failure of the battery [12] and, thus, Zn is co-precipitated in commercial Ni(OH)2 batteries to suppress
the formation of α-Ni(OH)2 [13,14]. The research target of α-Ni(OH)2 switched from capacity and
cycle stability in the early days, to HRD, then to tap density, which are all important criteria for a
suitable battery material. With research funding from the U.S. Department of Energy [15], we were
able to further investigate the feasibility of mass production, in particular integration of β-Ni(OH)2

with the currently used fabrication method.

Figure 1. Bode’s diagram showing the relationship among various hydroxides and oxyhydroxides
of Ni. The lattice constants c in α-Ni(OH)2 and γ-NiOOH are larger than those in β-Ni(OH)2 and
β-NiOOH, due to the insertion of an extra layer of water between the two Ni-containing sheets.

2. Experimental Setup

Three α-Ni(OH)2 fabrication methods were adopted in this research: a batch process designed for
small-scale laboratory implementation and benchmark sample preparation; a continuous process with
the identical design principle to our mass-production equipment; and a low-temperature formation
process for converting β-Ni(OH)2 into α-Ni(OH)2 material. The sample names, compositions, and
fabrication methods are summarized in Table 2. The batch process was composed of the following
steps. First, 11.6 g (0.063 mol) of Ni(NO3)2 and 3 g (0.014 mol) of Al(NO3)3 were dissolved in 500 mL
distilled water and the solution was denoted as Solution 1. Next, 60 g (0.075 mol) of NaOH and 15.6 g
(0.15 mol) of Na2CO3 were dissolved in 500 mL distilled water and called Solution 2. Finally, 6.4 g
(0.12 mol) of NH4Cl was dissolved in 100 mL distilled water, and NH3·H2O was added until the pH
value reached 10, which formed Solution 3. Solutions 1 and 2 were gradually pumped into Solution
3 while maintaining a pH value in a range of 10–10.2. The color of the mixture solution was purple.
After Solution 1 was exhausted, Solution 2 was constantly pumped into the mixed solution to increase
the pH value to a range of 11.0–11.2. During this process, the solution color changed from purple to
blue-green. This mixture was stirred for 5 h at room temperature. The final mixture was aged at 60 ◦C
for 8 h, and then filtered and washed with deionized water. The obtained solid was dried at 60 ◦C in
air for 5 h and used as the Ni-2 sample in this experiment. The Ni-1 sample was fabricated in the same
way, except for the sole 14.7 g (0.077 mol) Ni(NO3)2 used in Solution 1.
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Table 2. List of samples used in this study. WSU and SZHP are abbreviations for Wayne State University
(Detroit, MI, USA) and Shenzhen Highpower Technology Co. (Shenzhen, China).

Name Composition Fabrication Method Fabrication Location Comment

Ni-1 Ni(OH)2 Batch process WSU β-Ni(OH)2
Ni-2 Ni0.86Al0.14(OH)2 Batch process WSU α-Ni(OH)2
AP50 Ni0.91Co0.045Zn0.045(OH)2 Continuous process BASF Commercial β-Ni(OH)2

WM02 Ni0.91Co0.05Al0.04(OH)2 Continuous process BASF α/β-Ni(OH)2
WM12 Ni0.84Co0.12Al0.04(OH)2 Continuous process BASF α/β-Ni(OH)2
YRM3 Ni0.93Co0.02Al0.05(OH)2 Continuous process SZHP Commercial β-Ni(OH)2

The second method used the same continuous stirring tank reactor (CSTR) technique that we
developed to mass-produce NiCoZn hydroxide (for cathode active material in Ni/MH battery) and
NiMnCo hydroxide (for precursor of NiMnCo (NMC) cathode material used in Li-ion battery) spherical
particles [76]. The prototype of the equipment is installed in Troy, MI, USA and is capable of producing
1 ton of powder per day. A smaller version of the CSTR, capable of producing 1 kg of powder per
day, was used for this experiment. In a CSTR, reactants in solution, sulfates and NaOH, and ammonia
buffer solution were pumped into a reactor at different rates (three in Figure 2), while maintaining a
constant reactor temperature (70 ◦C) and pH value. Small sized crystallites nucleated at the bottom of
the reactor (1) and brought up to the top of the liquid surface by a stirring blade (2) at the bottom of
the reactor. During the moving from the lower part to the higher part of the reactor, the hydroxide
plates conglomerated into spherical shapes and were carried out by the overflow (4) into a storage
container (5). At the end of each run, the solid product in the container was rinsed with deionized water
and then dried to powder in hot air. Two controls used in BASF (AP50) and Shenzhen HighPower Co.
(YRM3) were made by the commercial scale of CSTR process (Figure 2a). In preparation for WM02
(lower Co-content) and WM12 (higher Co-content), an addition Al source from Al(NO3)3 solution
was added in the feed-in solution throughout the entire process. With a higher Co-level, core–shell
structured spherical particles can be produced with a higher Al-content in the shell than in the core
(WM12). The core–shell structure is formed by the different solubility of Al at different stages of
particle growth (Figure 2b). This is very different from another core (Ni(OH)2)-shell (Ni0.5Mn0.5(OH)2)
material prepared by a two-step method (core first and followed by the precipitation of shell with
different composition solution) reported by Camardese et al. [77]. When the Co-content is lower,
the differential solubility of Al disappears and the distribution of Al is uniform throughout the particle
(Figure 2a, WM02). The full-cell testing of WM12 was done in a pouch-cell [15]. The negative electrode
used here was a dry-compacted AB5 (La10.5Ce4.3Pr0.5Nd1.4Ni60.0Co12.7Mn5.9Al4.7) MH alloy electrode
with a 20% increase in capacity (an negative/positive (N/P) design of 1.2). The electrolyte used was the
standard 30% KOH and the separator was a grafted polyethylene (PE)/polypropylene (PP). The cell
construction was electrolyte-flooded.

The third method is to convert β-Ni(OH)2 into α-Ni(OH)2 in a sealed cell by using a
low-temperature formation scheme. AA-sized Ni/MH cells with a nominal capacity of 1200 mAh
were made using a standard commercially available AB5 (La10.5Ce4.3Pr0.5Nd1.4Ni60.0Co12.7Mn5.9Al4.7)
paste negative electrode, co-precipitated YRM3 (Ni0.93Co0.02Al0.05(OH)2) paste positive electrode, a
grafted polypropylene (PP)/polyethylene (PE) separator, and 30% KOH as the electrolyte. After being
filled with electrolyte and sealed, cells underwent a standard three-cycle electrical formation process
performed at room temperature. For capacity measurements before the low-temperature treatment,
these cells were charged at 120 mA (C/10 rate) for 16 h (160% state of charge, SOC) at 20 ◦C and put
to rest for 4 h at the same temperature. Cells were then discharged with 240 mA (C/5 rate) at 20 ◦C
until a cut-off voltage of 1 V was reached, following which the discharge capacities were recorded.
The cells were cooled to 10 ◦C and then overcharged with a current of 120 mA (C/10) for 30 days at
that temperature. Cells were discharged with 240 mA (C/5) at 10 ◦C until a cut-off voltage of 1 V was
reached and capacities were recorded. Cells were then brought back to 20 ◦C and charged with 120 mA
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for 16 h, followed by a 4 h rest, and discharged with 240 mA until 1 V was reached and the capacities
were recorded.

(a) (b) 

Figure 2. Schematic diagram of (a) a continuous stirring tank reactor (CSTR) used to co-precipitate
hydroxides of metals with similar solubilities, such as Co, Ni, and Zn, and a consistent composition
throughout the spherical particles; and (b) a CSTR to incorporate larger atoms, such as Al and Y, which
have lower precipitation rates at initial nucleation stage (purple core) and higher precipitation rates at
the growth stage (red shell). 1: stainless-steel vessel; 2: mixer blade; 3: raw material inlet; 4: product
overflow; and 5: product container.

For electrochemical testing of the powder, carbon black and polyvinylidene fluoride (PVDF)
were used in the preparation of the positive electrode to enhance conductivity and electrode integrity.
To this end, 100 mg of active material was first stir-mixed thoroughly with carbon black and PVDF
in a weight ratio of 3:2:1 and applied onto a 0.5 × 0.5 in2 nickel mesh with a nickel mesh tab leading
out of the square substrate for the electrical connection. The electrode was then pressed under three
tons of pressure for 5 s. The negative counter electrode used was a dry-compacted AB5 type alloy.
The positive and negative electrodes were sandwiched together with a polypropylene/polyethylene
separator in a flooded half-cell configuration. The capacity of the negative electrode was significantly
more than that of the positive electrode, resulting in a positive limited design. Electrochemical testing
was performed with an Arbin electrochemical testing station (Arbin Instrument, College Station, TX,
USA). X-ray diffraction (XRD) analysis was performed with a Philips X’Pert Pro X-ray diffractometer
(Philips, Amsterdam, The Netherlands) and the generated patterns were fitted and peaks indexed
by the Jade 9 software (Jade Software Corp. Ltd., Christchurch, New Zealand). A JEOL-JSM6320F
scanning electron microscope (SEM, JEOL, Tokyo, Japan) with energy dispersive spectroscopy (EDS)
was applied in investigating the phase distributions and compositions of the powders. An FEI Titan
80–300 (scanning) transmission electron microscope (TEM/STEM, Hillsboro, OR, USA) was employed
to study the microstructure of the core–shell structure of the α/β mixture from the continuous process.
For TEM characterization, mechanical polishing was used to thin samples, followed by ion milling.

3. Results

3.1. Batch Process

Two different conditions (Ni-1 and Ni-2) were employed in the batch process [15]. While Ni-1 has
a composition that incorporates pure Ni as the cation source, which exhibits an exclusively β-Ni(OH)2

structure, Ni-2 is doped with 14 at % Al and show a typical α-Ni(OH)2 structure. The discharge
capacities for the three samples from the Ni-2 process are shown in Figure 3. It took approximately
15 cycles to stabilize the capacity. The highest discharge capacity obtained with a 25 mA·g−1 rate was
346 mAh·g−1 at the 25th cycle.
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Figure 3. Half-cell capacity measurement of three α-Ni(OH)2 samples prepared by the batch process
Ni-2 with charge and discharge currents at 25 mA·g−1 (charged for 18.5 h). Capacity calculations are
based on the weight of the active material.

The topologies of the particles before and after electrochemical cycling were studied by SEM
and the corresponding micrographs are shown in Figure 4. The pristine material shows a granular
structure and conglomerates into larger particles with cycling. The growth in size with cycling retards
cracking of the particle, due to the lattice expansion from β-Ni(OH)2 to α-Ni(OH)2, which is a common
failure mode for capacity degradation in α-Ni(OH)2 [12,78]. Small amounts of capacity degradation
can be seen after 25 cycles due to partial electrode disintegration in the flooded-configuration.

(a) (b) 

Figure 4. Scanning electron microscope (SEM) micrographs of α-Ni(OH)2 prepared by the Ni-2 batch
process (a) before and (b) after the flooded half-cell electrochemical capacity measurements.

XRD analysis results indicate a β-Ni(OH)2 structure for the material before cycling, which turned
into an α-Ni(OH)2–predominant structure after cycling (Figure 5). The different peak widths of the
XRD patterns (especially in Figure 5a) are the products of preferential growth of Ni(OH)2 flakes on
the ab-plane and various stacking faults [79]. The product may be further improved (especially the
cycle stability) for battery applications, but the process itself is complicated and currently limited to a
laboratory scale. Mass production of the batch process will not be cost-effective.
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Figure 5. X-ray diffraction (XRD) patterns, using Cu-Kα as the radiation source, for α-Ni(OH)2 samples
prepared by the Ni-2 batch process in the (a) pristine; (b) charge; and (c) discharge state. After formation,
the material changes in structure from a β-Ni(OH)2 to an α-Ni(OH)2–predominant phase. During
charge, α-Ni(OH)2 was converted into a γ-NiOOH structure.

3.2. Continuous Production

In the Robust Affordable Next Generation Energy Storage System (RANGE) program funded by
the US Department of Energy, a series of research efforts were dedicated to the synthesis of a durable
and high capacity nickel hydroxide using the CSTR method [15]. We first confirmed that Al is effective
in promoting nucleation of the α-Ni(OH)2 phase. The XRD patterns from three samples with 0, 4, and
20 at % Al are shown in Figure 6. While the pristine Al-free sample shows a pure β-Ni(OH)2 structure
(Figure 6a), the sample with 4% Al shows a small hint of α-Ni(OH)2, and the third sample, with 20%
Al-content, is dominated by the α-Ni(OH)2 structure even without electrochemical cycling. For the
rest of the materials, two chemistries were chosen for comparison: WM02 and WM12 (compositions
listed in Table 3). Their preparation parameters and key performances are also listed in Table 3.

Figure 6. XRD patterns, using Cu-Kα as the radiation source, from Ni(OH)2 samples prepared by the
CSTR process with (a) 0; (b) 4; and (c) 20 at % Al in the pristine stage.
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Table 3. Parameter differences between WM02 and WM12.

Parameter and Properties WM02 WM12

Target composition Ni0.91Co0.05Al0.04(OH)2 Ni0.84Co0.12Al0.04(OH)2
Tap density 1.4 g·cc−1 0.9 g·cc−1

Original structure β-Ni(OH)2 β-Ni(OH)2
Structure after activation Uniform α-Ni(OH)2 α/β-Ni(OH)2 core–shell
Half-cell cycle stability 4 100

BET surface area 30.35 m2·g−1 51.97 m2·g−1

Surface pore density 0.016 cc·g−1 0.027 cc·g−1

Average pore diameter 24.6 Å 24.6 Å

The results from the capacity measurement of WM02, WM12, and AP50 (a control sample of
β-Ni(OH)2 with a cation composition of Ni0.91Zn0.045Co0.045) are presented in Figure 7. Both WM02
and WM12 show a higher discharge capacity than AP50. WM02 has a higher initial capacity, but also
a more severe degradation in capacity. The XRD patterns of WM02 and WM12 in pristine, charged,
and discharged states are compared in Figure 8. According to the XRD results, both WM02 and WM12
started with a pure β-Ni(OH)2 structure and are converted into α-Ni(OH)2-predominated and α/β
mixed Ni(OH)2 state, respectively. The XRD peaks in the pristine WM12 are broader than those in the
pristine WM02, indicating a smaller crystallite (platelet) in WM12, which is confirmed by the TEM
work showed later in this session.

Figure 7. Half-cell capacity measurements for α/β Ni(OH)2 (WM12), α-Ni(OH)2 (WM02), and
β-Ni(OH)2 (AP50 with a cation composition of Ni91Co4.5Zn4.5) prepared by the CSTR process with
charge and discharge currents at 25 mA·g−1 (charge for 18.5 h). Capacity calculations are based on the
weight of the active material.

SEM analysis results show that cracking in the cycled WM02 spherical particles is due to swelling
caused by the β-to-α transition (Figure 9b) and that WM12 maintained the same shape after 20 cycles
(Figure 10). In addition, the surface morphologies of the two materials are different. While WM02
spherical particles have a more compact surface with a granular texture, WM12 spherical particles
have a less dense surface with crystallite plates aligning perpendicular to the surface. The surface
area and pore density of WM02 are smaller than those of WM12 with the same average pore diameter
(Table 3).
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(a) 

 
(b) 

Figure 8. XRD patterns, using Cu-Kα as the radiation source, of (a) α-Ni(OH)2 (WM02) and
(b) αβ-Ni(OH)2 (WM12) prepared by the CSTR process at three different stages.

(a) (b) 

Figure 9. SEM micrographs of α-Ni(OH)2 (WM02) prepared by the CSTR process (a) before and
(b) after 20 cycles.
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(a) (b) 

Figure 10. SEM micrographs of α/β-Ni(OH)2 (WM12) prepared by the CSTR process (a) before and
(b) after 20 cycles.

In another comparison test, three samples (two WM12 and one control β-Ni(OH)2) (YRM3:
Ni0.93Co0.02Al0.05(OH)2) underwent nine different charge/discharge conditions (Table 4) and the
obtained capacities are plotted in Figure 11. While the increases in charge current density from 50
to 75 and 125 mA·g−1 in stages III and IV boosted capacities for both WM12 and β-Ni(OH)2, further
increase in the charge current density (stage V) improved the capacity of WM12, but not β-Ni(OH)2.
It seems that WM12 benefits, but β-Ni(OH)2 deteriorates with faster charge. From this comparison,
the superiorities in the discharge capacity and cycle stability of WM12, compared to the regular
material, are validated. The final failure mechanisms for both materials (WM12 and the β-Ni(OH)2)
are the same: electrode disintegration due to particle pulverization.

Figure 11. Half-cell capacity measurements of two α/β Ni(OH)2 (WM12-1 and WM12-2) and one
β-Ni(OH)2 (YRM3 with a cation composition of N93Zn5Co2) samples prepared by the CSTR. The charge
and discharge current densities for each stage are listed in Table 4. Capacity calculations are based on
the weight of the active material.

Table 4. Various test conditions for the half-cell capacity measurements of two α/β core–shell samples
from the continuous process (WM12-1 and WM12-2) and a control β-Ni(OH)2 sample (YRM3). Charge
and discharge currents are in mA·g−1 units and time is in h. Total amount of charge-in is in mAh·g−1.

Stage Cycle Number Charge Current Charge Time Amount of Charge-In Discharge Current

I 1-65 25 18 450 150
II 66-95 50 7 350 150
III 96-105 75 6 450 150
IV 106-145 125 3 375 150
V 146-155 250 1.5 375 150
VI 155-180 300 1.5 450 150
VII 181-190 200 2 400 200
VIII 191-201 250 2 500 150
IX 201-end 200 2 400 150
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In a separate cycle life experiment, we performed a 100 mA·g−1 rate charge for 5.5 h and
discharged at the same rate. Results are shown in Figure 12. The highest capacity of 376 mAh·g−1 was
obtained during the 61th cycle and the capacity at the 100th cycle was 371 mAh·g−1. With the success in
the half-cell experiment (with 50% additional binder and electrical conduction enhancer), we began the
full-cell measurement of WM12 and WM12 in the newly developed pouch-type Ni/MH battery [15].
Only 10% binder and electrical conduction enhancer were added in the positive electrode and the
capacity results, based on the total material weight (active plus additives), are plotted in Figure 13.
Discharge capacities of 329 mAh·g−1 and 311 mAh·g−1 were obtained for the positive electrodes
of the WM12 and WM02 full cells, respectively. From this point, further tests on the full cells are
planned and more results will be reported in the future, especially for the phase stability under storage
condition since α-Ni(OH)2 is known to have an aging issue when stored in an alkaline solution [30].
It is obvious that the same WM12 material required less activation cycles and achieved a lower capacity
in the sealed-cell configuration than that in the half-cell (6 versus 20). This is due to the reliance of
the β–NiOOH to γ–NiOOH transition on the amount of over-charge. In the half-cell operated in the
open atmosphere, the over-charging process has to compete with oxygen gas evolution and thus is
less effective, compared to reactions operated in the sealed-cell configuration (more activation cycle
is needed). The difference in the maximum capacities between two measurements is related to the
expansion of unit cell that occurs in the β–NiOOH to γ–NiOOH transition. In the half-cell testing,
the electrode was allowed to expand and, therefore, more NiOOH was converted, which differs from
the limited space available in the sealed-cell.

Figure 12. Half-cell capacity measurement of α/β Ni(OH)2 WM12 prepared by the CSTR process with
charge and discharge currents at 100 mA·g−1 (charge for 5.5 h). Capacity calculations are based on the
weight of active material. The highest capacity of 376 mAh·g−1 was obtained at the 61th cycle and the
capacity at 100th cycle is 371 mAh·g−1.

The microstructure of WM12 was studied by both SEM and TEM. Cross-section SEM
backscattering electron images of activated WM12 at different magnifications are shown in Figure 14.
Different contrasts can be observed in the shell (A, darker) and core (B, lighter). EDS analysis results
show that the surface region has a higher Al-content (ca. 4 at %) than the core region (ca. 1.5 at %) [15].
The core–shell structure was produced in the CSTR with a differential precipitation of Al in the tank
(Figure 2b). In the nucleation stage, near the bottom of the tank, less Al becomes crystallite due to its
relatively large size and, thus, an Al-lean core forms. As the particles are moved into the upper portion
of the reactor by the stirring blade, they grow in size with a higher Al-content in the shell part of the
particle. Materials produced at this stage are still β-Ni(OH)2. Later, during electrochemical formation,
the shell, with a relatively higher Al-content, develops a β-Ni(OH)2 structure.
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Figure 13. Full-cell capacity measurement of α Ni(OH)2 WM02 and α/β Ni(OH)2 WM12 prepared
by the CSTR process with charge and discharge currents at 100 mA·g−1 (charge for 5.5 h). Capacity
calculations are based on the weight of active material. The active material loading was increased from
50 wt % in the half-cell to 90 wt % in the full-cell with a 120% capacity AB5 dry-compacted negative
electrode (negative/positive (N/P) = 1.2).

(a) (b) 

Figure 14. Cross-section SEM micrographs at different magnifications with scale bars indicating (a) 25
and (b) 10 μm. of α/β-Ni(OH)2 (WM12) prepared by the CSTR process showing a core (B)/shell (A)
structure. After activation, the Al-rich A region (shell) becomes α-Ni(OH)2, while the Al-lean B region
(core) remains β-Ni(OH)2.

The microstructure of WM12 particle’s shell was further investigated by TEM. A representative
TEM micrograph is shown in Figure 15a. The high-resolution TEM images taken from areas b©
(brighter) and c© (darker) are shown in Figure 15b,c, respectively. Area b© has a smaller inter-planar
distance is β-Ni(OH)2, while area c©, which has a larger inter-planar discharge, is α-Ni(OH)2.
The electron diffraction from a representative selective 10-μm region, which covers the most of the
particle shown in Figure 15a, is shown in Figure 15d. The integrated electron diffraction intensities
were collected from the diffraction pattern for areas a©– e©. For the convenience of comparison between
the TEM and XRD results, the distance in reciprocal space obtained from TEM electron diffraction
has been converted to a degree based system on the wave length of a Cu Kα X-ray and the results are
shown in Figure 15e with the conversion to the standard XRD suing Cu Kα as the radiation source.
Although the electron density plot is not identical to the XRD pattern, due to different scattering
factors between X-rays and electron beams, the main features from a and b can still be distinguished
and areas a©– e© have been identified as β, β, β, β, and mixed α/β structures, respectively. Therefore,
we conclude that the shell region of WM12 is composed of nano-sized α-Ni(OH)2 imbedded in a
β-Ni(OH)2 matrix, which helps to distribute the stress from the lattice expansion during the α-β
transition. The broader XRD peaks in the pristine WM12 indicate a small crystallite form, even before
the α-β transition occurs.
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(a) (b) (c) 

  
(d) (e) 

Figure 15. (a) TEM micrograph; (b) high-resolution images from area b© (c) from area c© in (a);
(d) selective area diffraction pattern; and (e) integrated diffraction electron intensity (with distance in
the reciprocal space obtained from TEM electron diffraction converted to a degree based system on the
wavelength of Cu-Kα X-ray) of the shell-portion of a discharged electrode from WM12.

3.3. Low-Temperature Formation

It is well known that applying overcharge to a positive-limited Ni/MH battery will result in
oxygen gas evolution. During normal operation of Ni/MH batteries, the produced oxygen gas
will recombine with the hydrogen stored in the negative electrode, forming water and generating
heat. A charging process in the Ni(OH)2 based rechargeable alkaline battery is always a competition
between oxidizing Ni(II) into Ni(III) and oxygen gas evolution. At room temperature, the oxygen
evolution potential is raised by the co-precipitation of Co and Zn into spherical particles and, therefore,
the charging process can be completed without any oxygen gas generation. At higher temperatures,
where the potential of oxygen evolution is significantly reduced, the regular Ni-electrode cannot be
charged fully and special high temperature Ni-electrodes have been developed to lower the oxidation
potential of the Ni(II)/Ni(III) reaction [80]. When the cell is overcharged, part of its β-NiOOH will be
converted into γ-NiOOH (see Bode’s diagram in Figure 1), but the conversion efficiency is low because
most of the overcharge is consumed during oxygen gas evolution. If the overcharge is performed at a
relative low temperature, then the β–γ conversion happens at a higher rate. This concept initiated the
following experiment. Ten AA-cells were made from regular AB5 and YRMS (Ni0.93Co0.02Al0.05(OH)2)
as the active materials in the negative and positive electrodes, respectively. These cells were exposed
to a low-temperature overcharge process (C/10 rate at 10 ◦C for 30 days). Their discharge capacities
before and after the treatment are listed in Table 5. More than a 15% increase in the discharge capacity
was observed. The XRD patterns before and after the low-temperature treatment show a transition
from 89% β-NiOOH/11% γ-NiOOH to 11% β-NiOOH/89% γ-NiOOH (Figure 16). This validates
the effectiveness of low-temperature formation for α/γ-NiOOH. After disassembling the cell, we
found swelling in the positive electrode due to the formation of a α/γ-NiOOH phase with an enlarged
unit cell (about 74% [5]) from the insertion of a water layer between the NiOOH layers (Figure 1).

248

Bo
ok
s

M
DP
I



Batteries 2017, 3, 6

The swelling of the positive electrode causes an approximate 8% increase in the internal resistance
(Table 5) due to the breakdown in the Co- conductive network [12]. Future work will be focused on a
solution that addresses this electrode swelling. For example, swelling could be alleviated through a
coating of CoOOH, Yb(OH)3, or both on the spherical particles before electrode fabrication [12].

(a) (b) 

Figure 16. XRD patterns, using Cu-Kα as the radiation source, of the positive electrode from cells
(a) before and (b) after the low-temperature overcharge treatment.

Table 5. Capacities (in mAh) and internal resistance (in mΩ) of the AA cells measured at a C/10 rate
before and after the overcharge (OC) at 10 ◦C.

Cell
Number

Capacity
before OC

Capacity Immediately after
OC, Measured at 10 ◦C

Capacity after OC,
Measured at 20 ◦C

Internal Resistance
before OC

Internal Resistance
after OC

31 1252 1584 1475 16.5 19.2
32 1232 1522 1444 16.4 17.3
33 1248 1557 1466 17.1 18.2
34 1221 1553 1447 17.4 18.8
35 1217 1508 1436 17.4 18.4
36 1240 1537 1444 16.4 17.0
37 1238 1550 1450 18.4 19.8
38 1204 1513 1403 17.5 18.6
39 1230 1608 1452 17.1 18.3
40 1227 1558 1423 17.5 19.0

3.4. Comparisons

In order to better compare the three α- (α/β-mixed) Ni(OH)2 fabrication methods, a summary
table is present (Table 6). A few key directions for future development are also included for each
fabrication method.

Table 6. Comparison of three fabrication methods for high-capacity Ni(OH)2 powder. DOD denoted
degree of disorder in both composition and phase structure.

Characteristics Batch Process Continuous Process Over-Charge in Low-Temperature

Scale Small, laboratory only Large, mass-production Large, mass-production
Cost High Low Low

Loading High Low High
α-phase 80%–90% 50%–80% 90%

Discharge Capacity 346 mAh·g−1 376 mAh·g−1 340 mAh·g−1

Half-cell Stability 20 100 10
Failure Mode Pulverization Electrode disintegration Pulverization

Directions for
Improvement

• Addition of other elements
to increase DOD

• Increase in α/β grain
boundary area

• Addition of other elements
to increase DOD

• Increase in the tap density
• Increase in the

high-rate capability

• Addition of other elements to improve
the cycle stability—anti-cracking
and aging

• Electrolyte optimization
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4. Conclusions

Three different fabrication methods for high-capacity α-Ni(OH)2 were presented. The batch
and continuous processes employ an α-Ni(OH)2 promoter, such as Al, and reached stable cycle
performance using a unique surface morphology and core–shell structure. While the batch process is
currently only suitable for laboratory use, the continuous process with a later β-to-α formation process
is much more cost-effective and already used in mass production. The low-temperature overcharge
process does not require the Ni(OH)2 promoter. However, the particle size and paste additives require
further development to address the increase in internal resistance due to the swollenness of the
positive electrode.
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Abbreviations

CP Co-precipitation
CSTR Continuous stirring tank reactor
DOD Degree of disorder
ECI Electrochemical impregnation
EDS X-ray energy dispersive spectroscopy
HRD High-rate dischargeability
MH Metal hydride
NMC NiMnCo
N/P Negative/positive
OC Overcharge
PE Polyethylene
PP Polypropylene
PVDF Polyvinylidene fluoride
RANGE Robust Affordable Next Generation Energy Storage System
SEM Scanning electron microscopy
SOC State of charge
TEM Transmission electron microscopy
XRD X-ray diffraction
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Abstract: The effects of Cs2CO3 addition in a KOH-based electrolyte were investigated for
applications in nickel/metal hydride batteries. Both MgNi-based and Laves phase-related
body-centered cubic solid solution metal hydride alloys were tested as the anode active materials,
and sintered β-Ni(OH)2 was used as the cathode active material. Certain amounts of Cs2CO3

additive in the KOH-based electrolyte improved the electrochemical performances compared with
a conventional pure KOH electrolyte. For example, with Laves phase-related body-centered cubic
alloys, the addition of Cs2CO3 to the electrolyte improved cycle stability (for all three alloys) and
discharge capacity (for the Al-containing alloys); moreover, in the 0.33 M Cs2CO3 + 6.44 M KOH
electrolyte, the discharge capacity of Mg52Ni39Co3Mn6 increased to 132%, degradation decreased to
87%, and high-rate dischargeability stayed the same compared with the conventional 6.77 M KOH
electrolyte. The effects of Cs2CO3 on the physical and chemical properties of Mg52Ni39Co3Mn6 were
characterized by Fourier transform infrared spectroscopy, X-ray diffraction, transmission electron
microscopy, inductively coupled plasma, and electrochemical impedance spectroscopy. The results
from these analyses concluded that Cs2CO3 addition changed both the alloy surface and bulk
composition. A fluffy layer containing carbon was found covering the metal particle surface after
cycling in the Cs2CO3-containing electrolyte, and was considered to be the main cause of the reduction
in capacity degradation during cycling. Also, the Cs2CO3 additive promoted the formations of the
C–O and C=O bonds on the alloy surface. The C–O and C=O bonds were believed to be active sites
for proton transfer during the electrochemical process, with the C–O bond being the more effective of
the two. Both bonds contributed to a higher surface catalytic ability. The addition of 0.33 M Cs2CO3

was deemed optimal in this study.

Keywords: nickel metal hydride battery; electrochemistry; hydrogen storage alloys; nickel hydroxide;
alkaline electrolyte; salt additive

1. Introduction

Since the commercialization of nickel/metal hydride (Ni/MH) batteries in 1980s, they have been
widely used as energy storage devices in hybrid electric vehicles, vacuum cleaners, electric toys, power
tools, and cordless phones, to name a few uses [1–3]. Ni/MH batteries have many superior properties
over rival battery technologies, such as high specific power, long cycle life, robust abuse tolerance,
and a wide temperature operation range [2]. In the past decades, Ni/MH batteries have repeatedly
attracted attention from both researchers and markets.

Basic Ni/MH battery electrochemistry is shown in the following reactions:
Negative electrode: M + H2O + e− � OH− + MH (1)
Positive electrode: Ni(OH)2 + OH− � NiOOH + H2O + e− (2)
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The reaction taking place at the negative electrode (anode) is described in Equation (1). M is
a metal hydride (MH) alloy capable of storing hydrogen reversibly, and MH is the corresponding
hydrided metal. During charge, the added voltage splits the water molecule into a proton and a
hydroxide ion. Driven by voltage and diffusion difference, protons transfer from the electrolyte to the
surface of the MH alloy particles, and then into the bulk of alloy. During discharge, protons travel in a
reverse route. Equation (2) represents the reaction at the positive electrode (cathode). During charge,
protons are dissociated from Ni(OH)2, then move to the cathode surface, and finally recombine with
the hydroxide ions in the electrolyte.

In order to promote proton transfer and improve electrochemical performance, many researchers
and companies have focused on developing new anode/cathode materials, with a particular
focus on anode materials. A wide set of hydrogen storage MH alloys have been studied for
electrochemical applications, including AB2, AB5, A2B7, body-centered cubic (BCC) solid solution,
BCC-AB2 composite, MgxNiy, TiNi and its composite, etc. [4–9]. Yu et al. reported a Ti40V30Cr15Mn15

alloy with an initial capacity of 814 mAh·g-1 at a rate of 10 mA·g-1 and 80 ◦C, which is more than
twofold higher than the capacity obtained from the conventional rare earth-based AB5 MH alloy
(350 mAh·g-1) [10]. However, degradation for this alloy was very high due to the pulverization caused
by hydrogen evolution inside MH alloy particles. Young and Nei reported various MgNi-based
amorphous/microcrystalline MH alloys with a theoretical capacity as high as 1080 mAh·g-1 [11].
However, most of these alloys demonstrated rapid decay during cycling. Nei reported an 80% or higher
decay in capacity after 20 cycles for MgNi-based MH alloys [12]. Many methods have been attempted
to improve the electrochemical performance of MH alloys. Recently, additives such as B [13], Ti [14,15],
Pt [15], Pd [14], Nd [16], Cr [17], La [18], Co [19], Ni [20], Li [21], and Cu [22] were added to the bulk
or surface of MH alloys to enhance the capacity, cycle stability, and high-rate dischargeability (HRD).
For MgNi-based MH alloys, Ni coating [23], the addition of TiO2 [24], and substitutions of Mn [25,26]
and Nb [26] have been intensively studied with the goal of improving electrochemical performances.
Many studies on the alkaline electrolytes [27–49] and salt additives [50,51] were conducted before in
NiMH and other alkaline batteries; however, focuses were on the rare earth-based AB5 and Zr-based
AB2 MH alloys. Young et al. have pointed out that electrolyte modification is one of the most
economic and effective methods to alter electrode performances, since it does not affect the battery
gravimetric and volumetric energy densities [11]. Nei et al. reported the conductivity and corrosion
behaviors of several hydroxides [16]. Later, Yan et al. published a screen test of 32 salt additives in
the KOH electrolyte, of which 12 salt additives were found to efficiently decrease the corrosion of the
traditional KOH electrolyte on alloy AR3 (an MgNi-based MH alloy with a nominal composition of
Mg52Ni39Co3Mn6) [52]. However, no detailed investigation was done on these 12 salt additives.

This study is a continuous work from Yan’s previous report [52]. A systematic investigation of
the effects of Cs2CO3 addition in a conventional KOH electrolyte on various MH alloys is performed.
This additive was originally used in the KOH electrolyte for Ni/Zn batteries to extend the cycle
life [53]. The total concentration of Cs2CO3 and KOH is fixed at 6.77 M. The influence of Cs2CO3 on
the cell performance, electrolyte properties, and surface and bulk structure of MH alloy electrodes
are examined. A possible proton transfer process for the Cs2CO3-containing electrolyte system is
also discussed.

2. Experimental Setup

Both the sintered β-Ni(OH)2 and MH alloys (AR3, P31, P32, and P37) were produced in-house.
The compositions and fabrication methods of the MH alloys are summarized in Table 1. AR3 is
an amorphous/microcrystalline MgNi-based MH alloy made by a melt–spin method, followed
by mechanical alloying [52]. The P-series MH alloys belong to a family of Laves phase-related
body-centered cubic (BCC) solid solution alloys [54], which were developed during a United States
(U.S.) Department of Energy-funded research program [4]. The P-series of alloys were produced by
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induction melting, followed by annealing under optimized conditions (900 ◦C for 12 h [55]). KOH and
Cs2CO3 were purchased from the Sigma-Aldrich Corporation (St. Louis, MO, USA).

Table 1. Compositions of the four metal hydride (MH) alloys used in this study. BCC: body-centered cubic.

Alloy Alloy System Composition Preparation Method

AR3 Amorphous/microcrystalline MgNi Mg52Ni39Co3Mn6 Melt-spin and mechanical alloying
P31 Laves phase-related BCC Ti15.6Hf2.1V44Cr11.2Mn6.9Co1.4Ni18.5Al0.3 Induction melting and thermal annealing
P32 Laves phase-related BCC Ti15.6Hf2.4V44Cr11.2Mn6.9Co1.4Ni18.5 Induction melting and thermal annealing
P37 Laves phase-related BCC Ti14.5Zr1.7V46.6Cr11.9Mn6.5Co1.5Ni16.9Al0.4 Induction melting and thermal annealing

Electrochemical charge/discharge cycling tests were performed with an Arbin BT2000 battery
tester (Arbin, College Station, TX, USA) at room temperature. In the test cells, the cathode was sintered
β-Ni(OH)2, the anode was made from directly dry-compacting the alloy powder onto an expanded
Ni substrate without using any binder, and the separator was hydrophilic nonwoven polyolefin.
Charge/discharge processes were the same as reported before by Yan et al. [52] The cell was charged at
100 mA·g-1 for 5 h, and discharged first at 100 mA·g−1 to a cutoff voltage of 0.9 V. The initial discharge
was followed by a 30 s rest for the voltage to recover, and then the cell was discharged at 24 mA·g−1

to reach a cutoff voltage of 0.9 V. The cell was put to rest for 30 s again before the final discharge at
8 mA·g−1 to 0.9 V. Testing for each alloy/electrolyte combination was repeated three times. When the
total discharge capacity (sum of capacities at 100, 24, and 8 mA·g−1) of the cell decreased by 70%,
it was considered to be cell failure.

Discharge capacity degradation and HRD were calculated and compared with those of a
traditional 6.77 M KOH electrolyte. Degradation was determined as Yan previously reported [52].
The percent capacity loss per cycle within the initial 10 cycles is shown by the following equation:

Degradation % =
Caphigh − Caplow(

nhigh − nlow

)
× Caphigh

× 100% (3)

where Caphigh is the highest value of discharge capacity achieved in the initial 10 cycles, Caplow is
the lowest value of discharge capacity in the initial 10 cycles, nhigh is the cycle number of the highest
discharge capacity in the initial 10 cycles, and nlow is the cycle number of the lowest discharge capacity
in the initial 10 cycles. HRD is defined as the ratio of capacities measured at 100 and 8 mA·g−1.

Fourier transform infrared (FTIR) spectroscopy was performed on a Perkin Elmer Spectrum
Spotlight 200™ (Perkin Elmer, Waltham, MA, USA). Powder X-ray diffraction (XRD) patterns were
taken with a Rigaku RU2000 rotating anode powder diffractometer (Rigaku Americas Corporation,
The Woodlands, TX, USA) equipped with Cu–Kα radiation (40 kV, 200 mA). Transmission electron
microscopy (TEM) was carried out using a JEOL 2010 (JEOL, Tokyo, Japan) operated at 200 kV for
microstructural and morphological studies. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was performed on a Perkin Elmer Optima TM 2100 DV ICP-OES system (Perkin Elmer,
Waltham, MA, USA). Electrochemical impedance spectroscopy was measured on a Solartron S1287
potentiostat/galvanostat with a S1255 frequency response analyzer (Solartron, Hampshire, UK).

3. Results and Discussion

3.1. Electrochemical Performances for Electrolytes with Cs2CO3 Addition

Generally, KOH solutions with concentrations varying from 4.0 M to 8.5 M are used for Ni/MH
batteries in the research field and for commercial applications [11,56–58]. In this study, the electrolyte
concentration (KOH + Cs2CO3) is fixed at 6.77 M. Concentrations of KOH and Cs2CO3 in various
electrolytes are shown in Table 2.
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Table 2. Normalized discharge capacities, degradations, and high-rate dischargeabilities (HRDs) of
AR3 cycled in five different electrolytes.

Electrolyte Composition
Normalized Capacity

(%)
Normalized Degradation

(%)
Normalized HRD

(%)

6.77 M KOH 100.00 100.00 100.00
6.44 M KOH + 0.33 M Cs2CO3 132.45 86.65 99.86
6.11 M KOH + 0.66 M Cs2CO3 120.24 98.30 101.32
5.77 M KOH + 1.00 M Cs2CO3 117.62 97.70 91.41
5.44 M KOH + 1.33 M Cs2CO3 97.28 87.41 65.25

The effects of Cs2CO3 addition on the electrochemical performances of alloys P31, P32, and P37 are
shown in Figure 1. All of the cells require approximately three to five cycles to be activated. For alloy
P31, Cs2CO3 slightly increases the initial discharge capacity, and greatly decreases the degradation.
The initial discharge capacities of alloy P31 in the 6.77 M KOH and 6.44 M KOH + 0.33 M Cs2CO3

electrolytes are 349 and 375 mAh·g-1, respectively. In the 6.77 M KOH electrolyte, the capacity of
alloy P31 begins to fade after the 20th cycle, while the capacity fade begins at the 55th cycle in the
6.44 M KOH + 0.33 M Cs2CO3 electrolyte. The same trend was observed in alloy P37, where the
addition of Cs2CO3 increases the initial discharge capacity from 364 mAh·g-1 to 375 mAh·g-1,
and changes the beginning of the capacity fade from the 30th to the 65th cycle. For alloy P32, Cs2CO3

does not increase the initial discharge capacity; however, it greatly decreases the decay, as shown
in Figure 1. In comparison to alloy P32, both alloys P31 and P37 contain Al, raising the possibility
that the presence of Al results in the alloy surface reacting with the CO3

2− ions in the electrolyte and
forming Al2(CO3)3. Al2(CO3)3, which is known to be unstable in water [59]. Such phenomenon may
assist in the dissolution of Al into the highly alkaline electrolyte, and therefore increase the reactive
surface area.

Figure 1. Discharge capacities of alloys P31, P32, and P37 in the 6.77 M KOH and
6.44 M KOH + 0.33 M Cs2CO3 electrolytes.

The effects of Cs2CO3 on the AR3 alloy electrode performances are shown in Figure 2. The AR3
MH alloy is very reactive to the KOH electrolyte due to the alloy’s high content of Mg and the high
porosity caused by the mechanical alloying preparation [12]. A rapid decay in the KOH electrolyte was
previously reported [5,6,12]. Figure 2 shows an increase in initial discharge capacity and a decrease in
capacity decay with the addition of Cs2CO3. The discharge capacity, degradation, and HRD of the
Cs2CO3-containing electrolytes are normalized to those of the 6.77 M KOH electrolyte and presented in
Table 2. The optimized conditions were obtained at the concentration of 6.44 M KOH + 0.33 M Cs2CO3,
which exhibited the highest discharge capacity and lowest degradation. Table 2 also indicates that a
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small addition of Cs2CO3 has an insignificant effect on HRD, while a high concentration of Cs2CO3 in
the electrolyte has a negative influence on HRD.

Figure 2. Discharge capacities of AR3 in 6.77 M KOH, 6.44 M KOH + 0.33 M Cs2CO3, 6.11 M KOH +
0.66 M Cs2CO3, 5.77 M KOH + 1.00 M Cs2CO3, and 5.44 M KOH + 1.33 M Cs2CO3 electrolytes.

3.2. Effects of Cs2CO3 Addition on MgNi Alloy

Weights of the cycled AR3 alloy electrodes were measured. After 10 cycles, weights of the alloy
electrodes cycled in all of the electrolytes increased due to surface metal oxidation and the deposition
of some salts. Surface metal oxidation during charge leads to the formation of surface metal hydroxide,
such as Mg(OH)2 [11,16]. The majority of salt depositions are carbonates and bicarbonates [52].
Weight gains of the alloy electrodes cycled in the Cs2CO3-containing electrolytes are normalized to
that in the 6.77 M KOH electrolyte and presented in Table 3. As the Cs2CO3 concentration in the
electrolyte increases, the weight gain decreases. The addition of Cs2CO3 changes the physical and
chemical properties of the electrolyte. Cs2CO3 reacts with the MH alloy surface during electrochemical
cycling, which results in a protective layer and greatly decreases the reaction rate of metal oxidation.
Therefore, the weight gain due to surface oxidation (listed in Table 3) is substantially reduced by the
addition of Cs2CO3 in the electrolyte.

Table 3. Normalized weight gains of the AR3 alloy electrodes cycled in five different electrolytes.

Electrolyte Composition Normalized Electrode Weight Gain (%)

6.77 M KOH 100.0
6.44 M KOH + 0.33 M Cs2CO3 76.0
6.11 M KOH + 0.66 M Cs2CO3 64.8
5.77 M KOH + 1.00 M Cs2CO3 54.2
5.44 M KOH + 1.33 M Cs2CO3 46.9

TEM micrographs of the cycled AR3 indicate that a thin layer of fluffy material covers the surface
of the MH alloy (Figure 3a,b). FTIR was used to characterize the surface structure, and the results are
shown in Figure 4. For the fresh MH alloy, there is no clear diffraction peak, which indicates that the
alloy surface is clean. For the alloy cycled in the 6.77 M KOH electrolyte, a peak at approximately
1409 cm-1 is observed, which is related to the vibration of surface metal–O bonds [60]. For the electrode
cycled in the 6.44 M KOH + 0.33 M Cs2CO3 electrolyte, the same peak is seen, but shifted slightly to
a lower wavelength, implying a decrease in bond strength. However, the peak intensity increases,
which suggests the appearance of C–O bonds on the alloy surface, since the stretching vibration of
the C–O bond occurs at approximately the same wavelength [61] as the metal–O bond. With further
increases in concentration of Cs2CO3 in the electrolyte, the metal–O bond becomes weaker with the
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peak shifting even lower, to around 1375 cm-1, and the amount of C–O bond decreases, as shown
by a reduction in peak intensity compared with the electrode cycled in the 6.77 M KOH electrolyte.
Moreover, peaks at approximately 1730 and 1210 cm-1 start to appear as the content of Cs2CO3

increases, which is related to the vibration of the C=O bond in carbonate [61]. FTIR results demonstrate
the changes in the surface groups on the MH alloy surface with varying Cs2CO3 concentration.

Figure 3. Transmission electron microscopy (TEM) micrographs at (a) ×40,400 and (b) ×300,000
magnification of AR3 cycled in the 6.44 M KOH + 0.33 M Cs2CO3 electrolyte.

Figure 4. Fourier transform infrared (FTIR) spectra of the fresh and cycled AR3 in the 6.77 M KOH, 6.44 M
KOH + 0.33 M Cs2CO3, 6.11 M KOH + 0.66 M Cs2CO3, 5.77 M KOH + 1.00 M Cs2CO3, and 5.44 M KOH +
1.33 M Cs2CO3 electrolytes.

XRD patterns before and after electrochemical cycling are shown in Figure 5. As our previous
study has shown [62], the two broad peaks at approximately 23◦ and 42◦ (marked as “A”) are from the
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broadening of the MgNi2 and Mg2Ni phases. These two broad peaks exist in all of the cycled AR3
samples, suggesting high stability for MgNi2 and Mg2Ni during cycling. Except for the peaks marked
as “A”, there are some strong peaks related to metallic Mn and Co (marked as “1” and “2” in Figure 5,
respectively). Mn and Co fine particles are the remnants from the mechanical alloying process, and act
as catalysts for hydrogen storage to enhance the electrochemical capacity [11]. Mg(OH)2 is also found
in all of the cycled AR3 (marked as “3” in Figure 5), and is the oxidation product from high-Mg AR3.
The peaks at approximately 18◦ and 33◦ are the (001) and (100) diffraction peaks for the hexagonal
Mg(OH)2. Results from the phase deconvolution by Jade 9.0 software (MDI, Livermore, CA, USA) are
summarized in Tables 4 and 5. While no obvious trends are found in the crystallite sizes of phases with
cycling in different electrolytes, clear trends are observed in phase abundances. An increase in Cs2CO3

concentration in the exchange of KOH reduces both the amount of Mg(OH)2 (decrease in oxidation)
and the Mg2Ni-to-MgNi2 ratio (last column in Table 5). The Mg2Ni phase is more oxidable compared
with the MgNi2 phase, due to its higher Mg content. Upon contacting the KOH electrolyte, the Mg2Ni
phase is oxidized into Mg(OH)2, which results in a reduction in the Mg2Ni-to-MgNi2 ratio from 1.50
to 0.67. Partial replacement of the corrosive KOH with Cs2CO3 increases the Mg2Ni-to-MgNi2 ratio,
which is another indication of decrease in alloy oxidation.

10 20 30 40 50 60 70
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0.33 M Cs2CO3
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1.00 M Cs2CO3
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Figure 5. X-ray diffraction (XRD) patterns of the pristine and cycled AR3 in the 6.77 M KOH, 6.44 M
KOH + 0.33 M Cs2CO3, 6.11 M KOH + 0.66 M Cs2CO3, 5.77 M KOH + 1.00 M Cs2CO3, and 5.44 M KOH
+ 1.33 M Cs2CO3 electrolytes. Note: Peaks marked as “A” represent the microcrystalline/amorphous
components of MgNi2 and Mg2Ni; peaks marked as “1” and “2” represent metallic Mn and Co,
respectively, and peaks marked as “3” represent Mg(OH)2.

Table 4. Crystallite sizes in nm of the Mg2Ni, MgNi2, Co, Mn, and Mg(OH)2 phases obtained from the
XRD patterns in Figure 5.

Condition Mg2Ni MgNi2 Co Mn Mg(OH)2

Pristine 0.5 0.6 28 41 -
Cycled in 6.77 M KOH 0.4 0.4 36 41 28
Cycled in 6.44 M KOH + 0.33 M Cs2CO3 0.5 0.6 34 62 28
Cycled in 6.11 M KOH + 0.66 M Cs2CO3 0.5 0.5 50 42 30
Cycled in 5.77 M KOH + 1.00 M Cs2CO3 0.6 0.5 34 40 22
Cycled in 5.44 M KOH + 1.33 M Cs2CO3 0.5 0.5 24 41 26
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Table 5. Abundances in wt % of the Mg2Ni, MgNi2, Co, Mn, and Mg(OH)2 phases, and the ratio
between Mg2Ni and MgNi2 obtained from the XRD patterns in Figure 5.

Condition Mg2Ni MgNi2 Co Mn Mg(OH)2 Mg2Ni/MgNi2

Pristine 53.5 35.7 6.5 4.3 - 1.50
Cycled in 6.77 M KOH 29.4 44.0 4.0 3.0 19.6 0.67
Cycled in 6.44 M KOH + 0.33 M Cs2CO3 39.2 32.1 4.3 2.6 21.8 1.22
Cycled in 6.11 M KOH + 0.66 M Cs2CO3 41.2 32.3 3.7 5.8 17.0 1.27
Cycled in 5.77 M KOH + 1.00 M Cs2CO3 42.8 35.1 6.7 4.9 10.5 1.22
Cycled in 5.44 M KOH + 1.33 M Cs2CO3 45.3 32.8 7.1 3.6 11.2 1.38

The chemical compositions of fresh and cycled MH alloys determined by ICP are compared
in Table 6. Similar to the results in previous reports, the bulk composition changes slightly after
cycling [5,6]. The loss of Mg occurs at approximately 1.5%, and results in an increase in the
concentrations of other elements.

Table 6. ICP results in at % of the fresh and cycled AR3 in five different electrolytes.

Condition Co Ni Mn Mg

Pristine 2.94 38.17 5.69 53.20
Cycled in 6.77 M KOH 3.15 37.89 5.86 50.92
Cycled in 6.44 M KOH + 0.33 M Cs2CO3 3.10 39.16 5.59 52.25
Cycled in 6.00 M KOH + 0.77 M Cs2CO3 3.04 39.41 5.88 51.67
Cycled in 5.77 M KOH + 1.00 M Cs2CO3 3.04 39.56 6.19 51.21
Cycled in 5.44 M KOH + 1.33 M Cs2CO3 2.99 41.04 6.18 49.79

Cole–Cole plots obtained from the alternating current (AC) impedance measurements are shown
in Figure 6. The reported equivalent circuit model for Ni-MH batteries using Mg-based alloy anodes
is shown in Figure 7 [63–67]. Constant phase elements are used in this circuit model, due to the
inhomogeneity properties of the electrode surface, such as porosity and roughness. Results obtained
from the Cole–Cole plots are presented in Table 7. R0 represents the resistance of ions traveling through
the electrolyte and separator. The electrolyte containing 6.44 M KOH + 0.33 M Cs2CO3 shows the
lowest R0, which is consistent with its high discharge capacity, low degradation, and similar HRD
compared with the 6.77 M KOH electrolyte. R1 is the resistance among alloy particles and increases
as the Cs2CO3 concentration increases. R2 is the whole electrode resistance, and the addition of
Cs2CO3 greatly decreases R2 compared with the pure KOH electrolyte. C1 represents the particle
capacitance, which is closely related to the contact area among alloy particles. With increasing
Cs2CO3 concentration, C1 decreases. C2 is the electrode capacitance, which is an indication of the
amount of the active area in the electrode. Table 7 shows that the addition of Cs2CO3 decreases
C2 as well. The product of R2 and C2 represents the electrode activity performance [68,69], and a
smaller value suggests better electrochemical performances. Table 7 shows an optimized R2·C2 value
at 5.77 M KOH + 1.00 M Cs2CO3.
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(a)

 
(b) 

 
(c)

Figure 6. (a) Full Cole–Cole plots of AR3 in the 6.77 M KOH, 6.44 M KOH + 0.33 M Cs2CO3, 6.11 M
KOH + 0.66 M Cs2CO3, 5.77 M KOH + 1.00 M Cs2CO3, and 5.44 M KOH + 1.33 M Cs2CO3 electrolytes,
(b) magnification of the circled section in (a), and (c) magnification of the circled section in (b).
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Figure 7. Proposed equivalent circuit model for NiMH batteries using Mg-based anodes [63].

Table 7. Data obtained by the AC impedance measurements of AR3 cycled in five different electrolytes.

Electrolyte Composition R0 (Ω·g) R1 (Ω·g) C1 (F·g-1) R2 (Ω·g) C2 (F·g-1) R1·C1 (s) R2·C2 (s)

6.77 M KOH 0.0369 0.0326 0.0033 1.2483 0.5929 1.079 × 10−4 0.7401
6.44 M KOH + 0.33 M Cs2CO3 0.0363 0.0353 0.0022 1.1811 0.5786 7.812 × 10−5 0.6834
6.00 M KOH + 0.77 M Cs2CO3 0.0400 0.0372 0.0019 1.0730 0.5357 7.115 × 10−5 0.5748
5.77 M KOH + 1.00 M Cs2CO3 0.0407 0.0423 0.0018 1.0269 0.4629 7.490 × 10−5 0.4753
5.44 M KOH + 1.33 M Cs2CO3 0.0417 0.0428 0.0017 1.0713 0.4643 7.099 × 10−5 0.4974

3.3. Discussion

Results obtained from the current study indicate that the addition of Cs2CO3 alters the
chemical and physical properties of the KOH electrolyte. As shown in Figure 6 and Table 7,
an addition of 0.33 M Cs2CO3 decreases the solution resistance. Even if the electrolyte concentration
was fixed at 6.77 M, the number of conductive ions increased with the addition of Cs2CO3.
Therefore, the 6.44 M KOH + 0.33 M Cs2CO3 electrolyte has a decreased resistance and increased
conductivity. While a low Cs2CO3 concentration promotes proton transfer in the system and improves
both the discharge capacity and cycling performance, a higher Cs2CO3 concentration increases the
solution resistivity due to the increased concentrations of larger cations (Cs+) and anions (CO3

2−) in
the electrolyte, according to Stokes’ Law [12].

Cs2CO3 also changes the alloy surface structure during cycling. The FTIR results show that a
small addition of Cs2CO3 decreases the strength of surface metal–O bond, but generates the C–O
bond on the alloy surface. By further increasing the Cs2CO3 concentration, the C=O bond begins to
appear, in relation with decreasing C–O bond. The changes in surface groups by electrolyte additive
consequently change the chemical and physical properties of the alloy particles. In our previous
work [52], 32 types of salt additives in KOH electrolytes were tested, and some oxyacid salts were
reported to create more surface groups that promoted proton transfer. In the current study, the addition
of Cs2CO3 provides C–O and C=O bonds as new active sites for proton transfer. However, protons
bond to the two active sites differently; protons are covalently bound to C–O, but electrostatically
bound to C=O [52,66]. With the stronger attraction to C–O, more protons can be bound and later
transferred (driven by voltage). Therefore, the largest number of C–O bonds, which occur at a small
addition of Cs2CO3 (6.44 M KOH + 0.33 M Cs2CO3), were demonstrated to be the most effective in
improving the electrochemical performances among all of the electrolytes tested in the current study.

The addition of Cs2CO3 also changes the bulk structure of the alloy particles. The TEM images
show a layer of solid covering the MH alloy particle (Figure 3), which ranges from 20 nm to 500 nm.
This surface layer decreases the contact area among alloy particles (as shown by the decrease in C1) and
increases the barrier for proton transfer among the particles (as shown by the increase in R1). The ICP
results show that a small amount of Cs2CO3 results in this decrease, but further increases in Cs2CO3

concentration increase the loss of Mg after cycling. For the pure KOH electrolyte, the alloy particles are
covered by Mg(OH)2. However, a small addition of Cs2CO3 reduces the particle size of Mg(OH)2 on
the surface, as indicated by the increase in full width at half maximum of the Mg(OH)2 peaks (Figure 5).
Smaller Mg(OH)2 crystals are more strongly adsorbed on the surface of the MH alloy, which is not
easily removed from the electrolyte, and also protects the bulk alloy from further oxidation. As the
Cs2CO3 concentration further increases in the electrolyte, more MgCO3 starts to form on the alloy
surface. Since the solubility of MgCO3 in KOH solution is greater than that of Mg(OH)2, the loss of
Mg occurs at a higher rate at higher Cs2CO3 concentrations. Therefore, high Cs2CO3 concentrations
are not suggested for Mg–Ni alloys. On the other hand, if properly balanced with the loss of Mg,

264

Bo
ok
s

M
DP
I



Batteries 2017, 3, 41

an appropriate amount of carbonate formation by adding Cs2CO3 can promote the dissolution of
surface oxidation products and consequently reveal a clean metal surface exposed to the electrolyte,
which can lead to a decrease in electrode resistance (as shown by the decrease in R2 as the Cs2CO3

concentration increases).

4. Conclusions

The effects of Cs2CO3 addition in a KOH-based electrolyte for Ni/MH batteries were investigated.
Four different MH alloys (three Laves phase-related BCC and one MgNi-based) were used as the anode
materials, and β-Ni(OH)2 was used as the cathode material. A proper amount of Cs2CO3 addition
greatly improved electrochemical performances. For the Laves phase-related BCC alloys, adding
Cs2CO3 into the electrolyte improved the cycle stability (for all three alloys tested) and the discharge
capacity (for Al-containing alloys). For the MgNi-based alloy, the discharge capacity increased to 132%,
while degradation decreased to 87% in the 6.44 M KOH + 0.33 M Cs2CO3 electrolyte (compared with
those in the 6.77 M KOH electrolyte). The effects of Cs2CO3 addition on the electrolyte and alloy
properties are summarized as follows:

(1) A small addition of Cs2CO3 decreases the electrolyte resistance and increases the conductivity.
(2) A newly-formed fluffy C-containing surface oxide by the addition of Cs2CO3 is believed to be

the main cause of the decrease in capacity decay during cycling.
(3) The addition of Cs2CO3 in the electrolyte changes the alloy surface structure after cycling by

creating more surface groups in addition to metal–O bonds, including C–O and C=O bonds,
and the C–O bond is more effective than the C=O bond during proton transfer.

(4) For MgNi-based alloys, the addition of Cs2CO3 changes the alloy bulk structure after cycling.
A small addition of Cs2CO3 strengthens the Mg(OH)2 layer on the alloy surface and prevents
loss of Mg. However, a large addition of Cs2CO3 causes the formation of MgCO3 with higher
solubility in the KOH solution, and consequently a more severe loss of Mg.
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Abbreviations

Ni/MH Nickel/metal hydride
M Metal
MH Metal hydride alloy
MH Hydrided metal
HRD High-rate dischargeability
BCC Body-centered-cubic
Caphigh The highest value of discharge capacity in the initial 10 cycles
Caplow The lowest value of discharge capacity in the initial 10 cycles
nhigh The cycle number of the highest discharge capacity in the initial 10 cycles
nlow The cycle number of the lowest discharge capacity in the initial 10 cycles
n0,high The cycle number of the highest discharge capacity in the initial 10 cycles for 6.77 M KOH electrolyte
n0,low The cycle number of the lowest discharge capacity in the initial 10 cycles for 6.77 M KOH electrolyte
FTIR Fourier transform infrared
XRD X-ray diffraction
TEM Transmission electron microscopy

265

Bo
ok
s

M
DP
I



Batteries 2017, 3, 41

ICP-OES Inductively coupled plasma-optical emission spectroscopy
AC Alternating current
R0 Resistance of ions traveling through the electrolyte and separator
R1 Resistance among alloy particles
R2 Whole electrode resistance
C1 Particle capacitance
C2 Electrode capacitance
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Abstract: The voltage of an alkaline electrolyte-based battery is often limited by the narrow
electrochemical stability window of water (1.23 V). As an alternative to water, ionic liquid
(IL)-based electrolyte has been shown to exhibit excellent proton conducting properties and a wide
electrochemical stability window, and can be used in proton conducting batteries. In this study,
we used IL/acid mixtures to replace the 30 wt % KOH aqueous electrolyte in nickel/metal
hydride (Ni/MH) batteries, and verified the proton conducting character of these mixtures through
electrochemical charge/discharge experiments. Dilution of ILs with acetic acid was found to
effectively increase proton conductivity. By using 2 M acetic acid in 1-ethyl-3-methylimidazolium
acetate, stable charge/discharge characteristics were obtained, including low charge/discharge
overpotentials, a discharge voltage plateau at ~1.2 V, a specific capacity of 161.9 mAh·g−1, and a stable
cycling performance for an AB5 metal hydride anode with a (Ni,Co,Zn)(OH)2 cathode.

Keywords: ionic liquid (IL); non-aqueous electrolyte; nickel/metal hydride (Ni/MH) batteries

1. Introduction

Aqueous-based electrolyte batteries possess apparent advantages over carbonate-based electrolyte
Li-ion batteries in terms of safety and cost, despite their relatively lower energy densities. The open
circuit voltage of an aqueous electrolyte-based battery is intrinsically limited by the narrow electrochemical
stability window of water (1.23 V), which restricts the selection to electrodes with higher standard potentials
(more positive or negative) and presents an obstacle in the improvement of energy density. As an alternative
to water and flammable non-aqueous electrolytes (e.g., carbonate, acetonitrile), ionic liquids (ILs) exhibit
unique and tunable physicochemical properties, including a wide electrochemical stability window,
good ionic conductivity, a wide liquidus range, negligible vapor pressure, good thermal and chemical
stability, inflammability, and non-toxicity, all of which have made ILs ideal candidates for many
electrochemical applications, such as batteries [1–6], fuel cells [7–12], supercapacitors [13–16] and
dye-sensitized solar cells [17–20].

The excellent proton conductivity of ILs has been demonstrated in both fuel cells and
proton-conducting batteries. It was reported that diethylmethylammonium trifluoromethanesulfonate
([DEMA][TfO]) exhibits an ionic conductivity of 10 mS·cm−1, and fuel cells using it as the electrolyte
show an open circuit voltage of 1.03 V [9,10]. Our recent study on proton-conducting batteries showed
a discharge capacity of 3635 mAh·g−1 for a hydrogenated amorphous silicon thin film anode using
1-ethyl-3-methylimidazolium acetate/acetic acid as the electrolyte [21]. For the non-aqueous electrolyte
in proton-conducting batteries, a hydrogen-bond network consisting of proton donors and acceptors is
required. Long range proton transport occurs in systems with weakly bonded hydrogen networks,
where there is rapid hydrogen bond dissociation and formation [22]. Protons move through both
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vehicle and Grotthuss mechanisms [23]. In the latter case, protons hop through the hydrogen-bond
network, as illustrated in [21] (Figure 1). It has been demonstrated that the Grotthuss mechanism
(structural diffusion) plays an important role in proton transfer, and that the diffusion coefficient
of protons subject to the Grotthuss (proton hopping) mechanism is greater than those subject to
the vehicle mechanism in the case of imidazole and bis(trifluoromethanesulfonyl)imide acid (HTFSI)
mixtures [23]. It has also been reported that proton hopping persists over a wide temperature range
(up to 120 ◦C) and results in high proton conductivity and high proton transference numbers in
imidazolium bis(trifluoromethylsulfonyl)imide ([Im][TFSI]) with excess imidazole [24]. Depending on
the availability of exchangeable protons in the chemical structure, ILs can be categorized into protic
ionic liquids (PILs) and aprotic ionic liquids (AILs). PILs are prepared through the neutralization
reaction of Brønsted acids and Brønsted bases and have intrinsic exchangeable/active protons.
In contrast, all other ILs are categorized as AILs, which do not have exchangeable/active protons.
The aforementioned [DEMA][TfO] is a PIL with good proton conductivity. While AILs have generally
poor ionic conductivity and are not proton-conductive, acids can be introduced to increase proton
conductivity by functioning as proton donors. Therefore, by mixing non-aqueous acids with ILs,
a proton-conductive electrolyte with a much larger electrochemical stability window (compared to
aqueous electrolyte) can be obtained. Therefore, the energy density of the proton-conducting batteries
can be dramatically improved through the utilization of high-potential electrode materials, which are
unable to work in aqueous systems.

Figure 1. Structures of the cations and anions in the ionic liquids (ILs) used for this
study. Cations: (a) 1-ethyl-3-methylimidazolium ([EMIM]+); (b) 1-butyl-3-methylimidazolium
([BMIM]+); (c) diethylmethylammonium ([DEMA]+); and (d) 1-ethylimidazolium ([EIM]+). Anions: (e)
trifluoromethanesulfonate ([TfO]−); (f) bis(trifluoromethylsulfonyl)imide ([TFSI]−); and (g)
acetate ([Ac]−).

IL-based non-aqueous electrolytes combine a wide electrochemical stability window (typically at
least 2–3 times larger than the water-based counterpart) and a high proton conductivity, which are
promised to replace water-based electrolytes in proton conducting batteries and further improve
the energy density. The nickel/metal hydride (Ni/MH) battery is one of the most commonly used
secondary batteries with a high energy density and the utilization of IL-based non-aqueous electrolytes
in Ni/MH batteries has not been demonstrated before. In the present work, we developed mixtures of
acids and ILs to replace the conventional 30 wt % KOH aqueous electrolyte in Ni/MH batteries and
studied their room temperature electrochemical performances. Unlike the alkaline electrolyte in which
the hydrogen transport is in the form of the hydroxide ion OH−, in IL-based electrolyte, the transport
of protons is mainly through the Grotthuss mechanism—proton hopping through the hydrogen-bond
network that consists of proton donors and acceptors. The cation and anion structures of the ILs in
this study are shown in Figure 1 and the physicochemical properties of the eight developed ILs are
listed in Table 1. By adding non-aqueous acid such as acetic acid into IL, the ionic conductivity can
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be increased to ~10−2 S·cm−1, which is comparable to that of the carbonate-based electrolyte used
in Li-ion batteries and meets the demand for battery electrolyte. The verification of the functionality
for the IL-based electrolyte in a Ni/MH battery could enable the use of electrode materials with high
voltage and/or capacity which leads to an energy density boost for proton conducting batteries.

Table 1. Physicochemical properties of ILs used in this study. [EMIM][TfO]: 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate; [BMIM][TfO]: 1-butyl-3-methylimidazolium trifluoromethanesulfonate;
[EMIM][TFSI]: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [BMIM][TFSI]: 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [EMIM][Ac]: 1-ethyl-3-methylimidazolium
acetate; [BMIM][Ac]: 1-butyl-3-methylimidazolium acetate; [EIM][TFSI]: 1-ethylimidazolium
bis(trifluoromethylsulfonyl)imide; and [DEMA][TfO]: Diethyl$methylammonium trifluoromethanesulfonate.

IL’s Abbreviation Tmelt (◦C) Viscosity (cP)
Electrochemical

Window (V)
Conductivity at

25 ◦C (mS·cm−1)
References

[EMIM][TfO] −9 45 4.1 8.6–11 [25]
[BMIM][TfO] 16 90 - 3.7 [25]
[EMIM][TFSI] −21~−3 28–34 4.0–4.5 5.7–8.8 [25]
[BMIM][TFSI] −4 52 4.6 3.9 [25]
[EMIM][Ac] <−20 93 3.2 2.5 [26]
[BMIM][Ac] <−20 554 3.1 1.1 [26]
[EIM][TFSI] - 54 - 4 [8]

[DEMA][TfO] −6 19.4 - 55 * [23,27]

* Conductivity measured at 150 ◦C.

2. Experimental Setup

The electrochemical performance of the non-aqueous IL-based electrolytes was studied by
replacing the 30 wt % KOH aqueous solution electrolyte in Ni/MH batteries with the new electrolyte.
The non-aqueous IL-based electrolytes are mixtures of ILs and anhydrous acids. The ILs used
in this work include 1-ethyl-3-methylimidazolium trifluoromethanesulfonate ([EMIM][TfO], 99%,
Ionic Liquids Technologies (IoLiTec) Inc., Tuscaloosa, AL, USA), 1-butyl-3-methylimidazolium
trifluoromethanesulfonate ([BMIM][TfO], ≥95%, Sigma-Aldrich, St. Louis, MO, USA), 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI], >97%, IoLiTec GmbH), 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TFSI], ≥98%, Aldrich), 1-ethyl-3-
methylimidazolium acetate ([EMIM][Ac], >95%, IoLiTec GmbH), 1-butyl-3-methylimidazolium acetate
([BMIM][Ac], ≥95%, Aldrich), 1-ethylimidazolium bis(trifluoromethylsulfonyl)imide ([EIM][TFSI],
>97%, IoLiTec GmbH), and [DEMA][TfO] (>98%, IoLiTec GmbH). Prior to use, all ILs were baked at
115 ◦C in a vacuum oven for 48 h to remove residual water. The water content of the IL was then
determined to be <1000 ppm using a Metrohm 831 KF coulometer (Metrohm, Riverview, FL, USA).
Two types of anhydrous acids, glacial acetic acid (CH3COOH, 100%, anhydrous for analysis, EMD
Millipore, Billerica, MA, USA) and phosphoric acid (H3PO4, ≥99.999%, crystalline, Sigma-Aldrich),
were used to create the IL/acid mixtures. The ionic conductivity of the solutions was measured with
a conductivity meter (YSI Model 3200, YSI Incorporated, Yellow Spring, OH, USA) at room temperature
(25 ◦C).

The typical negative electrode (anode) for Ni/MH batteries uses an AB5 type metal hydride
alloy with a composition of La10.5Ce4.3Pr0.5Nd1.4Ni60.0Co12.7Mn5.9Al4.7 (AB5), which was supplied
by Eutectix (Troy, MI, USA). In addition to AB5, two other metal hydride alloys, AR3 and BCC-B08,
were also tested. AR3 is an MgNi-based AB type MH alloy with a composition of Mg52Ni39Co3Mn6.
The AR3 powder was prepared by melt spinning and mechanical alloying processes using a homebuilt
melt spin system and an SC-10 attritor (Union Process, Akron, OH, USA), respectively. BCC-B08 has
a bcc crystal structure and a composition of Ti40V30Cr15Mn13Mo2 and was prepared by arc melting.
The electrochemical properties of AR3 and BCC-B08 have been previously reported [28,29]. The alloy
powders were pressed onto a 1.25 cm (diameter) circular Ni mesh current collectors without any binder
or additive. Typically, the active material weight of the negative electrode is 50 ± 10 mg. The positive
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electrode was sintered Ni(OH)2 on a Ni mesh, which was fabricated in-house and is used as a standard
positive electrode for our Ni/MH battery research. The positive electrodes were cut into 1.25 cm
(diameter) circular disks and both electrodes were baked at 115 ◦C in a vacuum oven for 12 h before
cell assembly. With the aforementioned metal hydride anode, a sintered Ni(OH)2 cathode, a standard
non-woven separator (0.2 mm thick), and two 1.25 cm (diameter) nickel rod current collectors, a 1/2”
(diameter) Swagelok-type cell (Swagelok, Solon, OH, USA) was assembled in an Ar-filled glove box.
Finally, 1 mL of IL electrolyte was injected into the cell before the cell was sealed for testing.

The electrochemical charge/discharge tests were carried out on an Arbin BT-2143 battery test
station (Arbin Instruments, College Station, TX, USA) with a constant charge/discharge current.
Cyclic voltammetry (CV) measurements were conducted using a Gamry’s Interface 1000 (Gamry
Instruments, Warminster, PA, USA) potentiostat/galvanostat in a three-electrode Swagelok cell.
The working electrode was an AB5 metal hydride alloy electrode and the counter electrode
was a sintered Ni(OH)2 disk. A positive-to-negative capacity ratio of >10 was used to minimize
the influence from the positive side. A leak-free microminiature reference electrode (1 mm diameter,
Warner Instruments, Hamden, CT, USA) was inserted through the top port of the Swagelok cell as
a reference, which has a standard potential of 0.242 V versus a standard hydrogen electrode in a 3.4 M
KCl aqueous solution.

3. Results and Discussion

3.1. Ionic Conductivity of Ionic Liquid/Acetic Acid Electrolytes

Pure ILs exhibit much lower ionic conductivities (σ) than conventional aqueous electrolytes.
The [EMIM]+ cation-based ILs show high conductivity among various types of ILs, typically at
~10 Ms·cm−1 [25], which is comparable to the carbonate-based electrolytes used in Li-ion batteries.
This is nearly two orders of magnitude lower than observed with the 30 wt % KOH aqueous solutions
used in Ni/MH batteries.

The relationship between the conductivity and viscosity for dilute aqueous solutions follows
the Walden rule:

Λ η = C (constant) (1)

where Λ, η, and C are the molar conductivity, viscosity, and temperature dependent constant, respectively.
The Walden rule has been widely used in IL studies to explain the conductivity–viscosity relationship and
to estimate the extent of ion association [30–33]. Furthermore, combining the Nernst–Einstein equation
for Λ and the Stokes–Einstein equation for the diffusion of spherical particles with an effective radius
r, σ can be expressed as [25]:

σ =
z2e2N
6Vπrη

(2)

where z, e, V, and N denote the valence of the charge carrier, elementary charge, volume, and the number of
charge carriers in volume V, respectively. It is well known that ILs show higher viscosity, typically 2–3 orders
of magnitude higher than common molecular solvents, due to them containing large cations and/or anions.
The viscosities of ILs can increase further with increasing length of the alkyl side chain, due to the longer
alkyl side chain increasing the van der Waals interactions [34–36]. According to Equations (1) and (2),
high viscosity results in low conductivity, which explains how the [EMIM]+-based ILs with lower viscosities
(as a result of shorter alkyl side chains) have higher conductivity than their [BMIM]+ counterparts,
as shown in Table 1. It has also been demonstrated by nuclear magnetic resonance (NMR) and molecular
dynamics studies that the high viscosity of ILs is due to significant ionic association or aggregation [37–39].
Diluting ILs with solvents can separate the cations and anions in solution and reduce their aggregation,
which effectively decreases the viscosity and increases the conductivity. Mixed with molecular solvents,
such as acetonitrile and butanone, imidazolium-based ILs show more than an order of magnitude
increase in conductivity [40]. In this study, we used anhydrous acetic acid to dilute the ILs to increase
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their conductivities. In addition, acetic acid can also function as a proton donor, which facilitates
the proton transport across the electrolyte.

Figure 2 shows the conductivities of the IL/acetic acid mixtures as a function of acetic acid
concentration. For all seven IL mixture bases, the conductivity increases with increasing acetic acid
concentration in the range of 0–6 M, which is consistent with the discussion above and with previous
reports regarding diluted ILs in other solvents [25,40]. The introduction of acetic acid reduces the ion
association in ILs and lowers the viscosity. In correlation with the lowered viscosity, the conductivity
of the binary system increases. [DEMA][TfO] was the only PIL in this group that showed high
conductivity (14.3 mS·cm−1) with 6 M acetic acid (9.0 mS·cm−1 for pure [DEMA][TfO]). The other
six AILs consist of two cations, [EMIM]+ and [BMIM]+, and three anions, [TfO]−, [TFSI]− and [Ac]−.
All three [EMIM]+-based ILs exhibited approximately two times higher conductivities than their
[BMIM]+ counterparts in the acetic acid concentration range of 0–6 M. [TfO]− and [TFSI]−-based ILs
showed higher conductivities than their [Ac]− counterparts.
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Figure 2. Ionic conductivity as a function of acetic acid concentration in ILs at room temperature.

3.2. Half-Cell Electrochemical Tests

In contrast to the electrochemical reactions occurring at the metal hydride anode in aqueous
electrolyte [41], where:

M + H2O + e− ↔ MHads + OH− (3)

MHads ↔ MHabs (4)

in non-aqueous proton conducting IL electrolytes, the following reactions occur:

M + xH + + xe− ↔ MHads (5)

MHads ↔ MHabs (6)

where M is the hydrogen storage metal alloy; MH is metal hydride; the subscripts “ads” and “abs”
denote “adsorbed” and “absorbed”, respectively; forward and backward arrows represent the charge
and discharge processes, respectively. The charge process can be simplified as a two-step process
consisting of charge-transfer and hydrogen diffusion. First, protons diffuse in the non-aqueous
electrolyte through either the vehicle or Grotthuss mechanisms towards the MH anode. They are
then reduced and adsorbed at the anode–electrolyte interface. The adsorbed hydrogen atoms are
further absorbed and diffused into the bulk of the MH. During discharge, protons diffuse toward
the anode–electrolyte interface, where they are oxidized and desorbed.

We screened the electrolytes using 1 M acetic acid with eight different ILs in Ni/MH half-cells with
an AB5 alloy (AB5) anode and an oversized Ni(OH)2 cathode. The electrochemical charge/discharge
tests were performed with a constant charge/discharge current of 2 mA·g−1. The anode was charged to
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20 mAh·g−1, and the discharge terminated at a cut-off voltage of 0.2 V. Several cycles were required to
activate the electrodes and stabilize the charge/discharge processes. Figure 3 shows the charge/discharge
curves for eight electrolytes at the 20th cycle. Compared to 30 wt % KOH aqueous electrolytes,
the conductivities of the IL/acetic acid electrolytes are more than two orders of magnitude lower. It can
be observed in Figure 3 that the charge/discharge overpotentials for the IL/acetic acid electrolytes are
substantial, which can be attributed to ohmic loss resulting from the high resistance of the non-aqueous
electrolytes. Among the eight electrolytes, the acetate-based electrolytes [EMIM][Ac] and [BMIM][Ac]
show the smallest charge/discharge overpotentials, with a charge voltage plateau at 1.5–1.7 V and
a discharge voltage plateau at 1.4–1.1 V. [EMIM][Ac] has a much flatter discharge voltage plateau than
[BMIM][Ac], with a voltage of 1.2 V at the middle point of the plateau. The other electrolytes, including
the [TfO]−- and [TFSI]−-based ILs that exhibit high conductivities, showed worse charge/discharge
characteristics, in general, than the [Ac]−-based ILs. Although the conductivities of the [Ac]−-based
ILs are inferior, the shared [Ac]− anion with acetic acid may facilitate Grotthuss diffusion of protons in
the electrolyte and charge-transfer at the electrode/electrolyte interface, which results in improved
performance compared to other electrolytes.
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Figure 3. Electrochemical charge/discharge characteristics of nickel/metal hydride (Ni/MH) half-cells
with different acetic acid/IL electrolytes at the 20th cycle. The acetic acid concentration was fixed at
1 M. Anode: AB5 MH alloy.

Based on the electrolyte screening results depicted above, a 2 M acetic acid in [EMIM][Ac] was
used to conduct the cycle life testing at a higher rate. The cell was charged to a capacity of 40 mAh·g−1

at a current density of 4 mA·g−1 and discharged at the same current density until a cut-off voltage of
0.7 V was reached. The evolutions of specific capacity and charge/discharge curves at the 1st, 10th,
20th, 30th, and 100th cycles are shown in Figure 4a,b, respectively.
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Figure 4. (a) Specific capacities as a function of cycle number and (b) charge/discharge characteristics
at different cycles for a Ni/MH half-cell using 2 M acetic acid/[EMIM][Ac]. Anode: AB5 MH alloy.
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The initial specific capacity was very low, and several cycles were necessary to activate the cell.
It is well known that in KOH electrolyte, many types of MH anodes need activation process until
their capacities reach maximum and charge/discharge overpotentials minimize. Initially, the surface
of MH alloys is covered with highly resistant oxides which hinder the transport of protons.
During the activation process, the MH alloy surfaces experience etching followed by re-oxidation
in KOH which results in a new hydroxide/oxide surface layer (solid electrolyte interphase (SEI)
for Ni/MH) embedded with metallic nickel-based nanoclusters. Such a Ni-embedded SEI layer is
crucial because it not only catalyzes the electrochemical reactions but also protects the bulk alloy from
corrosion. For the IL-based electrolytes, the initial cycles show similar charge/discharge characteristics
with increasing specific capacities and decreasing charge/discharge overpotentials. Thus, it is
speculated that a surface modification process occurs and further investigation is needed to identify the
detailed composition, structure and formation mechanisms of the new SEI. After activation, the capacity
increased gradually until a maximum of 28.6 mAh·g−1 was attained at the 25th cycle, after which
the capacity slightly degraded to reach 23.9 mAh·g−1 at the 100th cycle. The charge/discharge
curves show that there is a very high overpotential for the first charge process, and the discharge
capacity is close to zero. At the 10th cycle, the charge/discharge overpotentials were dramatically
decreased, with charge and discharge plateaus at 1.8 V and 1.1 V, respectively. This data demonstrates
the lowest charge/discharge overpotentials and highest discharge capacities at the 20th and 30th
cycle, with charge and discharge plateaus at 1.6 V and 1.2 V, respectively. At the 100th cycle,
the charge/discharge overpotentials increased slightly, and the discharge capacity decreased as
a consequence of cell degradation—typically as a result of MH anode pulverization/disintegration
or corrosion.

Deep charge/discharge tests were carried out with AB5, in addition to AR3 and BCC-B08 alloys,
using the optimized electrolyte and the results are shown in Figure 5. The cells were charged to
400 mAh·g−1 at a constant current of 4 mA·g−1 and discharged at the same current until a cut-off
voltage of 0.2 V was attained.
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Figure 5. Deep charge/discharge characteristics of Ni/MH half-cells using three different metal
hydride anodes: AB5, AR3, and BCC-B08. Electrolyte: 2 M acetic acid/[EMIM][Ac].

Among the three metal hydride alloys, AB5 exhibited the best performance, showing the highest
capacity at 161.9 mAh·g−1 and stable charge and discharge plateaus at 1.6 V and 1.2 V, respectively.
In comparison, AR3 and BCC-B08 showed much smaller capacities (~50 mAh·g−1), larger charge/discharge
overpotentials (except for the charge curve for AR3), and more slanted discharge curves, which may
result from poor material stability in the acidic environment or a lack of stable SEI at the alloy surface.
Lower specific capacities and higher charge/discharge potentials were obtained for all three MH
alloys in the non-aqueous 2 M acetic acid/[EMIM][Ac] than those in the 30 wt % KOH aqueous
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electrolyte. For instance, AB5 exhibited a specific capacity of ~320 mAh·g−1 and charge/discharge
voltage plateaus (mid-point) at ~1.45 V/1.25 V in 30 wt % KOH. The increase in charge/discharge
overpotentials and deficit in specific capacity may result from the following causes. First, the ionic
conductivity of 2 M acetic acid/[EMIM][Ac] is around two orders of magnitude lower than that in
30 wt % KOH, which leads to large charge/discharge overpotentials. Second, a stable SEI may not exist
which catalyzes the electrochemical reactions and prevents the corrosion of MH alloys. Without a stable
SEI layer, both slower surface reaction kinetics and more severe corrosions are expected, which lead
to increased overpotentials and decreased capacities. Third, there is still a small amount of water
left in the electrolyte even though the ILs experienced long-time heating/drying in a vacuum oven.
With >1.5 V charge voltages, water splitting is expected to occur which leads to the low coulombic
efficiency. Also, the sintered Ni(OH)2 might not be stable enough in the weakly acidic environment.
It could slowly react with acetic acid and produce water. The search for more stable cathodes used in
the non-aqueous system is ongoing.

To improve the proton conducting properties of the IL-based electrolyte, anhydrous phosphoric
acid was dissolved into ILs to act as the electrolyte. Phosphoric acid is a solid crystal at room
temperature, and its melting temperature is 42 ◦C. Above its melting point, pure phosphoric acid is
a highly viscous liquid with high conductivity (77 mS·cm−1 at 42 ◦C), which is due to the diffusion
of protons [42]. There are more proton donor sites than acceptor sites in phosphoric acid and
this amphoteric property makes it an ideal proton conductor [22]. Due to the fact that it occurs
as a solid state at room temperature, phosphoric acid exhibits lower solubility in ILs than acetic
acid. Three electrolytes, [EMIM][Ac], [EMIM][TfO], and [DEMA][TfO], in 1 M phosphoric acid were
prepared and tested in Ni/MH cells with an AB5 alloy electrode. All three electrolytes were highly
viscous. The cells were charged to 40 mAh·g−1 at a current of 4 mA/g and discharged at the same
current until a cut-off voltage of 0.2 V. As shown in Figure 6, all three 1 M phosphoric acid/IL
electrolytes AB5 anodes exhibit low specific capacities and large charge/discharge overpotentials.
The mid-point charge/discharge voltages are >1.8 V/<1 V, compared to 1.6 V/1.2 V for 2 M acetic
acid/[EMIM][Ac]. The highest specific capacity obtained is from 1 M phosphoric acid/[EMIM][TfO],
~21 mAh·g−1, compared to 28 mAh·g−1 for 2 M acetic acid/[EMIM][Ac]. The phosphoric acid/IL
electrolytes exhibit higher viscosities and lower ionic conductivities than those in the acetic acid/IL
electrolytes. In addition, both the MH anode and Ni(OH)2 cathode are not stable in the phosphoric
acid/IL electrolytes and the battery cells exhibit short cycle life (<30 cycles). All these caused the poor
performances for phosphoric acid/IL electrolytes.
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Figure 6. Electrochemical charge/discharge characteristics of Ni/MH half-cells using 1 M phosphoric
acid with [EMIM][TFSI], [EMIM][TfO], and [DEMA][TfO]. Anode: AB5 MH alloy.
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3.3. Cyclic Voltammetry

CV measurements were performed on a three-electrode Swagelok cell with 2 M acetic
acid/[EMIM][Ac] electrolyte and the candidate that showed the best electrochemical performance in
this study. The working electrode is an AB5 alloy electrode that is activated with 10 charge/discharge
cycles. The counter electrode was sintered Ni(OH)2, and a leak-free microminiature reference electrode
(Ag/AgCl, 0.242 V versus the standard hydrogen electrode) was inserted through the top port
of the Swagelok cell to act as a reference. A three-electrode cell with the 30 wt % KOH aqueous
electrolyte and an Hg/HgO reference electrode was used for comparison. The cyclic voltammograms
for 2 M acetic acid/[EMIM][Ac] and 30 wt % KOH are shown in Figure 7a,b, respectively. With 2 M
acetic acid/[EMIM][Ac], the anodic and cathodic peaks are clearly presented. The anodic peak
originates from the oxidation and desorption of absorbed hydrogen atoms at the anode–electrolyte
interface, while the cathodic peak results from the reduction and adsorption of protons at the interface.
The anodic peak is situated near −0.4 V versus the reference electrode with a scan rate of 50 mV·s−1.
As the scan rate increases, the anodic peak current increases and the peak potential shifts slightly in
the positive direction. A full cathodic peak was observed with a center near −1.0 V versus the reference
electrode. There is about a 0.6 V voltage gap between the hydrogen cathodic peak and the edge of
the reduction of the electrolyte. Theoretically, such a voltage gap is enough to guarantee a high
coulombic efficiency. However, in the cycle test, as shown in Figure 4, the coulombic efficiency is
less than 70%, which is attributed to the splitting of residual water in the electrolyte during charge,
as discussed in Section 3.2. Approaches to remove water completely from ILs and more stable cathodes
compatible with the weakly acidic environment are under current investigation. With the 30 wt %
KOH aqueous electrolyte, the CV curves exhibit wrinkle-like features starting at approximately −0.9 V
versus Hg/HgO, and no obvious cathodic peaks are observed. In fact, the cathodic peak is so close
to the hydrogen evolution threshold that it overlaps with the hydrogen evolution edge and cannot
be differentiated, which is consistent with previous reports [41,43–45]. The acetic acid/[EMIM][Ac]
electrolyte prevails over the 30 wt % KOH electrolyte in terms of the electrochemical stability window,
which means that the use of redox couples with higher potentials is a possibility. A non-aqueous
environment also enables the study of electrode materials that are not stable in aqueous solutions,
with the goal of improving capacities. As a consequence, a marked increase in the energy density is
expected for proton conducting batteries.

(a) (b)

Figure 7. Cyclic voltammograms of Ni/MH half-cells using (a) 2 M acetic acid in [EMIM][Ac] as
an electrolyte and (b) the 30 wt % KOH aqueous electrolyte.
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4. Conclusions

IL/acid mixtures were applied in Ni/MH batteries to replace the 30 wt % KOH aqueous electrolyte,
and their proton conducting character was verified through electrochemical charge/discharge tests.
Pure ILs are viscous and, when diluted with acetic acid, this viscosity decreases and conductivity
increases. [DEMA][TfO] with 6 M acetic acid showed a conductivity of 14.3 mS·cm−1, compared to
9.0 mS·cm−1 for pure [DEMA][TfO]. In addition, the introduction of acetic acid introduces proton
donors, which are crucial for the diffusion of protons. Screening eight different ILs, a mixture
of acetic acid/[EMIM][Ac] exhibited the best electrochemical performance with a long cycle life,
low charge/discharge overpotentials, and a stable discharge voltage plateau at ~1.2 V. A specific
capacity of 161.9 mAh·g−1 was obtained with an AB5 anode in a 2 M acetic acid/[EMIM][Ac]
electrolyte, which exhibited a voltage difference of approximately 0.6 V between the cathodic peak
and the electrolyte reduction edge, based on CV measurements. An extended electrochemical stability
window enables the use of redox couples with higher potentials than those currently in use with
aqueous electrolyte, which is expected to boost the energy density of proton conducting batteries.
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Abbreviations

IL Ionic liquid
[DEMA][TfO] Diethylmethylammonium trifluoromethanesulfonate
[Im][TFSI] Imidazolium bis(trifluoromethylsulfonyl)imide
PIL Protic ionic liquid
AIL Aprotic ionic liquid
Ni/MH Nickel/metal hydride
[EMIM][TfO] 1-ethyl-3-methylimidazolium trifluoromethanesulfonate
[BMIM][TfO] 1-butyl-3-methylimidazolium trifluoromethanesulfonate
[EMIM][TFSI] 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[BMIM][TFSI] 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[EMIM][Ac] 1-ethyl-3-methylimidazolium acetate
[BMIM][Ac] 1-butyl-3-methylimidazolium acetate
[EIM][TFSI] 1-ethylimidazolium bis(trifluoromethylsulfonyl)imide
CV Cyclic voltammetry
σ Conductivity
Λ Molar conductivity
η Viscosity
C Temperature dependent constant
r Effective radius of spherical particles
z Valence of the charge carrier
e Elementary charge
V Number of charge carriers
N Volume
NMR Nuclear magnetic resonance
M Hydrogen storage metal alloy
MH Metal hydride
ads Adsorbed
abs Absorbed
SEI Solid electrolyte interface
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Abstract: The performance of cylindrical cells made from negative electrode active materials of two
selected AB2 metal hydride chemistries with different dominating Laves phases (C14 vs. C15) were
compared. Cells made from Alloy C15 showed a higher high-rate performance and peak power with
a corresponding sacrifice in capacity, low-temperature performance, charge retention, and cycle life
when compared with the C14 counterpart (Alloy C14). Annealing of the Alloy C15 eliminated the ZrNi
secondary phase and further improved the high-rate and peak power performance. This treatment
on Alloy C15 showed the best low-temperature performance, but also contributed to a less-desirable
high-temperature voltage stand and an inferior cycle stability. While the main failure mode for
Alloy C14 in the sealed cell is the formation of a thick oxide layer that prevents gas recombination
during overcharge and consequent venting of the cell, the failure mode for Alloy C15 is dominated by
continuous pulverization related to the volumetric changes during hydride formation and hysteresis
in the pressure-composition-temperature isotherm. The leached-out Mn from Alloy C15 formed
a high density of oxide deposits in the separator, leading to a deterioration in charge retention
performance. Large amounts of Zr were found in the positive electrode of the cycled cell containing
Alloy C15, but did not appear to harm cell performance. Suggestions for further composition and
process optimization for Alloy C15 are also provided.

Keywords: metal hydride; nickel metal hydride batteries; Laves phase alloy; electrochemistry;
synergetic effects

1. Introduction

Nickel/metal hydride (Ni/MH) battery technology is important for future transportation [1]
and stationary energy storage applications [2]. Using Laves phase-based AB2 metal hydrides (MHs)
as the active material in the negative electrode can increase the gravimetric energy of a Ni/MH
battery [3]. Two different Laves phases MH alloys are available for the electrochemical applications,
specifically a C14 with a hexagonal crystal structure and a C15 with a face-centered-cubic crystal
structure. Both structures have the same number of tetrahedral hydrogen occupation sites per AB2

formula, which are indicted by yellow (A2B2), blue (AB3), and pink (B4) tetrahedrons in Figure 1.
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Comparisons in crystal structure, hydrogen-storage (H-storage) characteristics in the gaseous phase
(GP), and electrochemical (EC) properties of these two state-of-art representatives were reported in
a separate paper [4]. It was suggested that the C14-predominated MH alloy was more suitable for
high-capacity and long-life applications, while the C15-predominated MH alloy can be used in areas
requiring improved high-rate (HR) and low-temperature (LT) performances [5]. In order to verify the
prediction from the previous half-cell study, complete sealed cells (C-size) were made from a C14- and
a C15-predominated MH alloys and their electrochemical performances were evaluated and compared
in this study.

(a) (b)

Figure 1. Schematics of (a) a C14 and (b) a C15 crystal structures. Yellow, blue, and pink tetrahedrons
are the A2B2, AB3, and B4 hydrogen occupation sites, respectively.

Two compositions, Zr21.5Ti12.0V10.0Cr7.5Mn8.1Co8.0Ni32.2Sn0.3Al0.4 (Alloy C14) and
Zr25.0Ti6.5V3.9Mn22.2Fe3.8Ni38.0La0.3 (Alloy C15), were selected for this comparative study. Since the
annealing effects on the C14 MH alloys were well studied and previously reported, only part of the
ingot from the Alloy C15 was annealed at 960 ◦C for 3 h (Alloy C15A). The structures, and GP and
EC H-storage characteristics of these three alloys (C14, C15, and C15A) have been studied before [4]
and the results are summarized in Table 1. The Alloy C14 has a C14 major phase and two secondary
phases (C15 and TiNi), while Alloy C15 is predominately C15 with a ZrNi secondary phase, which
was eliminated upon annealing and formation of Alloy C15A, and is very close to a single-phase
alloy according to X-ray diffractometer (XRD) studies. The GP full capacities of Alloy C14 and
Alloy C15 are similar, and that in C15A is much reduced, due to the lack of a beneficial secondary
phase to create synergetic effects [6]. The hydrogen equilibrium plateau pressures of Alloy C15 and
Alloy C15A are one order of magnitude higher than that of Alloy C14, which may cause an early
venting in a sealed cell. The hysteresis in the pressure-composition-temperature (PCT) isotherms of
Alloy C14 is much smaller than those in Alloy C15 and Alloy C15A, which contributes to a better
mechanical integrity during pulverization [7]. The EC capacities of Alloy C15 and Alloy C15A are
considerably lower than that of Alloy C14, due to the open-air configuration in the half-cell measuring
apparatus, where the MH alloy cannot be charged much higher than 0.1 MPa (one atmosphere).
The high-rate dischargeability (HRD) of Alloy C15 is higher than that of Alloy C14, due to a higher
surface exchange current (Io). Annealing of C15A reduced both the diffusion coefficient (D) and Io,
compared to Alloy C15. The relatively low Io of Alloy C15A is the result of the reduced amount of
catalytic Ni-inclusions [8] on the surface, due to annealing, as judged by the relatively low saturated
magnetic susceptibility (MS).
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Table 1. Summary of properties of alloys used in this study [4]. GP and EC denote gaseous phase
and electrochemistry, respectively. HRD, D, Io, and MS represent high-rate dischargeability, diffusion
constant, surface exchange current, and saturated magnetic susceptibility. XRD: X-ray diffraction.

Properties Alloy C14 Alloy C15 Alloy C15A

Composition Zr21.5Ti12.0V10.0Cr7.5Mn8.1Co8.0
Ni32.2Sn0.3Al0.4

Zr25.0Ti6.5V3.9Mn22.2Fe3.8
Ni38.0Sn0.3La0.3

Same as C15

Preparation Vacuum induction melting Vacuum induction melting Vacuum induction melting
Annealing No No 960 ◦C for 6 h

Minor phases C15 (5.2%) + TiNi (1.2%) ZrNi (0.7%) Not detectable by XRD
GP full capacity 1.45% 1.46% 0.95%

GP reversible capacity 1.32% 1.44% 0.94%
GP desorption pressure (MPa) 0.078 0.87 0.90

GP hysteresis 0.04 0.13 0.31
EC capacity (mAh·g−1) 354 311 277

EC HRD 0.90 0.99 0.98
D (10−10·cm2s−1) 2.5 2.4 1.6

Io (mA·g−1) 22.5 46.8 39.4
MS (memu·g−1) 37 42 17

2. Experimental Setup

Cylindrical Ni/MH batteries (C-size) were assembled for electrochemical testing. A photograph
of cells before and after closing is shown in Figure 2a. MH alloy powder was attained from an
induction melting-prepared ingot (2 kg batch size) with hydrogenation and mechanical grinding
to a −200 mesh size. The MH alloy powder was dry-compacted onto a nickel mesh substrate by a
compaction mill and formed into negative electrodes, while the counter positive electrode was pasted
with a mixture of 89% standard AP50 [9] Ni0.91Co0.045Zn0.045(OH)2 (BASF-Ovonic, Rochester Hills, MI,
USA), 5 wt% Co, and 6% CoO powders into a nickel foam substrate. Photographic examples of both
electrodes are shown in Figure 2b. Scimat 700/79 acrylic acid grafted polypropylene/polyethylene
separators were used (Freudenberg Group, Weinheim, Germany). The negative-to-positive capacity
ratio (N/P) was set at 1.3 to 1.4 to maintain a good balance between the over-charge and over-discharge
reservoirs [10]. A 30% KOH solution with LiOH (1.5 wt%) additive was used as the electrolyte.
After the electrodes/separator were coiled into a jelly roll bundle, the bundle was inserted into the
empty can, and the cell assembly was filled with electrolyte to the top then allowed to rest for 30 min
before the un-absorbed electrolyte was sucked out through a plastic pipette. The amount of electrolyte
absorbed was calculated from the weight difference between the before and after electrolyte filling steps.
Twenty cells were built with each alloy for use in benchmark performance testing. An electrochemical
formation process was performed using a Maccor Battery Cycler (Maccor, Tulsa, OK, USA) after the
batteries were sealed, and was composed of six cycles of charging at a 0.1C rate to 50%, 100%, 120%,
150%, 150%, and 150% of the calculated capacity and a 0.2 C discharge rate (except the sixth cycle
using a 0.5 C discharge rate) to a cutoff voltage of 0.9 V.
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(a) (b)

Figure 2. Photographs of (a) C-sized cells before (left) and after (right) closing; and (b) a pasted positive
electrode (left) and a compacted negative electrode (right).

Cells from each alloy were cycled for 20 cycles and the peak power of the cells was measured for
each cycle at a 50% depth of discharge (DOD) using a pulse-discharge method. In each measurement,
the cell was discharged first at a rate of C/3 to 50% DOD, followed by a 2/3C pulse for a period of
30 s. The resistivity was calculated by dividing the difference in voltages with the different in currents.
Peak power was obtained by the formula:

Peak power = 1/4 Voc
2/R (1)

where the Voc and R represent open-circuit voltage (electromotive force) and internal resistance,
respectively. Charge retention was measured at the end of the 7th, 14th, and 30th days at room
temperature (RT) after full charging at a 0.1 C rate in the beginning of the test. The remaining capacity
after each testing period was discharged at a rate of 0.2 C and was normalized to a 0.2 C discharge
capacity before the charge retention experiment. The shelf life in each cell was measured by placing a
100% state-of-charge (SOC) battery (charged at 0.2 C) in an oven at 45 ◦C and recording the Voc decay
every 15 days until the Voc dropped to 0 V. The cells were cooled to RT to test the capacity loss after
three cycles of charge to 150% SOC at 0.1 C, followed by discharge to 0.9 V at 0.2 C. The capacity at
cycle 3 was compared with the original formation capacity to determine the charge retention.

The cycle life of each cell was tested under a 0.5 C rate charge/discharge cycling at RT with a
discharge cutoff voltage of 0.9 V. The charging process was terminated using a −ΔV method, specifically
a 3 mV (or 5 mV) voltage drop from the maximum cell voltage. The voltage drop indicated the end
of the charging process, when oxygen began to evolve at the positive electrode. The recombination
of oxygen from the positive electrode with hydrogen from the negative electrode released heat and
caused the voltage to drop, in accordance with the Nernst equation. End of life was reached when the
measured capacity dropped below 50% of the initial capacity immediately after activation.

For the failure mechanism analysis, a JEOL-JSM6320F scanning electron microscope (SEM, JEOL,
Tokyo, Japan) with energy dispersive spectroscopy (EDS) capability was used to study the morphology
and composition of the electrodes after cycling. A Philips X'Pert Pro X-ray diffractometer (XRD, Philips,
Amsterdam, The Netherlands) was used to study the crystal structure of the negative electrode after
cycling. A JEOL JSM7100 field-emission SEM with EDS capability was used to map metal oxides that
migrated into the separator.

3. Results and Discussion

Cylindrical cells (C-size) were made with Alloys C14, C15, and C15A. The thickness and weight
of both electrodes of the cells used for the capacity measurement are listed in Table 2. The weight of the
negative electrode in the cell with Alloy C14 (cell C14) is smaller due to consideration for its relatively
higher EC capacity (Table 1) and match in N/P ratio. The amount of electrolyte in the cell containing
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Alloy C15 (cell C15) is approximately 1 cc larger than the other two cells, due to the consumption
of electrolyte from the oxidation of alloy surface in the electrolyte-filling process. In the following
sections, a few key battery performances (HR, LT, charge retention, peak power, and cycle life) of
cells C14, C15, and C15A are compared.

Table 2. Summary of cell builds and performance results. LT-Cap was obtained at −10 ◦C with a
C/2 rate to a cutoff voltage of 0.9 V.

Properties Cell C14 Cell C15 Cell C15A

Negative electrode thickness (mm) 0.328 0.322 0.318
Weight (g) 22.8 26.8 25.3
Positive electrode thickness (mm) 0.840 0.775 0.778
Weight (g) 27.0 26.7 26.8
Electrolyte amount (cc) 6.82 7.98 6.86
N/P 1.3 1.4 1.4
RT-capacity @C/5 (Ah) 4.88 4.74 4.77
RT-capacity @C/2 (Ah) 4.71 4.67 4.71
RT-capacity @C (Ah) 4.57 4.64 4.69
RT-capacity @2C (Ah) 3.87 3.66 4.24
LT-capacity @C/2 (Ah) 3.29 0.19 3.69
Energy density (Wh·kg−1) 73 73 75
Energy density (Wh·l−1) 241 236 239
Change retention @ 30 days 35% 54% 56%
Maximum peak power (W·kg−1) 157 151 176
Cycle life- C/2 350 305 255
Cycle life- C 180 100 60

3.1. Room-Tempearture Capacities with Various Discharge Rates

The discharge voltage profiles measured at RT and under four different discharge rates (C/5, C/2,
C, and 2C) from cells C14, C15, and C15A are shown in Figure 3a–c, respectively. In the middle of the
polarization curve (ohmic region) the cell voltage (V) is related to the discharge current (i) and Voc by
the formula:

V = Voc − iR (2)

where R is the internal resistance. V decreases with increasing i, which explains the lower voltage
profile with higher rate seen for each of the plots in Figure 3. Voc in cells containing Alloy C14 is
expected to be lower than those in cells containing either the C15 or C15A alloy, due to the relatively
low plateau pressure of Alloy C14 and the connection through Nernst equation [11]:

EMH, eq (vs. Hg/HgO, in V) = −0.934 − 0.029 log P(H2) (in bar) (3)

where EMH, eq is the equilibrium potential of H-storage electrode vs. the Hg/HgO reference electrode,
and P(H2) is the equilibrium hydrogen gas pressure. An order of magnitude lower P(H2) for C14
results in a 29 mV voltage decrease. The voltage suppression with the increasing discharge current in
cell C14 is worse than those from cells C15 and C15A, which correlated well with the low HRD in Alloy
C14 found in the half-cell measurement [4]. The unstable voltage profile in the 2 C discharge curve
of cell C15 shown in Figure 3b was from the competition between better active material utilization
and lower voltage due to the increase in the cell temperature from the high-rate discharge. Capacities
obtained with a cutoff voltage of 0.8 V for cells with all three alloys are listed in Table 2. Cell C14
showed the highest capacity measured at a C/5 rate, due to its relatively high loading in the positive
electrode and its higher capacity. Cell C15A showed the highest capacity measured at the 2 C rate.
The gravimetric and volumetric energy densities of these three cells were calculated by their capacity,
weight, and volume, and these are listed in Table 2. Cell C15A has the highest gravimetric energy
density due to its higher voltage and cell C14 has the highest volumetric energy density due to the
largest loading in the positive electrode.
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Figure 3. Room-temperature discharge voltage curves with different rates (C/5, C/2, C, and 2C) for
cells (a) C14; (b) C15; and (c) C15A.

3.2. Low-Temperature (−10 ◦C) Test

The low-temperature (LT) performances were evaluated at −10 ◦C using a C/2 rate discharge
with a cut voltage of 0.9 V and results are listed in Table 2. Cell C15A shows the highest capacity
in this run, due to its relatively high voltage, and cell C15 is the worst. Both cells C15 and C15A
have higher Voc. However, the R in cell C15 is higher and, thus, contributed to worse HR and LT
results. The comparison results in LT are the same as for HR, which is very common in Ni/MH battery
studies [12]. The improvement in LT performance of Alloy C15A is not consistent with the decreased
amount of embedded Ni on the activated surface and the lower surface reaction current, as previously
highlighted [4]. This deviation in performance corresponds to the higher pulverization rate of Alloy
C15A and the subsequent rapid increase in surface area, which contributes to the excellent HR and
LT performances.

3.3. Charge Retention

Charge retention performances were compared in both RT storage and high temperature (HT,
45 ◦C) voltage stand measurements and the results are plotted in Figure 4. Although Alloy C14 has a
relatively higher V-content (10% vs. 3.9% in Alloy C15), which is a major source of self-discharge [13],
cell C14 showed the best RT charge retention result, with cell C15A showing a marginally better change
retention than cell C15 did. Results from the high-temperature voltage stand are slightly different.
While cell C14 showed the best HT voltage stand, which is consistent with the charge retention result,
cell C15A exhibited a much worse HT voltage stand, compared to that from cell C15. The cause of this
performance variation will be discussed in the failure analysis session.

(a) (b)

Figure 4. (a) Room temperature charge retentions; and (b) 45 ◦C voltage stand for cells C14, C15,
and C15A.
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3.4. Peak Power

Peak powers at RT for the first 20 cycles were measured and results are plotted in Figure 5. In this
test, the cells did not first go through the normal six-cycle activation process. In the peak power
comparison, cell C14 quickly reached a maximum while cells C15 and C15A were comparatively
slower. However, at the 20th cycle, cell C15A demonstrates the highest peak power, which correlates
well with its high HR performance.

Figure 5. Room-temperature peak powers for cells C14, C15, and C15A.

3.5. Cycle Life

Cycle life performances were compared with two testing schemes: a regular one consisting of
C/2 charge/C/2 discharge with a narrower −ΔV cutoff set at 0.3 mV and a fast one with C charge/C
discharge with a slightly wider −ΔV at 0.5 mV. These are shown in Figure 6a,b, respectively. Both tests
were conducted at RT. Cell C14 showed the best cycle stability due to the balanced designed in
composition. Cell C15A showed the least cycle stability due to a lack of both a Cr and TiNi phase.
The sudden drop in capacity from cell C15A originated from the venting of the cell, causing electrolyte
dry-out and an increase in R. Alloy C15A has the highest hydrogen equilibrium pressure in the PCT
measurement, which causes the pressure to reach the venting pressure of the safety valve (2.8 MPa).

Figure 6. Room-temperature cycle life from cells C14, C15, and C15A with (a) a C/2 charge, a C/2
discharge, a −ΔV cutoff voltage of 3 mV and (b) a C charge, a C discharge, and a −ΔV cutoff voltage
of 5 mV.

3.6. Failure Analysis of C15 and C15A

The failure mechanism of the V-containing C14 MH alloy in Ni/MH batteries was earlier studied
in detail, and the conclusions can be summarized as follows: a relatively thick oxide impeded the
O2 gas-recombination during over-charge, causing venting and an increase in internal resistance [14].
Only failure analyses from Alloy C15 and Alloy C15A are discussed in this paper and compared to
those results previously discovered for Alloy C14. Cells reaching the end of the C/2-C/2 cycling
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test (Figure 6a) were torn apart and the positive and negative electrodes, together with the separator,
were studied. XRD patterns of the cycled positive electrodes show only a β-Ni(OH)2 phase (Figure 7).
Two SEM backscattering electron images (BEI) of the cycled positive electrodes are shown in Figure 8.
No fractures or evidence of pulverization can be seen, which is in agreement with the XRD analysis.
Severe pulverization due to lattice expansion coming from the β–α transition in the MH alloy containing
Al, an α-Ni(OH)2 promoter [9], was not observed here [15]. EDS analysis was taken in a few locations
in each SEM micrograph and the results are summarized in Table 3. In both cases, incompletely
dissolved Co (Spot 1) and CoO (Spot 2) added particles can be seen and larger amounts of Zr (leached
from negative electrode) are found penetrating the spherical particles. Zr does not seem to promote
the α-Ni(OH)2 formation and the Co-conductive network remains intact in both cases. From the
evidence collected so far, we reach the conclusion that the positive electrode is not the main course of
the capacity degradation in cells with C15 and C15A MH alloys.

Figure 7. XRD patterns of cycled positive electrodes from (a) cell C15 and (b) cell C15A.

 
(a) (b) 

Figure 8. SEM-BEI micrographs of cycled positive electrodes from (a) cell C15 and (b) cell C15A.
The scale bar at the right lower corner represents 25 microns.

Table 3. EDS results of selected areas in the cycled positive electrodes in Figure 9. Values are in at%.

Location Ni Co Zn Ti Zr Mn Comment

Figure 8a-1 3.8 95.9 - - 0.3 - Co
Figure 8a-2 33.5 60.2 0.8 0.4 5.1 - CoO
Figure 8a-3 86.4 9.2 2.1 0.4 1.8 Ni(OH)2
Figure 8a-4 85.8 5.8 3.2 0.1 4.8 0.3 Ni(OH)2
Figure 8b-1 2.9 96.9 0.2 - - - Co
Figure 8b-2 43.6 52.6 1.1 - 2.6 - CoO
Figure 8b-3 87.7 5.8 2.9 - 3.5 - Ni(OH)2
Figure 8b-4 84.2 2.4 2.5 - 10.8 - Ni(OH)2
Figure 8b-5 87.1 5.5 2.9 - 1.0 3.5 Ni(OH)2
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XRD patterns of the cycled negative electrodes from both cells (C15 and C15A) (Figure 9) show no
evidence of oxide nor microcrystalline metallic nickel (common products of oxidizing MH alloy [16]).
SEM-BEI micrographs of the cycled negative electrodes from cells C15 and C15A are shown in Figure 10.
Both pictures show high degrees of pulverization. The particles in the cycled negative electrode of
cell C15A are finer than those from cell C15. In addition, more electrolyte was absorbed into the
negative electrode of cell C15A due to the higher surface area, which is possibly related to the pre-dry
out of the separator and frequent cell venting (sudden drops in the capacity in Figure 6). The amount
of oxides on the newly-formed Alloy C15 and Alloy C15A surfaces are very small compared to Alloy
C14 [14]. From the comparison of the two compositions (Alloy C14 and Alloy C15), formula C15 has a
high Mn content (high solubility in KOH [17]) and 0.3% La (beneficial for activation and increased
surface area [18]), but no Cr (highly corrosion resistant [12,19]) and, consequently, a higher leaching
rate. The chemical compositions of three locations in each SEI micrograph were analyzed by EDS and
results are listed in Table 4. In the negative electrode from a cycled cell C15 (Figure 10a), the chemical
composition of the large piece (Spot 1) does not vary significantly from the broken pieces (Spot 2) and
a new oxide phase with very high Mn-content (Spot 3) is formed on the edge (near the separator).
In the negative electrode from cycled cell C15A (Figure 10b), the chemical compositions are similar
between large pieces (Spot 1) and broken ones (Spot 3). An area with a composition close to Zr7Ni10

(Spot 2) retained the same shape after the cycling (no pulverization).

30 35 40 45 50 55 60

In
te

ns
ity

 (a
.u

.)

Two Theta (in Degree)

(a) C15 pristine

(b) C15 cycled

(c) C15A cycled

C15 ZrNi

Figure 9. XRD patterns of (a) pristine C15 and cycled negative electrodes from (b) cell C15 and
(c) cell C15A.
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(a) (b) 

Figure 10. SEM-BEI micrographs of cycled negative electrodes of (a) cell C15 and (b) cell C15A.
The scale bar at the right lower corner represents 25 microns.

Table 4. EDS results of selected areas in the cycled negative electrodes shown in Figure 11. Values are
in at%.

Location Ti Zr V Mn Fe Ni La B/A

Figure 10a-1 6.9 24.5 3.5 21.3 3.6 40.2 - 2.18
Figure 10a-2 5.5 24.2 4.4 24.7 5.0 36.2 - 2.36
Figure 10a-3 4.3 17.3 11.0 61.8 9.7 3.4 2.4 3.51
Figure 10b-1 7.5 25.1 4.3 17.5 4.8 40.7 0.1 2.06
Figure 10b-2 8.1 33.4 0.4 1.5 0.4 56.1 - 1.40
Figure 10b-3 6.3 25.4 3.7 22.4 4.1 38.1 - 2.16

The separator areas in the cycled cells were studied by SEM-EDS mapping and the results are
present in Figure 11 (cell C15) and Figure 12 (cell C15A). A significant number of high Mn-content
deposits are found in both cells. These Mn-rich deposits are the source of micro-shortening, due to
their semiconductor nature [20,21], and cause a relatively inferior charge retention performance when
compared to that of cell C14. The density of these Mn-rich oxides in the cycled C15 cell is higher than
that in cell C15A and may explain the worse charge retention result of cell C15, when compared to cell
C15A. The inferior HT voltage stand of cell C15A is more related to the higher pulverization of Alloy
C15A, which expedites the degree of MH alloy oxidation in HT when compared to that of cell C15.

 
(a) (b) 

Figure 11. Cont.
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(c) (d) 

 
(e) (f) 

Figure 11. SEM (a) BEI image and EDS mappings of (b) Ti; (c) Zr; (d) Ni; (e) Mn; and (f) La for
the separator from cycled cell C15. The upper side and lower sides are the negative and positive
electrodes, respectively.

(a) (b) 

(c) (d) 

Figure 12. Cont.
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(e) (f) 

Figure 12. SEM (a) BEI image and EDS mappings of (b) Ti; (c) Zr; (d) Ni; (e) Mn; and (f) La for
the separator from cycled cell C15A. The upper side and lower sides are the negative and positive
electrodes, respectively.

3.7. Performance Comparison

The differences in performance of the cells made from three alloys are best represented by the
radar plot shown in Figure 13. In agreement with the half-cell results presented previously [4], cell
C14 showed the best cycle life and charge retention performances, while cell C15A gave the best
HR and LT results. The superiority in HR performance of C15, relative to C14, has been reported
many times [5,22–26]. However, the HR performance improvement in the Alloy C15 was reported
here for the first time. The poor charge retention and cycle life of cell C15A could be improved by
increasing the Cr and Ni-content [19], reducing the annealing condition to preserve some of the ZrxNiy
phases, increasing the Zr/Ti ratio to lower the plateau pressure and to prevent early venting [27–29],
and slowing down pulverization by reducing the PCT hysteresis through composition and annealing
condition adjustments [7,19,30–33].

Figure 13. Key battery performance comparisons among cells C14, C15, and C15A.

4. Conclusions

The electrochemical performances of Ni/MH batteries using as-cast C14, as-cast C15, and
annealed C15 AB2 metal hydride alloys were compared. Alloys C14 and C15 with different chemical
compositions were composed of mainly C14 and C15 phases, respectively. The pulverization rates
with cycling exhibited the trend of Alloy C15A (annealed) > Alloy C15 (as-cast) > Alloy C14 (as-cast),
which made cells with Alloy C15A render the best high-rate and low-temperature performance in
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the early stage of service life. However, the high pulverization rate also resulted in a steady capacity
degradation, inferior cycle life, and high-temperature voltage stand. Large amounts of high-Mn oxide
deposits were found in the separator of cells with Alloy C15 and Alloy C15A, and can be assumed
to deteriorate the charge retention capabilities of these cells. In addition, the high plateau pressure
of Alloy C15A caused ventings during the cycle life testing, which should be preventable through
composition and/or process adjustments.
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Abbreviations

The following abbreviations are used in this manuscript:

Ni/MH Nickel/metal hydride
MH Metal hydride
H-storage Hydrogen-storage
GP Gaseous phase
EC Electrochemical
HR High rate
HT High temperature
LT Low temperature
PCT Pressure-composition-temperature
HRD High-rate dischargeability
Io Surface exchange current
D Diffusion constant
MS Saturated magnetic susceptibility
XRD X-ray diffraction
N/P Negative electrode to positive electrode
DOD Depth of discharge
Voc Open-circuit voltage
R Internal resistance
RT Room temperature
SOC State-of-charge
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
V Cell voltage
i Discharge current
BEI Backscattered electron image
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Abstract: High-power cylindrical nickel metal/hydride batteries using a misch metal-based Al-free
superlattice alloy with a composition of La11.3Pr1.7Nd5.1Mg4.5Ni63.6Co13.6Zr0.2 were fabricated and
evaluated against those using a standard AB5 metal hydride alloy. At room temperature, cells
made with the superlattice alloy showed a 40% lower internal resistance and a 59% lower surface
charge-transfer resistance compared to cells made with the AB5 alloy. At a low temperature (−10 ◦C),
cells made with the superlattice alloy demonstrated an 18% lower internal resistance and a 60% lower
surface charge-transfer resistance compared to cells made with the AB5 alloy. Cells made with the
superlattice alloy exhibited a better charge retention at −10 ◦C. A cycle life comparison in a regular
cell configuration indicated that the Al-free superlattice alloy contributes to a shorter cycle life as a
result of the pulverization from the lattice expansion of the main phase.

Keywords: metal hydride (MH); nickel/metal hydride (Ni/MH) battery; hydrogen-absorbing alloy;
electrochemistry; superlattice alloy

1. Introduction

Nickel/metal hydride (Ni/MH) batteries have been serving consumer portable electronics,
hybrid electric vehicles, and stationary applications for more than 30 years [1–6]. Until now,
the misch metal (Mm)-based AB5 metal hydride (MH) alloy was the mainstream negative electrode
active material [7]. In the last decade, the Mm-based superlattice MH alloy began to take over
the market share because of its higher capacities; better high-rate dischargeability; and superior
low-temperature, high-temperature, and charge retention performances compared to the conventional
AB5 MH alloy [2–6,8]. The superlattice MH alloy is composed of more than one phase with alternating
A2B4 and AB5 building slabs along the c-direction of the unit cell [2]. There can be one (AB3), two
(A2B7), three (A5B19), or more AB5 units between two A2B4 slabs. Depending on the stacking sequence,
either the hexagonal or rhombohedral structures are possible. The A-site of the superlattice MH
alloy contains both rare-earth (RE) and alkaline earth (usually Mg) elements. While almost all
academic research has focused on the single RE element (La or Nd)-based superlattice MH alloys (for
reviews, see [9–11]), commercial applications have adopted the Mm composition for a higher cycle
stability [2,12]. In the past, a few papers about the substitution works performed in the Mm-based
superlattice alloy family with Al [13], Mn [14,15], Fe [16,17], Co [18–20], and Ce [21] were published,
but a systematic performance comparison between a Mm-based superlattice MH alloy and a standard
AB5 MH alloy is absent. Therefore, we conducted a series of battery performance evaluations in the
sealed cells made with both materials and report the results here.
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2. Experimental Setup

Both the AB5 and superlattice alloys were prepared by Eutectix (Troy, Michigan, USA) with a
conventional 250 kg induction melting furnace [22]. The ingot was placed in a retort and annealed
at 960 ◦C in vacuum (AB5) or 1 atm atmosphere of Ar (superlattice) for 8 h. The annealed ingots
were crushed and ground into the size of −200 mesh. A Philips X’Pert Pro X-ray diffractometer
(XRD; Amsterdam, the Netherlands) and a JEOL-JSM6320F scanning electron microscope (SEM;
Tokyo, Japan) were used to study the alloys’ microstructures. A Suzuki Shokan multi-channel
pressure–concentration–temperature system (PCT; Tokyo, Japan) was used to study the gaseous-phase
hydrogen storage characteristics. Electrochemical properties were evaluated with negative electrodes
made by dry compacting the annealed alloy powder onto an expanded nickel substrate. A CTE MCL2
Mini cell testing system (Chen Tech Electric MFG. Co., Ltd., New Taipei, Taiwan) was used to study
the alloys’ half-cell characteristics.

For the sealed-cell performance evaluation, a C-size cylindrical high-power design was chosen.
Negative (0.193 mm thick) and positive electrodes (two thicknesses: 0.300 and 0.361 mm) were made
using the dry-compaction and wet-paste methods [23], respectively. Positive electrode paste was
composed of 89% standard AP50 [24] with a composition of Ni0.91Co0.045Zn0.045(OH)2 (BASF—Ovonic,
Rochester Hills, Michigan, USA), and 5 wt % Co and 6% Co(OH)2 powders on a nickel foam substrate.
A Freudenberg FS2225 fluorinated acrylic acid grafted polyethylene/polypropylene non-woven fabric
(Freudenberg Group, Weinheim, Germany) was used as the separator. In this high-power cell design,
a high negative-to-positive capacity ratio cell design (about 1.7) was used to ensure a large amount of
overcharge reservoir [25]. A 30 wt % KOH solution with LiOH (1.5 wt %) additive was used as the
electrolyte. A six-cycle activation process using a Maccor battery cycler (Maccor, Tulsa, Oklahoma,
USA) was conducted for each cell [26]. The battery performance testing procedures can be found in an
earlier publication [27].

3. Results and Discussion

3.1. Alloy Properties Comparison

Alloy A, the most popular AB5 alloy used in the industry with a composition of
La10.5Ce4.3Pr0.5Nd1.4Ni60Co12.7Mn5.9Al4.7, was used as the control in this comparison work. Alloy B
with a composition of La11.3Pr1.7Nd5.1Mg4.5Ni63.6Co13.6Zr0.2, which shows the lowest charge-transfer
resistance in a comparative study [28], was the superlattice alloy under the current study. In this
composition, Pr and Nd were added to reduce the corrosion nature of the alloy, Ce and Mn were
not included in the consideration of cycle stability and self-discharge [2,21], Co was added for
low-temperature performance enhancement [19], and a very small amount of Zr was added for
scavenging residual oxygen in the chamber. The B/A stoichiometry of 3.42 was chosen through an
optimization study judging the electrochemical performance. While annealed alloy A has only one
CaCu5 phase, as seen from its XRD pattern (Figure 10a in [28]), alloy B shows a multi-phase structure
in both pristine and annealed conditions (Figure 1). Phase abundances calculated from the XRD data
are listed in Table 1. After annealing, the abundance of the desirable Nd2Ni7 phase [29] increased
from 0 to 56.7 wt %; the unwanted CaCu5 phase [30] decreased from 32.7 to 1.6 wt %; and LaMgNi4
and other superlattice phases, such as CeNi3, NdNi3, Sm5Ni19 and Ni5Co19, still existed. SEM analysis
was used to confirm the XRD findings, and two representative backscattering electron micrographs for
pristine and annealed alloy B are shown in Figure 2. X-ray energy-dispersive spectroscopy (EDS) was
used to study the chemical compositions of a few spots in Figure 2, and the results are summarized in
Table 2. In the pristine sample, the AB5 phase (spots 2 and 3) can be identified by its relatively bright
contrast due to the higher content of low-atomic weight nickel. Later, the AB5 phase was removed
by annealing. The superlattice phases are difficult to separate by contrast in the micrographs because
of their similar chemical composition and stoichiometry. The microstructural analyses conclude
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that while annealed alloy A has only one CaCu5 structure, alloy B (before or after annealing) is a
superlattice-based (>95 wt %) multi-phase alloy.

Figure 1. X-ray diffractometer (XRD) patterns using Cu-Kα as the radiation source for (a) pristine,
and (b) annealed alloy B.

Figure 2. Scanning electron microscope (SEM) backscattering electron micrographs of (a) pristine,
and (b) annealed alloy B.

Table 1. Phase abundances (in wt %) of alloy B before and after annealing determined by
the X-ray diffractometer (XRD) analysis. HEX, CUB, and RHO are hexagonal, cubic, and
rhombohedral, respectively.

Stoichiometry AB2 AB3 A2B7 A5B19 AB5

Structure HEX CUB HEX RHO HEX RHO HEX RHO HEX

Phase MgZn2 LaMgNi4 CeNi3 NdNi3 Nd2Ni7 Pr2Ni7 Sm5Ni19 Nd5Co19 CaCu5

Pristine alloy B 7.9 5.7 2.0 19.3 0.0 13.1 1.6 17.7 32.7
Annealed alloy B 0.0 3.2 7.5 7.4 56.9 0.0 6.4 17.0 1.6

Both the gaseous phase and electrochemical hydrogen storage characteristics of alloys A (AB5)
and B (superlattice) were studied. In the gaseous phase, PCT isotherms measured at 30 ◦C for both
alloys are plotted in Figure 3. Annealed alloy A has a higher plateau pressure and a higher reversible
capacity than pristine and annealed alloy B. Annealing in alloy B flattens the isotherm, increases the
storage capacity, and reduces the hysteresis, as reported previously [31]. Electrochemical testing results
from the first 20 cycles of annealed alloys A and B are compared in Figure 4. Annealed alloy B exhibits
a higher initial capacity, but it degrades quickly in the flooded KOH solution compared to annealed

300

Bo
ok
s

M
DP
I



Batteries 2017, 3, 35

Alloy A. The higher oxidation rate in the Mg-containing superlattice alloys is well known, and many
electrode fabrication methods have been proposed to overcome this shortcoming [32]. As a result,
a commercial cell capable of 6000 cycles with a superlattice alloy has been demonstrated [8]. Gaseous
phase and electrochemical hydrogen storage properties of annealed alloys A and B are summarized
in Table 3. Plateau pressure is defined as the equilibrium pressure corresponding to a 0.75 wt %
storage capacity in the desorption isotherm, and the PCT hysteresis is defined as ln (absorption
pressure/desorption pressure) at the same storage capacity. Although the gaseous phase capacities of
the two alloys are similar, the superlattice alloy shows a higher electrochemical discharge capacity,
which is close to the theoretical limit converted from the gaseous phase capacity (381 mAh·g−1 using
the conversion of 1 wt % = 268 mAh·g−1) because of the synergetic effect among the constituent
phases [33]. The higher PCT hysteresis in annealed alloy B predicts a higher pulverization rate during
repetitive cycling [34].

Table 2. Energy-dispersive spectroscopy (EDS) results from selected spots in Figure 2. All numbers
are percentages.

Location La Pr Nd Mg Ni Co Zr B/A Phase

Figure 2a-1 13.6 0.7 4.5 6.6 62.6 11.9 0.1 2.93 Superlattice
Figure 2a-2 11.1 1.2 5.3 0.9 67.2 14.1 0.2 4.41 AB5
Figure 2a-3 9.5 0.9 5.6 0.4 69.1 14.4 0.1 5.10 AB5
Figure 2a-4 11.1 0.8 5.2 18.7 57.5 6.5 0.2 1.79 LaMgNi4
Figure 2a-5 5.5 0.4 3.5 0.0 17.8 3.2 69.6 9.64 ZrO2
Figure 2b-1 86.0 0.0 4.5 0.8 6.4 0.8 1.5 0.1 La metal
Figure 2b-2 16.3 0.7 4.1 4.0 61.5 13.2 0.2 2.98 Superlattice
Figure 2b-3 14.4 0.9 4.4 12.4 60.3 7.5 0.1 2.11 LaMgNi4
Figure 2b-4 13.2 0.7 4.7 14.2 60.4 6.7 0.1 2.04 LaMgNi4

Figure 3. Pressure–concentration–temperature (PCT) isotherms measured at 30 ◦C. A-ann, B-una,
and B-ann are annealed alloy A, pristine alloy B, and annealed alloy B, respectively. Abs and Des
denote absorption and desorption, respectively.
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Figure 4. Half-cell capacities measured using the three-electrode cell setup for annealed alloys A and B.

Table 3. Gaseous phase and electrochemical hydrogen storage properties of annealed alloys A and B.

Alloy Full H-Storage
Reversible
H-Storage

Plateau
Pressure

PCT
Hysteresis

Discharge
Capacity

Annealed alloy A 1.41% 1.37% 0.058 MPa 0.10 310 mAh·g−1

Annealed alloy B 1.42% 1.25% 0.025 MPa 0.23 370 mAh·g−1

3.2. Sealed-Cell Performance

Fifty C-size cylindrical cells in a high-power design were made with annealed alloys A (cell A)
and B (cell B). After the formation process, the discharge capacities were 2.7 and 3.1 Ah from
cells A and B, respectively, with a 0.6 A discharge current. Cell B shows a higher energy density
(50.4 vs 41.0 Wh·kg−1) than cell A because of its higher active material capacity, which allows for the
matching with a thicker positive electrode (0.361 vs 0.300 mm).

3.2.1. High-Rate

Room temperature (RT) discharge voltage profiles with four different rates (C, 2C, 5C, and 10C)
for cells A and B are shown in Figure 5. The cell voltage (V) decreases with the increase in the discharge
current (i) following the formula:

V = Voc − iRint (1)

where Voc and Rint are the open-circuit voltage (when i = 0) and internal resistance, respectively.
Voltage suppression due to the increase in the discharge current is less severe in cell B compared to
cell A, which indicates a lower Rint in cell B. Normalized discharge capacities (to those obtained with
a 0.2C discharge rate) of cells A and B (set of four each) are listed in Table S1 and indicate a slightly
lower high-rate dischargeability of cell B (average value of 84.1% in cell B vs 87.6% in cell A at a 10C
rate). However, the capacities of cell B are higher than those of cell A at all discharge rates.
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Figure 5. Discharge voltage profiles at different discharge rates of (a) cell A, and (b) cell B measured at
room temperature.

3.2.2. Low Temperature

Low-temperature performances of cells A and B were evaluated by measuring the capacities at
−10 ◦C with different discharge rates (C, 2C, 5C, and 10C). The resulting discharge voltage profiles are
plotted in Figure 6. Voltage suppression due to the increase in the discharge current is more severe at a
lower temperature. Only about 50% of the capacity is obtained at −10 ◦C with C and 2C discharge
rates. The cells deliver almost no capacity with further increases in the discharge rate. Normalized
−10 ◦C discharge capacities (to those obtained at RT with a 0.2C discharge rate) of cells A and B (set
of four each) are listed and indicate a slightly better low-temperature performance of cell B (average
value of 51.6% in cell B vs 49.0% in cell A at a 1C rate).

Figure 6. Discharge voltage profiles at different discharge rates of (a) cell A, and (b) cell B measured
at −10 ◦C.

3.2.3. Charge Retention

Charge-retention behaviors of cells A and B were evaluated by both the RT and −10 ◦C standing
voltage stabilities at an 80% state-of-charge, and the results are plotted in Figures 7 and 8, respectively.
On average, cell A demonstrates a marginally better charge-retention performance at RT but a worse
performance at −10 ◦C compared to cell B.
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Figure 7. Open-circuit voltages of (a) cell A (set of three), and (b) cell B (set of four) stored at
room temperature.

Figure 8. Open-circuit voltages of (a) cell A (set of three), and (b) cell B (set of four) stored at −10 ◦C.

3.2.4. Internal Resistance

Internal resistance (Rint) was measured by a pulse method using the formula:

Rint = ΔV/Δi (2)

Both 1 and 10 s pulses were used to measure Rints from cells A and B, and data obtained at both
RT and −10 ◦C are listed in Table 4. RT Rints decreases slightly with the increase in the discharge rate.
Cell B shows a lower Rints in all measurements.

Table 4. Internal resistances (Rint, in mΩ·m2) measured with 1 and 10 s pulsed discharges with different
discharge rates (1, 2, 5, and 10C) at both room temperature (RT) and −10 ◦C.

Condition 1C 2C 5C 10C

Cell A RT 1 s 0.144 0.142 0.138 0.130
Cell A RT 10 s 0.194 0.192 0.182 0.168

Cell A −10 ◦C 1 s 0.405 0.369 0.289 0.244
Cell A −10 ◦C 10 s 0.516 0.492 0.499 —

Cell B RT 1 s 0.087 0.087 0.087 0.085
Cell B RT 10 s 0.127 0.127 0.124 0.118

Cell B −10 ◦C 1 s 0.334 0.312 0.262 0.219
Cell B −10 ◦C 10 s 0.468 0.444 0.453 —
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3.2.5. Surface Charge-Transfer Resistance

Out of many factors contributing to Rint, ohmic resistance (R0) and surface charge-transfer
resistance (Rct) can be deduced from the Cole-Cole plot obtained by the alternating current (AC)
impedance measurement [35]. Cole-Cole plots of cells A and B measured at RT and −10 ◦C are shown
in Figures 9 and 10, respectively. Calculated R0 and Rct values, and double-layer capacitances (C) of
cells A and B are listed in Table S2. While R0 values in both sets are similar, Rct values in cell B are
lower than those in cell A at both RT and −10 ◦C. Part of the reason for the lower Rct values in cell B is
due to the larger surface reactive area (A) of the superlattice alloy from the connection:

C = εA/d (3)

where ε and d are the dielectric constant of electrolyte and the alloy surface dipole thickness. Another
reason for the lower Rct values in cell B is the higher surface catalytic ability of the superlattice
alloy [28].

Figure 9. Cole-Cole plots of (a) cell A (set of four), and (b) cell B (set of four) measured at
room temperature.

Figure 10. Cole-Cole plots of (a) cell A (set of three), and (b) cell B (set of four) measured at −10 ◦C.

3.2.6. Cycle Life

Because the high-power design is usually associated with shallow charge/discharge cycling,
a regular C-size configuration with a nominal capacity of 4.5 Ah was used to study the cycle life
performance. Cells were built with annealed alloys A and B and tested under a C/2 charge to a −ΔV
of 3 mV and a C/2 discharge to a cutoff voltage of 0.9 V at RT, and the results are plotted in Figure 11.
Without the protective binder commonly used in the commercial cells made with the superlattice
alloys [32], the cell made with the superlattice MH alloy (alloy B) only shows half of the cycle life of
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a cell made with the conventional AB5 MH alloy (alloy A). Earlier studies on the failure mode of a
Mm-based Al-free superlattice MH alloy indicated that the pulverization of the main phase is the main
cause of capacity degradation [30].

Figure 11. Room temperature cycle life (C/2-C/2) comparison between regular C-size cells (not
high-power) made with annealed alloys A and B.

3.2.7. Comparison

A battery performance comparison between cells made with the AB5 (cell A) and Al-free
A2B7-based superlattice (cell B) MH alloys is summarized in Figure 12. Cell B has a higher capacity
and a better low-temperature performance; however, it demonstrates slightly worse high-rate
dischargeability and charge retention, and its cycle life is only half that of cell A. Despite the lower Rint

and Rct in cell B, it still shows a lower normalized capacity at a higher rate, which may be associated
with the relatively low Voc at RT caused by alloy B’s relatively low equilibrium plateau pressure
(Figure 2). In another article, cells made with an Al-containing superlattice MH alloy showed a
comparable cycle life and better peak power and charge-retention performance compared to those
made with the AB5 alloy [19]. Therefore, the inferior cycle life observed in the superlattice alloy is
only limited to the Al-free composition used in this study. Combined with the use of a hydrophobic
binder in the negative-electrode paste [32], the Al-containing superlattice alloy showed even better
cycle stability [8].

Figure 12. Sealed-cell performance comparison between cells made with the conventional AB5 and
new A2B7-based superlattice MH alloys.
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4. Conclusions

Electrochemical performances of a misch metal-based Al-free superlattice metal hydride alloy
were compared to those of a standard AB5 metal hydride alloy in a high-power C-size cell configuration.
In the sealed cell, the superlattice alloy showed higher energy densities, lower internal resistances,
lower surface charge-transfer resistances at both RT and −10 ◦C compared to the AB5 alloy. For the
charge-retention performance, the superlattice alloy was slightly worse at RT but outperformed the
AB5 alloy at −10 ◦C. The cycle stability of the superlattice alloy tested in a regular cell configuration is
inferior to that of the AB5 alloy mainly because of alloy pulverization.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-0105/3/4/35/s1,
Table S1: Discharge capacities normalized to those obtained at a 0.2C rate from four Cells A and four Cells B
measured at both room temperature and −10 ◦C. All numbers are in %. SD denotes standard deviation, Table S2:
Ohmic resistances (R0 in W), surface charge-transfer resistances (Rct in W), and double-layer capacitances (C in
Farad) from Cells A and B measured at both room temperature (RT) and −10 ◦C. SD denotes standard deviation.
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Abbreviations

Ni/MH Nickel/metal hydride
Mm Misch metal
MH Metal hydride
RE Rare-earth
XRD X-ray diffractometer
SEM Scanning electron microscope
PCT Pressure–concentration–temperature
EDS Energy-dispersive spectroscopy
HEX Hexagonal
CUB Cubic
RHO Rhombohedral
Abs Absorption
Des Desorption
RT Room temperature
V Cell voltage
i Current
Voc Open-circuit voltage
Rint Internal resistance
R0 Ohmic resistance
Rct Charge-transfer resistance
C Double-layer capacitance
A Surface reactive area
ε Dielectric constant of electrolyte
d Alloy surface dipole thickness

References

1. Zelinsky, M.A.; Koch, J.M.; Young, K. Performance comparison of rechargeable batteries for stationary
applications (Ni/MH vs. Ni-Cd and VRLA). Tatteries 2017, submitted.

2. Young, K.; Cai, X.; Chang, S. Reviews on Chinese Patents regarding the nickel/metal hydride battery.
Batteries 2017, 3, 24. [CrossRef]

307

Bo
ok
s

M
DP
I



Batteries 2017, 3, 35

3. Yasuoka, S.; Magari, Y.; Murata, T.; Tanaka, T.; Ishida, J.; Nakamura, H.; Nohma, T.; Kihara, M.;
Baba, Y.; Teraoka, H. Development of high-capacity nickel-metal hydride batteries using superlattice
hydrogen-absorbing alloys. J. Power Sour. 2006, 156, 662–666. [CrossRef]

4. Teraoka, H. Development of Low Self-Discharge Nickel-Metal Hydride Battery. Available online:
http://www.scribd.com/doc/9704685/Teraoka-Article-En (accessed on 9 April 2016).

5. Kai, T.; Ishida, J.; Yasuoka, S.; Takeno, K. The effect of nickel-metal hydride battery’s characteristics with
structure of the alloy. In Proceedings of the 54th Battery Symposium in Japan, Osaka, Japan, 6–9 October
2013; p. 210.

6. Teraoka, H. Development of Ni-MH EThSS with Lifetime and Performance Estimation Technology.
In Proceedings of the 34th International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA,
20–23 March 2017.

7. Teraoka, H. Ni-MH Stationary Energy Storage: Extreme Temperature & Long Life Developments.
In Proceedings of the 33th International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA,
21–24 March 2016.

8. Teraoka, H. Development of Highly Durable and Long Life Ni-MH Batteries for Energy Storage
Systems. In Proceedings of the 32th International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA,
9–12 March 2015.

9. Liu, Y.; Cao, Y.; Huang, L.; Gao, M.; Pan, H. Rare earth-Mg-Ni-based hydrogen storage alloys as negative
electrode materials for Ni/MH batteries. J. Alloy. Compd. 2011, 509, 675–686. [CrossRef]

10. Young, K.; Nei, J. The current status of hydrogen storage alloy development for electrochemical applications.
Materials 2013, 6, 4574–4608. [CrossRef] [PubMed]

11. Liu, J.; Han, S.; Li, Y.; Zhang, L.; Zhao, Y.; Yang, S.; Liu, B. Phase structures and electrochemical properties
of La–Mg–Ni-based hydrogen storage alloys with superlattice structure. Int. J. Hydrogen Energy 2016, 41,
20261–20275. [CrossRef]

12. Takasaki, T.; Nishimura, K.; Saito, M.; Fukunaga, H.; Iwaki, T.; Sakai, T. Cobalt-free nickel-metal hydride
battery for industrial applications. J. Alloy. Compd. 2013, 580, S378–S381. [CrossRef]

13. Yasuoka, S.; Ishida, J.; Kai, T.; Kajiwara, T.; Doi, S.; Yamazaki, T.; Kishida, K.; Inui, H. Function of
aluminum in crystal structure of rare earth-Mg-Ni hydrogen-absorbing alloy and deterioration mechanism
of Nd0.9Mg0.1Ni3.4 and Nd0.9Mg0.1Ni3.3Al0.2 alloys. Int. J. Hydrogen Energy 2017, 42, 11574–11583. [CrossRef]

14. Young, K.; Wong, D.F.; Wang, L.; Nei, J.; Ouchi, T.; Yasuoka, S. Mn in misch-metal based superlattice metal
hydride alloy—Part 1 Structural, hydrogen storage and electrochemical properties. J. Power Sour. 2015, 277,
426–432. [CrossRef]

15. Young, K.; Wong, D.F.; Wang, L.; Nei, J.; Ouchi, T.; Yasuoka, S. Mn in misch-metal based superlattice metal
hydride alloy—Part 2 Ni/MH battery performance and failure mechanism. J. Power Sour. 2015, 277, 433–442.
[CrossRef]

16. Young, K.; Ouchi, T.; Nei, J.; Yasuoka, S. Fe-substitution for Ni in misch metal-based superlattice hydrogen
absorbing alloys—Part 1. Structural, hydrogen storage, and electrochemical properties. Batteries 2016, 2, 34.
[CrossRef]

17. Meng, T.; Young, K.; Nei, J.; Koch, J.M.; Yasuoka, S. Fe-substitution for Ni in misch metal-based superlattice
hydrogen absorbing alloys—Part 2. Ni/MH battery performance and failure mechanisms. Batteries 2017,
3, 28. [CrossRef]

18. Wang, L.; Young, K.; Meng, T.; Ouchi, T.; Yasuoka, S. Partial substitution of cobalt for nickel in mixed
rare earth metal based superlattice hydrogen absorbing alloy—Part 1 structural, hydrogen storage and
electrochemical properties. J. Alloy. Compd. 2016, 660, 407–415. [CrossRef]

19. Wang, L.; Young, K.; Meng, T.; English, N.; Yasuoka, S. Partial substitution of cobalt for nickel in mixed rare
earth metal based superlattice hydrogen absorbing alloy—Part 2 battery performance and failure mechanism.
J. Alloy. Compd. 2016, 664, 417–427. [CrossRef]

20. Meng, T.; Young, K.; Koch, J.; Ouchi, T.; Yasuoka, S. Failure mechanisms of nickel/metal hydride batteries
with cobalt-substituted superlattice hydrogen-absorbing alloy anodes at 50 ◦C. Batteries 2016, 2, 20. [CrossRef]

21. Yasuoka, S.; Ishida, J.; Kishida, K.; Inui, H. Effects of cerium on the hydrogen absorption-desorption
properties of rare earth-Mg-Ni hydrogen-absorbing alloys. J. Power Sour. 2017, 346, 56–62. [CrossRef]

22. Young, K.; Chang, S.; Lin, X. C14 Laves phase metal hydride alloys for Ni/MH batteries applications.
Batteries 2017, 3, 27. [CrossRef]

308

Bo
ok
s

M
DP
I



Batteries 2017, 3, 35

23. Chang, S.; Young, K.; Nei, J.; Fierro, C. Reviews on the U.S. Patents regarding nickel/metal hydride batteries.
Batteries 2016, 2, 10. [CrossRef]

24. Young, K.; Wang, L.; Yan, S.; Liao, X.; Meng, T.; Shen, H.; May, W.C. Fabrications of high-capacity
alpha-Ni(OH)2. Batteries 2017, 3, 6. [CrossRef]

25. Young, K.; Wu, A.; Qiu, Z.; Tan, J.; Mays, W. Effects of H2O2 addition to the cell balance and self-discharge of
Ni/MH batteries with AB5 and A2B7 alloys. Int. J. Hydrogen Energy 2012, 37, 9882–9891. [CrossRef]

26. Young, K.; Koch, J.M.; Wan, C.; Denys, R.V.; Yartys, V.A. Cell performance comparison between C14- and
C15-predominated AB2 metal hydride alloys. Batteries 2017, 3, 29. [CrossRef]

27. Yan, S.; Meng, T.; Young, K.; Nei, J. A Ni/MH pouch cell with high-capacity Ni(OH)2. Tatteries 2017, submitted.
28. Meng, T.; Young, K.; Hu, C.; Reichman, B. Effects of alkaline pre-etching to metal hydride alloys. Batteries

2017, 3, 30. [CrossRef]
29. Young, K.; Ouchi, T.; Koch, J.M.; Lien, Y. Comparison among constituent phases in superlattice metal hydride

alloys for battery applications. Tatteries 2017, submitted. [CrossRef]
30. Zhou, X.; Young, K.; West, J.; Regalado, J.; Cherisol, K. Degradation mechanisms of high-energy bipolar

nickel metal hydride battery with AB5 and A2B7 alloys. J. Alloy. Compd. 2013, 580, S373–S377. [CrossRef]
31. Young, K.; Ouchi, T.; Huang, B. Effects of various annealing conditions on (Nd, Mg, Zr)(Ni, Al, Co)3.74 metal

hydride alloys. J. Power Sour. 2014, 248, 147–153. [CrossRef]
32. Ouchi, T.; Young, K.; Moghe, D. Reviews on the Japanese Patent Applications regarding nickel/metal

hydride batteries. Batteries 2016, 2, 21. [CrossRef]
33. Young, K.; Ouchi, T.; Meng, T.; Wong, D.F. Studies on the synergetic effects in multi-phase metal hydride

alloys. Batteries 2016, 2, 15. [CrossRef]
34. Osumi, Y. Suiso Kyuzou Goukin; Agune Technology Center: Tokyo, Japan, 1999; p. 218. (In Japanese)
35. Zhang, L. AC impedance studies on sealed nickel metal hydride batteries over cycle life in analog and digital

operations. Electrochim. Acta 1998, 43, 3333–3342. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

309

Bo
ok
s

M
DP
I



Table S1. Discharge capacities normalized to those obtained at a 0.2C rate from four Cells A and four Cells 
 SD denotes standard deviation. 

 Room Temperature 10 C 
Cell # 1C 2C 5C 10C 1C 2C 5C 10C 

Cell A1 95.0 94.6 91.6 87.5 47.6 44.1 1.8 0.8 
Cell A2 97.3 96.5 92.1 88.1 49.0 45.4 2.0 0.9 
Cell A3 96.6 95.9 91.3 87.3 49.3 46.4 2.0 0.8 
Cell A4 95.9 95.6 91.3 87.3 50.0 46.0 1.8 0.8 

Average A 96.2 95.7 91.6 87.6 49.0 45.5 1.9 0.8 
SD A 0.9 0.8 0.4 0.4 1.0 1.0 0.1 0.05 

Cell B1 88.2 88.5 85.5 82.0 51.9 50.5 5.8 1.1 
Cell B2 88.7 89.1 86.5 84.4 51.7 50.5 5.7 1.1 
Cell B3 88.8 89.0 85.9 83.7 50.2 48.6 5.7 1.3 
Cell B4 91.9 92.0 89.0 86.2 52.5 50.4 5.2 1.2 

Average B 89.4 89.7 86.7 84.1 51.6 50.0 5.6 1.2 
SD B 1.7 1.6 1.6 1.7 1.0 0.9 0.3 0.1 

 

Table S2. Ohmic resistances (R0 in ), surface charge-transfer resistances (Rct in ), and double-layer 
capacitances (C in Farad) from Cells  SD 
denotes standard deviation. 

Cell # R0 at RT Rct at RT C at RT R0  Rct  C  
Cell A1 0.00164 0.00546 18.55 - - - 
Cell A2 0.00170 0.00561 18.88 0.00333 0.04973 18.83 
Cell A3 0.00159 0.00551 17.91 0.00335 0.05010 18.80 
Cell A4 0.00210 0.00560 17.49 0.00351 0.05027 18.00 

Average A 0.00176 0.00554 18.21 0.00340 0.05003 18.54 
SD A 0.00023 0.00007 0.62 0.00010 0.00028 0.47 

Cell B1 0.00187 0.00226 23.34 0.00287 0.02025 21.81 
Cell B2 0.00192 0.00246 21.78 0.00297 0.01904 21.25 
Cell B3 0.00227 0.00242 21.24 0.00350 0.02094 21.76 
Cell B4 0.00191 0.00202 25.62 0.00313 0.01918 22.85 

Average B 0.00199 0.00229 23.00 0.00311 0.01985 22.92 
SD B 0.00019 0.00020 1.96 0.00027 0.00090 0.67 
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Abstract: The electrochemical performance and failure mechanisms of Ni/MH batteries made with
a series of the Fe-substituted A2B7 superlattice alloys as the negative electrodes were investigated.
The incorporation of Fe does not lead to improved cell capacity or cycle life at either room or low
temperature, although Fe promotes the formation of a favorable Ce2Ni7 phase. Fe-substitution was
found to inhibit leaching of Al from the metal hydride negative electrode and promote leaching of
Co, which could potentially extend the cycle life of the positive electrode. The failure mechanisms
of the cycled cells with the Fe-substituted superlattice hydrogen absorbing alloys were analyzed
by scanning electron microscopy, energy dispersive spectroscopy and inductively coupled plasma
analysis. The failure of cells with Fe-free and low Fe-content alloys is mainly attributed to the
pulverization of the metal hydride alloy. Meanwhile, severe oxidation/corrosion of the negative
electrode is observed for cells with high Fe-content alloys, resulting in increased internal cell resistance,
formation of micro-shortages in the separator and eventual cell failure.

Keywords: metal hydride (MH); nickel/metal hydride (Ni/MH) battery; hydrogen absorbing alloy
(HAA); superlattice alloy; failure mechanism

1. Introduction

Misch metal (Mm)-based superlattice hydrogen absorbing alloys (HAAs) exhibit higher capacity,
improved high-rate capability, lower self-discharge and wider operating temperature range than the
commonly used AB5 HAA [1,2] in nickel/metal hydride (Ni/MH) batteries. The use of Mm instead of
pure La improves the cycle stability [3] and makes superlattice HAAs competitive in the consumer
battery market [4]. To further improve the performances of Mm-based superlattice HAAs, the effects
of adding Mn [5,6], Co [7,8] and Ce [9] on the structural, gaseous phase and electrochemical hydrogen
storage, and full-cell electrochemical performances were investigated. Mn was previously reported
to improve high-rate performance, but creates micro-shorts in the separator which results in severe
self-discharge. Co improves the low-temperature performance in exchange for self-discharge and
high-temperature performance. The use of Ce promotes the AB2 phase formation and deteriorates the
battery performance.

Previously, in the preceding paper (Part 1), the structural, gaseous phase hydrogen storage and
electrochemical (in half-cell configuration) hydrogen storage properties of Fe-substituted Mm-based
superlattice HAAs have been reported [10]. Fe-substitution promotes the favorable Ce2Ni7 (hexagonal)
phase and decreases the relatively unfavorable NdNi3 phase. However, the surface catalytic capability—as
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reflected by the total volume of surface metallic Ni clusters—was found to decrease with increasing
Fe-content. No improvement in discharge capacity was observed and the high rate dischargeability (HRD)
of the alloy deteriorated with increasing Fe-content. In this paper (Part 2), the performance and failure
mechanisms of Ni/MH batteries made using Fe-substituted HAAs are discussed.

2. Experimental Setup

One hundred C-size Ni/MH batteries using five superlattice HAAs (Fe1 to Fe5) as negative
electrode materials were assembled for electrochemical testing. For convenience, Fe1 to Fe5 refer
to not only the HAAs, but also the battery cells in this manuscript. The five superlattice HAA
(Mm0.83Mg0.17Ni2.94−xAl0.17Co0.2Fex, x = 0, 0.05, 0.1, 0.15, 0.2) powder samples in this study were
supplied by Japan Metals and Chemicals Co. (Tokyo, Japan) and their compositions are listed in
Table 1. The design formula for all five HAAs is AB3.31. Herein, Mm refers to the mixed rare
earth metal alloy with a composition of 19.6 wt % La, 40.2 wt % Pr and 40.2 wt % Nd. Structural,
gaseous phase hydrogen storage, and the electrochemical properties of the five HAAs were studied
and reported in a companion paper (Part 1) [10]. The HAA powder was dry-compacted onto the
nickel mesh substrate to form the negative electrode. The positive electrode consists of 94.1 wt %
CoOOH-coated Ni0.91Co0.045Zn0.045(OH)2 (~2 wt % CoOOH), 4.9 wt % Co powder and 1 wt % Y2O3

additives, and the mixture was wet-pasted onto the nickel foam substrate, dried and then compacted.
The Y2O3 additive was added due to the ability to increase the open-circuit voltage, decrease the
impedance and extend the cycle life [11]. The separator used is Scimat 700/79 acrylic acid grafted
polypropylene/polyethylene from the Freudenberg Group (Weinheim, Germany). An aqueous solution
consisting of 26.8 wt % NaOH and 1.5 wt % LiOH was used as the electrolyte. The negative to positive
capacity ratio was set at 2.0 to maintain a good balance between the overcharge and overdischarge
reservoirs [12]. After the cells were sealed, a six-cycle electrochemical formation process was performed
using a Maccor Battery Cycler (Tulsa, OK, USA). During the formation process, the cells were charged
at a rate of C/10 to 50%, 100% and 120% in the first three cycles and to 150% in the next three cycles.
The discharge rate was C/5 for the first five cycles and C/2 for the sixth cycle. The discharge cutoff
voltage was 0.9 V.

Table 1. Summary of the compositions and properties of the superlattice hydrogen absorbing alloys
(HAAs) used in this study. The gaseous phase maximum hydrogen storage capacity was obtained at
6 MPa hydrogen pressure. The electrochemical capacity was taken from the 2nd cycle at a discharge
current of 8 mA g−1 with a cutoff voltage of 0.9 V against a standard Ni(OH)2 positive electrode.
HRD represents the ratio of the capacity at a discharge current of 200 mA g−1 to that at 8 mA g−1.
MS is the saturated magnetic susceptibility, which reflects the total volume of the metallic nickel clusters
imbedded in the alloy surface. C is the surface double-layer capacitance obtained from alternative
current (AC) impedance measurement.

Alloy
Fe-Content

(at%)

Max H Storage
Capacity

at 30 ◦C (wt %)

Discharge
Capacity

at 8 mA g−1 (mAh g−1)

Electrochemical to
Gaseous Phase

Capacity Ratio (%)

HRD
(%)

MS

(Memu g−1)
C

(Farad g−1)

Fe1 0.0 1.43 351 92 93 1016 0.30
Fe2 1.2 1.39 347 93 93 835 0.42
Fe3 2.4 1.37 346 94 94 718 0.37
Fe4 3.6 1.39 335 90 92 481 0.71
Fe5 4.7 1.41 345 91 87 341 0.82

Charge retention was measured using the following procedure. First, the cells were fully charged
at a rate of C/10 and discharged at C/5, and the initial discharge capacity was obtained. The cells were
then fully charged at C/10 and stored at room temperature (RT) for 7, 14 and 30 days before being
discharged at C/5. The remaining capacities after 7, 14 and 30 days were normalized by the initial
discharge capacity.
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Peak power was measured using the pulse-discharge method. The cells were discharged at C/3
to a 50% depth-of-discharge (DOD) and then discharged using a 30 s pulse at a 2C/3 rate. The voltages
at the end of each pulse were recorded and the peak power was calculated [6,8]. The peak power
measurements were performed every 50 cycles at 50% DOD until the cells reached the end of their
cycle life.

The sealed battery cells were kept in a Blue M Oven (TPS Thermal Power Solutions, White Deer,
PA, USA) and tested using a Maccor Battery Cycler. The cell capacity tests were performed at different
rates (C/5, C/2, 1C and 2C) and at different temperatures (RT, −10 ◦C and −20 ◦C). The cycle life
tests were performed at RT and 50 ◦C through repeated charge/discharge cycling at a rate of C/2.
For the cycling tests at RT and 50 ◦C, each charge process was considered complete when the cells
reached 105% state-of-charge (calculated based on the initial discharge capacity), and each discharge
process achieved a cutoff voltage of 0.9 V. Cycle life ended when the cell capacity dropped below 70% of
the initial capacity after the formation process. After cycle life testing at RT, the cells were disassembled
for failure mechanism analysis. The remaining electrolyte was removed with a Soxhlet extractor
(Thermo Fisher Scientific, Walthan, MA, USA). A JEOL-JSM6320F scanning electron microscope
(SEM) with energy dispersive spectroscopy (EDS) capabilities was used to study the morphology and
composition of the electrodes after cycling. The solution after etching was analyzed by a Varian Liberty
100 inductively coupled plasma-optical emission spectrometer (ICP, Agilent Technologies, Santa Clara,
California, USA).

3. Results and Discussion

3.1. Alloy Properties

Structural, hydrogen storage and electrochemical properties (tested in a flooded half-cell
configuration) of the five superlattice HAAs (Fe1 to Fe5) were previously introduced in Part 1 [10] and
their capacities (both gaseous phase and electrochemical), HRD, saturated magnetic susceptibility (MS)
and surface double-layer capacitance (C) results are shown in Table 1. Partial substitution of Ni with Fe
in Mm-based superlattice HAAs has been shown to increase the abundance of the Ce2Ni7 (hexagonal)
phase, which is favorable in terms of electrochemical performances [13–15] and decreases the relatively
unfavorable NdNi3 phase. However, the total volume of surface metallic Ni clusters, which reflects the
surface catalytic capability [16], decreases with increasing Fe-content (shown in Table 1, MS decreases
dramatically from 1016 memu g−1 for Fe1 to 341 memu g−1 for Fe5). Consequently, the discharge
capacity does not increase and HRD deteriorates with increasing Fe-content in the alloy (shown in
Table 1, HRD decreases from 93% for Fe1 to 87% for Fe5 in the half-cell tests). Alloy surface treatment
may be a feasible way to overcome this issue [17].

3.2. Cell Capacities at Room Temperature and Low Temperature

Full-cell test results for Fe1 to Fe5 measured at four different rates (C/5, C/2, 1C and 2C)
and RT are shown in Figures 1 and 2a shows the cell capacities as a function of the Fe-content
of the alloy. At lower rates the five cells exhibit similar capacities; at a discharge rate of C/5,
the capacities vary between 4.34 and 4.44 Ah; at a discharge rate of C/2, the capacities decrease
to 4.16 to 4.27 Ah. Further increases in discharge rate result in lower capacities and all the samples
demonstrate similar capacities at the same rate, except for Fe3 which has the lowest capacities among
all alloys. As seen in Table 1, MS decreases with increasing Fe-content. Consequently, the surface
catalytic capability weakens and high-rate performance deteriorates. The low capacities obtained
for Fe3, especially at higher rates (1C and 2C), are due to decreased MS. Although further increases
in the Fe-content of the alloy leads to an even smaller MS, the double-layer capacitance C increases
dramatically, indicating the existence of a much larger surface area for the higher Fe-content samples.
The large surface area may compensate the loss of surface Ni clusters and lead to comparable capacities
obtained at high Fe-content (Fe4 and Fe5).
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Figure 1. RT discharge voltage curves at four different rates (C/5, C/2, 1C and 2C) for cells (a) Fe1,
(b) Fe2, (c) Fe3, (d) Fe4 and (e) Fe5.

Figure 2. (a) Cell capacities at different rates as functions of the amount of Fe-substitution in the alloy
and (b) normalized capacities as functions of discharge rate for cells Fe1, Fe2, Fe4 and Fe5.

It is difficult to establish a correlation between the cell capacity and Fe-content in the alloy from
the RT capacity tests. Thus, the normalized capacities are compared in Figure 2b with the focus on
the Fe-free (Fe1), low-Fe (Fe2) and high Fe-content alloys (Fe4 and Fe5). The capacities at various
rates are normalized for each sample by the capacity at C/5. At higher rates above C/5, Fe1 and Fe2
demonstrate better rate capability than Fe4 and Fe5.

To further study the effect of the Fe-substitution on rate capability, the cells were tested at low
temperatures (LT), specifically −10 ◦C and −20 ◦C. Discharge voltage curves for Fe1, Fe2, Fe4 and
Fe5 at −10 ◦C and −20 ◦C are shown in Figure 3a and b, respectively, and the details of discharge
capacity and mid-point voltage are listed in Table 2. A discharge rate of C/2 was used for the
LT charge/discharge tests. Discharge capacities and mid-point voltages at −10 ◦C and −20 ◦C
for Fe1, Fe2, Fe4 and Fe5 are summarized in Figure 3c. The discharge capacity and mid-point
voltage exhibit similar trends, mainly a slight decrease as Fe-content increases to 3.6% (Fe4) followed
by a sharp decrease as Fe-content increases to 4.7% (Fe5). Fe5 shows inferior LT electrochemical
performance when compared to the Fe-free cell (Fe1), with a 12% lower discharge capacity and
a 9% lower mid-point voltage at −20 ◦C. Higher Fe-content leads to a lower discharge capacity and
a lower mid-point discharge voltage, which is consistent with the general trends in AC impedance and
magnetic susceptibility measurements reported in Part 1 [10], where RC (the product of charge-transfer
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resistance and double-layer capacitance, reflecting the surface catalytic capability) increases and Ms
decreases with increasing Fe-content in the alloy. In previous studies, Fe rendered positive and negative
influences on the LT performance of AB2 [18] and AB5 [19] HAAs, respectively. The impact of the
addition of Fe on the LT performance of A2B7 HAA is closer to that of AB5 HAA.

 

Figure 3. The discharge voltage curves obtained using a rate of C/2 at (a) −10 ◦C and (b) −20 ◦C;
(c) a summary of the discharge capacity and mid-point voltage at −10 ◦C and −20 ◦C; and (d) 30-day
capacity retention at RT for cells Fe1, Fe2, Fe4 and Fe5.

Table 2. Summary of discharge capacities at different rates and temperatures, mid-point voltages
at different temperatures and 30-day charge retention. QC/2 and Q2C are the discharge capacities
measured at C/2 and 2C, respectively.

Alloy
QC/2

at RT (Ah)
Q2C

at 20 ◦C (Ah)
QC/2

at −10 ◦C (Ah)
QC/2

at −20 ◦C (Ah)
30-day Charge
Retention (%)

Mid-Point Voltage
at −10 ◦C (V)

Mid-Point Voltage
at −20 ◦C (V)

Fe1 4.27 3.97 3.64 3.35 88 1.093 1.038
Fe2 4.27 3.97 3.63 3.34 87 1.090 1.032
Fe4 4.27 3.97 3.62 3.29 86 1.079 1.015
Fe5 4.23 3.96 3.51 2.96 83 1.013 0.949

Charge retention tests for Fe1, Fe2, Fe4 and Fe5 were performed at RT at the end of days 7,
14 and 30, and the results are shown in Figure 3d. The charge/discharge rate used for the tests
was C/5 and the capacities have been normalized by the original capacity. Cells Fe4 and Fe5,
with higher Fe-content, exhibited lower capacity retention than Fe1 and Fe2 after 14 days. At the end of
30 days, capacity retention followed the trend of Fe1 (88%) > Fe2 (87%) > Fe4 (86%) > Fe5 (83%).
Capacity retention properties of the Mn- or Co-substituted superlattice HAAs were studied previously.
The capacity loss observed in the Mn-substituted HAAs was attributed to micro-shortages between
the positive and negative electrodes caused by oxides of Mn and Zn [20]. For the Co-substituted
HAAs, the high corrosion rate of Co in the alkaline electrolyte resulted in capacity loss [21]. The alloys
in this study were designed based on a Co-containing superlattice HAA, and Fe1 has the same
composition as C3 in [21]. The lower charge retention for cells with high Fe-content HAAs indicates
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that, other than the corrosion of Co, there are other factors causing further reduction in capacity after
storage. More severe oxidation in the Fe containing alloys may have a role in capacity loss as well,
which was observed by SEM/EDS and will be presented in the failure analysis section. Fe improved the
charge retention properties of AB2 [18] HAAs and deteriorated those of AB5 [19] HAAs. Similar to LT
performance, the effects of Fe for A2B7 HAA are similar to those for AB5 HAA with regard to charge
retention performance.

3.3. Cycle Life and Peak Power

Cycle life performances of cells Fe1 to Fe5 were measured at RT and 50 ◦C. Results are shown in
Figure 4 and summarized in Table 3. The charge processes were terminated when the cells reached
105% state-of-charge (calculated based on the initial discharge capacity) and the discharge process
was finished at a cutoff voltage of 0.9 V. A rate of C/2 was used for both the charge and discharge
processes. At RT, the Fe-free cell (Fe1) showed the highest cycle life—1055 cycles. Cycle life decreases
dramatically with increasing Fe-content. Fe2 contained 1.2 at% Fe and demonstrated a cycle life of
720. When the Fe-content increased to 2.4 at% (Fe3) and above (Fe4 and Fe5), cycle life dropped to
approximately 400 cycles. At 50 ◦C, the cycle life performances of all cells were greatly reduced,
but exhibited a similar trend increasing Fe-content in the alloy. Fe1 showed a cycle life of 345,
while cells with high Fe-content HAAs (Fe3, Fe4 and Fe5) demonstrated cycle numbers of less than
200. The accelerated capacity degradation at a temperature above 50 ◦C is common for HAA and can
be attributed to higher degrees of oxidation, leaching and poisoning of the positive electrode [22,23].
The rapid deterioration in cycle life caused by increasing Fe-content in A2B7 HAAs was seen previously
in AB5 HAAs [19].

Figure 4. Cycle life performances of cells Fe1 to Fe5 measured at (a) RT and (b) 50 ◦C at a charge/discharge
rate of C/2.

Table 3. Cycle life and peak power performances for cells Fe1 to Fe5. The cycle life tests were
performed at RT and 50 ◦C, at a charge/discharge rate of C/2. Peak power was measured at 50%
depth-of-discharge (DOD).

Alloy
Cycle life
at C/2, RT

Cycle life
at C/2, 50 ◦C

Initial Peak Power
at 50% DOD (W kg−1)

Cycle Life
(Peak Power Reached 100 W kg−1)

Fe1 1055 345 192 550
Fe2 720 310 195 450
Fe3 390 165 190 450
Fe4 425 145 179 450
Fe5 420 190 181 450

The peak power of cells Fe1 to Fe5 was measured every 50 cycles at 50% DOD and RT. The results are
shown in Figure 5 and the initial peak power data is listed in Table 3. Details of the testing method
can be found in our previous studies on Mn- and Co-substitutions in A2B7 [6,8]. During early cycling,
cells with high Fe-content HAAs (Fe4 and Fe5) show lower peak power values than those with the Fe-free

315

Bo
ok
s

M
DP
I



Batteries 2017, 3, 28

(Fe1) and low Fe-content HAAs (Fe2 and Fe3). After 200 cycles, there was a clear trend as the peak
power first decreases and then increases as Fe-content increases, with Fe3 showing the lowest peak power.
Fe1 demonstrates the best power stability among all the tested cells, which was consistent with its superior
cycle stability (Figure 4). The trend of peak power change with the Fe-content was consistent with the
findings regarding RT rate capability (Figure 2a), since the peak power also depends on surface catalytic
capability and the surface area of the HAA. Fe3 has a much lower amount of catalytic Ni clusters compared
to Fe1 and a much smaller surface area than Fe4 and Fe5, which results in its low peak power.

Figure 5. Peak power for cells Fe1 to Fe5 measured at 50% DOD and RT.

3.4. Failure Analysis

After cycle life tests, the cells were taken apart and their failure modes were studied by SEM,
EDS and ICP. SEM backscattered electron images (BEIs) of the positive electrodes from cells Fe1 to Fe5
cycled at RT are shown in Figure 6. EDS was performed to measure the average chemical composition
across a clean region without Ni foam, at 1000× magnification. The chemical compositions of the
cycled positive electrodes were measured by EDS and are listed in Table 4.

Figure 6. SEM micrographs of the positive electrodes of cells (a) Fe1, (b) Fe2, (c) Fe3, (d) Fe4 and (e) Fe5
after cycle life testing at RT. Magnification: 300×. The scale bar (white) represents 50 μm. The bright
white regions in (b–d) are the Ni-foam current collectors.
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Table 4. Chemical compositions (at%) measured by EDS of the positive electrodes after cycle life testing
at RT.

Cell Ni Co Zn Al

Fe1 76.5 18.0 2.3 3.2
Fe2 75.7 18.5 2.6 3.2
Fe3 76.6 18.0 2.8 2.6
Fe4 74.9 20.2 2.7 2.2
Fe5 75.1 20.2 2.6 2.1

The most noticeable composition changes in the positive electrodes include the decrease in Al
content and increase of Co content as the Fe-content in the alloy increases. The original positive
electrode is Al free and the only Al source in the cell is the negative electrode. It has been reported that
Al can leach from Co substituted superlattice HAAs and higher Co contents result in a higher degree of
Al leaching [8]. However, Al is essential to superlattice HAA due to the ability to stabilize the structure
against amorphization [24]. The alloys in this study contain 4.7 to 4.8 at% Co, which contributes to
a high Al content (3.2 at%) in the cycled positive electrode of the cell with the Fe-free alloy (Fe1).
As the Fe-content of the alloy in the negative electrode increases, the Al content in the heavily
cycled positive electrode decreases to 2.1 at% for Fe5. Meanwhile, the Co content in the positive
electrode increases from 18.0% to 20.2%. Therefore, Fe-substitution inhibits the leaching of Al from
the superlattice HAA, but promotes the leaching of Co from the same place. Since the evolution of
the Al and Co leaching are inversely correlated with the Fe-content, they eliminate the possibility
of linking higher Al content to higher cycle number in cells with low Fe-content HAAs. Moreover,
it is well known that the addition of Al in the positive electrode promotes the formation of α-Ni(OH)2,
which has a higher specific capacity than the initial β-Ni(OH)2 [25]. However, the volume expansion
caused by the β to α phase change leads to the swelling of the positive electrode [26]. Upon cycling,
the developed stress may cause cracking and pulverization, which will eventually terminate cell
activity. This is the reason α-Ni(OH)2 inhibitors, such as Zn or Cd, are added to ensure a long cycle
life [27–30]. Since Fe-substitution can inhibit leaching of Al from the negative electrode and, in turn,
the formation of α-Ni(OH)2, higher Fe-content is ideally beneficial to cycle life performance. However,
the cycle life test presents the opposite result, specifically higher Fe-content leads to shorter cycle life.
Furthermore, the SEM micrographs in Figure 6 show that the spherical Ni(OH)2 particles are in good
shape for all cycled samples and no obvious swelling or pulverization is observed. The effects of Al
leaching from the negative electrodes is not observed. Therefore, it is unlikely that the shortened cycle
life of Fe3 to Fe5 is caused by the degradation of the positive electrode.

The chemical compositions of the cycled negative electrodes were measured using ICP and the
data is listed in Table 5. After cycle testing at RT, the composition of each negative electrode does not
change significantly compared to that of the original HAA powder (data shown in Table 1 in Part 1)
except that the Al content in all the samples decreases by nearly 1%, which results in a corresponding
increase in Al in the positive electrodes. The increase of the Fe-content and decrease of the Ni content
from Fe1 to Fe5 occur by alloy design. The SEM BEI micrographs of the cycled negative electrodes
from cells Fe1 to Fe5 are shown in Figure 7. The cycled Fe1 (Figure 7a) exhibits severe pulverization
and the HAA particles break into smaller pieces and gradually lose electrical connections to the
current collector, which is a common failure mode for Ni/MH batteries [22,31,32]. Fe2 also suffers
from severe pulverization, as shown in Figure 7b. In addition, the large darker grey colored area
indicates that oxidation occurs around the pulverized HAA particles, which was confirmed by spot
EDS measurements. The oxygen content in the grey area varies between 34 to 54 at%, as measured by
EDS. Fe3 to Fe5 exhibit much shorter cycle life performances than Fe1, and their SEM BEI micrographs
(Figure 7c–e) do not show signs of severe pulverization. The large HAA chunks do not appear to
break into pieces and still occupy the largest portion of the surfaces. Instead, the large grey areas
observed in Fe3 to Fe5 suggest severe oxidation, which was also confirmed by EDS measurements.
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For Fe5, the grey area occupies the majority of the image, indicating that severe oxidation occurred
in all the samples. Pressure-composition-temperature (PCT) hysteresis, a strong indicator for the
inclination for HAA pulverization [33], for this series of alloys [10] does not support the direct link
of degree-of-pulverization to the Fe-content. The heavy pulverization found in cells with Fe-free or
low-Fe-content HAAs is due to the large number of cycles.

Figure 7. SEM micrographs of the negative electrodes of cells (a) Fe1, (b) Fe2, (c) Fe3, (d) Fe4 and
(e) Fe5 after cycle life testing at RT. The scale bar represents 50 μm.

Table 5. Chemical compositions (at%), determined by ICP, of the negative electrodes after cycle life testing.

Cell Mm Ni Co Mg Al Fe

Fe1 19.1 69.5 4.6 3.7 3.1 0.0
Fe2 18.5 68.3 4.9 3.7 3.2 1.4
Fe3 19.2 66.7 4.6 3.8 3.3 2.4
Fe4 18.6 66.0 5.1 3.7 3.2 3.5
Fe5 19.2 64.3 4.6 3.8 3.0 5.1

SEM/EDS analyses were used to study the cross-section of the positive electrode/separator/negative
electrode sandwich structure of the heavily oxidized Fe3 to Fe5 after cycle life testing at RT. The SEM BEI
micrographs are shown in Figure 8a–c and their corresponding oxygen-EDS (O-EDS) micrographs are
presented in Figure 8d–f. Each figure, from top to bottom of the sandwich, consists of the negative electrode,
separator and positive electrode. The O-EDS mappings for Fe3 and Fe4 indicate that the oxidation of the
negative electrode occurs mainly around the particle/grain boundaries, while Fe5—which has the highest
Fe-content—exhibits a heavily oxidized surface across the negative electrode. This finding is consistent
with the SEM BEI study above, confirming that the cell failure is caused by severe oxidation instead of
pulverization with increasing Fe-content in HAAs. A heavily oxidized surface layer increases the internal
resistance of the cell and leads to a shorter cycle life.

The cells after cycle life testing at 50 ◦C were also taken apart and investigated by SEM/EDS.
Cycle life performance decreases dramatically with increasing temperature. In addition, the failure
modes are similar. As shown in Figure 9, cells with the Fe-free (Fe1) and low-Fe-content (Fe2) HAAs
show significant pulverization at the negative electrodes during the end of cycle life, which is the
main cause of cell failure. When the Fe-content increases above 1.2 at% (Fe3 to Fe5), oxidation at the
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HAA surfaces becomes more significant (Figure 9c–e). Fe5 exhibits the most severe oxidation among
all alloys. Figure 10 shows the SEM BEI micrographs of the cross-sections and their corresponding
O-EDS mappings for Fe2 to Fe5. O-EDS mapping does not show a significant oxygen level in the
cycled negative electrode in cell Fe2, which indicates that oxidation should be excluded as the main
cause of cell failure. For Fe3 to Fe5, the negative electrodes are severely oxidized, whereas no obvious
pulverization is observed. In addition to negative electrode oxidation, the separators in Fe3 to Fe5 are
squeezed by the expansion in the positive electrode and debris/deposits are found in the separators,
which is attributed to electrolyte dry-out. Electrolyte dry-out is another typical failure mode and
caused cell failure of the Co-substituted HAA cells tested at 50 ◦C. EDS measurements show that the
debris/deposits contain Ni, Co, Mg and Al (mainly Ni and Co), which originated from the corroded
negative electrode and formed a micro-shortage network that is detrimental to cycle life performance.
Such debris/deposits were also observed in the high Fe-content cells Fe4 and Fe5 after cycling at RT.

Figure 8. SEM micrographs of the cross-sections of cells (a) Fe3, (b) Fe4 and (c) Fe5 and their
corresponding O-EDS elemental mappings (d) Fe3, (e) Fe4 and (f) Fe5 after cycle life testing at RT.
The scale bar represents 50 μm. In each figure, the sandwich structure from top to bottom consists of
the negative electrode, separator and positive electrode.

 

Figure 9. SEM micrographs of the negative electrodes of cells (a) Fe1, (b) Fe2, (c) Fe3, (d) Fe4 and
(e) Fe5 after cycle life testing at 50 ◦C. The scale bar represents 50 μm.
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The cells cycled at RT and 50 ◦C show similar failure mechanisms. Cells with Fe-free and
low-Fe-content HAAs demonstrate long cycle life and eventually fail due to pulverization/disintegration of
the negative electrode. With increasing Fe-content in HAAs, oxidation/corrosion of the negative electrode
dominates and has two negative influences. First, surface oxidation may lead to increased internal
resistance and deterioration of the cell capacity and cycle life. Second, during the oxidation/corrosion
of HAAs, Ni, Co or other elements may leach from the negative electrode and deposit on the separator.
Such deposits/debris may eventually develop into a micro-shortage network and therefore reduce cell
capacity, cycle life and shelf life.

 

Figure 10. SEM micrographs of the cross-sections of cells (a) Fe2, (b) Fe3, (e) Fe4, and (f) Fe5 and their
corresponding O-EDS elemental mappings of cells (c) Fe2, (d) Fe3, (g) Fe4 and (h) Fe5 after cycle life
testing at 50 ◦C. The scale bar represents 50 μm. In each figure, the sandwich structure from top to
bottom consists of the negative electrode, separator and positive electrode.
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4. Conclusions

The effects of the Fe-substitution in Mm-based superlattice alloys on the performances of
nickel/metal hydride batteries and their failure mechanisms were studied in Part 2 of this paper.

Due to the complexity involved with the Fe-substitution and limited number of compositions
selected, the variations in some properties are not very smooth; however, general trends are still
observable and reported. Although the incorporation of Fe promotes the formation of a favorable
Ce2Ni7 phase, the full-cell capacities at room temperature, −10 ◦C and −20 ◦C, cycle life performances
at room temperature and 50 ◦C, capacity retention, mid-point discharge voltage and peak power
all deteriorate with increasing Fe-content, especially in samples with high Fe-content. Fe in the
alloy also inhibits leaching and migration of Al from the negative electrode to the positive electrode,
while facilitating the leaching of Co from the negative electrode. However, the cycle life performance
was dominated by the negative electrode in this study. Cells with high Fe-content alloys show much
lower room temperature and 50 ◦C cycle life performances and peak power than those with Fe-free
(Fe1) and low Fe-content (Fe2) alloys. The failure of cells Fe1 and Fe2 is mainly attributed to the
pulverization of the negative electrode, while cells with high Fe-content HAAs (Fe3 to Fe5) suffer from
severe oxidation/corrosion of the negative electrode, which greatly limits cycle life performance at
room temperature and 50 ◦C.
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Mm Misch metal
HAA Hydrogen absorbing alloy
Ni/MH Nickel/metal hydride
HRD High-rate dischargeability
RT Room temperature
DOD Depth-of-discharge
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
MS Saturated magnetic susceptibility
C Double-layer capacitance
LT Low temperature
R Charge-transfer resistance
BEI Backscattered electron images
PCT Pressure-composition-temperature
O-EDS Oxygen-energy dispersive spectroscopy
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Abstract: Electrochemical performances of a high-capacity and long life β-α core-shell structured
Ni0.84Co0.12Al0.04(OH)2 as the positive electrode active material were tested in a pouch design and
compared to those of a standard β-Ni0.91Co0.045Zn0.045(OH)2. The core-shell materials were fabricated
with a continuous co-precipitation process, which created an Al-poor core and an Al-rich shell during
the nucleation and particle growth stages, respectively. The Al-rich shell became α-Ni(OH)2 after
electrical activation and remained intact through the cycling. Pouch cells with the high-capacity β-α
core-shell positive electrode material show higher charge acceptances and discharge capacities at
0.1C, 0.2C, 0.5C, and 1C, improved self-discharge performances, and reduced internal and surface
charge-transfer resistances, at both room temperature and −10 ◦C when compared to those with
the standard positive electrode material. While the high capacity of the core-shell material can be
attributed to the α phase with a multi-electron transfer capability, the improvement in high-rate
capability (lower resistance) is caused by the unique surface morphology and abundant interface sites
at the β-α grain boundaries. Gravimetric energy densities of pouch cells made with the high-capacity
and standard positive materials are 127 and 110 Wh·kg−1, respectively. A further improvement in
capacity is expected via the continued optimization of pouch design and the use of high-capacity
metal hydride alloy.

Keywords: metal hydride alloy; nickel metal hydride battery; pouch cell; electrochemistry;
alpha nickel hydroxide; core shell

1. Introduction

Transportation electrification is essential for controlling the greenhouse effect by reducing CO2

emissions from burning fossil energy. Li-ion battery technology is the mainstream energy/power
source for electric vehicle (EV) applications because of its relatively high gravimetric energy density.
In a comparison of commercially available Li-ion batteries (first nine rows in Table 1), cylindrical cells
with the size of 18650 made by Panasonic (Tokyo, Japan) show the highest volumetric and gravimetric
energy densities at the cell level. However, their gravimetric energy density drops from 233 to
140 Wh·kg−1 in the transition from a single cell to a complete battery pack [1]. Other vendors offer
either pouch- (aluminum laminated with plastics) or prismatic- (metal case) types of Li-ion batteries
that increase the package density because no space is needed between adjacent cells. In comparison,
pouch cells have both higher volumetric and gravimetric energy densities than prismatic cells.
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  

 
  

 
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           
             

                 
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               
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Table 2. Comparisons among various cell packaging types for Ni/MH batteries.

Type
Capacity

(Ah)
Case Material Vent Cap Pros Cons

Coin 0.02–0.4 Stainless steel No High volume mass-production Only for low-rate application

Cylindrical 0.3–10 Stainless steel Yes High volume mass-production Limited capacity

Stick 1–2 Stainless steel Yes High packing density Higher cost and lower energy
density

HEV-prismatic 6.5 Plastic or metal Yes High power density, easy packing Lower pressure rating, poor
heat transfer

EV-prismatic 20–100 Stainless steel Yes Large format (>100 Ah) High manufacture cost

Pouch 0.2–100 Aluminum laminated
with plastics Yes/No High gravimetric energy density Low pressure rating

2. Experimental Setup

Negative electrode active material is a commercially available misch metal-based metal hydride
(MH) alloy (AB5) with a nominal composition of La10.5Ce4.3Pr0.5Nd1.4Ni60Co12.7Mn5.9Al4.7 and a
plateau pressure of about 0.06 MPa [8]; it was supplied by Eutectix (Troy, MI, USA). Positive electrode
active materials (AP50 and WM12) were fabricated by a continuous stirred-tank reactor process [7,9,10]
in BASF—Ovonic (Rochester Hills, MI, USA). Electrochemical charge/discharge tests were performed
on an Arbin BT-2143 battery test station (Arbin, College Station, TX, USA). AC impedance
measurements were performed on a Solartron S1287 potentiostat/galvanostat, with an S1255 frequency
response analyzer (Solatron, Farnborough, Hampshire, UK).

2.1. Cell Assembely

Around 1.2 g mixture of positive electrode active material (hydroxide of nickel and other transition
metals, 90 wt %) and polytetrafluorethylene-acetylene black composite (10 wt %) was spread evenly
and compacted onto a 1” × 1” nickel foam substrate by applying a pressure of 250 MPa with a
hydraulic press to form the positive electrode. The negative electrode was fabricated by a continuous
dry compaction process, which directly pressed the AB5 MH alloy powder onto an expanded nickel
substrate. A negative-to-positive (N/P) capacity ratio of 1.4 was adopted to prevent sudden gassing
in the pouch cell. Future development using a MH alloy with a lower plateau pressure and a flatter
pressure-concentration-temperature isotherm can reduce this N/P ratio. Individual Ni tab strips were
welded onto both the negative and positive electrodes. A piece of grafted polypropylene/polyethylene
was used as a separator. 30 wt % aqueous KOH solution was used as electrolyte. EQ-alf-400-7.5M
(MTI Corporation, Richmond, CA, USA), an aluminum foil that was laminated with polyamide (inside)
and polypropylene (outside), was used for the construction of the pouch cell. The laminated aluminum
foil was cut into 4” × 2.2” pieces, and each piece was heat sealed at 200 ◦C and 0.3 MPa for 1.5 s with a
MTI MSK-140 heating sealer without vacuum to form a 2” × 2.2” pouch for cell housing.

2.2. Activation Process

After completing the pouch assembly, each cell was set aside for 3 h. Next, each cell was charged
at 0.1C (calculated based on the positive electrode active material weight) at room temperature (RT)
for 10 h and relaxed for 10 min before being discharged at 0.1C to 0.9 V. This process was repeated
until a stablized discharge capacity was obtained.

2.3. Charge Rate Capability

After activation, each cell was set aside for 3 h at RT. Next, each cell was charged at 0.1C to 90%
state-of-charge (SOC) to a cutoff voltage of 1.6 V, relaxed for 10 min, before being discharged at 0.1C to
0.9 V, and finally relaxed for 10 min. This charge/discharge process was repeated, but with charge
rates of 0.2C, 0.5C, and 1C in the next three cycles.
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After completing the RT charge rate capability test, each cell was charged/discharged at 0.1C for
five cycles to reactivate. Each cell was then placed in a temperature-controlled chamber at −10 ◦C for
3 h. Next, −10 ◦C charge rate capability test was conducted in the same manner as the experiment at
RT described above.

2.4. Discharge Rate Capability

Test procedure for discharge rate capaibility is similar to that for charge rate capability, but with
the charge rate fixed at 0.1C and discharge rates of 0.1C, 0.2C, 0.5C, and 1C.

2.5. Self-Discharge

Each cell was charged at 0.1C to 60% or 80% of SOC after activation and then relaxed for 3 h.
More relaxation time may be required to ensure that stablized open-circuit potential was obtained.
Open-circuit potential was again obtained every seven days. Self-discharge measurements were
performed at both RT and −10 ◦C.

2.6. Internal Resistance Measurement

After activation, each cell was charged at 0.1C to 60% SOC and relaxed for 1 h at RT. Next, each cell
was discharged at 0.1C for 15 s, relaxed for 10 min, before being charged at 0.1C for 15 s, and finally
relaxed for 10 min. This pulse discharge/charge process continued on, but with discharge/charge
rates of 0.2C, 0.5C, and 1C. Internal resistance (Rint) at RT was calculated based on the equation,

Rint = ΔV/ΔI (1)

where V and I are the voltage at the end of each charge or discharge pulse and corresponding
rate, respectively.

After completing the RT Rint measurement, each cell was charged/discharged at 0.1C for two
cycles to reactivate. Each cell was then placed in a temperature-controlled chamber at −10 ◦C for 3 h,
charged at 0.1C to 60% SOC, and relaxed for 1 h. Next, −10 ◦C Rint measurement was conducted in
the same manner as the experiment at RT described above. Equation 1 was also used to calculate Rint

at −10 ◦C.

2.7. Charge-Transfer Resistance Measurement

Each cell was charged at 0.1C to 60% SOC and relaxed for 30 min. Next, AC impedance
measurements were performed with an amplitude of 10 mV and a frequency range of 0.005 to 10 KHz
at RT and 0.002 to 100 KHz at −10 ◦C. Charge-transfer resistances (Rct) at RT and −10 ◦C of each cell
were obtained from the resulted Cole-Cole plots.

3. Results and Discussion

3.1. Ni(OH)2 Selection

Two types of positive electrode materials are compared in this study—AP50 and WM12.
The important parameters of these two materials are compared in Table 3. AP50 with a nominal
cation composition of Ni91Co4.5Zn4.5, a standard positive electrode material for commercial Ni/MH
batteries, was chosen as control. During charge, AP50 goes through a transformation from β-Ni(OH)2 to
β-NiOOH (and vice versa during discharge). WM12 is a newly developed high-capacity Ni(OH)2-based
positive electrode material [4]. In WM12, zinc—the γ-phase inhibitor in AP50—is replaced by
aluminum, the γ-phase promoter, which results in a nominal cation composition of Ni84Co12Al4.
After activation, WM12 has a structure consisted of a β-rich core and a α-rich shell that was confirmed
by both scanning and transmission electron microscopes [7]. Although being similar in shape
(both spherical), WM12 has a highly-decorated surface while AP50’s surface is relatively smooth
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(Figure 2). WM12’s high surface area may contribute positively in the electrochemical environment.
Half-cell capacity measurement results for WM12 and AP50 (using a counter electrode made with the
standard AB5 MH alloy) are shown in Figure 3. After activation, WM12 demonstrates a 40% increase
in discharge capacity over AP50 (350 vs. 250 mAh·g−1) at 30 mA·g−1. The extra capacity of WM12
comes from the α-shell, which is capable of an electron transfer of up to 1.67 electrons per Ni atom
during the redox reaction [11,12]. Other than the usual transformation from β-Ni(OH)2 to β-NiOOH
during charge (and vice versa during discharge), the evolution in half-cell voltage profile of WM12
shows that once the activation (Figure 4a–c, where only a single voltage plateau is observed during
charge or discharge) is complete, a transformation of α-Ni(OH)2 to γ-NiOOH during charge (and vice
versa during discharge) appears (Figure 4d,e, where two voltage plateaus are observed during charge
or discharge). Although WM12 delivers a higher gravimetric energy density, its lower tap density
(0.9 g·cc−1) [7] when compared to that of AP50 (2.3 g·cc−1) decreases the volumetric energy density
of the battery. Details about the microstructures of WM12 at different states and after cycling were
reported previously [7]. In this study, pouch cells made with AP50 and WM12 are identified as Cell
AP50 (control) and Cell WM12 (experimental).

Table 3. Various properties of AP50 and WM12.

Materials AP50 WM12

Composition Ni0.91Co0.045Zn0.045(OH)2 Ni0.84Co0.12Al0.04(OH)2
Original structure β-Ni(OH)2 β-Ni(OH)2

Structure after activation β-Ni(OH)2 α-β core-shell Ni(OH)2
Tap density 2.3 g·cc−1 0.9 g·cc−1

Discharge capacity 250 mAh·g−1 350 mAh·g−1

BET surface area 13.7 m2·g−1 51.98 m2·g−1

Pore density 0.022 cc·g−1 0.027 cc·g−1

Average pore size 19.7 Å 24.6 Å

Figure 2. Scanning electron micrographs of (a) a heavily decorated WM12 surface and (b) a relatively
smooth AP50 surface.
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Figure 3. Half-cell capacities obtained at a discharge current of 30 mA·g−1 for WM12 and AP50.

Figure 4. Half-cell voltage profiles of WM12 at (a) cycle 1, (b) cycle 2, (c) cycle 3, (d) cycle 10,
and (e) cycle 20. The blue and greens arrows point to the α-to-γ and γ-to-α transitions, respectively.

3.2. Charge Rate Capability

Effects of varying the charge rate on pouch cell charge and discharge capacities are shown in
Figure 5. Similar to earlier reports [9,10], a smaller charge rate results in a higher charge and discharge
capacities, and a lower operation temperature yields lower charge and discharge capacities. Charge and
discharge capacities that are obtained with different charge rates at both RT and −10 ◦C are listed in
Table 4. Cell WM12 has higher charge and discharge capacities than Cell AP50 at both RT and −10 ◦C
for all of the rates. Moreover, Cell WM12 shows superior high-rate charge capabilities, especially at
a lower temperature, as demonstrated by the more-than-double charge/discharge capacities of Cell
WM12 as compared to the corresponding charge/discharge capacities of Cell AP50 at 0.5C and 1C
at −10 ◦C. RT energy densities obtained from Cell WM12 and Cell AP15 are 127 and 110 Wh·kg−1,
respectively. As the negative electrode material used is the conventional AB5 MH alloy (320 mAh·g−1),
and the pouch design has not been optimized, further increase in energy density can be accomplished
by using the new Laves phase-related body-centered-cubic MH alloy (400 mAh·g−1) developed in the
ARPA-E RANGE program [4] in an improved pouch design.
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Figure 5. Charge rate evaluation by measuring both the charge and discharge capacities of (a) Cell
AP50 and (b) Cell WM12 at room temperature and (c) Cell AP50 and (d) Cell WM12 at −10 ◦C.
All measurements were discharged at 0.1C.

Table 4. Charge and discharge capacities obtained with different charge rates for Cells AP50 and WM12
at both room temperature (RT) and −10 ◦C.

Test #
Temperature

(◦C)
Rate Step

Cell AP50 Capacity
(mAh·g−1)

Cell WM12 Capacity
(mAh·g−1)

1 RT
0.1C Charge 225 279
0.1C Discharge 205 269

2 RT
0.2C Charge 225 279
0.1C Discharge 201 260

3 RT
0.5C Charge 151 279
0.1C Discharge 143 250

4 RT
1C Charge 90 269

0.1C Discharge 89 238

5 −10
0.1C Charge 153 279
0.1C Discharge 149 269

6 −10
0.2C Charge 111 279
0.1C Discharge 110 268

7 −10
0.5C Charge 53 186
0.1C Discharge 53 184

8 −10
1C Charge 14 37

0.1C Discharge 14 39

3.3. Discharge Rate Capability

The effects of varying the discharge rate on pouch cell discharge capacity are shown in Figure 6.
Since the charge capacity curves are very similar (all of the measurements were charged at 0.1C),
only the discharged curves are presented. Discharge capacities that are obtained at different rates are
summarized in Table 5. Cell WM12 has much higher discharge capacities than Cell AP50 at both RT
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and −10 ◦C for all of the rates. In addition, Cell WM12 shows superior high-rate discharge capabilities,
especially at a lower temperature. For instance, at −10 ◦C and 1C, discharge capacity of Cell WM12 is
more than six times higher than that of Cell AP50. The abnormal lowering in cell voltage during the
initial high-rate discharges (0.5C and 1C) at RT in Figure 6a is related to the sudden decrease in MH
alloy volume and insufficient time for the electrolyte to flow in, causing an increase in cell impedance.
At −10 ◦C, the cell impedance is large, and the depth-of-discharge is small, which overshadow the
electrolyte refilling phenomena observed in Figure 6a.

 

Figure 6. Discharge rate evaluation by measuring the discharge capacities of (a) Cell AP50 and (b) Cell
WM12 at room temperature and (c) Cell AP50 and (d) Cell WM12 at −10 ◦C. All o the measurements
were charged at 0.1C.

Table 5. Discharge capacities at different rates for Cells AP50 and WM12 at both room temperature
(RT) and −10 ◦C.

Test #
Temperature

(◦C)
Rate Step

Cell AP50 Capacity
(mAh·g−1)

Cell WM12 Capacity
(mAh·g−1)

1 RT
0.1C Charge 225 279
0.1C Discharge 203 272

2 RT
0.1C Charge 225 279
0.2C Discharge 196 270

3 RT
0.1C Charge 225 279
0.5C Discharge 157 256

4 RT
0.1C Charge 225 279
1C Discharge 99 223

5 −10
0.1C Charge 225 279
0.1C Discharge 160 271

6 −10
0.1C Charge 225 279
0.2C Discharge 130 259

7 −10
0.1C Charge 225 279
0.5C Discharge 63 210

8 −10
0.1C Charge 225 279
1C Discharge 22 142
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3.4. Self-Discharge

Effects of SOC and temperature on self-discharge are shown in Figure 7a,b. A higher SOC leads to
a higher open-circuit voltage for both Cell AP50 and Cell WM12. At −10 ◦C, both Cell AP50 and Cell
WM12 have a better self-discharge performances than at RT. For the 32-day storage test, Cell WM12
shows higher voltages during storage and better self-discharge performances (higher voltages at the
end of storage) than Cell AP50 at RT and −10 ◦C. Charge retentions that were measured at RT and 80%
SOC for Cells AP50 and WM12 are plotted in Figure 7c, which also shows the superiority of WM12
over AP50 in self-discharge performance.

 
Figure 7. Self-discharge evaluations of Cell AP50 and Cell WM12 by the open-circuit voltages at both
(a) room temperature (RT) and (b) −10 ◦C at both 60% and 80% state-of-charge (SOC), and (c) by the
capacity retention at RT and 80% SOC.

3.5. Internal Resistance

Rints of Cell AP50 and Cell WM12 are listed in Table 6. Rint of Cell WM12 is dramatically lower
than that of Cell AP50. More specifically, a 47% decrease in Rint at RT and a 56% decrease in Rint

at −10 ◦C are observed in Cell WM12. According to our previous works [7,13,14], the lower Rint of
WM12 can be attributed to its higher surface area (Table 3), higher surface pore density (Table 3),
large interface region between the α and β phases, and special core-shell structure.
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Table 6. Charge and discharge internal resistances (Rint) at 60% SOC of Cells AP50 and WM12 measured
at room temperature (RT) and −10 ◦C.

Temperature
(◦C)

Cell
Rint-Charge

(Ω)
Rint-Charge

(Ω)
Average Rint

(Ω)

RT AP50 0.36 0.40 0.38
RT WM12 0.17 0.23 0.20
−10 AP50 1.06 1.07 1.07
−10 WM12 0.45 0.49 0.47

3.6. Charge-Transfer Resistance

AC impedance measurement was employed to study the surface electrochemical reaction [15].
Figure 8 (RT) and Figure 9 (−10 ◦C) illustrate the resulting Cole-Cole plots for Cell AP50 and Cell
WM12 at the 0th, 20th, and 50th cycles. A reported equivalent circuit model [16], as shown in Figure 10,
was used for the simulation of Figures 8 and 9. Table 7 lists the solution resistances (R0) and Rcts
for Cell AP50 and Cell WM12 at different temperatures and cycle numbers. R0 is the resistance of
ions traveling through the electrolyte and separator and the start value of Z’ in the Cole-Cole plot
(x-axis intercept). Rct is closely related to the semicircle in the Cole-Cole plot. The linear part after the
semicircle in the Cole-Cole plot is linked to the Warburg impedance, a parameter that is associated
with the diffusion of hydrogen atoms into the electrodes. We will conduct more detailed research on
Warburg impedance in our future work. From Table 7, Rcts of Cell WM12 are 0.10 Ω at RT and 0.52 Ω
at −10 ◦C, which are only 31 to 48% of those observed in Cell AP50.

Figure 8. Room temperature Cole-Cole plots for Cell AP50 and Cell WM12 at the (a) 0th, (b) 20th,
and (c) 50th cycles obtained at 60% SOC.
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Figure 9. −10 ◦C Cole-Cole plots for Cell AP50 and Cell WM12 at the (a) 0th, (b) 20th, and (c) 50th
cycles obtained at 60% SOC.

R0 Cct

Rct W1

Figure 10. Proposed equivalent circuit model for pouch cells AP50 and WM12.

Table 7. Summary of solution resistances (R0) and charge-transfer resistances (Rct) for Cell AP50 and
Cell WM12 measured at room temperature (RT) and −10 ◦C at different cycles.

Temperature (◦C) Cycle # Cell R0 (Ω) Rct (Ω)

RT 0 AP50 0.10 0.23
RT 0 WM12 0.11 0.10
RT 20 AP50 0.13 0.21
RT 20 WM12 0.10 0.10
RT 50 AP50 0.13 0.23
RT 50 WM12 0.20 0.10
−10 0 AP50 0.21 1.64
−10 0 WM12 0.16 0.51
−10 20 AP50 0.17 1.18
−10 20 WM12 0.17 0.53
−10 50 AP50 0.20 1.30
−10 50 WM12 0.18 0.52

4. Summary

A systematic study on pouch cells made with a high-capacity β-α core-shell Ni(OH)2

(experimental) was performed, and the charge and discharge rate capabilities, self-discharge,
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and internal and charge-transfer resistances were obtained and compared with pouch cells that were
made with a standard β-Ni(OH)2 as control. The experimental cells exhibit superior performances
in all of the tests. When compared to the control cells, the experimental cells show a higher energy
density (127 vs. 110 Wh·kg−1) and better charge/discharge rate capabilities, especially at a higher rate
and lower temperature. For example, at 0.5 C and −10 ◦C, charge capacity is 3.51 times higher than the
control; and at 1 C and −10 ◦C, discharge capacity is 6.45 times higher than the control. Furthermore,
the experimental cells also demonstrate better self-discharge performances and reduced internal and
charge-transfer resistances, measured at both room temperature and −10 ◦C.
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The following abbreviations are used in this manuscript:

EV Electric vehicle
G Graphite
LTO Li-titanate
LMO Li-spinel
NCA LiNiCoAl oxide
NMC LiNiMnCo oxide
LFP LiFePO4

Ni/MH Nickel/metal hydride
HEV Hybrid electric vehicle
MH Metal hydride
N/P ratio Negative-to-positive capacity ratio
RT Room temperature
SOC State of charge
Rint Internal resistance
Rct Charge transfer resistance
R0 Solution resistance
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Abstract: The stationary power market, particularly telecommunications back-up (telecom)
applications, is dominated by lead-acid batteries. A large percentage of telecom powerplants are
housed in outdoor enclosures where valve-regulated lead-acid (VRLA) batteries are commonly used
because of their low-maintenance design. Batteries in these enclosures can be exposed to temperatures
which can exceed 70 ◦C, significantly reducing battery life. Nickel–cadmium (Ni–Cd) batteries have
traditionally been deployed in hotter locations as a high-temperature alternative to VRLA. This paper
compares the performances of nickel/metal hydride (Ni/MH), Ni–Cd, and VRLA batteries in a
simulated telecom environment according to published testing standards. Among these three choices,
Ni/MH batteries showed the best overall performance, suggesting substantially longer operating life
in high temperature stationary use.

Keywords: nickel metal hydride battery; nickel–cadmium battery; valve-regulated lead-acid battery;
stationary application; telecom

1. Introduction

Nickel/metal hydride (Ni/MH) battery technology is very well suited for stationary energy
storage applications because of its high power, long cycle life, compact size, unsurpassed safety, and
wide operating temperature range [1–3]. These merits have been validated in laboratory testing and
field evaluations alongside nickel–cadmium (Ni–Cd) and valve-regulated lead-acid (VRLA) batteries.
Supported by these results, Ni/MH batteries of varying designs ranging from small cell telecom [4]
and data storage [5] back-up power to substation-scale energy storage systems [6,7] have begun to
appear on the stationary market (see the Supplemental Material for specific examples).

Although specialized versions had been used earlier for select applications, Ni/MH batteries first
appeared on the mainstream commercial market in the late 1980s. These small rechargeable cylindrical
cells created a new generation of consumer electronics by enabling widespread deployment of digital
cameras, cellphones, laptop computers, and personal digital assistant. A decade later, prismatic
Ni/MH batteries became the dominating technology for powering hybrid electric vehicles (HEV).
Since 1997, more than 12 million HEV equipped with Ni/MH batteries have been introduced to the
world’s roadways [2]. The annual production of consumer-type Ni/MH battery is now over one billion
cells [8]. Today’s development focus on large-format Ni/MH batteries is setting the stage for stationary
power, energy storage on the electrical grid, and a variety of other industrial battery applications.

A basic Ni/MH cell consists of a metal hydride (MH) negative electrode and a nickel hydroxide
positive electrode in a highly conductive aqueous potassium hydroxide-based electrolyte (typically
30 wt %) in a sealed structure. This chemistry provides a nominal voltage of 1.2 volts per cell, below the
electrolysis voltage of water. Although its voltage is lower than that of a VRLA, Ni/MH is characterized
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by higher gravimetric and volumetric energy density, higher heat tolerance, and better cycle stability
at deeper discharge depths, which makes it an attractive alternative for stationary applications [1].
In addition, unlike its Ni–Cd rival, Ni/MH contains no toxic materials and is commercially recyclable,
although not yet to the same extent as lead-acid batteries.

The ability of Ni/MH to tolerate high heat conditions for extended durations [3] is particularly
important for stationary back-up power applications, including remote, outdoor installations.
In addition to ambient environments, high heat can result from a number of other conditions
including rapid cycling, high rate discharge, or fast charging. While this paper focuses on high
temperature telecom environments, improved heat tolerance is equally important for grid energy
storage or UPS/data center applications, where thermal management concerns add excessive cost and
system complexity.

2. Experimental Section

In 2012, Telcordia (Piscataway, NJ, USA) published GR-3168-CORE, “Generic Requirements for
Nickel Metal Hydride (Ni/MH) Battery Systems in Telecommunications Use” [9]. This document
outlines various testing protocols and requirements for stationary Ni/MH batteries, grouped by level
of deployment, covering areas such as general design, safety, performance, and service life. One of the
most interesting tests specified by GR-3168-CORE is the Varying-55 ◦C aging test.

The Varying-55 ◦C Test is intended to determine the service life of an Ni/MH battery. Batteries are
aged using a continuous 24 h environmental cycle with an average temperature of 55 ◦C. The algorithm
is composed of four stages designed to simulate the temperature environment inside an outdoor
telecom power cabinet from nighttime low temperatures to the highs of the day, including solar loading:

Stage 1 12 a.m.–9 a.m.: 45 ◦C
Stage 2 9 a.m.–12 p.m.: 45–65 ◦C
Stage 3 12 p.m.–9 p.m.: 65 ◦C
Stage 4 9 p.m.–12 a.m.: 65–45 ◦C

Daily exposure to 65 ◦C represents an extreme case and is not common in the field, especially
when considering seasonal changes over the course of an entire year. In an alternative Varying-45 ◦C
aging test, the temperature profile is reduced by 10 ◦C, i.e., 9 h at 55 ◦C, 9 h at 35 ◦C, and 6 h in transition
between 35 and 55 ◦C. This temperature profile is far more commonly experienced in outdoor telecom
cabinets. Nonetheless, both temperature profiles were tested to evaluate the effects of long-term heat
exposure on Ni/MH and incumbent battery chemistries.

Thermotron model S-32-8200 Environmental Test Chambers (Thermotron Industries, Plano,
TX, USA) were used to control the daily thermal profiles for simultaneous testing of various 12 V
battery modules typically used in stationary applications, including a 100 Ah FT-type thin plate pure
lead Monobloc VRLA [10], an 80 Ah (10 cells) maintenance free Ni–Cd telecom module [11], a 4 Ah
(10 cell) Ni/MH module type A (standard long life industrial type), and a 4 Ah (10 cells) Ni/MH
module type B (equipped with an advanced high temperature cathode).

At first glance, it may appear that this wide range of battery sizes is an inappropriate mix
of test subjects. However, the objective of the investigation was to determine the effects of heat
exposure on battery chemistry, not battery construction or configuration. As such, the smallest
commonly deployed unit of each chemistry was selected. In actual use, multiple modules are routinely
connected in parallel to achieve batteries of higher capacity. Discharge rates were scaled proportionally
to the nominal capacity of each individual module (C-rate) to ensure similar loading conditions.
Modules were float charged at a constant voltage of 13.5 V as they would be if installed in an
actual telecom cabinet [9]. Charging and discharging were controlled using a Bitrode battery cycler
(Bitrode Corporation, St. Louis, MO, USA).

Ni/MH batteries in this test were supplied by FDK Corp (Tokyo, Japan) using the new
type of superlattice metal hydride alloys [12–17]. This newly developed alloy family has a
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higher storage capacity, an improved high-rate dischargeability, and a better cycle life when
comparing to the conventional AB5-based metal hydride alloys [18–23]. These cylindrical cells
(in long-A size) were assembled with pasted negative electrode, pasted Ni(OH)2-based positive
electrode, polypropylene/polyethylene grafted separator, and a 30% KOH electrolyte. The cell design
is targeted at a negative-to-positive ratio of 1.4 with a capacity of 3700 mAh.

3. Results and Discussion

3.1. The Varying-55 ◦C Test

After 30 days’ float (13.5 V per 12 V module) on the Varying-55 ◦C profile, batteries were cooled to
room temperature (RT) and stabilized for 24 h, before being discharged at a C/8 rate. Figure 1 presents
results from the monthly capacity check in a unit of percentage of the battery’s nominal capacity.

 

Figure 1. Eight-hour discharge at room temperature (RT) following 30 days’ float on the Varying-
55 ◦C profile.

Specifications for the state-of-the-art Ni–Cd battery state operation in temperatures ranging from
−20 to +50 ◦C and the capability of tolerating −50 to +70 ◦C for short durations [11]. Daily exposure
of 9 h per day at 65 ◦C must have exceeded such “short duration” conditions as electrolyte leakage
was observed on multiple Ni–Cd cells and the module was removed from the test.

In the monthly test, the VRLA module showed a steadily decreasing capacity due to the prolonged
exposure to elevated temperature. The two Ni/MH modules returned relatively stable, but with vastly
different capacities. This apparent capacity inconsistency of Ni/MH modules will be explained later.
It is interesting to note that the Ni–Cd battery did not achieve any recordable discharge capacity in
this test.

At the end of each discharge, battery modules were recharged at RT for 24 h and discharged
again at a C/8 rate. Although this procedure is not part of the GR-3168 test protocol, it still provides a
valuable capacity verification. The results of the monthly capacity check are shown in Figure 2.

After recharging at RT, the VRLA results were unaffected. The module reached 50% of its original
capacity and was removed from the test after 13 months. In contrast, a significant change was observed
for the Ni/MH modules—both types showed almost identical results of nearly full capacity after
recharge at RT after more than one year on test. The very different result comparing to Figure 1 was
not surprising as it has been documented that the standard Ni/MH (like module Type A) does not
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charge well at temperatures higher than 50 ◦C [3]. The Ni/MH module Type B used an advanced
cathode material [24] with a higher charging efficiency at an elevated temperature and thus did not
display the same behavior as the standard Type A Ni/MH module. We reported before the failure
mode of superlattice MH alloy at elevated temperature to be the continuous pulverization and surface
oxidation [25]. Testing of both Ni/MH modules continues. It is interesting to note that, unlike the
results in Figure 1, some discharge capacity was observed for the Ni–Cd module when charged at RT.

 

Figure 2. Varying-55 ◦C test; capacity check following recharge at room temperature (RT).

3.2. The Varying-45 ◦C Test

The Varying-45 ◦C aging test was conducted in a similar manner using the same types of batteries
as in the Varying-55 ◦C test plus one additional VRLA module; a 12 V, 8 Ah monobloc module of the
type commonly used in a fiber-to-the-home (FTTH) equipment [26].

Results of this ongoing testing are summarized in Figure 3. Following a significant initial jump in
capacity, the 8 Ah FTTH battery began losing capacity at an increasing rate, falling below 60% of its
nominal capacity after 9 months. The larger VRLA module displayed a slower, but steady capacity
loss of about 3–4% with each monthly discharge. The capacity of the Ni–Cd battery showed similar
behavior, losing about 2–3% per month. Capacities for both Ni/MH modules remained fairly steady,
showing less than 5% reduction from their initial discharge capacity after 14 months at this elevated
temperature profile.

Following each discharge, all batteries were recharged at room temperature (RT) and subsequently
discharged at the C/8 rate. The results of this capacity verification are summarized in Figure 4.
Similar to the results as shown in Figure 2, the standard Ni/MH battery (NiMH-A) recovered to a full
capacity following recharge at RT. Since 80% of rated capacity indicates the end of life condition under
which telecom batteries are replaced in the field, both VRLA modules and the Ni–Cd battery were
removed from the test. Meanwhile, both Ni/MH batteries continue to return capacities above 90% and
will remain on test for the foreseeable future.
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Figure 3. Eight-hour discharge at room temperature (RT) following 30 days’ float on the Varying-
45 ◦C profile.
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Figure 4. Varying-45 ◦C test; capacity check following recharge at room temperature (RT).

4. Conclusions

Battery modules of various chemistries were tested according to simulated telecom outdoor
power cabinet temperature profiles. Among the three chemistries tested, nickel/metal hydride showed
the most durable results in both Varying-45 and -55 ◦C aging tests. Longer operating life and superior
capacity retention at elevated temperatures are important considerations for stationary battery users
since many applications require operation at high temperature. While this paper focuses on high
ambient temperature environments, high heat can result from a number of other conditions including
rapid cycling, high discharge rates, and fast charging. Nickel/metal hydride, therefore, can be
considered a superior alternative to valve-regulated lead-acid and nickel–cadmium batteries for a
wide range of applications.

Nickel/metal hydride battery technology offers a great number of additional benefits as
an advanced alternative to conventional valve-regulated lead-acid and nickel–cadmium batteries,
including proven safety and reliability in more than 12 million hybrid electric vehicles, high power
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and energy density, and long cycle life. While small stationary Ni/MH battery products have begun
to appear on the market, the development of large-format Ni/MH batteries is creating new business
opportunities for substation-scale energy storage and other industrial battery applications. Examples
of stationary Ni/MH batteries for specific applications are discussed in the Supplemental Materials
accompanying this paper.

Supplementary Materials: The following are available online at www.mdpi.com/2313-0105/4/1/1/s1, Figure S1:
A 600 W Small Cell Power System (left) and its integrated battery module with Ni/MH cells and batter
management system (right). Photos are courtesy from Alpha Technologies Ltd. (Burnaby, British Columbia,
Canada) and FDK Corp. (Tokyo, Japan), Figure S2: Bi-polar cell design/construction in KHI GigaCell, Figure S3:
High-rate charge and discharge capability of KHI GigaCell. 5.0C equals 750 amps, Table S1: Specific energy and
power for commercial large format battery modules of four different chemistries. (Ni/MH and Li-ion include
integrated electronic components), Figure S4: Illustration of a wayside railroad BPS installation, Figure S5: Single
day charge/discharge profile for a wayside railroad BPS installation, Figure S6: Solar farm and Ni/MH BPS near
Osaka, Japan.
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Supplemental 

Performance Comparison of Rechargeable Batteries 
for Stationary Applications (Ni/MH vs. Ni�Cd and 
VRLA) 
S1. Ni/MH Battery in Telecom Market 

When a major telecom power systems supplier began developing an innovative solution for 
powering outdoor small cells, it conceptualized a low-cost system with a small battery reserve, 15 to 
20 minutes, enough to power through almost 90 percent of grid power interruptions. Traditional 
telecom backup systems are designed to provide 4 to 8h of runtime, but these large systems are not 
feasible here since outdoor small cells are normally deployed on utility poles, streetlights or sides of 
buildings. In addition to physical size, other key requirements must also be considered, including 
aesthetics, weight, operating temperature range, environment, safety, mounting flexibility, and 
maintenance. Utilizing the high power-density of Ni/MH cells, a low profile, compact battery system 
with integrated battery management electronics was developed. Shown in Figure S1, the system 
weighs less than 12 kg and occupies less than 0.013 m3 in volume. It can be used to power loads up 
to 600W at ambient temperatures ranging from 40 to +55 °C [S1]. 

 

Figure S1. A 600 W Small Cell Power System (left) and its integrated battery module with Ni/MH 
cells and batter management system (right). Photos are courtesy from Alpha Technologies Ltd. 
(Burnaby, British Columbia, Canada) and FDK Corp. (Tokyo, Japan). 

S2. Large Format Ni/MH Battery in Power System 

In contrast to this small cylindrical cell-based battery, Kawasaki Heavy Industries (KHI, Tokyo, 
Japan) has introduced a large-format prismatic Ni/MH cell product [S2,S3]. Their GigaCell uses a Co-
free RE0.9Mg0.1Ni3.9Al0.2 (RE: rare earth) metal hydride alloy and a carbon-coated Ni(OH)2 as the active 
materials in negative and positive electrodes, respectively, and a 4.8 M KOH + 1.2 M NaOH 
electrolyte [S4]. The negative-to-positive ratio was set to 2.5 to guarantee superior high-rate discharge 
performance [S5]. At a total stored energy of 5400 Wh (36 V, 150 Ah) this product dwarfs all other 
commercially available Ni/MH batteries. The specific energy and power of these high-power KHI-
Ni/MH batteries are compared to commonly-used stationary battery modules of other chemistries in 
Table S1. From the information, it is obvious that KHI trades energy density in favor of power density 
targeting high-power applications. A unique bi-polar battery construction designed for efficient 
cooling and higher delivered power (Figure S2) is employed for rapid charge/discharge applications 
(Figure S3). More details about the cell structures can be found in related Japanese Patent 
Applications reviewed before [S6]. 
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Figure S2. Bi-polar cell design/construction in KHI GigaCell [S7]. 

 
Figure S3. High-rate charge and discharge capability of KHI GigaCell. 5.0C equals 750 amps [S7]. 

Table S1. Specific energy and power for commercial large format battery modules of four different 
chemistries. (Ni/MH and Li-ion include integrated electronic components). 

Chemistry 
Specific Energy 

(in Wh·kg 1) 

Specific Energy 

(in Wh·l 1) 

Power Density 

(in W·kg 1) 

Power Density 

(in W·l 1) 

KHI-Ni/MH 21 52 508 1286 

Ni-Cd 37 98 123 328 

VRLA 45 88 111 219 

Li-ion 123 163 182 215 

Since 2010, numerous Ni/MH Battery Power Systems (BPS) using the KHI GigaCell product 
have been installed throughout Japan. The primarily use is in way-side railway storage to capture 
and reuse a train�s regenerative braking energy (Figure S4). Reduced energy usage, lower peak power 
consumption, improved line voltage stabilization, and overall energy cost savings are commonly 
observed where these batteries are installed in subways, monorails and regional rail lines in Japan.  
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Figure S4. Illustration of a wayside railroad BPS installation [S7]. 

S3. WMATA Energy Storage Demonstration Project 

A Ni/MH BPS was utilized for the Washington Metropolitan Area Transit Authority (WMATA) 
Energy Storage Demonstration Project installation of a 2 MW / 400 kWh Ni/MH BPS in 2013. The 
Washington-DC Metrorail system carries 720,000 passengers daily with 91 stations on six lines 
covering more than 117 miles of track. Trains are powered by 100 substations through a 700 Vdc 
third-rail distribution system. The BPS installed at the West Falls Church substation consists of four 
parallel units. Each of them is composed of 19 battery modules (5 kWh each). The outcomes of the 
two-year study, as reported by the US Department of Transportation Federal Transit Administration 
last year [S2], were overwhelmingly favorable with up to 15.4% energy savings, up to 12.5% peak 
power reduction, and a 75.5V average line stabilization.  

S4. Ni/MH in Other Fields 

A typical railway storage battery experiences around 4000 charge/discharge cycles daily (similar 
to the output of a large solar or wind farm) as shown in Figure S5. Use of Ni/MH BPS technology in 
grid-tied renewable energy installations is also being evaluated in Japan. An example is the 102 kWh 
Ni/MH BPS used to balance the electricity output of a 10 MW solar plant near Osaka as shown in 
Figure S6. 
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Figure S5. Single day charge/discharge profile for a wayside railroad BPS installation [S7]. 

 

Figure S6. Solar farm and Ni/MH BPS near Osaka, Japan [S7]. 
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Abstract: Microstructures of a series of La-Mg-Ni-based superlattice metal hydride alloys produced
by a novel method of interaction of a LaNi5 alloy and Mg vapor were studied using a combination
of X-ray energy dispersive spectroscopy and electron backscatter diffraction. The conversion rate
of LaNi5 increased from 86.8% into 98.2%, and the A2B7 phase abundance increased from 42.5 to
45.8 wt % and reduced to 39.2 wt % with the increase in process time from four to 32 h. During the
first stage of reaction, Mg formed discrete grains with the same orientation, which was closely related
to the orientation of the host LaNi5 alloy. Mg then diffused through the ab-phase of LaNi5 and
formed the AB2, AB3, and A2B7 phases. Diffusion of Mg stalled at the grain boundary of the host
LaNi5 alloy. Good alignments in the c-axis between the newly formed superlattice phases and LaNi5
were observed. The density of high-angle grain boundary decreased with the increase in process time
and was an indication of lattice cracking.

Keywords: metal hydride; superlattice alloy; electron backscatter diffraction; crystallographic
orientation; gaseous-state diffusion; superlattice alloy

1. Introduction

Rare earth (RE)/Mg-based superlattice metal hydride (MH) alloys are employed extensively
in the consumer nickel/metal hydride (Ni/MH) batteries because of the following improvements
over the conventional AB5 MH alloys: higher hydrogen storage capacities, better high-rate
dischargeability (HRD), superior low-temperature and charge-retention performances, and improved
cycle stability [1–8]. Out of the six available superlattice phases (three hexagonal and
three rhombohedral), Ce2Ni7 was found to be the most desirable phase considering general battery
performance [9], and the A2B7 stoichiometry shows the best HRD, charge retention, and cycle life [10].
Although the superlattice MH alloys are very attractive to battery engineers, their fabrication is difficult
because of the high vapor pressure of Mg [11]—an indispensable ingredient to maximize the capacity
and stabilize the structure [12,13]. In the conventional melt-and-cast method, Mg was added as a
late addition in the form of MgNi2 [14]. Extra Mg needs to be added to compensate for the loss
to vapor, which is a difficult factor to control precisely. A new method of making the Mg-containing
superlattice MH alloys [15] was proposed using a gaseous-state Mg-diffusion into the AB5 MH alloys,
which can be easily produced by vacuum induction melting with a furnace size as large as one ton [16].
Early electron microscope studies indicated the feasibility of transporting Mg into the La0.8Ni3 alloy
and forming the Mg-containing superlattice phases, but the constituent phases have not yet been
confirmed [15].
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Electron backscatter diffraction (EBSD) is a microstructural-crystallographic technique that allows
the user to examine the crystallographic orientations of constituent phases in very localized areas
(one square micron or less) of a polycrystalline material in a scanning electron microscope (SEM).
Capability of EBSD can be further enhanced by including the chemical composition information
gathered by X-ray energy dispersive spectroscopy (EDS) [17]. In the past, we employed EBSD in
the studies of a Zr7Ni10 [18], a C14-based AB2 [19], and a C14/body-centered-cubic MH alloys [20].
In the last two cases, EBSD was used to confirm the cleanliness of the grain boundary from the strong
alignment of crystallographic orientations of neighboring phases. In the current study, EBSD was used
to identify the new phases formed by the Mg-diffusion into the LaNi5 alloy and study the nature of
grain boundary and alignment of crystallographic orientations of neighboring phases.

2. Experimental Setup

The LaNi5 alloy was synthesized by induction melting La and Ni (both with purity higher
than 99.5%) under an argon atmosphere. Solidification of the LaNi5 alloy was operated by a rapid
quenching equipment to ensure the slice thickness to be between 0.2 to 0.4 mm. The Mg-absorption
alloying process was operated in a sealed internal isolation stainless-steel retort. Slices of Mg and
LaNi5 were placed into each side of the retort in a weight ratio of Mg:LaNi5 = 1:30 and separated
by foraminiferous septa. The retort was placed in an annealing furnace under an inert atmosphere
(argon). Annealing (reaction) temperature was increased from the ambient temperature to 1273 K with
a heating rate of 10 K·min−1. Afterward, the vessel was cooled to room temperature in the furnace.

4-h, 8-h, 16-h, and 32-h annealed alloy samples were mounted in resin holders. The samples were
polished using metallographic silicon carbide sandpapers in the sequence of 400-, 800- and, finally,
1200-grit (Buehler, Lake Bluff, IL, USA), and they were then finely polished with Buehler MicroPolish
II Suspension 1-μm alumina suspension and PACE Technologies SIAMAT2 0.02-μm colloidal silica
(PACE Technologies, Tucson, AZ, USA) to obtain a mirror finish. The prepared samples were kept in a
sealed tank with high vacuum and low O2

− and moisture content to avoid surface oxidization and
physical and chemical absorptions.

To investigate the phase distribution, samples were studied by a JEOL JSM-7600 field emission
SEM (JEOL USA, Inc., Peabody, MA, USA) equipped with an EDAX Pegasus Apex 2 Integrated EDS
and EBSD System (EDAX Inc., Mahwah, NJ, USA). The EBSD data was collected and analyzed with TSL
OIM data Collection 7 and TSL OIM Analysis 7 program (EDAX Inc., Mahwah, NJ, USA)., respectively.
- All the measured points have confidence indices greater than 0.6, which corresponds to an accuracy
higher than 95%. Fit parameter is the averaged angular difference between the detected and
recalculated bands. In this case, the fit parameter is less than 0.8, showing a high degree of matching.

3. Results and Discussion

3.1. Phase Identification

As stated in the Introduction, the La-Mg-Ni-type alloys were based on the La-Ni binary
intermetallic alloys. The presence of Mg destabilizes the hydride, making it suitable for
room-temperature battery applications [13]. Phases commonly reported in the La-Mg-Ni superlattice
alloys are (La,Mg)Ni5, (La,Mg)5Ni19, (La,Mg)2Ni7, (La,Mg)Ni3, and (La,Mg)Ni2. [21]. Basic subunits
for these phases are the AB5 and A2B4 slabs, which alternatively stack along the c-axis in different
patterns to form the structures [21,22]. Six types of the La-Mg-Ni superlattice phases are Pr5Co19

(PDF: 04-004-1477), Nd5Co19 (PDF: 04-004-1478), Ce2Ni7 (PDF: 04-007-1092), Pr2Ni7 (PDF: 01-081-8491),
CeNi3 (PDF: 04-007-1090), and PuNi3 (PDF: 04-007-1091), and their structures are either hexagonal
or rhombohedral and are generally difficult to distinguish in the X-ray diffraction patterns [21–25].
Furthermore, the AB5 (PDF: 00-055-0277) and AB2 (PDF: 04-001-2137) phases are also hexagonal,
which adds to the difficulty in identifying the phases. EBSD provides a powerful approach to study the
lattice structures of individual phases and their alignments in certain orientations in the multi-phase
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La-Mg-Ni superlattice alloys. Figure 1 shows the crystal structures and computer-generated EBSD

diffraction patterns of the (11
−
20) planes of LaNi5, Pr5Co19, Nd5Co19, Ce2Ni7, Pr7Ni2, CeNi3, PrNi3,

and NbCr2 (hexagonal), which are used as the base patterns in this study. Lattice parameters of the
seven types of structures are different and, therefore, their EBSD patterns are different, especially away
from the (0001) plane.

Figure 1. Cont.
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Figure 1. Computer-generated EBSD patterns for the (11
−
20) planes of (a) LaNi5; (b) Pr5Co19;

(c) Nd5Co19; (d) Ce2Ni7; (e) Pr2Ni7; (f) CeNi3; (g) PrNi3; and (h) NbCr2 (hexagonal).

SEM-backscattered electron image (BEI) of the 8-h annealed sample is shown in Figure 2,
and several spots were studied in detail (spots Z1 to Z6, A to C, and Y1 to Y13). For spots Z1
to Z6, their original EBSD patterns, fitted patterns, and simulations of grain orientation are shown
in Figure 3. Other than the base structure (LaNi5, spot Z1), both the A2B7 (spots Z2 and Z3) and
AB3 (spot Z4) superlattice structures, Mg metal (spot Z5), and AB2 (spot Z6) phases are found as the
new phases. All the patterns are blurry, which can be caused by multiple factors: besides the issues of
imperfection in the sample polish and limited camera resolution, strains in the alloy can also influence
the band contrasts.

 

Figure 2. SEM-BEI of the 8-h annealed sample. Structures of spots Z1 to Z6 and A to C were studied
by EBSD. Compositions of spots Y1 to Y13 were measured by EDS.
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Figure 3. Cont.
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Figure 3. Original EBSD patterns, fitted patterns, and simulations of grain orientation from spots
(a) Z1: LaNi5; (b) Z2: Ce2Ni7; (c) Z3: Pr2Ni7; (d) Z4: CeNi3; (e) Z5: Mg; and (f) Z6: NbCr2 of the 8-h
annealed sample (Figure 2).

Elastic and plastic strains have been reported to cause other changes in the EBSD patterns [26].
Figure 4 shows the EBSD patterns from spots A to C, and they are identified as LiNi5, Ce2Ni7,
and Pr2Ni7, respectively. Except for the blurriness, a new band (B2 in Figure 4b) and bands with
a slight rotation (A1 in Figure 4a), a shift (A2 in Figure 4a), a narrower diffraction width (B1 in
Figure 4b), and a wider diffraction width (C1 in Figure 4c) are observed. Figure 5 shows the schematic
diagrams of a few lattice distortions that may cause the changes in the EBSD patterns. Elastic strains
distort the crystal lattice. Winkelmann reported that if the elastic strains uniformly dilate the lattice,
changes in the EBSD patterns only occur in bandwidth [27]. If other lattice distortions exist, such as
partially-lengthened bonds in the lattice (Figure 5b), shifts in some zone axes in the EBSD patterns
can occur [26]. Keller et al. [28] reported that a “bent” crystal, as shown in Figure 5c, leads to a slight
degradation in pattern quality and a minor band rotation. Since the planes within the diffraction
volume are no longer exactly parallel to each other, blurring of diffraction bands and band rotation
occur and are caused by the slight changes in Bragg angles. Plastic strains lead to dislocations in the
crystal lattice, and Figure 5d,e demonstrate two types of dislocations. The region in the material with
a high dislocation density with a net Burgers vector of zero is considered to have statistically stored
dislocations (SSD) (Figure 5d). The resulting pattern in the area containing SSDs is degraded because
of the local perturbations of diffracting lattice planes that result in incoherent scattering [26]. The area
with dislocations with a net-nonzero Burgers vector have geometrically-necessary dislocations (GND).
Arrays of GNDs can form subgrain boundaries (Figure 5e) and degrade the EBSD pattern quality by
the superposition of patterns from neighboring subgrains with a small rotation in between [26,28].
The influences of misorientation on the quality of EBSD pattern are further elaborated in Supplemental
1 with a SEM micrograph showing three locations with small misorientations (Figure S1) and the
corresponding EBSD patterns (Figure S2).
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Figure 4. Comparison of original and computer-generated EBSD patterns from spots (a) A: LaNi5;
(b) B: Ce2Ni7; and (c) C: Pr2Ni7 of the 8-h annealed sample (Figure 2). Solid-color lines indicate the
width of computer-generated band. Dashed-black lines show the width of actual band. A new band
(B2) and bands with a slight rotation (A1), a shift (A2), a narrower width (B1), and a wider width (C1)
are observed.

Figure 5. Schematic diagrams of (a) a regular crystal lattice; (b) a strained lattice with uniaxial
lengthened bonds; (c) a bent lattice; (d) a distorted lattice with symmetric vacancy defects; and (e) a
lattice with a subgrain boundary.

In this study, the La-Mg-Ni alloys were prepared by a solid-state method with Mg diffusing
into the LaNi5 alloy. Therefore, both elastic and plastic strains were formed during the Mg-diffusion
process and have strong influences on the EBDS pattern clarity. During the Mg-diffusion process,
defects in the raw LaNi5 alloys were generated while new phases were formed. Physical and
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chemical properties of the La-Mg-Ni alloys prepared by this method are affected by the distribution
of defects, and compositions and abundances of constituent phases. Therefore, investigating the alloys’
microstructures by the EBSD technique becomes important.

3.2. Phase Distribution

3.2.1. Element Distribution

To fully characterize the alloys’ microstructures, EDS elemental mappings were conducted on
all four alloys (4 h-, 8 h-, 16 h-, and 32-h annealed samples), and the results are shown in Figure 6.
While La and Ni distribute uniformly in all alloys, Mg shows a high concentration at the edges of
all alloys. The EDS results of spots Y1 to Y13 in the SEM micrograph of the 8-h annealed sample
(Figure 2) are listed in Table 1, which demonstrate the uneven distribution of Mg from the edge to
center of alloy. Penetration of Mg into the 8-h annealed sample is about 100 microns. The value of
Ni/(La + Mg) varies from 1.49 to 5.32, and the varying trend indicates that the phase changes along
the longitudinal section (from one surface to another) of alloy. However, it must be stated that EDS is a
semi-quantitative analysis method, so other technologies have to be combined with EDS to validate
the phase distribution.

Figure 6. (a1,b1,c1,d1) SEM-BEIs and elemental mappings of (a2,b2,c2,d2) La, (a3,b3,c3,d3) Ni,
and (a4,b4,c4,d4) Mg of the 4 h-, 8 h-, 16 h-, and 32-h annealed samples, respectively.

Table 1. Chemical compositions (in at%) from spots Y1 to Y13 of the 8-h annealed sample (Figure 2).

Spot Mg La Ni Ni/(La + Mg)

Y1 24.01 16.19 59.79 1.49
Y2 16.42 12.94 70.64 2.41
Y3 13.12 14.09 72.78 2.67
Y4 1.29 16.11 82.6 4.75
Y5 0.00 16.45 83.55 5.08
Y6 0.28 16.27 83.45 5.04
Y7 0.29 16.10 83.61 5.10
Y8 0.00 16.71 83.29 4.98
Y9 0.00 15.82 84.18 5.32

Y10 0.00 16.72 83.28 4.98
Y11 0.00 16.24 83.76 5.16
Y12 1.00 16.26 82.74 4.79
Y13 8.32 15.16 76.54 3.26

351

Bo
ok
s

M
DP
I



Batteries 2017, 3, 40

3.2.2. Phase Distribution

As an example, phase identification mapping by EBSD of the 16-h annealed sample is shown
in Figure 7. Six phases, including LaNi5, Ce2Ni7, Pr2Ni7, CeNi3, NbCr2 (hexagonal), and Mg,
can be identified. In the investigated area of the 16-h annealed sample, the Pr5Co19, Nd5Co19,
and PuNi3 structures are not found. A gradient of phase abundance can be observed for most phases.
LaNi5, the unreacted material, is concentrated in the center. While the diffuse-in Mg is concentrated at
the edge, Ce2Ni7, one of the important target products [9], is also concentrated at the edge. Existence of
pure Mg phase is validated in Supplement 2 with SEM micrographs (Figure S3) and EDS results
showing high-Mg contents (Table S1). Pr2Ni7, another one of the target products, is located mainly
between the LaNi5 and Mg phases. Abundances of the six phases in the investigated area are
summarized in the table included in Figure 7. The LaNi5 abundance is 27.2%, and the combined
abundance of Ce2Ni7 and Pr2Ni7 is 15.8%. The CeNi3 and NbCr2 phases are products from the
overreaction of Ce2Ni7 and Pr2Ni7 with Mg. Future work will focus on increasing the Ce2Ni7 and
Pr2Ni7 phase abundances.

Figure 7. EBSD phase identification mapping and quantification of the 16-h annealed sample. The grain
tolerance angle is 15◦, and the minimum grain size is 3 μm.

3.2.3. LaNi5 and Mg Grain Distributions and Orientations

Inverse pole figure (IPF) and EBSD mapping, EBSD diffraction patterns, and crystal simulations
of LaNi5 of the 16-h annealed sample are shown in Figure 8. In Figure 8a,b, color channels in red, green,

and blue represent, [0001], [10
−
10], and [2

−
1
−
10] of LaNi5. Figure 8a shows only two grain orientations

for LaNi5. Grain orientations are described in the form of the Euler angle in Figure 8c,e. Figure 8a
shows that grains with orientation 2 are isolated and much smaller in abundance than those with
orientation 1. The right side of Figure 8a (the center of alloy) is a single LaNi5 grain without reacting
with Mg. The interaction with Mg stopped at the grain boundary between the LaNi5 phase with
orientation 1 and the LaNi5 phase with orientation 2. This is the proof that the inter-diffusion of Mg
into the host LaNi5 alloy is through a specific direction (presumable along the ab-plane) and stops
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at the grain boundary. Therefore, increasing the grain size of the host LaNi5 alloy can enhance the
diffusion of Mg into the bulk.

 
Figure 8. (a) IPF and EBSD mapping; (b) color assignment; (c) EBSD pattern for grain orientation 1
and (d) its corresponding crystal simulation; and (e) EBSD pattern for grain orientation 2 and (f) its
corresponding crystal simulation of the LaNi5 phase of the 16-h annealed sample.

IPF and EBSD mapping, EBSD diffraction patterns, and crystal simulations of Mg of the 16-h
annealed sample are shown in Figure 9. Three different crystallographic orientations are found for Mg.
Grains with orientation 1 distribute at the edge of alloy and are the largest in size. Grains with
orientation 3 distribute close to the center of alloy and are the smallest. After diffusing into the host,
Mg first agglomerates into individual grains with the same crystallographic orientation (related to
the host orientation) before reacting with the host to form the superlattice phases. It is interesting to
find that the superlattice phases are formed by the reaction of LaNi5 with the Mg crystal but not the
Mg vapor.
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Figure 9. (a) IPF and EBSD mapping; (b) color assignment; (c) EBSD pattern for grain orientation
1 and (d) its corresponding crystal simulation; (e) EBSD pattern for grain orientation 2 and (f) its
corresponding crystal simulation; and (g) EBSD pattern for grain orientation 3 and (h) its corresponding
crystal simulation of the Mg phase of the 16-h annealed sample.

3.2.4. Ce2Ni7 and Pr2Ni7 Grain Distributions and Orientations

IPF and EBSD mapping, image quality (IQ) diffraction pattern and grain boundary map, and grain
size distribution of Ce2Ni7 of the 16-h annealed sample are shown in Figure 10. Unlike LaNi5 and Mg,
the Ce2Ni7 phase shows more grain orientations (Figure 10a). IQ patterns can be used to characterize
the defect distribution in grains and is especially useful for the strain mapping [20]. Figure 10c
shows that some grains are darker than the others, which indicates that concentrated defects and
residual strains exist in these darker grains. A grain boundary is formed by the accumulation of
edge dislocations. In this study, two types of boundaries are characterized: low-angle grain boundary
(LAGB) and high-angle grain boundary (HAGB). LAGB subdivides a grain into two equiaxial cells
and forms subgrains, which may increase the plastic deformation. In this study, we define the
lattice misorientation of LAGB-separated grain zones to be from 2◦ to 15◦. A grain boundary with a
misorientation ≥ 15◦ is denoted as HAGB, which differentiates a grain from its initial microstructure
and creates a new grain. Figure 10c indicates the grain boundary distribution of the Ce2Ni7 phase in
the 16-h annealed sample. Amount of LAGBs in the Ce2Ni7 phase is 40.3%, which is much higher than
that in the LaNi5 or Mg phase and suggests a high density of defects in the Ce2Ni7 grains. Grain size
distribution is shown in Figure 10d. Average grain diameter of the Ce2Ni7 phase is 7 μm. IPF and
EBSD mapping, EBSD diffraction patterns, and crystal simulations of Pr2Ni7 in the 16-h annealed
sample are shown in Figure 11. Unlike Ce2Ni7, the Pr2Ni7 phase has only two different orientations
and a smaller grain size of about 4 μm.
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Figure 10. (a) IPF and EBSD mapping; (b) color assignment; (c) IQ diffraction pattern and grain
boundary map; and (d) grain size distribution of the Ce2Ni7 phase of the 16-h annealed sample.

Figure 11. (a) IPF and EBSD mapping; (b) color assignment; (c) EBSD pattern for grain orientation 1
and (d) its corresponding crystal simulation; and (e) EBSD pattern for grain orientation 2 and (f) its
corresponding crystal simulation of the Pr2Ni7 phase of the 16-h annealed sample.
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3.3. Alignment in Crystallographic Orientations

Figure 12a shows the EBSD phase identification mapping of the 8-h annealed sample. [0001]s of
LaNi5 and Pr2Ni7 in the green circle are found to be parallel to each other, and [0001]s of LaNi5 and
Ce2Ni7 in the black circle are also parallel (Figure 12b–e). This information gives a hint about the grain
growth mechanism of the A2B7-type phases during the diffusion of Mg into the AB5 alloy. Structures
of the La-Mg-Ni superlattice phases are composed of the A2B4 and the AB5 slabs [23]. The alignments
of LaNi5 and Pr2Ni7 in the c-axis and LaNi5 and Ce2Ni7 in the c-axis imply that Mg diffuses into LaNi5
and forms the A2B4 slab through the ab-plane and, therefore, the c-axis orientation remains unchanged
after the superlattice phase formation.

Figure 12. Crystallographic orientation alignments in [0001] demonstrated by (a) an IPF-EBSD map;
orientations of (b) LaNi5 and (c) neighboring Pr2Ni7 in the green circle; and orientations of (d) LaNi5
and (e) neighboring Ce2Ni7 in the black circle of the 8-h annealed sample.

3.4. Effect of Process Temperature on Phase Development

EBSD mapping was performed in an area of 30 × 100 square microns close to the edge of
each sample. The results may not be very accurate because of the limited sampling areas and large
variations in distribution of the superlattice phases. Nevertheless, the calculated phase abundances are
compared in Table 2. The conversion from LaNi5 to other phases is more complete with the increase
in process time and reaches 98.2 wt % at a processing time of 32 h. Abundance of the most desirable
Ce2Ni7 phase is about 25 wt % and not very sensitive to the processing time. Abundance of the
A2B7 phases (both Ce2Ni7 and Pr2Ni7) increases from 42.5 to 45.8 wt % and reduces to 39.2 wt % as
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the processing time increases from 4 to 32 h. The unwanted AB2 and AB3 phases (with excessive
Mg-content) cannot be eliminated with the increase in processing time. Future development work will
focus on the reduction of the Mg-supply and/or addition of a second annealing treatment without Mg.

Table 2. Phase abundances (in wt %) obtained by EBSD mapping of the 4-h, 8-h, 16-h, and 32-h
annealed samples with a grain tolerance angle of 5◦ and a minimum grain size of 2 μm.

Phase 4 h 8 h 16 h 32 h

LaNi5 13.2 5.5 4.2 1.8
Ce2Ni7 23.5 27.3 27.6 25.5
Pr2Ni7 19.0 18.5 16.3 13.7
CeNi3 22.6 19.5 26.4 21.0
PuNi3 0.5 0.2 0.5 0.5
NbCr2 16.2 25.5 22.3 30.3
Mg 4.9 3.4 2.8 7.2

Grain size distributions of all four samples are also compared and listed in Table 3. The 4-h
annealed sample has a heavy proportion of medium-size grains (5–12 μm) while the 8-h annealed
sample has a much higher percentage of small grains (1–5 μm). Longer processing time (16- and 32-h)
recovers the percentage of medium-size grains. The reason for the grain size evolution is not clear
and requires further studies. The last comparison is on the distribution of misorientation angle in the
grain boundary, which is shown in Table 4. Amount of HAGBs (15 to 180◦) decreases with the increase
in process time, which suggests the occurrence of lattice cracking.

Table 3. Grain size distributions of the 4-h, 8-h, 16-h, and 32-h annealed samples.

Grain Size (μm) 4 h 8 h 16 h 32 h

1 to 5 24% 79% 35% 37%
5 to 12 61% 16% 48% 49%

>12 15% 5% 16% 14%

Table 4. Grain boundary distributions of the 4-h, 8-h, 16-h, and 32-h annealed samples.

Grain Boundary (◦) 4 h 8 h 16 h 32 h

2 to 5 11.3% 14.4% 22.3% 22.1%
5 to 15 4.3% 2.5% 0.7% 11.4%

15 to 180 84.4% 83.1% 77.0% 55.5%

4. Conclusions

A gaseous-state Mg-diffusion into an AB5 metal hydride alloy is demonstrated as an effective
method to convert a LaNi5 alloy to a multi-phase superlattice alloy. Four La-Mg-Ni superlattice
phases are identified by EBSD in the products: Ce2Ni7, Pr2Ni7, CeNi3, and PuNi3. Additionally, Mg
and AB2 (with the hexagonal NbCr2 structure) phases are also found. Longer process time increases
the LaNi5 conversion rate but shows no significant effect on increasing the abundance of the most
desirable Ce2Ni7 phase. Defects are found abundantly in the Ce2Ni7 and Pr2Ni7 phases by EBSD,
and distributions of the superlattice phases are not uniform. Future activities in reducing the
Mg-loading, addition of a second annealing treatment, and increasing the initial grain size of the host
alloy are suggested based on the findings in this study.
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RE Rare earth
MH Metal hydride
Ni/MH Nickel/metal hydride
HRD High-rate dischargeability
EBSD Electron backscatter diffraction
SEM Scanning electron microscope
EDS Energy dispersive spectroscopy
BEI Backscattered electron image
SSD Statistically stored dislocations
GND Geometrically necessary dislocations
IPF Inverse pole figure
IQ Image quality
LAGB Low-angle grain boundary
HAGB High-angle grain boundary

References

1. Yasuoka, S.; Magari, Y.; Murata, T.; Tanaka, T.; Ishida, J.; Nakamura, H.; Nohma, T.; Kihara, M.;
Baba, Y.; Teraoka, H. Development of high-capacity nickel-metal hydride batteries using superlattice
hydrogen-absorbing alloys. J. Power Sources 2006, 156, 662–666. [CrossRef]

2. Teraoka, H. Development of Low Self-Discharge Nickel-Metal Hydride Battery. Available online:
http://www.scribd.com/doc/9704685/Teraoka-Article-En (accessed on 9 April 2016).

3. Kai, T.; Ishida, J.; Yasuoka, S.; Takeno, K. The effect of nickel-metal hydride battery’s characteristics with
structure of the alloy. In Proceedings of the 54th Battery Symposium in Japan, Osaka, Japan, 7–9 October 2013;
p. 210.

4. Takasaki, T.; Nishimura, K.; Saito, M.; Fukunaga, H.; Iwaki, T.; Sakai, T. Cobalt-free nickel-metal hydride
battery for industrial applications. J. Alloys Compd. 2013, 580, S378–S381. [CrossRef]

5. Teraoka, H. Development of Ni-MH EThSS with Lifetime and Performance Estimation Technology.
In Proceedings of the 34th International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA, 20–23
March 2017.

6. Teraoka, H. Ni-MH Stationary Energy Storage: Extreme Temperature & Long Life Developments.
In Proceedings of the 33th International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA,
21–24 March 2016.

7. Teraoka, H. Development of Highly Durable and Long Life Ni-MH Batteries for Energy Storage
Systems. In Proceedings of the 32th International Battery Seminar & Exhibit, Fort Lauderdale, FL, USA,
9–12 March 2015.

8. Ouchi, T.; Young, K.; Moghe, D. Reviews on the Japanese Patent Applications regarding nickel/metal
hydride batteries. Batteries 2016, 2, 21. [CrossRef]

9. Young, K.; Ouchi, T.; Nei, J.; Koch, J.M.; Lien, Y. Comparison among constituent phases in superlattice metal
hydride alloys for batter applications. Batteries 2017, 3, 34. [CrossRef]

10. Young, K.; Yasuoka, S. Past, present, and future of metal hydride alloys in nickel-metal hydride batteries.
In Proceedings of the 14th International Symposium on Metal-Hydrogen Systems, Manchester, UK,
21–25 July 2014.

358

Bo
ok
s

M
DP
I



Batteries 2017, 3, 40

11. Hayakawa, H.; Enoki, H.; Akiba, E. Annealing conditions with Mg vapor-pressure control and hydrogen
storage characteristic of La4MgNi19 hydrogen storage alloy. Jpn. Inst. Met. 2006, 70, 158–161. (In Japanese)
[CrossRef]

12. Crivello, J.-C.; Zhang, J.; Latroche, M. Structural stability of ABy phases in the (La,Mg)–Ni system obtained
by density functional theory calculations. J. Phys. Chem. 2011, 115, 25470–25478.

13. Crivello, J.-C.; Gupta, M.; Latroche, M. First principles calculations of (La,Mg)2Ni7 hydrides. J. Alloys Compd.
2015, 645, S5–S8. [CrossRef]

14. Young, K.; Ouchi, T.; Huang, B. Effects of annealing and stoichiometry to (Nd, Mg)(Ni, Al)3.5 metal
hydride alloys. J. Power Sources 2012, 215, 152–159. [CrossRef]

15. Zhao, X.; Li, B.; Zhu, X.; Han, S.; Yan, H.; Ji, L.; Wang, L.; Li, J.; Xiong, W.; Jia, T. Preparation Method of
Low-Melting Point Metal Alloy. Chinese Patent Application 201,511,015,059, 31 December 2015.

16. Young, K.; Chang, S.; Lin, X. C14 Laves phase metal hydride alloys for Ni/MH batteries applications.
Batteries 2017, 3, 27. [CrossRef]

17. Matiland, T.; Sitzman, S. Electron backscatter diffraction (EBSD) technique and materials characterizations
examples. In Scanning Microscopy for Nanotechnology Techniques and Applications; Zhou, W., Wang, Z.L., Eds.;
Springer: New York, NY, USA, 2007.

18. Young, K.; Ouchi, T.; Liu, Y.; Reichman, B.; Mays, W.; Fetcenko, M.A. Structural and electrochemical
properties of TixZr7-xNi10. J. Alloy. Compd. 2009, 480, 521–528. [CrossRef]

19. Liu, Y.; Young, K. Microstructure investigation on metal hydride alloys by electron backscatter
diffraction technique. Batteries 2016, 2, 26. [CrossRef]

20. Shen, H.; Young, K.; Meng, T.; Bendersky, L.A. Clean grain boundary found in C14/body-center-cubic
multi-phase metal hydride alloys. Batteries 2016, 2, 22. [CrossRef]

21. Liu, J.; Han, S.; Li, Y.; Zhang, L.; Zhao, Y.; Yang, S. Phase structures and electrochemical properties of
La–Mg–Ni-based hydrogen storage alloys with superlattice structure. Int. J. Hydrogen Energy 2016, 41,
20261–20275. [CrossRef]

22. Buschow, K.H.; Van Mal, H.H. Phase relations and hydrogen absorption in the lanthanum-nickel system.
J. Less Common Met. 1972, 29, 203–210. [CrossRef]

23. Young, K.; Nei, J. The current status of hydrogen storage alloy development for electrochemical applications.
Materials 2013, 6, 4574–4608. [CrossRef] [PubMed]

24. Chang, S.; Young, K.-H.; Nei, J.; Fierro, C. Reviews on the US Patents regarding nickel/metal
hydride batteries. Batteries 2016, 2, 10. [CrossRef]

25. Young, K.; Ouchi, T.; Nei, J.; Yasuoka, S. Fe-substitution for Ni in misch metal-based superlattice hydrogen
absorbing alloys—Part 1. Structural, hydrogen storage, and electrochemical properties. Batteries 2016, 2, 34.
[CrossRef]

26. Wright, S.I.; Nowell, M.M.; Field, D.P. A review of strain analysis using electron backscatter diffraction.
Microsc. Microanal. 2011, 17, 316–329. [CrossRef] [PubMed]

27. Winkelmann, A. Dynamical effects of anisotropic inelastic scattering in electron backscatter diffraction.
Ultramicroscopy 2008, 108, 1546–1550. [CrossRef] [PubMed]

28. Keller, R.R.; Roshko, A.; Geiss, R.H.; Bertness, K.A.; Quinn, T.P. EBSD measurement of strains in GaAs due
to oxidation of buried AlGaAs layers. Microelecron. Eng. 2004, 75, 96–102. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

359

Bo
ok
s

M
DP
I



 

Electron Backscatter Diffraction Studies on the 
Formation of Superlattice Metal Hydride Alloys 
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1. Influence of Misorientation on the Quality of EBSD Pattern 

A SEM image of the 32-h annealed sample is shown in Figure S1a. EBSD mapping was 
performed in the area enclosed by the green rectangle in Figure S1a. Figure S1b shows the distribution 
of the NbCr2 grains, and Figure S1c provides the color assignment. Only three large grains are 
discovered in the area enclosed by the green rectangle. We collected the EBSD diffraction data in 
spots A, B, and C in the green grain.    

EBSD pattern of spot A has the most diffraction lines among those of all three spots. Intensities 
of the diffraction lines are different. Generally speaking, band intensity could be influenced by 
camera resolution, background subtraction, sample surface, and some other parameters, leading to 
the difference in numbers of diffraction lines distinguished by naked eye and computer.   

Spots B and C represent the crystals with misorientation less than 2° compared to spot A (A2, 
B2, and C2 in Figure S2). B1 and C1 of Figure S2 show that intensities of the diffraction lines are 
different compared to those in A1 of Figure S2. Moreover, other variations are observed: some lines 
disappear; new lines appear; some lines move parallelly; some lines rotate slightly; and widths of 
some lines change. Therefore, patterns may appear to be different by naked eye, especially C1 of 
Figure S2.       

 
Figure S1. (a) SEM image of the 32-h annealed sample, (b) EBSD mapping of NbCr2, and (c) color 
assignment. 
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Figure S2. EBSD diffraction patterns (A1, B1, C1) and corresponding crystals (A2, B2, C2) for spots A, 

B, and C in Figure S1b.   

2. Existence of the Mg Phase 

Formation of an isolated Mg phase within the alloy bulk by the inter-diffusion of Mg is unlikely. 
However, EBSD patterns of some spots with perfect fitting to that of the crystalline Mg in several 
treated alloys are observed, and EDS reveals very high Mg-content in those spots. For example, in 
two areas of the 4-h annealed sample, EDS measurements were performed (Figure S3). The EDS 
results are summarized in Table S1 and show high Mg-content in some spots. Since the solubilities of 
La and Ni in Mg are negligible, these areas with high Mg-content (> 75 at%) are considered to be the 
pure Mg phase with the La and Ni signals from the neighboring phases.  

 

 
(a)                (b)

Figure S3. SEM images from two areas of the 4-h annealed sample. 
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Table S1. Chemical compositions (in at%) from spots D1 to D7 and E1 to E3 of the 4-h annealed 
sample (Figure S3). 

Spot Mg La Ni Ni/(La + Mg) 
D1 58.46 8.25 33.29 0.50 
D2 86.30 6.04 7.65 0.08 
D3 82.10 5.55 12.34 0.14 
D4 80.79 5.72 13.49 0.16 
D5 75.57 7.31 17.13 0.21 
D6 12.88 11.8 75.32 3.05 
D7 10.65 12.03 77.32 3.41 
E1 81.32 7.78 10.90 0.12 
E2 76.02 12.22 11.76 0.13 
E3 10.99 12.23 76.78 3.31 

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
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