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Abstract: Structural, gaseous phase hydrogen storage, and electrochemical properties of a series of
the Ti50Zr1Ni44X5 (X = Ni, Cr, Mn, Fe, Co, or Cu) metal hydride alloys were studied. X-ray diffraction
(XRD) and scanning electron microscopy (SEM) revealed the multi-phase nature of all alloys, which
were composed of a stoichiometric TiNi matrix, a hyperstoichiometric TiNi minor phase, and a Ti2Ni
secondary phase. Improvement in synergetic effects between the main TiNi and secondary Ti2Ni
phases, determined by the amount of distorted lattice region in TiNi near Ti2Ni, was accomplished
by the substitution of an element with a higher work function, which consequently causes a
dramatic increase in gaseous phase hydrogen storage capacity compared to the Ti50Zr1Ni49 base
alloy. Capacity performance is further enhanced in the electrochemical environment, especially in
the cases of the Ti50Zr1Ni49 base alloy and Ti50Zr1Ni44Co5 alloy. Although the TiNi-based alloys in
the current study show poorer high-rate performances compared to the commonly used AB5, AB2,
and A2B7 alloys, they have adequate capacity performances and also excel in terms of cost and cycle
stability. Among the alloys investigated, the Ti50Zr1Ni44Fe5 alloy demonstrated the best balance among
capacity (394 mAh¨g´1), high-rate performance, activation, and cycle stability and is recommended for
follow-up full-cell testing and as the base composition for future formula optimization. A review of
previous research works regarding the TiNi metal hydride alloys is also included.

Keywords: hydrogen absorbing materials; metal hydride electrode; nickel/metal
hydride (Ni/MH) battery; transition metal alloy; synergetic effects; electrochemistry;
pressure-concentration-temperature (PCT) isotherm

1. Introduction

Nickel/metal hydride (Ni/MH) batteries have been used commercially for more than 25 years
since their debut in 1989 by Ovonic, Matsushita, and Sanyo. Ni/MH batteries were once very popular
for consumer applications, which have since largely shifted to Li-ion battery. Moreover, high-power
Ni/MH battery technology is still the choice of today’s hybrid electric vehicles. Presently, the same
battery chemistry is entering into the market of stationary applications, which require a wide
temperature range and a durable cycle stability [1,2]. This market is currently dominated by a less
environmentally safe chemistry, lead-acid battery. However, comparison between General Motors EV1
electric vehicles powered by the lead-acid and Ni/MH battery packs reveals that using the Ni/MH
battery technology not only nearly doubles the driving range with its higher energy density, but it
also offers longer service life [3,4]. Those two proven advantages make Ni/MH battery technology a
great contender for the stationary market. In fact, the only advantage lead-acid battery has compared
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to Ni/MH battery is cheaper price. Therefore, there is a large driving force for cost-efficiency in the
development of novel Ni/MH battery technology. One of the major components in Ni/MH battery
is the negative electrode, which is an intermetallic compound that is capable of hydrogen storage,
or in other words, a metal hydride (MH) alloy. Hydrogen storage intermetallic compounds have
been extensively reviewed according to alloy type, application, and hydrogen absorption mechanism
recently [5–12]. Among the many candidates of MH alloys [10], both the Ti-Ni and Mg-Ni systems
have an advantage with regard to cost. The Mg-Ni-based MH alloys, being the cheapest, suffer from a
severe capacity degradation with the current 30 wt% KOH electrolyte, leaving the Ti-Ni alloy system
as the next choice for cost reduction. Raw material cost for 99.6% pure Ti sponge is approximately
$8/kg, which is a very attractive alternative to the more expensive Zr or unstably priced rare earth
elements used in today’s Ni/MH battery.

The earliest Ni/MH batteries were demonstrated in the early 1970s and based on the Ti-Ni MH
alloy system [13,14]. However, the first commercial Ni/MH battery products were fabricated with the
misch metal-based AB5 and transition metal-based disorder AB2 MH alloys due to their improvements
in cycle life. According to the Ti-Ni binary phase diagram [15], two intermetallic compounds can
be used as hydrogen storage alloys: TiNi and Ti2Ni. To achieve an optimal balance between storage
capacity and high-rate dischargeability (HRD) for room-temperature battery operation, a stoichiometry
of B/A close to two is ideal for the TiZrNi-based AB2 MH alloys (Figure 1). With regard to a pure Ti-Ni
system, however, eliminating Zr means that the B/A ratio must be reduced since the heat of hydride
formation (∆Hh) of Ti is higher than ∆Hh of Zr [16]. Therefore, TiNi is the better selection of the two
available Ti-Ni intermetallic compounds. In addition, chemical modification can be adopted to further
adjust the metal-hydrogen bond strength. The introduction of other elements can also increase the
chance of secondary phase formation and consequently increase the electrochemical capacity through
synergetic effects [17].

TiNi is a shape memory alloy. Upon cooling, TiNi is first solidified into a B2 cubic structure
(austenite) and later to a B19’ monoclinic structure (martensite). The shape at higher temperatures
(austenite) is memorized and restored after thermal treatment to the deformed alloy with a martensite
structure. Previous research efforts for electrochemical applications with the TiNi alloys are
summarized in Table 1. While earlier works focused on the alloys produced by arc melting, induction
melting, or other bulk ingot production methods, later works focused more on the powder produced
by mechanical alloying. With the severe cycle stability problems observed in the MgNi-based MH
alloys prepared by a combination of melt spinning and mechanical alloying [18], we choose induction
melting as our first alloy preparation method for the current study. Furthermore, the substitution
effects from various transition metals on the structural, gaseous phase, and electrochemical properties
are investigated in this study.
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Hydride formers, such as Mg, Ti, and La, have metal-hydrogen bonds that are too strong for room
temperature nickel/metal hydride (Ni/MH) battery applications (a ∆Hh between ´25 kJ¨mol H2

´1

and ´40 kJ¨mol H2
´1 is desirable). Therefore, alloying hydride formers with Ni can adjust the bond

strength and increase the electrochemical activity.
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Table 1. Summaries of prior research on the TiNi-based MH alloys for electrochemical applications in chronological order. Preparation methods SN, AM, PM, IM,
CO, MC, MA, ANN, MS, CHR, and MWCNT denote sintering, arc melting, melting in plasma furnace, induction melting, co-precipitation, microencapsulation,
mechanical alloying, annealing, melt spinning, calcium hydride reduction, and multiwall carbon nanotube, respectively. TiNi phase structures B2, B19’, B19, and R are
cubic, monoclinic, orthorhombic, and tetragonal, respectively. HRD: high-rate dischargeability.

Alloy Formula Preparation Method TiNi Phase Structure Main Discoveries Reference

Ti53.6Ni46.4 - - ‚ The first TiNi-based metal hydride electrode [19]

TiNi SN B2 ‚ Capacity of 210 to 250 mAh¨g´1 at C/10 rate
‚ 67% of capacity is obtained at 1C rate at ´30 ˝C

[13]

TiNi + Ti2Ni SN B2 ‚ Capacity of 300 to 320 mAh¨g´1 [13]

TiNi SN B2 ‚ Capacity of 180 mAh¨g´1 at 50 mA¨g´1 [14]

TiNi AM - ‚ Cyclic voltammetry study [20]

TiNix (x = 0.5–1.0) SN vs. PM -
‚ Higher capacity for SN alloy
‚ Higher corrosion resistance for PM alloy
‚ Increased cycle stability with increasing Ni-content

[21]

Ti0.8Zr0.2Nix (x = 0.5–1.0) SN vs. PM - ‚ Increased capacity and cycle stability with Zr-substitution [21]

TiNi SN - ‚ Increased surface reactivity with 1 M HF treatment [22]

Ti1´yZryNix (x = 0.50–1.45, y = 0–1.0) SN B2
‚ As the Zr-content (y) increases, maximized capacity occurs at higher Ni-content (x)
‚ Capacity of 260 mAh¨g´1 for Ti0.9Zr0.1Ni1.0

[23]

Ti0.5Zr0.5Ni0.95–xCu0.05+x (x = 0–0.05) SN B2 ‚ Increased cycle stability with increasing Cu-content [23]

TiNi0.9B0.1 SN - ‚ B does not prevent segregation of Ti during cycling [24]

Ti0.7Zr0.2V0.1Ni IM B2 ‚ Capacity of 350 mAh¨g´1 at 30 mA¨g´1 [25]

TiNi CO + SN - ‚ Oxygen consumption reaction study [26]

TiNi - B2 vs. B19’ ‚ Capacities of 168 mAh¨g´1 and 176 mAh¨g´1 at 50 mA¨g´1 for B19’ and
B2 TiNi, respectively

[27]

TiNi AM - ‚ Cycling model determined by both thermal dynamic and kinetic degradations [28]

TiNi + 5% M (M = Ni, Cu) SN + MC -
‚ Capacity of 150 mAh¨g´1 at 30 mA¨g´1 for TiNi
‚ Increased capacity with Ni- (180 mAh¨g´1) or Cu-addition (169 mAh¨g´1)
‚ Increased HRD with Cu

[29]

TiNi0.5Fe0.5 AM vs. MA - ‚ Capacities of 65 and 190 mAh¨g´1 at 20 mA¨g´1 for AM and
MA alloys, respectively

[30]

TiNi0.6Fe0.4
AM vs. AM + MA
vs. MA B2

‚ Capacities of 108, 138, 161 mAh¨g´1 at 30 mA¨g´1 for AM, AM + MA, and
MA alloys, respectively

‚ MA alloy demonstrates the best activation and the worst cycle stability
[31]
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Table 1. Cont.

Alloy Formula Preparation Method TiNi Phase Structure Main Discoveries Reference

Ti50Ni41Nb9 AM B2 ‚ Increased capacity and cycle stability with Nb-substitution [32]

TiNi AM - ‚ Study on parameters affecting discharge capacity and cycle life [33]

TiNi AM - ‚ Study on parameters affecting discharge kinetics [34]

Ti0.7Zr0.2V0.1Ni AM + ANN B2
‚ Capacity of 180 mAh¨g´1 at 50 mA¨g´1 for TiNi
‚ Increased capacity due to secondary Laves phase formation but harder activation

for Ti0.7Zr0.2V0.1Ni (205 mAh¨g´1)
[35]

Mg2Ni + TiNi MA B2 ‚ Increased cycle stability compared to Mg2Ni [36]

Ti50´xZrxNi50 (x = 0–24) IM vs. MS B19’ for IM alloy vs.
B2 for MS alloy ‚ Capacity of 335 mAh¨g´1 at C/10 rate for B19’ Ti32Zr18Ni50 [37]

TiNixFe1´x (x = 0–1.0) MA + ANN B2
‚ Capacity of 67 mAh¨g´1 at 40 mA¨g´1 for TiNi
‚ Increased capacity but decreased cycle stability with Fe-substitution

(155 mAh¨g´1 for TiNi0.75Fe0.25)
[38]

(Ti + Ni) MA under H2 - ‚ Capacity of 150 mAh¨g´1 at 50 mA¨g´1 for 45-h-MA alloy with good
cycle stability

[39]

Ti0.5Ni0.25Al0.25 IM B2 ‚ Two discharge plateaus observed due to alloy’s multi-phase nature [40]

Ti(Ni,Fe,Mo,Cr,Co) MA + ANN B2
‚ Increased cycle stability for TiNi0.6Fe0.1Mo0.1Cr0.1Co0.1

(135 mAh¨g´1 at 40 mA¨g´1) compared to TiNi0.75Fe0.25
[41]

Ti(Ni,Fe,Mo,Cr,Co) AM + ANN vs. MA
+ ANN B2

‚ Increased capacity with MA + ANN
‚ Increased cycle stability for TiNi0.6Fe0.1Mo0.1Cr0.1Co0.1

(150 mAh¨g´1 at 40 mA¨g´1) compared to TiNi0.75Fe0.25

[42]

Mg2Ni + TiNi MA vs. MA + ANN B2 ‚ Increased cycle stability with ANN [43]

(Ti,Zr,V,Cr,Mn)Ni AM B2
‚ Increased capacity and HRD due to secondary Laves phase formation but harder

activation with Mn- and/or Cr-substitutions (232 mAh¨g´1 at 50 mA¨g´1 for
Ti0.6Zr0.2V0.1Mn0.1Ni)

[44]

TiNi0.75Fe0.25 MA + ANN B2 ‚ 1.5 fold increased capacity with Fe-substitution in sealed battery [45]

Ti(Ni,Fe,Zr) MA + ANN B2

‚ Capacity of 79 mAh¨g´1 at 40 mA¨g´1 for TiNi
‚ Increased capacity with Zr-substitution (135 mAh¨g´1 for TiNi0.875Zr0.125)
‚ Increased capacity but decreased cycle stability with Fe-substitution

(158 mAh¨g´1 for TiNi0.75Zr0.125Fe0.125)

[46]

TiNi CHR vs.
CHR + ANN

B2 + B19’ for CHR
alloy vs. B2 for CHR +
ANN alloy

‚ Capacity of 125 mAh¨g´1 at 50 mA¨g´1 for B2 TiNi
‚ Increased capacity due to dual-phase nature for B2 + B19’ TiNi (160 mAh¨g´1)

[47]



Batteries 2016, 2, 24 5 of 25

Table 1. Cont.

Alloy Formula Preparation Method TiNi Phase Structure Main Discoveries Reference

TiNi1´xMx (M = Mg, Mn, Zr,
x = 0–0.25) MA + ANN B2

‚ Increased capacity but slightly decreased cycle stability with
Mg- (152 mAh¨g´1 at 40 mA¨g´1) or Mn-substitution (153 mAh¨g´1)
compared to Zr-substitution (135 mAh¨g´1)

‚ Decreased cycle stability with higher Mn-substitution

[48]

Ti (Ni, Fe, Zr, Mo, Cr, Co, Al) MA + ANN B2

‚ Increased capacity with all substitutions in the order of Co
(113 mAh¨g´1 at 40 mA¨g´1) < Mo < Al < Cr < Fe (155 mAh¨g´1)

‚ Decreased cycle stability with all substitutions in the order of
Co < Cr < Fe « Al < Mo (worst)

‚ 1.5 fold increased capacity with Fe-substitution or Fe-, Co-, and Zr-substitutions in
sealed battery

[49]

TiNi1´xMx (M = Co, Fe, Sn, x = 0–0.2) MA vs. MA + ANN -

‚ Capacities of 52 and 67 mAh¨g´1 at 40 mA¨g´1 for MA and MA + ANN TiNi,
respectively, with good cycle stability

‚ Increased capacity with ANN
‚ Harder activation with ANN
‚ Increased capacity with Co- (83 mAh¨g´1 with ANN) or Fe-substitution

(79 mAh¨g´1 with ANN)

[50]

Ti (Ni, Fe, Zr, Mo, Cr, Co) MA B2
‚ Increased capacity and cycle stability with Fe-substitution in sealed battery
‚ Increased cycle stability with Zr-substitution in sealed battery

[51]

Ti0.8M0.2Ni (M = Zr, V) MA vs. MA + ANN B2 ‚ Decreased capacity with Zr- or V-substitution [52]

TiNi0.8M0.2 (M = Cu, Mn) MA vs. MA + ANN -
‚ Decreased capacity with Cu-substitution
‚ Increased capacity with Mn-substitution (75 mAh¨ g´1 at 40 mA¨ g´1 with ANN)

[52]

TiNi1´xMnx (x = 0.2–1.0) MA vs. MA + ANN - ‚ Decreased capacity with higher Mn-substitution [52]

Ti1.02´xZrxNi0.98 (x = 0–0.48) IM + ANN B19’
‚ Capacity of 150 mAh¨g´1 at C/10 rate for TiNi
‚ Increased capacity with Zr-substitution due to the difference in martensitic

transformation (350–370 mAh¨g´1 for Ti0.78Zr0.24Ni0.98)
[53]

TiNi0.8B0.2, Ti0.8B0.2Ni, MA vs. MA + ANN B2 ‚ Decreased capacity with B-substitution, and further decrease with ANN [54]

Ti1.02´xZrxNi0.98 (x = 0–0.48) IM + ANN B19’
‚ Harder activation with higher Zr-substitution
‚ Decreased cycle stability with Zr-substitution

[55]

TiNi SN (750–950 ˝C) B2
‚ Increased capacity and HRD with higher SN temperature

(179–211 mAh¨g´1 at 60 mA¨g´1) [56]
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Table 1. Cont.

Alloy Formula Preparation Method TiNi Phase Structure Main Discoveries Reference

TiNi SN B2 ‚ Capacity of 205 mAh¨g´1 at 60 mA¨g´1 [57]

TiNi MA (20–60 h) - ‚ Capacity of 102 mAh¨g´1 at 60 mA¨g´1 with bad cycle stability [58]

TiNi MA vs. MA + ANN B2 ‚ Higher capacity for crystalline TiNi (150 mAh¨g´1 with ANN). [59]

Mg2Ni + TiNi MA B2 ‚ Decreased capacity compared to Mg2Ni. [60]

Ti1.04Ni0.96´xPdx (x = 0–0.5) IM + ANN
As x increases, B2 +
B19’Ñ B2 + B19’ + R
Ñ B2 + B19

‚ Decreased capacity with Pd-substitution (148 and 84 mAh¨g´1 at C/5 rate for
x = 0.1 and 0.4, respectively)

[61]

Sn-doped TiNi Thin film sputtering - ‚ TiNi-based anode for Li-ion battery [62]

TiNi MA - ‚ TiNi-based anode for Li-ion battery [63]

TiNi-5 wt% Pd + 5 wt% MWCNT MA + ANN + MA
with MWCNT B2

‚ Capacity of 171 mAh¨g´1 at 40 mA¨g´1 for TiNi
‚ Increased capacity and cycle stability with Pd- (186 mAh¨g´1),

MWCNT- (183 mAh¨g´1), or Pd + MWCNT-addition (266 mAh¨g´1)
[64]

(TiNi)1´xMgx (x = 0–0.3) MA (10 to 40 h) B2
‚ Increased and then decreased capacity and increased cycle stability with

increasing MA time for TiNi (~132 mAh¨g´1 at 40 mA¨g´1)
‚ Decreased capacity with Mg-incorporation

[65]

Ti1.01Ni0.99´xCux (x = 0–0.5) IM + ANN As x increases,
B19’Ñ B19

‚ Increased and then decreased capacity with increasing Cu-content
(300 mAh¨g´1 at C/10 rate for Ti1.01Ni0.79Cu0.2)

‚ Increased HRD with Cu-substitution
[66]

MgTiNi2 MA - ‚ Capacity of 93 mAh¨g´1 at 40 mA¨g´1 [67]

Ti1´xZrxNi (x = 0–0.5) MA + ANN B2
‚ Increased and then decreased capacity and increased cycle stability with

increasing Zr-content (192 mAh¨g´1 at 40 mA¨g´1 for Ti0.75Zr0.25Ni) [68]

Ti0.75Zr0.25Ni-5 wt% Pd vs.
Ti0.75Zr0.25Ni + 5 wt% Pd

MA + ANN vs. MA
+ ANN + MA
with Pd

B2
‚ Increased capacity with Pd-addition
‚ Early addition of Pd (223 mAh¨g´1) has higher capacity than later addition

(208 mAh¨g´1)
[68]
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2. Experimental Setup

Each alloy sample was prepared in a 2-kg induction furnace with an MgAl2O4 crucible, an
alumina tundish, and a pancake-shaped steel mold under an argon atmosphere. Chemical composition
for the ingot was analyzed using 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) was used to study the microstructure, and
a JEOL-JSM6320F scanning electron microscope (SEM, Tokyo, Japan) with energy dispersive
spectroscopy (EDS) capability was used to study the phase distribution and composition.
Gaseous phase hydrogen storage characteristics for each sample were measured using a Suzuki-Shokan
multi-channel pressure-concentration-temperature (PCT, Tokyo, Japan) system. For the PCT analysis,
each sample (a single piece of ingot with newly cleaved surfaces and a weight of about 4–5 g) was
first activated by several thermal cycles between 300 ˝C and room temperature under 2.5 MPa
H2 pressure. PCT isotherms at 90 ˝C and 120 ˝C were then measured. Details of the electrode
and cell preparations, as well as the electrochemical measurement methods, have been previously
reported [18,69]. Magnetic susceptibility was measured using a Digital Measurement Systems Model
880 vibrating sample magnetometer (MicroSense, Lowell, MA, USA).

3. Results

3.1. Alloy Preparation

Six alloys with the design compositions Ti50Zr1Ni44X5 (X = Ni, Cr, Mn, Fe, Co, or Cu) were
prepared by induction melting. A slightly hypostoichiometric TiNi formulation with a small addition
of Zr (has a higher metal-hydrogen bond strength compared to Ti) in the A-site was adopted to
increase the degree of disorder (DOD) and consequently improve the electrochemical properties. Zr is
also an oxygen scavenger, forming oxide slag in the melt that can be separated by the tundish [70].
Furthermore, adding Zr can possibly reduce capacity degradation by suppressing passivation caused
by the thick TiO2 surface oxide layer [71]. Compositions of the six alloys, verified by ICP and shown in
Table 2, are very close to their design values.

Table 2. Design compositions (in bold) and inductively coupled plasma (ICP) results (in at %). B/A is
the atomic ratio of B-atom (elements other than Ti and Zr) to A-atom (Ti and Zr).

Alloy TN-X Source Ti Zr Ni X B/A

TN-Ni
Design 50.0 1.0 49.0 - 0.96

ICP 50.0 0.6 49.4 0.0 0.98

TN-Cr
Design 50.0 1.0 44.0 5.0 0.96

ICP 49.7 1.1 44.4 4.7 0.97

TN-Mn
Design 50.0 1.0 44.0 5.0 0.96

ICP 49.2 1.0 44.9 4.9 0.99

TN-Fe
Design 50.0 1.0 44.0 5.0 0.96

ICP 49.9 1.0 44.3 4.8 0.96

TN-Co
Design 50.0 1.0 44.0 5.0 0.96

ICP 49.8 0.9 44.5 4.8 0.97

TN-Cu
Design 50.0 1.0 44.0 5.0 0.96

ICP 49.5 1.3 44.5 4.7 0.97

3.2. X-Ray Diffraction Analysis

XRD patterns of the six alloys are shown in Figure 2. Two sets of diffraction peaks, the main TiNi
phase with a B2 cubic structure (belonging to the space group Pm3m) and the secondary Ti2Ni phase
with an E93 face-centered cubic structure (belonging to the space group Fd3m), are observed in all
alloys. Crystal structures of TiNi and Ti2Ni generated by the XCrySDen software [72] are shown in
Figure 3.
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centered cubic structure generated using the XCrySDen software [72]. 
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obtain the lattice parameters, crystallite sizes, and phase abundances, and the results are listed in 
Table 3. Lattice constant a of the TiNi phase in alloy TN-Ni is smaller than that found in the 
stoichiometric TiNi alloy [73]. Although the overall alloy formulation is hypostoichiometric, 
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Table 3. Lattice constant a of the TiNi phase in alloy TN-Ni is smaller than that found in the 
stoichiometric TiNi alloy [73]. Although the overall alloy formulation is hypostoichiometric, 
formation of the Ti2Ni phase increases the B/A ratio in the TiNi phase, which contributes to the 
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Figure 3. Crystal structures of (a) TiNi with a B2 cubic structure and (b) Ti2Ni with an E93 face-centered
cubic structure generated using the XCrySDen software [72].

Full XRD pattern fitting was performed using the Rietveld refinement and Jade 9 Software
to obtain the lattice parameters, crystallite sizes, and phase abundances, and the results are listed
in Table 3. Lattice constant a of the TiNi phase in alloy TN-Ni is smaller than that found in the
stoichiometric TiNi alloy [73]. Although the overall alloy formulation is hypostoichiometric, formation
of the Ti2Ni phase increases the B/A ratio in the TiNi phase, which contributes to the reduction in its
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lattice constant from that of the stoichiometric TiNi phase due to either Ni into Ti-anti-site or Ti-vacancy
defects. Lattice constants a’s of TiNi in all substituted alloys are larger than that in the base alloy TN-Ni.
Since all substituting elements are larger than Ni but much smaller than Ti, they occupy the Ni-site
and increase the lattice constant. In Figure 4a, TiNi lattice constant a is correlated with the atomic
radius of substituting element in the Laves phase [74] (a value used to simulate the size of substituting
element in the TiNi phase), and a linear dependency can be observed. However, such correlation is
not seen in the plot of Ti2Ni lattice constant a versus the atomic radius of substituting element in the
Laves phase (Figure 4b), which is due to the change in B/A ratio of the Ti2Ni phase from 0.51 to 0.70
as revealed by SEM/EDS (see Section 3.3). All alloys show similar TiNi/Ti2Ni abundance ratios except
for alloys TN-Ni and TN-Cu, where the Ti2Ni phase abundance is higher than those in other alloys.
Moreover, crystallite sizes of TiNi and Ti2Ni were estimated by the Scherrer equation [75] using the
full widths at half maximum of the TiNi (110) peak and Ti2Ni (511) peak in the XRD patterns, and the
results are listed in Table 3. Both the crystallite sizes of the TiNi and Ti2Ni phases in the base alloy
TN-Ni are much smaller than those in the substituted alloys. Partial replacement of Ni with other
elements may increase the peritectic temperature [76], leaving more time for the crystallites to grow.
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substituting element X in the Laves phase (data from [74]). A linear correlation is observed for the TiNi
lattice constant but not for the Ti2Ni lattice constant.

Table 3. Summary of XRD analysis (lattice constants, phase abundances, and crystallite sizes).

Alloy
TN-X

a of TiNi
(Å)

a of Ti2Ni
(Å)

TiNi Abundance
(wt%)

Ti2Ni Abundance
(wt%)

TiNi Crystallite
Size (Å)

Ti2Ni Crystallite
Size (Å)

TN-Ni 2.993 11.310 68.7 31.3 139 448
TN-Cr 3.014 11.305 75.5 24.5 368 804
TN-Mn 3.015 11.311 78.4 21.6 251 >1000
TN-Fe 3.003 11.306 80.7 19.3 346 812
TN-Co 3.008 11.315 80.6 19.4 212 655
TN-Cu 3.010 11.321 71.6 28.4 206 727

3.3. Scanning Electron Microscopy/Energy Dispersive Spectroscopy Study

Microstructures of the six alloys were studied using SEM, and the resulting 100ˆ and 1000ˆ
back-scattering electron images (BEI) are shown in Figures 5 and 6, respectively. BEI images
demonstrate the changes in both surface morphology and contrast due to the difference in average
atomic weight. EDS was used to study the chemical compositions of several areas with different
contrasts identified numerically in the micrographs (Figure 6), and the results are summarized in
Table 4. Basically, three different contrasts are observed and assigned to a TiNi-2 (brightest), a TiNi-1
(matrix), and a Ti2Ni (darkest) phases. Although the grain size of the Ti2Ni phase varies and increases
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in the order of TN-Fe < TN-Ni « TN-Cr < TN-Cu < TN-Mn « TN-Co (Figures 5 and 6), the six alloys
show similar phase distributions:

‚ Matrix (TiNi-1): stoichiometric or slightly hyperstoichiometric TiNi with the Zr- and X-contents
close to design.

‚ Minor phase (TiNi-2): this phase appears as bright spots in the micrographs and is distributed
within the matrix. It is generally hyperstoichiometric, high-Zr, and high-X TiNi except for:

# Hypostoichiometric, high-Zr, and close to the design-X TiNi in alloy TN-Fe and
# Hyperstoichiometric, high-Zr, and low-X TiNi in alloy TN-Co.

‚ Secondary phase (Ti2Ni): this phase has the darkest contrast in the micrographs and appears next
to the main TiNi-1 phase. It is stoichiometric or hyperstoichiometric, low-Zr Ti2Ni.

Batteries 2016, 2, 24 9 of 24 

• Minor phase (TiNi-2): this phase appears as bright spots in the micrographs and is distributed 
within the matrix. It is generally hyperstoichiometric, high-Zr, and high-X TiNi except for: 

o Hypostoichiometric, high-Zr, and close to the design-X TiNi in alloy TN-Fe and 
o Hyperstoichiometric, high-Zr, and low-X TiNi in alloy TN-Co. 

• Secondary phase (Ti2Ni): this phase has the darkest contrast in the micrographs and appears 
next to the main TiNi-1 phase. It is stoichiometric or hyperstoichiometric, low-Zr Ti2Ni. 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 5. Scanning electron microscopy (SEM) × back-scattering electron images (BEI) micrographs 
from alloys: (a) TN-Ni; (b) TN-Cr; (c) TN-Mn; (d) TN-Fe; (e) TN-Co; and (f) TN-Cu at 100× 
magnification. 

250 µm

Figure 5. Scanning electron microscopy (SEM) ˆ back-scattering electron images (BEI) micrographs
from alloys: (a) TN-Ni; (b) TN-Cr; (c) TN-Mn; (d) TN-Fe; (e) TN-Co; and (f) TN-Cu at
100ˆmagnification.



Batteries 2016, 2, 24 11 of 25

Batteries 2016, 2, 24 10 of 24 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 6. SEM BEI micrographs from alloys: (a) TN-Ni; (b) TN-Cr; (c) TN-Mn; (d) TN-Fe; (e) TN-Co; 
and (f) TN-Cu at 1000× magnification. 

According to the Ti-Ni binary phase diagram [15], as the melt of Ti51Ni49 cools to 1310 °C, a 
hyperstoichiometric TiNi phase, or TiNi-2 in the current study, initially forms due to the TiNi 
system’s preference for hyperstoichiometry (as seen from the wide solubility range of the TiNi phase 
towards hyperstoichiometric TiNi in the phase diagram). Once the system reaches the temperature 
of 984 °C, the hyperstoichiometric TiNi-2 phase and rest of the melt goes through a peritectic reaction, 
which consumes most of the TiNi-2 phase and produces the final stoichiometric TiNi (TiNi-1) and 
Ti2Ni phases. Ti2Ni precipitated within the main TiNi matrix was found to deteriorate the alloy’s 
mechanical properties for engineering applications due to its brittleness [77], but Ti2Ni can be 

25 µm 

Figure 6. SEM BEI micrographs from alloys: (a) TN-Ni; (b) TN-Cr; (c) TN-Mn; (d) TN-Fe; (e) TN-Co;
and (f) TN-Cu at 1000ˆmagnification.

According to the Ti-Ni binary phase diagram [15], as the melt of Ti51Ni49 cools to 1310 ˝C, a
hyperstoichiometric TiNi phase, or TiNi-2 in the current study, initially forms due to the TiNi system’s
preference for hyperstoichiometry (as seen from the wide solubility range of the TiNi phase towards
hyperstoichiometric TiNi in the phase diagram). Once the system reaches the temperature of 984 ˝C,
the hyperstoichiometric TiNi-2 phase and rest of the melt goes through a peritectic reaction, which
consumes most of the TiNi-2 phase and produces the final stoichiometric TiNi (TiNi-1) and Ti2Ni
phases. Ti2Ni precipitated within the main TiNi matrix was found to deteriorate the alloy’s mechanical
properties for engineering applications due to its brittleness [77], but Ti2Ni can be advantageous for
initial pulverization for the use in electrochemical applications. Moreover, the presence of T2Ni as
the secondary phase in the TiNi alloy system was shown to be essential for electrochemical property
improvement [14].
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Table 4. Summary of EDS results. All compositions are in at%. Compositions of the main TiNi-1,
minor TiNi-2, and secondary Ti2Ni phases are in bold, underline, and italic, respectively.

Alloy TN-X Area Ti Zr Ni X B/A Phase(s)

TN-Ni

1 36.3 8.4 55.3 0.0 1.24 TiNi-2
2 40.9 4.7 54.3 0.0 1.19 TiNi-2
3 44.2 2.3 53.5 0.0 1.15 TiNi-2
4 42.4 3.4 54.2 0.0 1.18 TiNi-2
5 46.9 0.6 52.5 0.0 1.11 TiNi-1
6 47.5 0.5 52.0 0.0 1.08 TiNi-1
7 64.2 0.5 35.3 0.0 0.55 Ti2Ni
8 63.6 0.4 36.0 0.0 0.56 Ti2Ni

TN-Cr

1 41.0 4.6 44.4 10.0 1.19 TiNi-2
2 42.0 2.7 43.9 11.3 1.24 TiNi-2
3 47.5 0.9 47.6 4.0 1.07 TiNi-1
4 46.3 1.4 46.9 5.4 1.10 TiNi-1
5 62.2 0.8 33.3 3.7 0.59 Ti2Ni

TN-Mn

1 33.8 12.0 32.5 21.7 1.18 TiNi-2
2 44.1 2.7 43.0 10.1 1.13 TiNi-2
3 43.7 3.1 42.5 10.6 1.13 TiNi-2
4 46.6 1.0 46.2 6.1 1.10 TiNi-1
5 47.0 0.8 46.7 5.5 1.09 TiNi-1
6 49.0 0.6 45.3 5.0 1.01 TiNi-1
7 46.5 1.0 47.0 5.5 1.11 TiNi-1
8 65.3 0.6 32.4 1.7 0.52 Ti2Ni
9 65.0 0.6 32.5 1.9 0.52 Ti2Ni

TN-Fe

1 46.4 7.0 42.1 4.5 0.87 TiNi-2
2 46.1 6.2 42.9 4.8 0.91 TiNi-2
3 47.2 1.3 46.3 5.2 1.06 TiNi-1
4 46.8 2.2 45.9 5.2 1.04 TiNi-1
5 52.3 1.1 42.0 4.6 0.87 TiNi + Ti2Ni
6 52.4 1.2 41.6 4.8 0.87 TiNi + Ti2Ni
7 62.8 0.9 32.6 3.7 0.57 Ti2Ni
8 57.8 1.0 37.1 4.1 0.70 Ti2Ni

TN-Co

1 29.4 13.7 55.6 1.3 1.32 TiNi-2
2 29.4 13.3 55.8 1.4 1.34 TiNi-2
3 37.2 26.6 33.1 3.2 0.57 (TiZr)2Ni
4 41.0 15.1 39.7 4.1 0.78 (TiZr)2Ni
5 40.6 5.0 51.7 2.7 1.19 TiNi-2
6 43.9 2.8 49.7 3.5 1.14 TiNi-2
7 47.6 0.5 45.1 6.7 1.08 TiNi-1
8 47.9 0.6 44.9 6.6 1.06 TiNi-1
9 65.5 0.7 29.9 3.9 0.51 Ti2Ni
10 65.4 0.6 30.3 3.7 0.51 Ti2Ni

TN-Cu

1 29.1 10.7 41.0 19.1 1.51 TiNi-2
2 34.7 9.1 40.1 16.0 1.28 TiNi-2
3 34.0 30.5 31.0 4.5 0.55 (TiZr)2Ni
4 42.1 14.2 39.4 4.4 0.78 (TiZr)2Ni
5 43.7 2.9 46.5 6.8 1.14 TiNi
6 44.5 2.4 47.1 6.0 1.13 TiNi
7 47.2 1.0 47.3 4.4 1.07 TiNi-1
8 46.8 1.0 47.6 4.6 1.09 TiNi-1
9 63.5 0.8 34.0 1.7 0.55 Ti2Ni
10 65.6 0.8 32.4 1.2 0.51 Ti2Ni

Unlike the relatively constant B/A ratio in the main TiNi-1 phase among alloys, that of the
secondary Ti2Ni phase ranges significantly, resulting in the inconsistency observed between the size of
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substituting element and Ti2Ni lattice constant. Solubility of Zr in the Ti2Ni phase is less than those
in the TiNi-1 and TiNi-2 phases. Such observations can be explained by the pseudo-binary phase
diagrams for the TiNi-ZrNi and Ti2Ni-Zr2Ni systems [78], where the TiNi phase shows a very high
solubility for Zr (up to approximately 30%) while Zr is nearly insoluble in the Ti2N phase.

3.4. Pressure-Concentration-Temperature Measurement

Gaseous phase hydrogen storage properties of the six alloys were studied by PCT. Due to the
slow reaction kinetics, PCT isotherm at 30 ˝C or 60 ˝C cannot be measured (absorption weight is
approximately 0% at all applied H2 pressures). Therefore, the absorption and desorption isotherms
were measured at 90 ˝C and 120 ˝C and are shown in Figure 7. Information obtained from the PCT
study is summarized in Table 5. At either temperature, both the maximum and reversible capacities
following the trend of TN-Ni « TN-Co < TN-Cu < TN-Mn < TN-Cr < TN-Fe, which demonstrates
a very weak correlation to the main TiNi phase lattice constant as seen in Figure 8a. 90 ˝C gaseous
phase maximum capacity is also plotted against ∆Hh of substituting element (Figure 8b), a value that
is often taken into consideration during alloy design to achieve balance between the amounts of A-site
hydride formers (∆Hh < 0) and B-site modifiers (∆Hh > 0). In the current study, the modification
is performed on the B-site, and the expected trend is increasing capacity with decreasing ∆Hh of
substituting element; however, no clear correlation is observed. ∆Hh of the ABn alloy can be calculated
with the equation [79]:

∆Hh pABnH2mq “ ∆Hh pAHmq ` ∆Hh pBnHmq´∆H pABnq (1)

where ∆H is the heat of alloy formation. The difference in trends for ∆Hh of substituting element
and gaseous phase capacity is possibly caused by the heat of alloy formation. Finally, 90 ˝C gaseous
phase maximum capacity is plotted against the work function (W, the difference between the electron
potentials in vacuum (EVAC) and the Fermi level (EF)) of substituting element in Figure 8c, which
illustrates a linear relationship. W’s of various phases in a multi-phase MH system have been used to
explain the synergetic effects observed in the gaseous phase hydrogen interaction [17]. In the current
study, the secondary Ti2Ni phase with a lower ∆Hh and a higher W is hydrogenated first, which
expands the lattice in the TiNi phase near the Ti2Ni phase (pink region in Figure 9) due to the stress
transmitted through the “coherent interface” and eases the hydrogenation of the main TiNi phase [80].
When a substituting element with a smaller W compared to Ni is added into the system, W of the main
TiNi phase is reduced while W of the Ti2Ni phase remains the same (as seen from Table 4, solubility of
substituting element in Ti2Ni is lower than that in TiNi), leading to an increase in difference between
W’s of the two phases (Figure 9). This larger difference in W’s causes an increase in volume of initial
hydrogenation of the secondary Ti2Ni phase and therefore enlarges the volume of the expanded lattice
region, resulting in a higher gaseous phase capacity. Moreover, alloy TN-Mn seems to fall off the linear
trend slightly in Figure 8. Although Fe and Cr have higher W’s than Mn, their higher densities of
interface between the main TiNi and secondary Ti2Ni (Figures 5 and 6) contributes to the amount of
distorted lattice zone and facilitates alloy hydrogenation.

Table 5. Summary of gaseous phase properties.

Alloy TN-X Maximum Capacity
at 90 ˝C (wt%)

Reversible Capacity
at 90 ˝C (wt%)

Maximum Capacity
at 120 ˝C (wt%)

Reversible Capacity
at 120 ˝C (wt%)

TN-Ni 0.13 0.09 0.15 0.13
TN-Cr 1.18 0.57 1.08 0.67
TN-Mn 0.98 0.48 0.92 0.57
TN-Fe 1.21 0.75 1.06 0.85
TN-Co 0.16 0.13 0.19 0.14
TN-Cu 0.87 0.54 0.81 0.60
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Figure 7. The 90 and 120 °C pressure-concentration-temperature (PCT) isotherms of alloys: (a) TN-
Ni; (b) TN-Cr; (c) TN-Mn; (d) TN-Fe; (e) TN-Co; and (f) TN-Cu. Open and solid symbols are for 
absorption and desorption curves, respectively. 
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(b) TN-Cr; (c) TN-Mn; (d) TN-Fe; (e) TN-Co; and (f) TN-Cu. Open and solid symbols are for absorption
and desorption curves, respectively.
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Figure 8. Plots of the 90 °C gaseous phase maximum capacity vs. (a) the corresponding TiNi lattice 
constant a; (b) ΔHh of substituting element X (data from [16]); and (c) W of substituting element X 
(data from [81]). While the correlations with the TiNi lattice constant and ΔHh of substituting element 
are weak, the increase in W of substituting element appears to have a negative effect on gaseous phase 
hydrogen storage. 
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Figure 9. MH system composed of Ti2Ni with higher W and TiNi with lower W before and after 
hydrogenation for (a) incorporation of substituting element with higher W (for example, Ni) in TiNi; 
and (b) incorporation for substituting element with lower W (for example, Cr) in TiNi. 

Figure 8. Plots of the 90 ˝C gaseous phase maximum capacity vs. (a) the corresponding TiNi lattice
constant a; (b) ∆Hh of substituting element X (data from [16]); and (c) W of substituting element X
(data from [81]). While the correlations with the TiNi lattice constant and ∆Hh of substituting element
are weak, the increase in W of substituting element appears to have a negative effect on gaseous phase
hydrogen storage.
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and (b) incorporation for substituting element with lower W (for example, Cr) in TiNi.
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3.5. Electrochemical Measurement

Discharge capacity performances of the six alloys were measured in a flooded cell configuration
against a partially pre-charged Ni(OH)2 positive electrode with 30 wt% KOH electrolyte.
Electrodes were made with powder after PCT measurements. No alkaline pretreatment was applied
before the half-cell measurement. For the discharge capacity measurement, the half-cell was first
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 cut-off voltage of 0.9 V was reached. Then, the cell was discharged at a current
density of 12 mA¨ g´1 until a cut-off voltage of 0.9 V was reached, and finally discharged at a current
density of 4 mA¨ g´1 until a cut-off voltage of 0.9 V was reached. Full discharge capacities, specifically
the sum of capacities measured at 50, 12, and 4 mA¨g´1 for each cycle, from the first 10 cycles
of the six alloys are plotted in Figure 10a to demonstrate activation and early cycling behaviors.
Maximum full capacities, activation performances (the number of cycle needed to reach 95% of the
maximum full capacity), and degradation performances (the ratio of the difference in maximum
full capacity and full capacity at the tenth cycle to the maximum full capacity) are listed in Table 6.
Capacity from the base alloy TN-Ni with a nominal composition of Ti50Zr1Ni49 is higher than those
from the stoichiometric TiNi alloys previously reported [13,14,27,29,38,39,46,47,50,53,57,58,64] due
to the increase in DOD and formation of a considerable amount of the Ti2Ni secondary phases.
Most alloys are activated during the first cycle while alloys TN-Ni and TN-Cr take longer to fully
activate, and alloys TN-Mn, TN-Co, and TN-Cu show more severe degradation. The lowest cycle
stability is observed in alloy TN-Mn, and Mn’s detrimental effects were also previously shown in
the TiNi alloy [48,52]. Among all alloys, alloy TN-Fe does not only demonstrate the best balance
between easy activation and cycle stability, it also has the highest full capacity of 397 mAh¨g´1,
corresponding well with its highest gaseous phase capacity. Furthermore, capacities obtained from
the gaseous phase and electrochemical measurements are compared in Figure 11, where the gaseous
phase capacities are converted to their equivalent electrochemical capacities using the conversion
factor 1 wt% H2 = 268 mAh¨g´1. Gaseous phase capacities obtained at 30 ˝C are usually used for such
comparison, but those cannot be measured due to the slow reaction kinetics of the alloys used in the
current study. Therefore, 90 ˝C gaseous phase capacities are used. With the increasing atomic number
of substituting elements, the electrochemical capacity first increases and then decreases. Increase in
capacity due to the substitutions of Cr [49], Mn [48,52], Co [49,50], or Fe [38,50] and decrease in
capacity from the substitution of Cu [52,66] in the TiNi-based alloys have been reported previously,
and a comparative study of various substitutions has also shown a similar trend in electrochemical
capacity compared to the results in this study. Moreover, electrochemical capacities of the six alloys
are above the corresponding gaseous phase maximum capacities. Gaseous phase maximum capacity
is composed of reversible and irreversible capacities and considered to be the upper bound for
the electrochemical capacity, which usually falls between the boundaries set by the gaseous phase
maximum and reversible capacities in most alloy systems [17,69,82–88]. Although increasing the
temperature for the PCT measurements causes a reduction in gaseous phase maximum capacity [89]
and consequently explains the out-of-bounds electrochemical capacities observed in most alloys, the
tremendously large gaps between the electrochemical and gaseous phase maximum capacities for
alloys TN-Ni and TN-Co indicate that the electrochemical environment is able to reduce the alloy
system’s equilibrium pressure and increases its capacity. Such a phenomenon has also been seen in the
ZrNi5-based alloys [90,91].

Half-cell HRDs, defined as the ratio of the discharge capacity measured at 50 mA¨g´1 to that
measured at 4 mA¨g´1, from the first 10 cycles of the six alloys are plotted in Figure 10b. All alloys
achieve a stabilized HRD by the third cycle. HRDs at the second or third cycle (depends on where it
is fully activated) of all alloys are listed in Table 6. HRDs of most alloys are better than that of alloy
TN-Ni, with HRD of alloy TN-Cu being the highest. The Cu-substitution in the TiNi alloy formula [66]
and later Cu-addition to the TiNi alloy [29] were shown to be beneficial to the high-rate performance.
No obvious correlations can be found between HRD and structural properties (e.g., lattice constants,
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phase abundances, and crystallite sizes). Although these HRDs are relatively low compared to those
measured from the AB2 [71,92], AB5 [71], A2B7 [71], and Laves phase-related body-centered-cubic
(bcc) solid solution MH alloys [17,87,88,93,94], some of the six alloys in the current study with higher
capacities, e.g., alloy TN-Fe, can be used for high energy Ni/MH battery applications without strict
power requirements.
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Surface reaction exchange currents (Io) and bulk hydrogen diffusion coefficients (D), two
dominating factors in determining HRD, were measured electrochemically for the six alloys [69]
and are listed in Table 6. All substitutions increase Io but decrease D compared to the base alloy TN-Ni.
Alloy TN-Fe, which exhibits the lowest D, also has the highest density of interface between the main
TiNi and secondary Ti2Ni phases. The channels for hydrogen transport between phases are abundant,
however, they are also more tortuous in alloy TN-Fe and may negatively affect the bulk diffusion.
By substituting the B-site with other transition metals that are more corrosion susceptible, not only
does the activation become easier (Figure 10a), but more of the alloy surface is also dissolved away
during activation, leaving more Ni embedded in the surface and consequently improving the surface
reaction, although the Ni-content in the alloy formula is reduced. Both Io and D are then correlated
to HRD, and the resulting correlation factors are 0.24 and 0.46, respectively. Therefore, we conclude
that the surface properties are more influential in determining HRD in the TiNi-based MH alloys.
In addition, the D and Io values of the six alloys in the current study are comparable to those obtained
from the AB2 [10,71,92], AB5 [10,71], A2B7 [10,71], and Laves phase-related bcc solid solution MH
alloys [17,87,88,94] and cannot explain their relatively low HRDs. Further investigation into other
contributing factors affecting HRD of the TiNi-based MH alloys is needed.

3.6. Magnetic Properties

Magnetic susceptibility was used to characterize the nature of metallic nickel particles present in
the surface layer of the alloy following an alkaline activation treatment [71]. Details of the background
and experimental method have been reported earlier [95]. Metallic Ni is an active catalyst for the
water splitting and recombination reactions that contributes to the Io in the electrochemical system.
This technique allows us to obtain the saturated magnetic susceptibility (Ms), a quantification of the
amount of metallic Ni (the product of preferential oxidation) in the surface oxide, and the magnetic
field strength at one-half of the Ms value (H1/2), a measure of the averaged reciprocal number of Ni
atoms in a metallic cluster. Magnetic susceptibility plots for the six alloys are shown in Figure 12,
and the calculated Ms and H1/2 values are listed in Table 6. Compared to alloy TN-Ni, Mss of all
substituted alloys are larger and correspond well with the overall observation in Io. However, the
largest Ms of 0.586 emu¨g´1 is obtained from alloy TN-Co, which has a relatively low Io among the
substituted alloy. The H1/2 values listed in Table 6 indicate that the sizes of metallic nickel are similar
among most alloys except for alloy TN-Cu, which has much smaller metallic nickel particles in the
surface and very high Ms. Both of these contribute to its high Io, leading to alloy TN-Cu’s impressive
HRD performance among all alloys.
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3.7. Comparison among Various Sbustitutions

Properties characterized from the gaseous phase and electrochemical measurements of the five
substituted alloys compared to those of the base alloy TN-Ni are summarized in Table 7. Most of
the properties are improved by substitution except for the bulk diffusion performance. Some general
trends can also be observed: electrochemical capacity is inversely proportional to HRD, and HRD
shows a similar trend compared to Io and Ms. Among all substituted alloys, alloy TN-Fe has the best
balance among capacity, HRD, activation and degradation performances and is recommended as the
base alloy for further optimization.

Table 7. Performance comparison for the six alloys in the current study. +, –, or « denote improved,
deteriorated, or equal performance compared to the base alloy TN-Ni, respectively. Number of symbols
indicates the degree of change compared to the base alloy TN-Ni.

Alloy
TN-X

Gaseous Phase
Capacity

Electrochemical
Full Capacity HRD Activation Degradation D Io Ms

TN-Cr + + + + + + + + + + + – – – + +
TN-Mn + + + + + + + + + + + + + + + – – – – – – – + + + + + + + +
TN-Fe + + + + + + + + + + + + + + + + « – – – – – + + + + + + + + +
TN-Co « + + « + + + + + – – – – – – + + + + + +
TN-Cu + + + – – – + + + + + + + + + + – – – – – – + + + + + + + + + +

3.8. Property Comparison among Various Metal Hydride Alloy Systems

The general battery performances using various MH alloys are summarized in Table 8. In the
table, AB5, with a representative composition of La10.5Ce4.3Pr0.5Nd1.4Ni60.0Co12.7Mn5.9Al4.7, is the
most widely used in the current consumer and transportation markets, and it has the best overall
performance except for its relatively low capacity (320–330 mAh¨g´1). Significant research efforts
on substitution have been performed with the AB5 alloy to lower the cost and fulfill other specific
requirements [10,96,97]. The AB2 multi-phase alloy, with a very high capacity (420–436 mAh¨ g´1 [98])
and flexibility in composition [99,100], has great potential in ultra-low-temperature [101] and
high-temperature applications due to the non-passive nature of its surface oxide [71]. The A2B7

superlattice-based multi-phase alloy family is the MH alloy currently used by FDK (Tokyo, Japan)
for their Eneloop Ni/MH products. The A2B7 alloy, with a representative composition of
La3.3Ce8Pr8Mg3.9Ni72.8Al4.0, has a marginally improved capacity (355 mAh¨ g´1) over the conventional
AB5 but also a tradeoff with regard to cycle stability due to the incorporation of Mg, which can be
solved by adding the proper binder to the negative electrode [102]. Works related to the improvement
in capacity and low-temperature performance have been previously reported by authors [103–107].
The bcc alloy has a very high theoretical capacity (1072 mAh¨ g´1) but a much lower reported capacity
(247 mAh¨g´1) for the composition Ti40V30Cr15Mn13Mo2, and its stability is very poor, requiring
an electrolyte with much lower corrosion capability, for example, ionic liquid [108]. The high
cost of V is also a concern for utilizing the bcc alloy in any practical applications. The Laves
phase-related bcc alloy was developed through a U.S. Department of Energy sponsored program, and
the resulted alloy has a composition of Ti14.5Zr2.7V46.6Cr11.9Mn6.5Co1.5Ni16.9Al0.4 and a capacity of
414 mAh¨ g´1 [17,94,109], which was recommended for electric vehicle applications running at a C/3
discharge rate. The MgNi-based amorphous alloy made by mechanical alloying has a very attractive
cost model and an ultra-high capacity (780 mAh¨g´1 for the composition Mg52Ni39Co3Mn6), but it
suffers in cycle stability in 30 wt% KOH electrolyte [18]. Studies that address changes in anions of the
hydroxides used [18] and additions of various salts [110] have been developed to extend the usable
cycles of the MgNi-based alloy. The last row in Table 8 is the main subject of this paper—the TiNi
alloy family. TiNi at the current stage is not suitable for either consumer electronic or propulsion
applications that require a decent HRD. However, its low cost and long cycle life make the TiNi alloy
perfect for stationary applications. Therefore, testing of the TiNi-based alloys at different temperatures
will be our next task.
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Table 8. Performance comparison among various MH alloy families. The number of stars indicates
the superiority in the performance category. TBD and Temp. denote to-be-determined and
temperature, respectively.

Alloy Cost Capacity HRD Activation Low
Temp.

High
Temp.

Charge
Retention

Cycle
Life

AB5 ‹‹‹‹ ‹ ‹‹‹‹‹ ‹‹‹‹‹ ‹‹‹‹ ‹‹ ‹‹‹‹ ‹‹‹‹‹

AB2 ‹‹‹ ‹‹‹‹ ‹‹‹‹ ‹‹‹ ‹‹‹‹‹ ‹‹‹‹‹ ‹‹‹ ‹‹‹‹‹

A2B7 ‹‹‹ ‹‹ ‹‹‹‹‹ ‹‹‹‹‹ ‹‹‹‹‹ ‹‹‹ ‹‹‹‹‹ ‹‹‹‹

bcc ‹‹ ‹‹‹‹‹ ‹‹ ‹‹‹‹‹ TBD TBD ‹ ‹

Laves-bcc ‹ ‹‹‹‹ ‹‹‹ ‹‹‹‹ ‹‹‹ ‹‹ ‹ ‹‹‹

MgNi ‹‹‹‹‹ ‹‹‹‹‹ ‹‹ ‹‹‹‹‹ TBD TBD TBD ‹

TiNi ‹‹‹‹‹ ‹‹‹ ‹ ‹‹ TBD TBD TBD ‹‹‹‹‹

4. Conclusions

Structural, magnetic, gaseous phase hydrogen storage, and electrochemical properties of a series
of Ti50Zr1Ni44X5 (X = Ni, Cr, Mn, Fe, Co, or Cu) metal hydride alloys were investigated. All alloys show
similar multi-phase distributions composed of a stoichiometric TiNi matrix, a hyperstoichiometric TiNi
minor phase, and a Ti2Ni secondary phase. Compared to the Ti50Zr1Ni49 base alloy, substituting
element with higher work function enhances the synergetic effects between the main TiNi and
secondary Ti2Ni phases and increases the gaseous phase hydrogen storage capacity substantially.
Moreover, the electrochemical environment is able to reduce the alloy system’s equilibrium pressure
and further improves the capacity. The TiNi-based alloys have a superb cost model and exhibit
satisfactory capacity and cycle life performances, however, these alloys score low in high-rate
performance despite their similar surface reaction, bulk diffusion, and magnetic properties to the
commonly used AB5, AB2, and A2B7 alloys. Among the alloys investigated, alloy with the composition
Ti50Zr1Ni44Fe5 demonstrates the best balance among capacity, high-rate performance, activation,
and cycle stability and is recommended for full-cell testing at various temperatures to validate its
practicality for high-energy or stationary applications. Ti50Zr1Ni44Fe5 will also be used as the base
composition for formula optimization in the future.
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Abbreviations

Ni/MH Nickel/metal hydride
MH Metal hydride
HRD High-rate dischargeability
∆Hh Heat of hydride formation
SN Sintering
AM Arc melting
PM Melting in a plasma furnace
IM Induction melting
CO Co-precipitation
MC Microencapsulation
MA Mechanical alloying
ANN Annealing
MS Melt spinning
CHR Calcium hydride reduction
MWCNT Multiwall carbon nanotube
ICP Inductively coupled plasma spectrometer/spectrometry
XRD X-ray diffractometer/diffraction
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SEM Scanning electron microscope/microscopy
EDS Energy dispersive spectroscopy
PCT Pressure-concentration-temperature
W Work function
EVAC Electron potential in vacuum (EVAC) and the Fermi level (EF)
EF Electron potential in the Fermi level
bcc Body-centered-cubic
Io Surface reaction exchange current
D Bulk hydrogen diffusion coefficient
Ms Saturated magnetic susceptibility
H1/2 Magnetic field strength at one-half of the saturated magnetic susceptibility value
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