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Ball milling was used to prepare CeMg,,/Ni/TiF; composite alloys in this study. Microstructures of
experimental alloys were analyzed by scanning electron microcopy (SEM), x-ray diffraction (XRD), and
high-resolution transmission electron microscopy (HRTEM) with electron diffraction (ED). The electro-
chemical and Kkinetic characteristics of the ball-milled composite alloys were further evaluated based on
their galvanostatic charge—discharge measurement, high-rate dischargeability (HRD), hydrogen diffusion
behavior, as well as electrochemical impedance spectrum (EIS). Results indicated that the ball-milled alloy
with 3 wt.% TiF; exhibited the best electrochemical discharge capacity, which was not only related to the
formation of amorphous and/or nanocrystalline phase but to the formation of MgF, because it can effec-
tively reduce the thermodynamic stability of hydride. With increasing TiF;, the cycle degradation rates of
the milled alloys were ameliorated remarkably. This improvement was attributed to the formation of an
amorphous phase (which possesses strong anticorrosive and antioxidation abilities) as well as the formation
of MgF, and TiNi secondary phases. The ball-milled alloy with 3 wt.% TiF; additive exhibited the strongest
electrochemical kinetic properties, related to the highest hydrogen diffusion rate in the alloy (which was
associated with multiple defects and grain boundary of amorphous and/or nanocrystalline phases) and the
electrochemical reaction on the surface of alloy (which was related to the lowest apparent activation

energy).

Keywords activation energy, amorphization, cycling life, electro-
chemical impedance spectroscopy, nanostructured
materials

1. Introduction

Magnesium (Mg)-based hydrogen storage alloy materials
have been recently regarded as the most promising negative
electrode materials because of their higher hydrogen storage
capacity, lightweight, and abundant raw materials (Ref 1, 2).
Meanwhile, the inferior kinetic performance and high-temper-
ature hydriding and dehydriding reaction for Mg-based alloys
confers a reduced electrochemical charge and discharge
capacity (Ref 3, 4). A large number of studies on Mg-based
hydrogen storage alloys indicate that prompting the formation
of nanocrystalline and/or amorphous structures inside alloys by
ball milling with Ni powders can significantly improve the
absorptive and desorptive properties of Mg-based alloys. Such
alloys can store and release hydrogen at ambient temperatures
and pressure (Ref 5, 6). Lei et al. (Ref 7) synthesized an
amorphous Mg-Ni alloy by mechanical alloying, which exhib-
ited high discharge capability. Zhang et al. (Ref 8) systemat-
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ically investigated the change in the electrochemical capability
of the ball-milled (Mg; ,Zr,),Ni (x =0, 0.3) under the
assumption that substituting Zr for Mg and prolonging the
milling duration can enhance the electrochemical discharge
capacity as well as cycle stability.

Compared with the Mg-Ni alloy, the rare-earth (RE)-Mg
series alloy can be potentially used as a hydrogen storage
material because of its considerably higher hydrogen storage
capacity (3.7-5.5 wt.%) (Ref 9, 10). The discharge capacity of
the La,Mg;,- and LaMg;,-type alloys prepared by mechanical
ball milling reached 990 mAh/g (Ref 11). Pure RE,Mg; 5 alloy
hydride showed poor hydriding/dehydriding kinetic perfor-
mance because of its high thermodynamic stability. Metallic Ni
particles were dispersed throughout the RE-Mg alloy matrix by
milling with Ni, which effectively improved the electrochem-
ical discharge property of the hydrogen storage alloy (Ref 12).
Wang et al. (Ref 13) indicated that alloys added with Ni
powders could markedly improve the discharge capacity of
ball-milled NdMg,-type alloys. Compared with the aforemen-
tioned method, adding transition metal fluoride as a catalytic
agent could effectively improve the absorption/desorption
properties of alloys. The formation of MgF, in the ball-milled
MgH, with transition metal fluoride could effectively enhance
the hydrogen releasing capacity of MgH, hydrogen storage
materials (Ref 14, 15). Jin et al. (Ref 16) systematically
investigated the catalytic effect of transition metal fluoride
(FeF,, NiF,, TiF;, NbFs, and so on) on MgH, to verify that
metal fluoride was an ideal catalyzer that can improve its
reversible hydriding and dehydriding ability.

In previous reported literature, we mainly investigated the
effect of changing of thermodynamic parameters on the
electrochemical charge—discharge performance of CeMg;,-Ni-
TiF; composite electrode materials in the study of the evolution
of microstructure (Ref 21). In the present study, the microstruc-
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ture of CeMg;,/Ni/TiF3 composite electrode alloys was further
explored. Meanwhile, the activation energy E, could be
calculated by fitting the electrochemical impedance spectrum
(EIS) to elucidate the varying electrochemical kinetic capabil-
ities of alloy samples under different conditions.

2. Experimental Methods

The CeMg,;,/Ni/TiF3 composite hydrogen storage electrode
materials were synthesized by mechanically milling CeMg;, alloy
powders (pulverized to 200 mesh), nickel powders (the mass
percentage was controlled at 100% of the CeMg; , alloy), and TiF3
(the mass percentage was controlled at x% of the CeMg;, alloy,
where x = 0, 3, 5) by using a planetary-type ball mill (QM-SP3).
The rotational speed, mass ratio of ball to powder, and ball milling
time were set to 350 rpm, 40:1, and 60 h, respectively. During
mechanical milling, Ar gas was used to protect the atmosphere,
thereby preventing the composite hydrogen storage material from
being oxidized. In the discussion of the experimental results, the
alloys are denoted as Ay, Az, As with TiF; content.

The phase structure and the composition of the composite
materials were analyzed by x-ray diffraction using JADE 6.0.
The prepared alloys were characterized by scanning electron
microscopy (Philips QUANTA 400). The grain morphology
and crystalline characteristics of the ball-milled alloys were
observed by HRTEM and ED, respectively.

Cold-pressing was used in the preparation of the alloy
electrode. The mass ratio of the composite materials to the

Ce

— u

carbonyl nickel powders, diameter, pressure, as well as the total
weight of the electrode were limited to 1:4, 10 mm, 25 MPa,
and 1 g, respectively. Testing of the electrochemical discharge
capacity was conducted using a standard three-electrode
system. Charge/discharge current density and discharge cutoff
voltage were controlled at 40 mA/g and — 0.5 V.

The high-rate dischargeability (HRD) of different charge—
discharge current densities, which was regarded as an important
parameter, was used to evaluate the electrochemical kinetic
properties and can be calculated using Eq 1, as follows:

HRD = Cd/C40 X 1()0%)7 (Eq 1)

where Cy and Cy are the discharge capacity at the charge—
discharge current density /3 and 40 mA/g (I4).

Electrochemical alternating current (AC) impedance spec-
troscopy and potentiodynamic polarization plots of electrodes
were measured using the PARSTAT2273 potentiostatic work-
station for electrochemistry. The frequency ranged from 5 mHz
to 10 kHz, and the AC amplitude was set to 5 mV. The
measuring potential range was — 1.5 to 0.5, and the scan rate
was fixed at 5 mV/s while testing the potentiodynamic
polarization curves.

3. Results Analysis

3.1 Microscopic Characterization

The SEM photographs together with the typical EDS spectra
of ball-milled Ay, A3z, As alloys are presented in Fig. 1. The Aq
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Fig. 1 SEM and EDS micrographs of Aq, A3, As alloys milled for 60 h
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alloy consists of Mg, Ni, and Ce; the Aj, As alloys are made up
of a small quantity of Ti and F except for Mg, Ni, and Ce.
Apparently, the size of the alloy particles decreases at varying
degrees with increasing TiF; content, indicating that TiF;
facilitates the refinement of alloy particles. The decrease in
particle size leads to an increase in specific surface area, which
increases the diffusion path of hydrogen atoms and the contact
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Fig. 2 XRD patterns of A, Az, As alloys ball-milled for 60 h
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opportunity between the alloy particles and hydrogen atoms,
thereby improving the hydriding/dehydriding reaction.

The XRD patterns of the ball-milled Ay, Az, As alloys are
presented in Fig. 2. The milled alloys clearly exhibit multi-
phase structures, consisting of the main phases Mg,Ni (PDF#
75-1249), CeMg;, (PDF# 19-0291), and Ni (PDF# 89-7128).
Other amorphous phases may be hidden in scattered peaks,
undetected by XRD analysis. The sharp and narrow diffraction
peaks of the ball-milled A, alloy show a typical nanocrystalline
structure and an average grain size of about 36 nm, which is
calculated using Eq 2 on the basis of the Cauchy integral
breadth of major diffraction peak (44.36°):

D = 2/fcos0, (Eq 2)

where 60, 4, and f denote the diffraction angle, x-ray wave-
length, and integral breadth, respectively. With the addition of
TiF3, the diffraction peaks of milled A; and As alloys evi-
dently broaden and diffuse, exhibiting the characteristics of
amorphous and nanocrystalline structures. The TiF; additive
helps form nanocrystalline and amorphous structures inside
the milled Ay, A;, As alloys. The results of HRTEM detec-
tion are shown in Fig. 3.

The HRTEM photographs of different magnification and ED
maps of the ball-milled Ay, Aj, As alloys are presented in
Fig. 3. The HRTEM morphologies under lower magnification
indicate that the grains of the alloy sample are refined gradually
with incremental TiF; content. The HRTEM images of higher
magnification reveal that the milled A, alloy exhibits an

Fig. 3 HRTEM micrographs and electron diffraction (ED) maps of ball-milled Ay, Aj, and As alloys: (a) Ag alloy; (b) Az alloy; and (c) As al-

loy
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Fig. 4 Discharge curves of ball-milled A, A;, As alloys
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Fig. 5 Evolution of capacity retaining rate of ball-milled A,, Aj,
As alloys with cycle number

emblematic nanocrystalline structure, as indicated by sharp
multi-halo electron diffraction images. The A3 and As alloys
show a mixed feature of a nanocrystalline structure surrounded
by an amorphous phase. The ED result verifies the presence of
the amorphous structure. They further investigate the phase
compositions by the interplanar spacing of different areas in
HRTEM images, considering that the phase component
includes small quantities of TiNi, MgF,, TiF;, and CeMg;,
except for Mg and Mg,Ni for A; and As alloys. However, the
HRTEM images are used for investigating the forming ability
of amorphous and nanocrystalline inside alloy samples only in
literature report (Ref 21).

3.2 Electrochemical Charge/Discharge Properties

3.2.1 Discharge Performance. Figure 4 depicts the dis-
charge plots of the ball-milled A, A3z, As alloy electrodes at the
first charge/discharge cycle. Apparently, the discharge curves of
the three ball-milled alloy electrodes exhibit different discharg-
ing plateaus owing to the oxidation of hydride during hydrogen
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Fig. 6 High-rate dischargeability curve of the ball-milled Ay, As,
As alloys
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Fig. 7 Electrochemical impedance spectra (EIS) of Ay, A, As al-
loys milled for 60 h

desorption. Suitable addition of TiF; clearly enhances the
discharge potential of the ball-milled alloys. Among the three
alloy samples, the Aj; alloy sample exhibits the highest
discharge capacity. The internal resistance of the alloy materials
leads to the variation in discharge potential. The Aj; alloy
sample has the highest voltage plateau, which indicates the
weakest electrochemical polarization and the strongest charge
transfer ability on the surface of the alloy. The microstructural
characteristic inside the Aj alloy facilitates hydrogen diffusion
and reduces polarization resistance.

The aforementioned results may have several interpreta-
tions. The addition of TiF; causes a microstructural change in
the ball-milled alloys, which leads to a difference in their
discharge voltage platform and capacity. Meanwhile, TiF;
induces the production of MgF, and TiNi phases in the A3 and
As alloy samples, as shown in Fig. 4. In particular, the
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Fig. 8 EIS and fitting curves of the ball-milled A, Az, As electrode alloys at 303 K, 313 K, and 323 K

formation of MgF, can effectively reduce the thermodynamic
stability and enhance the electrochemical discharge capacity of
ball-milled alloys (Ref 17).

3.2.2 Electrochemical Cycling Life. The capability
retention ratio (S,) is used to characterize the electrochemical
cycle stability, which can be calculated using Eq 3 as follows:

Sy = Cy/Crnax X 100%, (Eq 3)

where Ci.x 18 the maximum discharge capacity and C, is the
discharge capacity at the nth charge—discharge cycle.

The evolution of the S, of the Ay, Az, As alloys milled for
60 h with cycle number n is established in Fig. 5. TiF; can
clearly help improve the decay rate of the discharge capacity.
The positive effect of the TiF; additive on the cycling
stabilization of the milled alloy electrode is attributed to the
formation of an amorphous phase which can enhance the
anticorrosive and antioxidation ability of the hydrogen storage
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alloy (Ref 18). In addition, the formation of MgF, and TiNi
phases can benefit the electrochemical cycling life of ball-
milled Ao, As, As alloys (Ref 19).

3.3 Electrochemical Kinetic Properties

3.3.1 High-Rate Dischargeability. Figure 6 shows the
HRD values of the A,y A;, As alloy electrodes. The result
shown in Fig. 6 indicates that a certain amount of TiF; can
effectively improve the electrochemical kinetic properties of
ball-milled alloy electrodes. The improved HRD is related to the
appearance of an amorphous and nanocrystalline structure. This
structure holds numerous crystal defects, provides effective
hydrogen diffusion paths, and accelerates charge—transfer reac-
tion (Ref 20). In addition, the formation of MgF, and amorphous
phase is favorable for the acceleration of the charge transfer
reaction on the surface of ball-milled A3 and As alloys (Ref 21).
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Fig. 9 Curves of log (T/R) vs. 1/T of Ay, Az, As alloys milled for
60 h

Table 1 Electrochemical impedance parameters and acti-
vation energies (AE) of Ay, Az, As alloys at different tem-
peratures

ch Q

Sample303 K Error, % 313 K Error, % 323 K Error, % AE, kJ

Ay 0.52948 6.57 038799 5.62 029263 5.44 27.163
A 0.42604 5.68 0.37999 5.27 0.28847 6.46 18.497
As 1.65013 3.61 0.93978 4.54 0.67194 6.49 38.604

R, is charge transfer resistance

3.3.2 Electrochemical Impedance Spectrum (EIS)
and Potentiodynamic Polarization. The EIS of the Ay, Aj,
As alloy samples milled for 60 h at 50% depth of discharge
(DOD) are shown in Fig. 7. The EIS of each alloy typically
include two capacitive loops. According to Kuriyama, the
capacitive reactance arc of the middle-frequency party repre-
sents the charge—transfer resistance from the double-layer
capacitance (Ref 22).

Apparently, the curvature radius of the capacitive reactance
arc of the middle-frequency party first decreases and then
increases. This occurrence shows that R of the milled alloys
first shrinks and then rises with an increase in TiF5; content. For
the A; alloy, the decrease in R, may be attributed to the
following two reasons: (1) TiF; facilitates the formation of an
amorphous and nanocrystalline structure, which effectively
decreases the charge—transfer reaction resistance and (2) the
rare-earth element Ce and the Ni phase play catalytic functions
in the charge—transfer reaction. However, further addition of
TiF3 can cause an increase of Ce(OH)s, Ni(OH),, and Mg(OH),
oxide layer, which results in an increase in charge transfer
resistance (R.) (Ref 23).

The activation energy E, is introduced to estimate the
activation properties on the alloy surface and thus investigate
the surface active performance of the ball-milled Ay, Az, As
alloys. E, can be determined using Eq 4 by the fitting curves in
Fig. 8:
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Fig. 10 Potentiodynamic polarization of A, A;, As alloy elec-
trodes milled for 60 h

T E,

log (Rcl) = 230rr € (Eq 4)

The relationship curves between log (7/R.) and 1/T are
presented in Fig. 9. The E, of each milled alloy is listed in
Table 1. The activation energy E, initially declines and then
rises as TiF5 content increases. The result indicates that the ball-
milled alloy with 3 wt.% TiF; additive exhibits the smallest
surface activation energy, which is conducive to reduce the
energy barrier of the electrochemical reaction on the surface of
the alloy electrode and accelerates the charge transfer reaction.

Figure 10 illustrates the potentiodynamic polarization
curves of the milled Ay, Az, and As alloy electrodes. An
inflection point clearly appears on each anodic polarization
curve, namely the limiting value of the current density, referred
to as the limiting current density (ir). The existence of i is
attributed to the oxidation product, which is known to hinder
further penetration of hydrogen atoms because oxidation
reaction takes place on the surface of the alloy electrode.
Figure 10 reveals that i first increases from 400.3 mA/g (Ao
alloy) to 1196.3 mA/g (A; alloy) and then decreases to
555.4 mA/g (As alloy) with increasing TiF3 content. The test
results lead to the conclusion that the ball-milled alloy with
3 wt.% TiF; possesses the strongest electrochemical reaction
kinetics, which suggests that the fastest mass transfer process
can more efficiently satisfy the requirements for electrochem-
ical reaction to occur. This finding results from the two
observations: (1) TiF; enhances the ability to form nanocrys-
talline/amorphous structure, which increases the interface,
internal strain, and grain boundary, thereby providing a
diffusion path for hydrogen. Niu demonstrated that internal
strain directly affected the exchange current density and
hydrogen diffusion ability (Ref 24); (2) Ni exhibits the
strongest electro-catalysis, which contributes to the enhance-
ment of the diffusion capability of hydrogen atoms (Ref 25).

4. Conclusions

1. The addition of TiF; changes the microstructure and
phase composition of ball-milled Ay, Az, As alloys, sig-
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nificantly improving the electrochemical discharge capac-
ity.

The higher reaction resistance of the As alloy reduces the
cycling decay rate of the discharge capacity, which may
be attributed to the formation of the oxidation layer on
the surface of the alloy and numerous amorphous or
nanocrystalline structures.

X-ray diffraction reveals that the addition of TiF3 is con-
ducive to the formation of nanocrystalline and amorphous
structures inside the milled Az, As alloys. Such structures
have a number of crystal defects, which provide diffusion
paths for hydrogen atoms. The 3 wt.% TiF; additive can re-
duce the activation energy (E,), thus improving the electro-
chemical reaction kinetics of the experimental alloy samples.
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