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Abstract

TiV-based two-phase hydrogen storage alloys are promising candidates for negative electrode materials of Ni/MH batteries. In this work,
phase structures and electrochemical properties of i,V 27MngsCr.Niy7s (x = 0 ~ 0.7) alloys were systematically investigated to
get an overall evaluation of Cr in the TiV-based alloys. It was found by XRD and Rietveld analysis that all the alloys consisted of a C14 Laves
phase with hexagonal structure and a V-based solid solution phase with BCC structure. With the increasing Cr contents, the abundance of
V-based phase increased while the C14 Laves phase decreased gradually. Electrochemical investigations indicated that besides the anticipate
improvement of cyclic life, the increasing Cr content also lead to a better high rate dischargeability (HRD) in a certain range, but the discharge
capacity decreased with excessive Cr content, which can be attributed to the variation of the composition, abundance and distribution of the
two phases in the alloys. Electrochemical impedance spectroscopy (EIS), linear polarization, anode polarization and potentiostatic discharge
were employed to study the kinetic properties and the results indicated that HRD of the alloy electrodes were controlled mainly with the
hydrogen diffusion resistance inside the alloy particles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction discharge capacity. However, as a developing alloy series, the
Ti—V-based alloys still have many obstacles to overcome on
TiV-based two-phase hydrogen storage alloys are promis-the way to commercialization, such as the relatively dissatis-
ing candidates for negative electrode materials of Ni/MH factory cycle life and high rate dischargeability of the alloys.
batteries[1-5]. These alloys are developed from Ti-based Composition optimization is commonly an effective way
Laves phase alloys. Zhu et §6—8] improved the overall  to improve the performance of hydrogen storage alloys. Yu
performance of the Ti-based Laves phase alloys by elementet al.[9] reported that Cr substitution for Mn in the Ti-based
substitution and super-stoichiometry and get the TiV-based AB> type alloy electrode effectively improved the cycle life
two-phase alloys. ‘Two-phase’ refers to a C14 Laves phaseof the electrode by reducing the dissolution of V in alkali
and a V-based solid solution phase. The V-based solid solution and restraining the formation of Tidilm, which
solution phase is the major hydrogen-absorbing phase, whilewas believed to be the dominating factor in the degradation
the C14 Laves phase is not only a hydrogen-absorbing phaseof the alloy[10]. Kim et al.[11] reported that Cr substitution
but also proved to be a catalyst for the electrochemical for V in the V=Ti alloy improved the cycle life markedly, but
hydrogenation and dehydrogenation process of the V-basedhe discharge capacity decreased rapidly with increasing Cr
phasg5]. The cooperation of the two phases gives the alloy content.
a favorable electrochemical performance, especially the Considering the negative effect of Cr on the capacity and
positive effect on the cyclic stability of hydrogen storage
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based alloys was separately tuned to get an overall evaluation 15000
of Crinthe TiV-based alloys and optimize the composition of 12000k
the alloys accordingly. The phase composition, microstruc-
ture, electrochemical properties of the alloys and their corre- g 2000}
lations are discussed. =
2 60001
g
= 3000}
2. Experimental
. . 0_III 1 1 oo [N B A R ] LAl oW HI\IIIIIIC14
The Tb_82r0_2V2,7Mn0_5CrxN|1_75 (x =0~ 0.7) aIons — ‘."‘l — : , .““““"'T — "_ VSS
were prepared by induction levitation melting of the con- 20 30 40 50 60 70 80 90 100
stituent metals in a water-cooled copper crucible un- 26 (degree)

der argon atmosphere. The ingots were turned over and
remelted twice for homogeneity. Part of the alloys were
mechanically crushed and ground into powders with a
dimension of 300-mesh for XRD and electrochemical
measurements.

Crystal structures and lattice parameters of the alloys were
determined by X-ray powder diffraction (XRD) using Cu
Ka radiation. The XRD patterns were analyzed by the Ri-

etveld Method12]. Microstructures were examined on pol- ) . .
ished cross sections of the ingots by a scanning electronXRD/RletveId analysis are listed ifable 1 All the alloys are

microscope with an energy dispersive X-ray spectrosco composed oqu14 Lf?“’es phase With hexagonal structure and
(SEM /EDF;() gy disp y sp i a V-based solid solution phase with bcc structure. With the
Al test electrodes were prepared by mixing 0.1g alloy increasing Cr contents, the abundance of V-based phase in-

powder with 0.4 g carbonyl nickel powder and then cold- cr:eacsig :‘_rom 53}? V\'t'o(/j“(z 0) tod77'8Wt'%”(C o:I O'r) wl’;}iileh
pressing the mixture under a pressure of 25 MPa into a pellett € aves phase gecreased correspondingly, which may

with the diameter of 10 mm and thickness of about 1 mm. The SU99€st that Cr pr_onjotes the formation of V-based phase in
electrochemical measurements were performed in a half-cellthhe aIonsaTEe \c:lgatlog ofhphase akisn(:fancehofthe C1”4 La\f/es
consisting of a working electrode (MH electrode), a sintered phase and the V-based phase could affect the overall perfor-
Ni(OH),/NiOOH counter electrode and a Hg/HgO reference mance of the hydrogen storage alloy electrodes. Furthermore,
electrode. The electrolyte was a 6M KOH solution, con- the increasing Cr content in the alloys led to shrinkage of cell
trolled at 30+ 1°. The discharge capacity of the electrode was Vﬁlumﬁs OT the b%th_ ;?(hases (seig. fZ)hFri)/rEx :do t?] 0'7’.
determined by the galvanostatic method. Each electrode Wast1 ZSC; Vz_?mﬁ SCT;, age(ﬁ)(\lléz;) of the V-based phase Is
charged at 100 mA/g for 5 h followed by 10 min rest and then ~ c o, W |.e.t € f th SISU. h o d ined by EDX i
discharged at 60 mA/g to the cut-off potential of —0.6 V versus i gmp_lt_)stl)tllonzcl) the ENO P asis (;ter(r:nlnei y \ 1S
the Hg/HgO reference electrode. Electrochemical impedance 'St? In fable tcan e.seen"t att € re'ement .eXIStS
spectroscopy (EIS) measurements were conducted at 5O(y(r)na_mly_/ in the V-based solid solution. With _the increasing of
depth of discharge (DOD) using Solartron SI11287 Electro- stoichiometryx from 0.0 to 0.7, the atomic percentage of
chemical Interface with a 1255B Frequency Response Ana-

Fig. 1. The XRD/Rietveld analysis pattern of thepdZrp2V27Mngs
Crp.1Niy 75 hydrogen storage alloy.

3. Results and discussion
Fig. 1 shows the XRD/Rietveld analysis pattern of the

Tig.gZro2V27MngsCrg1Niy 75 alloy. The cell parameters
and phase abundance of all the alloys figured out by the

lyzer, using the ZPLOT electrochemical impedance software. 163.0
Before EIS measurements, the test electrodes were com- L e —
pletely activated. The EIS of the electrodgs were obtained in 1625 — . .
the frequency range of 100 kHz—5 mHz with an ac amplitude
of 5mV under open-circuit conditions. The linear polariza- %
tion curves and the anode polarization curves of the testelec- £ 162.0f e~ C14 Laves phase |
trodes were measured by scanning the electrode potentials S 2651 —=—V-based phase
(Solartron SI1287 potentiostat, using the CorrWare electro- E '\-\_
chemistry/corrosion software) at the rate of 0.1 mV/s from -5 \-\

. . . 26.0 n
to 5mV (versus open-circuit potential) and 5 mV/s from 0 to
1200 mV (versus open-circuit potential) at 50% depth of dis-
charge (DOD), respectively. For the potentiostatic discharge, 25.5 gl

the test electrodes in fully charged state were discharged at
+600 mV potential step for 3600 s on Solartron SI11287 poten-
tiostat, using the CorrWare electrochemistry/corrosion soft- fig. 2. cellvolume of the C14 Laves phase and V-based solid solution phase
ware. in the Tip 8Zrp 2V 2.7MngsCrNiy 75 (x = 0 ~ 0.7) hydrogen storage alloys.

Stoichiometry (x)
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Table 1
The characteristics of phases in thg ddrp 2V 27MngsCrNiy 75 (x = 0.0, 0.1, 0.3, 0.5, 0.7) alloys
Samplex Phase Lattice parametsl'k)( Cell volume (&3) Abundance (wt.%)
a c
0.0 Ci4 4.868 7.930 1623 46.2
VSS 2.976 2636 53.8
0.1 Ci4 4.869 7.925 1622 36.1
VSS 2.974 2630 63.9
0.3 Ci4 4.868 7.922 1626 35.1
VSS 2.970 2620 64.9
0.5 Ci4 4.865 7.924 1625 313
VSS 2.966 2610 68.7
0.7 Ci4 4.868 7.917 1625 22.2
VSS 2.961 237 77.8
Table 2
The composition of phases in they§Zrp 2V 27MngsCrNiy 75 (x = 0.0, 0.1, 0.3, 0.5, 0.7) alloys
Samplex Phase Composition (at.%)
Ti Zr \Y Mn Cr Ni
0.0 Ci4 2213 6.67 15.34 57 000 5019
VSS 768 0.07 67.53 117 000 1354
0.1 C14 2338 7.63 11.43 34 012 5209
VSS 606 0.14 68.91 1as 243 1232
0.3 Cl4 2263 7.44 13.32 54 047 5039
VSS 493 0.22 66.36 R7 7.90 1122
0.5 Ci4 2419 5.97 13.87 2 074 4920
VSS 532 0.09 61.58 B4 1300 1138
0.7 Ci14 2610 6.81 10.72 %6 109 5062
VSS 357 0.12 61.15 g2 1698 946

Cr in the V-based solid solution increased markedly from O are presented ifable 3 It can be seen that the cyclic stability
to 16.98 at.%, while for the C14 phase, slightly from 0 to of the alloy electrode is improved dramatically as the stoi-
1.09at.%. This is in good accordance with the cell volume chiometryx increases. For the sample= 0.0, the discharge
shrinkage of the two phases, which make us believe that thecapacity of the electrode remains 25.4% of the maximum dis-
cell volume shrinkage is due to the relatively small radius of charge capacity after 180 charge—discharge cycles, while for
Cr among the six constituent elements. the samplec = 0.7 the figure is 93.8%.

Fig. 3 shows the SEM micrographs of theggiZro2 Meanwhile, the maximum discharge capacity increased
V27Mn,CrggNiy 75 (x = 0.0 ~ 0.7) alloys. It can be seen  with increasingx from 309 mAh/g ¢ = 0.0) to 322 mAh/g
that all the alloys have a dendritic V-based phase surround by(x = 0.3) and then decreased to 277 mAhig= 0.7). As

continuous C14 Laves phase. With the increasirigpm 0 mentioned above, the increasing Cr content leads to cell vol-

to 0.7, the V-based phase dendrites and the C14 Laves phasame shrinkage of both C14 Laves and V-based phase inthe al-

both gradually grow thicker. loy, which could result in a capacity decline. Besides, Cr can-
Fig. 4 shows the cycle life curves of the glgZro2 not form stable hydride, the increasing Cr content could lead

V27MngsCryNip 75 (x = 0.0 ~ 0.7) alloy electrodes. The toaproportion decrease of hydrogen storage elements such as
maximum discharge capacity and cyclic stability parameters Ti, Zr, V and thus reduce the capacity of the alloy electrodes.

Fig. 3. SEM micrographs of the d§Zro2V27Mng5Cr:Niq 75 (x = 0 ~ 0.7) alloys. (a)x = 0.0 (b)x = 0.3 (c)x = 0.7.
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Fig. 4. Discharge capacity vs. cycle number of thegHirp2V27Mngs
CrcNiy75 (x = 0~ 0.7) alloy electrodes at 303 K. current of 600 mAh/g, the HRD of the alloy electrodes in-
creased from 27.5%x (= 0.0) to 71.2% ¢ = 0.5) and then

But the most important factors to the TiV-based two- decreasedto54.7% & 0.7). According to the electrochem-
phase alloy’s hydrogen storage capacity are the phase comical theory, the process of discharging of hydrogen storage
position, abundance and distribution in the allg¢s8]. It alloy electrodes includes three steps: (1) absorbed hydrogen
has been approved that of the two main constituent phasegliffuse from the interior to the surface of the alloy patrticles;
in Ti-V-based alloys, the V-based solid solution phase is (2) absorbed hydrogen transform into adsorbed hydrogen at
the major hydrogen-absorbing phase while the C14 Lavesthe surface of the alloy particles; (3) adsorb hydrogen take
phase not only absorbs hydrogen, but also works as a catacharge transfer reactions at the surface of the alloy particles.
lyst and micro-current collector for the V-based ph§se Therefore, the HRD is believed to be mainly controlled with
Appropriate proportion of the two phases and fine equiaxed both the charge transfer resistance at the electrode surface and
microstructures are favorable for C14 phase to take the cat-the hydrogen diffusion resistance inside the electrode. To fur-
alyzing and micro-current collecting effect; while insufficient ther the investigation of the kinetics of the alloy electrodes, a
C14 Laves phase and thick dendrite microstructures may de-series of electrochemical methods, namely the electrochem-
base the catalyzing effect and thus diminish the cap@jty ical impedance spectroscopy (EIS), the linear polarization,
In this work, the Rietveld analysis showed that the abundancethe anode polarization and the potentiostatic discharge have
of the V-based solid solution phase increased rapidly from been employed.
53.8 to 63.9wt.% when the stoichiometry of Cr increased  Fig. 6shows the EIS of the §isZrg2V27Mng5Cr,Ni1 75
from 0 to 0.1, since the V-based solid solution phase is the (x = 0.0 ~ 0.7) alloy electrodes at 50% DOD. It can be found
major hydrogen-absorbing phase, the rapid increase of it maythat all the EIS curves consist of two semicircles followed
counteracted the disadvantages mentioned above and lead twith a straight. According to the analysis model proposed
a slight increase of capacity. But along with the further in- by Kuriyama et al[13], the semicircle in the high-frequency
crease of Cr content, the proportion of the two phases became
undesirable and the V-based phase dendrites and the C14

Laves phase both gradually grew thicker. All these disadvan- 1.4
tagesresulted inthe decline of the capacity from 322.0 mAh/g . i X :8;?
(x = 0.3) to 276.6 MAh/g{ = 0.7). “1 X038

Fig. 5 shows the high rate dischargeability (HRD) of 1.0} ——x=0.7
the Tip.8Zro.2V2.7Mng5CrNi1 75 (x = 0.0 ~ 0.7) alloy elec- F
trodes. With the increasing Cr content, the HRD of the alloy ~ & 08r
electrode improved at first and then declined. At the discharge Ng 06l 0.7043Hz

5mHz
Table 3 0.4 e
Capacity and cyclic stability of the gZrp2V27MngsCrNiy 75 (x = 0.0, 125.89Hz SIS N
0.1, 0.3, 0.5, 0.7) alloy electrodes o2r wi(HZ |
[ Sl ~~50.12mHZ]
9 0 n 1 " 1L n 1 1 1 1 1 n 1 n 1 " 1 n
Samplex Cmax (MAh/g) C100/ Cmax (%) C180/ Cmax (%) 0.00'0 0504 06 08 10 T2 17 T8 18
0.0 309 52.4 25.4 Z /O
res

0.1 321 71.9 38.0
0.3 322 87.8 70.0

Fig. 6. Electrochemical impedance spectroscopy of thedrp 2V 2.7Mng 5
CrNiy75 (x = 0~ 0.7) alloy electrodes measured at the 50% DOD and
298 K.

0.5 313 92.8 84.9
0.7 277 98.1 93.8
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on the surface of the alloy particles. In the second region,

region is mainly related to the resistance and capacitancehe cyrrent declines relatively slowly in a linear manner. In

between the alloy particles and the current collector, while
the semicircle in the low-frequency region is attributed to the

this case, the current was mainly controlled by the hydrogen
diffusion velocity, which is proportional to the concentration

charge transfer resistance for hydrogenation reaction at thegragient of hydrogen in the bulk of the alloy. Therefore the
surface. From the variation of the radius of the semicircle in |inear response in the second region can be treated as the

the low-frequency region, it can be estimated that the chargefinite diffusion of hydrogen atoms inside the alloy particle
transfer resistance of the alloy electrodes decreased first angyccording to the spherical diffusion mod#b]. The hydro-

then increased with increasing Cr content.

Fig. 7 shows the linear polarization plots of the
Tio.gZro.2V27MngsCryNiq 75 (x =00~ 0.7) aIon elec-
trodes. It can be seen from the variation of slopes of the
plots that the reaction resistance of the electrodes decrease
first and then increased with increasiddentically with the
conclusion out of the EIS. The exchange current derfgity
was calculated by the following formul[d4] and listed in
Table 4

IRT

T o

Ip =

R, T, F andn denote the gas constant, the absolute tempera-

ture, the Faraday constant and the overpotential, respectively

Ipincreased from 139 mA/g(= 0.0)to 181 mA/g ¢ = 0.3)
and then decreased to 138 mA4g=t 0.7).

Fig. 8 shows the anode polarization curves of the
TipgZro2V27MngsCriNig7s (x = 0.0~ 0.7) alloy elec-
trodes. The limiting current densitidsobtained from the fig-
ure are listed ifable 4 It can be seen that the limiting current
densityl, increased from 809 mA/gi(= 0.0) to 1182 mA/g
(x = 0.5) and then decreased to 717 mAig=£ 0.7), which
is consistent with the variation of the HRD of the alloy elec-
trodes.

Fig. 9 shows the plots of potentiostatic discharge,
namely the discharge current decay with the time of the

gen diffusion coefficienb can be estimated by the following
formulas[16] and listed inTable 4

72 D

P 2
2303422 )

. 6FD

Ipg i =log |:idz(CO - Cs)} -
a

wherei denotes the diffusion current density (A/d),the
hydrogen diffusion coefficient (cffs), Co the initial hydro-
gen concentration (mol/cth inside the alloy particles(s
the hydrogen concentration (mol/érat the surface of the
alloy particlesa denotes the radius of alloy particles (crh),
denotes the density of the hydrogen storage alloy (¢)yamd
t denotes the discharge time (s). It can be found that, consis-
tently to the variation of the limiting current density, the
diffusion coefficientD increased from B2 x 10~ cné/s
(x=0.0) to 7.32x 10 1cm?/s (x =0.5) and then de-
creased to #5 x 10~ cné/s (x = 0.7).

The kinetic properties in the hydride electrode are gen-
erally controlled with both the charge transfer resistance at
surface of the alloy particles and the hydrogen diffusion re-
sistance inside the alloy particles. In other words, the HRD
is influenced jointly by the exchange current dengitythe

Table 4

The exchange current densiky, limiting current density/,. and hydrogen
diffusion coefficientD of the Tip.gZrp 2V 27MnosCrNi1 75 (x = 0.0 ~ 0.7)
alloy electrodes

Tig.gZro2V27MngsCr:Niq 75 (x =00~ 0.7) aIon elec- Sampleyx Io (MA/Q) I (mA/g) D x 10% (cm?/s)
trodes. It can be seen that under the operation of the potential 0.0 139 809 282
step, the current—time responses in the semilogarithmic plot g 1 172 815 4.14
(logi versusf) can be divided into two time regions as pro- 0.3 181 851 6.01
posed by Nishina et aJ15]. In the first region, the current ~ 0.5 170 1182 7.32
138 717 475

declines abruptly due to the fast consumption of hydrogen 97
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15k ing Cr content also lead to a better high rate dischargeability
1ol = 8'? (HRD) in _acertain range, but the discharge gapacity may de-
..... X=03 crease with excessive Cr. Electrochemical impedance spec-

= 0o TTXE03 troscopy (EIS), linear polarization, anode polarization and
D 0.0Ry potentiostatic discharge tests indicated that HRD of the alloy
E 05/ electrodes were mainly controlled with hydrogen diffusion
= ol resistances.
E 15) N
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