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[Abstract] The hydrogen storage alloy powders (MINiy ¢Cop. ¢Alp .4, Ml= rich-La mischmetal) were treated in a hot
6mol/ L KOH+ 0. 02mol/ L. KBH4 solution, the surface compositions and chemical states of the treated and untreated al-

loys were analyzed by XPS and EDX, the hydrogen adsorption on the surface of these alloys was evaluated by thermal des-

orption spectroscopy (TDS), the effects of the surface treatment on the electrochemical performances of the alloy elec

trodes were investigated. The results show that the hydrogen adsorption is greatly strengthened by the surface modifica

tion, and hence leads to marked improvement in the electrocatalytic activity, the treated alloy exhibits higher exchange

current density and lower apparent activation energy for the hydrogen electrode reaction than the untreated alloy.
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1 INTRODUCTION

The hydrogen storage alloys based on mischmetal
have been more extensively investigated and most
wildly applied in the Ni/ MH batteries. Some proper
ties of the alloys such as the equilibrium dissociation
pressure, hydrogen storage capacity and formation
enthalpy of hydride are greatly affected on the alloy
bulk composition. On the other hand, the composi-
tion and chemical states of the alloy surface can
strongly influence the electrochemical characteristics
of the alloy electrode such as activation behavior,
electrocatalytic activity and corrosion resistance a
gainst alkaline electrolyte, and the internal pressure
and cycle life of Ni/ MH battery. Therefore, the sur
face characteristics of the alloys play an important role
on their electrochemical application. The surface
treatment in a hot alkaline solution has been con-
firmed to be an effective method to improve the elec-
trochemical performances of the alloy electrodes' '™ ®'.
Iwakura et all " found that adding reducing agent in
the alkaline solution would further improve the effects
of the alkalrtreatment on the electrochemical perfor
mances.

High electrocatalytic activity is essential for the
hydrogen storage alloy to be applied in Ni/ MH bat-
teries. According to the welFknown electrocatalytic

“volcano plots” for the hydrogen electrode reaction on
the metal electrode,
should have a close relation to the hydrogen adsorp-
tion strength on the alloy surface. In present work,

the electrocatalytic activity

we analyze the surface compositions and chemical
state of the alkalrreduce treated alloy by XPS and
EDX, and evaluate the effects of the surface treat-
ment on the hydrogen adsorption on the alloy surface
by TDS. The effects of the surface treatment on the
electrochemical performances of the alloy electrode are
also discussed.

2 EXPERIMENTAL

The hydrogen storage alloy powders ( MINi4 o
Coo.6Alg. 4, M1= Larich mischmetal, with size of less
than 74Pm) were treated in 6mol/L. KOH +
0. 02 mol/ L. KBH, solution at 80 C for 6 h, then fil-
trated and washed thoroughly with distilled water, fr
nally dried in vacuum. The alloy surface was charac
terized by XPS and EDX before and after treating.

TDS measurement was programmed on a tem-
perature controller at a heating rate of 3K/s and at
different hydrogen exposures employing an ultre
high-vacuum chamber (ADES400, the background of
the vacuum degree is superior to 2 X 10" *Pa) e
quipped with a mass spectrometer ( QWS200, Ger
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many) . The tested sample was placed in the specimen
cell with double layer quartz. A thermocouple of
NiCr/ NiAl was placed in the inner of the sample for
testing temperature. Before TDS measurement, the
sample was preheated to 500 ‘C for 30 min in order to
remove the gas adsorption on the alloy surface. High
pure hydrogen (99.99% ) was introduced through an
ultra-vacuum valve at room temperature, and hydro-
gen exposure was tested by a vacuum meter (1L =

10 ®toor*s) .

The electrode was prepared by pressing the mix-
tures of 0.100g of the alloy powders with 0.200g
fine copper particles at 20MPa to form a 10mm dr
ameter pellet. The electrochemical measurements
were carried out in a two-compartment gas cell sepa-
rated with sintered glass. A sintered nickel hydroxide
electrode with sufficient capacity was used as a
counter electrode, 6mol/L KOH solution as elec
trolyte, and Hg/HgO (6 mol/ LKOH) electrode as a
reference electrode. The charging/ discharging cycles
were carried out at a constant current density of
100mA/g at room temperature. The alloy electrode
was charged for 3. 5h and then discharged to cut-off
voltage of — 0.600V vs Hg/HgO. The polarization
curves were measured at a scan rate 1 mV/s and 50%
depth of discharge (DOD). The exchange current
density Jo was calculated form the slope of polariza-

tion curves according the equation'” as
RT
Jo= (o LD (1

J, L R, T and F are polarization current
density, overpotential, gas constant, absolute tem-
perature and Faraday constant, respectively. The ap-
parent activation energy E, of hydrogen electrode re-

where

action on the alloy electrode can be calculated from
the temperature dependence of the exchange current

densities according to the equation as''%!

. dlnJ o
Ee==R*5r) (2)

3 RESULTS AND DISCUSSION

3.1 Surface analyses of hydrogen storage alloys by
XPS and EDX

XPS spectra of Ni2p and La3d are shown in
Fig. 1, in which the highest peaks at about 82.0eV
are the overlap peaks of Ni2pj/» and La3ds». All the
La on the untreated and treated alloys exist as oxide
and hydroxide on the surface according to the binding
energy of La3ds/» at 835.2eV. Ni exists also as ox-
ider or hydroxide on the top surface of the untreated
and treated alloy surface because the core level spectra
of Ni2py, attributed to the metallic Ni is not found
before Ar* sputtering. However, after Ar* sputter
ing only 2min for the treated alloy, the peak of the
metallic Ni2py/» at 869.5€eV is apparently observed
as shown in Fig. 1(b), which means that Ni element

exists mainly in the metallic state. This fact means
that the nickel oxide and hydroxide on the alloy sur-
face could be reduced by chemical reduction treatment
in a hot 6mol/ LKOH + 0. 02 mol/ L KBH, solution.
However, when the treated alloy is exposed to the
air, the metallic Ni on the top surface should be oxr
dized again, and so the metallic states Ni is not found
on the top surface before Ar’ sputtering. For the un-
treated alloy, when it takes the Ar" sputtering of
about 10 min, the peak of metallic state Ni2pi/ 2 at
869.6eV can be obviously found as shown in

Fig. 1(a) .
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Fig. 1 XPS spectra for Ni2p and La3d of

untreated alloy (a) and treated alloy (b)
(1) —Ar" sputtering Omin; (2) —Ar" sputtering 2 min;
(3) —Ar" sputtering Smin; (4) —Ar" sputtering 10 min;
(5) —Ar" sputtering 20 min

The surface composition of the treated and un-
treated alloys were analyzed by EDX, the results are
summarized in Table 1, the results show that after
treatment Al content on the alloy surface greatly de

Table 1 Surface components of alloy before and
after treatment analyzed by EDX ( ®, %)

Sample La Ce Pr Nd Ni Co Al

Untreated 4y 69 .80 1.78 0.71 54.77 7.69 22.55
alloy

Treated

15.67 1.35 2.11
alloy

1.27 65.23 9.41 4.96
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creases, whereas nickel component increases. The
Nrrich and AFpoor surface layer were believed to fa-
cilitate the improvement in activation behavior and
electrocatalytic activity of the alloy electrodes as well
as the cycles number of Ni/ MH battery' "> %
3.2 TDS of hydrogen from alloys surface

Fig. 2 shows the TDS of hydrogen from the sur-
face of the untreated and treated hydrogen storage al-
loys. For the untreated alloy, there is only one ther
mal desorption peak at about 400K, which is called
as peak. For the treated alloy, three peaks of the
hydrogen thermal desorption are found, and called as
arpeak at 400K, B-peak at 530K and ¥peak at
640K, respectively. The facts indicate that the T DS
structures of hydrogen from the alloy surface are ap-
parently changed by this surface treatment. T he ther
mal desorption peaks of hydrogen at different temper-
atures are attributed to the different adsorption states
of the hydrogen on the alloy surface. Since that the
surface of the rare-earth-nickel system hydrogen stor-
age alloy is easily oxidized, the metal oxide film on
the alloy surface interfaces with the hydrogen adsorp-
tion and hydrogen electrode reaction'?'. The tem-
perature of hydrogen thermal desorption peak from
the untreated alloy surface is lower than that of the
treated alloy. After the surface treating, the hydro-
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Fig.2 TDS of hydrogen from untreated alloy
surface at different hydrogen exposures

gen adsorption on the alloy surface was strengthened
because a Nrrich surface layer was produced and the
surface oxide film was eliminated "> % The dif-
ferent thermal desorption peaks of hydrogen from the
treated alloy surface were likely to attributed to the
different micro-surface compositions and chemical
states. Further researches are required to understand
it. In a word, it can be concluded that the surface
modification not only changes the TDS structure of
hydrogen from the alloy surface but also enhances the
hydrogen adsorption on the alloy surface.

3.3 Electrochemical performances of treated and
untreated alloys

Fig. 3 shows the discharge capacity and activa-
tion behavior of the hydrogen storage alloy electrode
before and after surface treatment. It was found that
after surface treatment, the alloy electrode has more
initial capacity and better activation behavior in com-
parison with the untreated alloy. This agrees with the
results reported in our previous work!”>™ ¥ and by oth-

1~ 3
er researchers! ™3,

The polarization curves of the
untreated and treated alloy electrodes at the first cycle
are shown in Fig.4, in which one can see that the
overpotential for the treated alloy electrode is less
than that of the untreated one. The fact means that
the surface treatments improve the initial electro-

catalytic activity of the alloy electrodes.

O—Untreated alloy electrode
d—Treated alloy electrode

Capacity/{mA+h'g ')
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Fig. 3 Discharge capacity of alloy
electrode as function of cycles number

The exchange current density is believed to be a
measure of the electrocatalytic activity for electrode
reaction. Fig.5 shows the exchange current density
varies with the cycle number. At the first cycle, the
exchange current density of the alloy electrode in-
creases from 49 mA/ g for the untreated alloy electrode
to 95mA/ g for the treated alloy electrode. As shown
in Fig. 5, the exchange current density increases with
increasing cycles number. It is well known that with
the charge/ discharge cycle proceeding, the fresh sur
face is produced and the specific surface area is
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Fig. 4 Polarization curves of hydrogen storage alloy
electrode at first cycle at depth of
discharge of 50%
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Fig. 5 Exchange current density of untreated and
treated alloy electrode varies with cycles

number at room temperature
(depth of discharge is 50%)

augmented because of the crack and pulverization of
the alloy particles, which lead to the activation of the
alloy electrode'?. Tt is noticed that at the same cycle,
the exchange current density of the treated alloy elec
trode is larger than that of the untreated one at any
time. This fact indicates that the treated alloy elec
trode exhibits higher electrocatalytic activity than the
untreated one. Fig. 6 is the Arrhenius plots of the hy-
drogen electrode reaction on the alloy electrodes. T he
apparent activation energy can be calculated from the
slopes of the Arrhenius plots of the exchange current
densities using Eqn. (2). It is found that the appar
ent activation energy is reduced by the surface modifi
cation from 21. 3kJ/ mol for the untreated alloy elec
trode to 18. 1kJ/ mol for the treated alloy electrode.
It is hence concluded that the surface treatment not
only improves the exhcange current denisty of hydro-
gen electrode reaction on the hydrogen storage alloy
electrode, but also reduces the apparent activation en-

ergy.
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Fig. 6 Arrhenius plots for hydrogen electrode
reaction on untreated and treated alloy surface

at 10th cycle
(depth of discharge is 50% )

It is acceptable that the electrocatalytic activity
of the metal electrodes has a close relation to the hy-
drogen adsorption heat on the metal surface. The
welkFknown electrocatalytic “valcano plots” for hydro-
gen electrode reaction on the metal electrode shows
that the electrode exhibiting high electrocatalytic ac
tivity is attributed to the intermediate hydrogen ad-
sorption strength on the metal surface! "', For exam-
ple, Pt and Pd have the maximum electrocatalytic ac-
tivity for hydrogen electrode reaction because the hy-
drogen adsorption strength on Pt or Pd surface is in-
termediate. For the hydrogen storage alloy elec
trodes, the electrode reaction consists of the follow ing
three steps: the dissociation of a water molecule on
the alloy surface, hydrogen atom adsorption on the
alloy surface and the diffusion of hydrogen atom from
the alloy surface onto the bulk. Thereby, the ad-
sorbed hydrogen atom on the alloy surface can be con-
sidered as an intermediate for the hydrogen electrode
reaction on metal hydride electrode. According to the
welFknown principle in catalysis, a rather strong M-
H bonding would yield a surface species essentially
immobile and need high activation energy for further
transformation. Conversely, a very weak M-H bond-
ing would lead to desorption the alloy surface before

U1 Because of the ox-

the subsequent transformation
ide film and segregation of La on the MINip 4 Coo.6
Alp. 3 alloy surface, the hydrogen adsorption on the
untreated alloy surface should be very weak as proved
by TDS in Fig. 2. It has confirmed that the surface
alkaline reducing treatment not only produces the
nickelrich surface layer because of prefrontal dissolu-
tion of Al or Mn, but also augmentes the specific sur-
face area and eliminates the surface oxide
film' "> 3 The Nrrich surface layer, which exists
in Raney Ni or cluster, and larger specific surface area

can markedly enhance the hydrogen adsorption on the
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alloy surface. Therefore, the electrocatalytic activity
for hydrogen electrode reaction on the alloy surface
was greatly improved by the alkaline reducing surface
treatment. The treated alloy electrode exhibits higher
exchange current density and lower apparent activa-
tion energy for the hydrogen electrode reaction than
the untreated alloy electrode.

4 CONCLUSION

The hydrogen storage alloy ( MINis 0Coo.6Alo. 4)
was treated in a hot alkaline solution containing KBH4
as reducing agent. The results of XPS and EDX anal-
ysis show that the nickel oxide on the alloy surface
was reduced and the Nrrich and AFpoor surface layer
was produced after this surface treatment. It was
found that the surface treatment improved the hydro-
gen adsorption on the alloy surface by TDS. There
were three T DS peaks of the hydrogen from the treat-
ed alloy surface, while there was a TDS peak of the
hydrogen from the untreated alloy surface. Further
more, the temperature of dominant peak for treated
alloy was higher than that for the untreated alloy,
which indicated the hydrogen adsorption on the alloy
surface was enhanced by the surface treatment. T he
effects of the surface treatment on the electrochemical
performances of the alloy electrode were also investi-
gated. It was found that its discharge capacity, acti-
vation behavior and electrocatalytic activity were im-
proved by the surface treatment. The treated alloy
exhibited higher exchange current density and lower
apparent activation energy for the hydrogen electrode
reaction than the untreated one. According to the
well-known electrocatalytic “volcano plots” for hydro-
gen electrode reaction on the metal electrode! !, the
electrocatalytic activity of the alloy electrode was
greatly improved because of the surface treatment en-
hancing the hydrogen adsorption on the alloy surface.
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