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Abstract

The anodic polarization process in metal-hydride electrodes occurs via the following consecutive steps: (i) diffusion of absorbed
hydrogen from the bulk to the surface of the electrode, (ii) hydrogen transfer from absorbed state to adsorbed state at the electrode
surface, and (iii) electrochemical oxidation of the adsorbed hydrogen on the electrode surface. A theoretical treatment is presented to
account for the dependencies on these three consecutive steps, of the reaction resistances, anodic limiting current, cathodic limiting
current, and exchange current. The theoretical analysis predicts that the total resistances measured from linear micropolarization is the
sum of the charge-transfer, hydrogen-transfer, and hydrogen-diffusion resistances, which is in contradiction with the generally accepted
idea that the resistance measured from linear micropolarization is only the charge-transfer resistance. For a metal-hydride electrode with a
flat pressure plateau at a low state of discharge (SOD), the resistance measured from linear micropolarization is approximately equal to
the sum of three resistances measured from AC impedance, namely, charge-transfer, hydrogen-transfer and hydrogen-diffusion
resistances; however, when the SOD is high, the resistance measured from linear micropolarization is higher than total resistances

measured from AC impedance. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nickel /metal hydride (Ni/MH) batteries have been
developed and commercialized because of their high en-
ergy density, high rate capability, tolerance to overcharge
and overdischarge, freedom from poisonous heavy metals,
and the absence of consumption of electrolyte during
charge—discharge cycles [1a,1b]. The performance of a
metal-hydride electrode is determined by the diffusion of
absorbed hydrogen from the bulk to the electrode surface,
the rate of transfer hydrogen from the absorbed state to the
adsorbed state, and the kinetics of electrochemical oxida
tion of adsorbed hydrogen at the electrode surface [2].

Extensive work has been carried out on the measure-
ment of kinetic parameters of metal-hydride electrodes
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[3-10]. The exchange current of metal-hydride electrodes
can be determined by linear micropolarization (n < 10
mV) [3,4,6], Tafel polarization [4] and electrochemica
impedance spectroscopy (EIS) [4,8]. Witham et al. [4] and
Ratnakumar et al. [10] found that exchange currents esti-
mated from linear micropolarization for LaNig_,Sn,, and
LaNis_,Ge, (0<x<0.5) aloys were in agreement with
those from EIS, but were quite different from values
obtained from Tafel polarization methods. From elec-
trochemical investigations of bare and Pd-coated
LaNi, ,sAl ;5 electrode in akaline solution, Zheng et &.
[8] believed that the resistances determined from linear
micropolarization are the sum of the electrochemical reac-
tion and ohmic resistances, and the total resistance agrees
with the sum of three resistances obtained from AC
impedance measurements. In a previous paper, we showed
that the three resistances in the Nyquist plot represent the
charge-transfer reaction, hydrogen-transfer between ab-
sorbed and adsorbed states, and hydrogen diffusion in the
bulk of alloy, respectively [9]. Hence, the resistance for
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hydrogen transfer at the surface and the resistance for
hydrogen diffusion in the aloy may be included in the
resistances determined from linear micropolarization
curves. The diversity of results from previous impedance
measurements may be caused by a neglect of the effect of
hydrogen transfer between the absorbed and adsorbed states
on the resistance in linear micropolarization and Tafel
polarization techniques.

In this paper, we describe results from our investigation
of the kinetics of the anodic polarization on a metal-hy-
dride electrode with a flat pressure plateau. Apart from the
charge-transfer and hydrogen-diffusion steps, the present
treatment considers hydrogen transfer through the inter-
face, a process neglected in previous studies.

2. Basic assumptions

The pressure plateau of a hydrogen storage aloy is flat
(Fig. D and the fully charged hydride electrode with
hydrogen concentration C,, is initially considered to be
uniformly discharged to a state of discharge (SOD). The
hydrogen concentration C, expressed in moles of hydrogen
atoms stored in the volume unit of the host, is Cg, inthe B
phase, and C,, in the a phase. The molar quotient of
hydrogen concentration in the bulk can be expressed as
X=C/N,, where N, is the total molar number available
for hydrogen per unite volume of host metal. The hydro-
gen distribution before and in anodic polarization are
shown in Fig. 2.

The anodic polarization process involves a charge-trans-
fer step followed by the hydrogen transition from the
absorbed site in the near-surface to the adsorbed site on the
electrode surface, and then the diffusion of absorbed hy-
drogen from the bulk to the near surface. When the
hydrogen concentration of the metal («) phase at the
interface between the o and B phases, X is lower than the
hydrogen concentration X, which is the hydrogen con-
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Fig. 1. Typical curve of pressure vs. hydrogen content for a metal-hydride
electrode.
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Fig. 2. The hydrogen concentration distribution in a metal-hydride parti-
cle: (a) initial state, (b) under anodic polarization.

centration of the a phase equilibrating with that of the
hydride (B) phase, the B — a phase transition occurs.

k
MH_4 +OH™ <M +H,0+e" (1)
kg
Ky
MH abs(surface) kc’ MH ads (2)
-2
diffusion
M Habs(bulk) - abs(surface) (3)

phasetransition

MH(B) - MH(«) (4)

During EIS, linear polarization and Tafel polarization mea-
surement, the SOD should not be changed, which means
that the phase transformation does not occur. Therefore,
steps (1) to (3) are assumed to be responsible for the
overpotential associated with the anodic polarization of a
metal-hydride electrode.

2.1. Diffusion of hydrogen in the bulk of metal-hydride
electrode with spherical symmetry

During anodic polarization, a steady stete is assumed to
be established; it is therefore reasonable to consider that
the hydrogen diffusion is in a steady state and the SOD is
not changed during anodic polarization. From Fick’s first
law and the continuity of H flow in the o phase, the
diffusion of hydrogen in the bulk of the metal-hydride
electrode, reaction (3), can be expressed as follows [11]:

4FD de 4FD de
[c—m= rs——
ocNmﬂ- dr ocl\lmﬂ- 0 dr —r,

= 4ar2l, (5)

where F is the Faraday’s constant, r is the average radius
of alloy particles, 1, isthe anodic current density, and D,
is the diffusion coefficient of hydrogen in the « phase
which is taken as a constant.
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Integrating Eqg. (5) with the boundary conditions, r =r,
X=X, and r=rg, X=X, gives:

1.1 ro
FDaNﬂ(E_l) (6)

where r, is the radius of the unreacted hydride and X; is
the hydrogen concentration in the near-surface of the
electrode. If SOD = Qu/Qna, then r,/r; can be ex-
pressed as [11]:

XS=X0(B -

.
-2 =(1-sop) * (7)
e

Therefore, Eq. (6) can be rewritten as:
Iaro
FD, N,

The anodic hydrogen diffusion (from bulk to near-surface)
limiting current I, ., a which the absorbed-hydrogen sur-
face concentration goes to zero, can be obtained by setting
in X;=0in Eq. (8):

FD, Ny X

X,= X5 — [(1-sop) +*-1] (8)

| hs= 9
" | (1-sop) TV -4 ©)
Substitution of Eq. (9) into Eq. (8), one obtains:
Ia
Xo=Xop[1— (10)
ILbs

2.2. Transfer of hydrogen from the absorbed state in the
near-surface to adsorbed state on the electrode surface

By assuming first-order kinetics for the absorption reac-
tion, the hydrogen transfer [reaction (2)] can be expressed
as[2]:

I, = FkyX(1—0) — Fk_,0(1—X,) (11)

where k, and k_, are, respectively, the forward and
backward rate constants for the hydrogen-transfer reaction,
and 6 is the coverage of adsorbed hydrogen on the sur-
face. From Eg. (11), one can obtain the dependence of the
surface coverage 6 on X, [2]:

|
k2 Xs_Ea
0= (12)
(ky— ko) X+ k.,
At the equilibrium potential, 1,=0, n,=0, 6= 6, and
X = X,g- The equilibrium condition gives [2]:
k, X
) 2 NaB

°” (ky—k_p) X + ko

(13)

where 6, is the initial coverage of adsorbed hydrogen on
the surface.

Using 1, , to denote the anodic limiting current at which
the hydrogen coverage goes to zero (i.e., limiting hydro-

gen-diffusion and hydrogen-transition currents), and substi-

tuting X, from Eq. (10) into Eq. (12), one gets, at 6 = O:
1 1 1 1 1 (14)

— = =—+

ILa sz XaB ILbs ILbd ILbs

where | p4(= Fk, X,) is the limiting current imposed by
the hydrogen transfer from the absorbed to adsorbed state.

By substitution of Eq. (14) into Eg. (10), X, can be
rewritten as:

1—(i—i)la} (15)

Xs= Xap
La ILbd

When |, =0, the X, = X, which mean that the hydrogen
concentration of equilibrated o phase (with B phase) is
same when the hydrogen pressure plateau is flat as shown
in Fig. 1.

Combination of Egs. (12), (13) and (15), and introduc-
tion of a new parameter [2] K (= ((k, —k_,)X,)/((k,
—k_,)X,g +K_3)), which is the interfacial hydrogen-
transfer coefficient, one gets:

| |
ool—l—a) 00(1—|—a)
La La
6= T 1) | (16)
a
1—|<t(———)|a 1-K,
I | |
La Lbd Lbs

where K, is a parameter which characterizes the relative
difficulty of hydrogen transfer from the absorbed to the
adsorbed state. If K, > 0, then k, > k_,, which means that
the transfer of hydrogen from the absorbed state occurs
more easily than the transfer from a desorbed to absorbed
state [2]. The reverse is true if K, <0.

When Eg. (9) is substituted into Eq. (14), the anodic
limiting current |, is obtained:

) FKk, N,y D, Xog
ko[ (1—S0D) *° 1] + N, D,

(17)

ILa

From Eq. (17), it can be seen that |, increases with
increasing ky, D,, N, X,q, but decreases with increasing
SOD and r,,.

Although Eg. (16) is deduced from a metal-hydride
electrode with aflat pressure plateau and spherical symme-
try, it can aso be obtained in a more general case (Ap-
pendix A). In other words, Eg. (16) is vaid for all
metal-hydride electrodes.

2.3. Electrochemical oxidation of hydrogen on the elec-
trode surface

The anodic current density for the charge-transfer reac-
tion (Eq. (1)) can be written as [7]:

0 BF 1-6 (1-B)F
|a=|o{goexp(ﬁn)— 1_009XI0[— T 77”
(18)
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while the exchange current 1, can be expressed as [9]:

BF
I0 = FklaOH’ aoexp( ﬁ@o)

(19)

=Fk_;ay,0(1- Go)eXp[_ (]-_—B)F‘Po}

RT

where ¢, is the initial potential of the metal-hydride
electrode, n(= ¢ — ¢,) the overpotentia, &, and ayy-
the activities of H,O and OH ", respectively, k, and k_,
the forward and reverse rate constants of the charge-trans-
fer reaction, respectively, B the symmetry factor, R the
gas constant, and T is the absolute temperature.

2.4. The anodic polarization of metal-hydride electrode

2.4.1. Reaction resistance in AC impedance spectroscopy

In a previous paper [9], a mathematical model was
developed for the EIS of a metal-hydride electrode. The
equivalent circuit for metal-hydride electrode is shown in
Fig. 3. In this figure, R, Ry, and R, are, respectively,
the solution, charge-transfer and hydrogen-transfer resis-
tances, C, and C,, are the double-layer and absorption
capacitances, respectively; Z, is the impedance of hydro-
gen diffusion in the alloy. For a metal-hydride electrode
with a flat pressure (potential) plateau, Z, can be simpli-
fied as a Warburg impedance [z, = (1-)1 in series

20D,
with a capacitance [Cy(= r (1 — X, ) X, (N, F2/RT)] in
the high-frequency range; at low frequencies, Z, can be
taken as a resistance (R,) in parallel with a resistance
(R)—capacitance (C,) series (Fig. 4).

Simulations based on the present model show that there
are usually three arcs in the Nyquist plot; these represent
charge-transfer, hydrogen-transfer, and hydrogen-diffusion
steps. The relative frequency range of these three steps in
the Nyquist plot depends on the difference of their respec-
tive time constants. The arc of the step with a small time
constant will appear in the high-frequency range, whereas
the arc at low frequency corresponds to the step with the
large time constant.

Rs 1

Rht Zg B
-N\N—

Fig. 3. Equivalent circuit for metal-hydride electrodes.

(1= X)X, N,F
Zw RT
|

(a)

Rd

NV
Cd R
fl
1] AVAAY

(b)

Fig. 4. Equivalent circuit for finite spherical hydrogen diffusion Z;: (a) in
the high-frequency range, (b) in the low-frequency range. Z,, =2
2wD,
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The parameters for the hydride electrode have been
expressed as follows [9]:

Ra=F1 (20)
RT

o E | L A KakeA) (21)
1/3

. ar,|(1 S(I;D) 1] )

J_ ﬂ (23)
4 1/3

.- ry[1— (1 soD)"”] (2

30
“= Jjwb (=)

tanh[ro(l— (1- SOD)l/?’)\/gl fo



216 C. Wang et al. / Journal of Power Sources 85 (2000) 212—223

where
1 \° RT
=[/K;K, A+ 26
g ( 1'M2 K]_KZA I\lmFZ ( )
Ky k,
Ky=—, K,=— 27
1 k_l ’ 2 k_2 ’ ( )
Ao - F
A= — 28
34,0 eXp( RT (Po) (28)
BF
FklaOHeXp(ﬁgp)
l,= (29)
K,A+1
Combination of Egs. (19) and (28) gives:
(1 - 00) k_ 1
e 30
0ok, (30)

where R; and C; are the resistance and capacitor for
hydrogen diffusion in the bulk of aloy.

Simulation results indicate that: (i) Ry, not (R, + R), is
the resistance for the equivalent circuit of Z; in the
low-frequency range (Fig. 4b), and (ii) R, is approxi-
mately equal to the resistance calculated from the hydro-
gen-diffusion impedance Z, at a low SOD. However,
when the SOD is high, R, is a little larger than the
resistance calculated from Z, in Fig. 3 (vide infra).

The limiting current of a step reflects its reaction rate;
hence, the dependence of the parameters on the limiting
current can be deduced. Similar to the definitions of the
anodic hydrogen-transfer limiting current (1,4 = Fk, X, 5),
the Fk_,(1 — X,z) were considered as cathodic
hydrogen-transfer limiting current (hydrogen transfer from
the adsorbed to absorbed state) in Ref. [2] (Eg. (31)).
Comparing the anodic hydrogen-diffusion limiting current
(Eq. (9), we can consider (FD, N,(1—X,))/(r,[(1—
SOD) /2 — 1)) as a cathodic hydrogen-diffusion limiting
current although it is only approximately equal to the rea
cathodic hydrogen-diffusion limiting current measured
from Tafel polarization.

kaz(l - XaB) =liap (31)

FD, Ny(1— X5
o[ (1—soD) % 1]

=1 Lsb (32)

Combination of Egs. (13), (21)—(32) yields:

R RT ( 1 1 ) (33)
= —| — + [
" F ILbd ILdb
RT( 1 1
Ry= — | — +— (34)
F ILbs Ist

-2
Fr[ /1 |

Cp= — ‘/L"b +‘/L—bd (35)
RT ILbd ILdb

Fr2[1- (1-sop)?’

Cy= (36)

T 1
3RTDa( + )(1 — sop)V®

ILbs Ist

1 1
RT(— +—
|Lbs |st

Fro[(l—soo)1/3—1][,/ij

xcoth[r,(1—(1—-SO0D)*)]4/ L—w - %}

Fkik_1ay,0804

l,= (38)

ILbd ILdb

ILdb ILbd

Zy= (37)

The total resistance measured from AC impedance is:
Ra=Rg+ Ry + Ry
RT (1 1 1 1

1
—+—+—+ + — (39)
F Io ILbd ILdb ILbs Ist

The time constants of three steps can be expressed as
follows:Charge-transfer reaction:

© Fl,
Hydrogen-transfer reaction:
Fr
Ta= Ry X Cpy=T—7— (41)
Lbd Ldb

Hydrogen diffusion:
ryFNy[1 - (1 - s0D)™?
3( Ist + ILbs)

It is more convenient to employ dimensionless parame-
ters 7,/7(=K,) and 7,/ 7(=K_,) to assess whether the
three arcs overlap. When Egs. (40)—(42) are combined, the
following relationships are obtained:

(42)

Td

K F2|0F (43)
*  RTCy(ipg + Iiaw)
3
o _ ryF2N, 1,[1— (1 - soD)"?| )
o 3RTCy (1 g+ Iibs)

Egs. (43) and (44) can be used to estimate the relative
frequency range of the three steps at a low SOD. The
simulation obtained using Egs. (40) and (42) indicates that
the first arc that appears in the higher frequency range is a
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charge-transfer reaction, the second arc at intermediate
frequencies range represents the hydrogen-transfer reac-
tion, and the third arc at low frequencies corresponds to
the diffusion of absorbed hydrogen in the alloy. For exam-
ple, a TiMn, ;H, electrode with a double-layer capaci-
tance C, =2 x 10~° F/cm?, size of a particle r,= 103
cm, concentration of absorbed hydrogen N, = 0.02
mol /cm®, maximum coverage of adsorbed hydrogen I,
=7.5%10"*° mol /cm?, Faraday’s constant F = 96,487
C/mol, and a SOD of 10%, has K, = (141.341,) /(1 4y
+ 1 gp) and Ky = (4.4 % 10%,) /(1 g + | ps); this means
that a hydrogen-transfer and hydrogen-diffusion limiting
current larger than 141.34 and 4.4 X 10* times the ex-
change current, respectively, are needed for hydrogen
transfer and hydrogen diffusion steps appearing in higher
frequency range than that for the charge-transfer step. If
the values of the hydrogen-transfer and hydrogen-diffusion
limiting currents are similar to the anodic or cathodic
limiting current, and the anodic limiting current is 4.1-6.2
times larger than the exchange current [5], the frequency
range of the three steps appear in decreasing order: charge
transfer > hydrogen transfer > hydrogen diffusion. If the
difference between time constants among the three steps
are large, and the difference between resistances are small,
the three arcs are well-resolved from one another. But if
the SOD is high, or the hydrogen diffusion coefficient is
low, the hydrogen-diffusion arc moves toward the lower
frequency range; in addition, the radius of the almost
circular low-frequency segment increases rapidly such that
the arcs of charge-transfer and hydrogen-transfer reactions
may overlap with the hydrogen-diffusion arc due to the
larger resistance of hydrogen diffusion [9].

2.4.2. Reaction resistances in anodic Tafel polarization

During the anodic polarization process, a steady state is
characterized by (i) an equality of the rates for the three
consecutive steps, and (ii) a constant in SOD. During
anodic Tafel polarization, when |, < 1, ,, and n > RT/F,
Eqg. (18) can be simplified in the following form [2]:

n=—In—+ —In— (45)

If 1,>1,, then 1, <1,, which will yield a negative elec-
trochemical polarization in Eqg. (45). Hence, when I, > 1,
Eq. (45) cannot be employed to calculate the polarization
and exchange current.

If 1, <1, substitution of Egs. (13) and (16) into Eq.
(45) yields:
RT I, RT Ia
n=—=In—+ —=In
BF 1, BF la—1a
R n1-k ( R )I (46)
+—In|1-K|——-—
BF Tl ) *

It can be seen from this equation that the Tafel polarization
includes electrochemical polarization, hydrogen-diffusion
polarization, and a third polarization associated with a
hydrogen-transfer and hydrogen-diffusion reaction. During
anodic Tafel polarization, the anodic current increases as
the overpotential is increased but, when strongly polarized,
a limiting current 1, can be observed with its value
measurable from Tafel polarization curves.

2.4.3. Reaction resistances in linear micropolarization

For small polarization ( < 10 mV), the anodic current
density for the charge-transfer reaction (Eg. (18)) can be
linearized. The reaction resistances R, can be obtained
from a complete Taylor expansion of Eq. (18) (Appendix
B):

RT[1 0,— 6
R|m=2=——+o— (47)
Ia F I0 laeo(l_ 00)

Substitution of Egs. (13), (16), (31) and (32) into Eq.
(47) gives:

1 1 1 1
— t—t—+—
RT| 1 ILbd ILdb ILbs Ist

: (48)

° 1-K

Y
Lbs

In a linear micropolarization process, I, is much lower
than 1., and K(I,/1,,s) can be neglected. Eq. (48) can
thus be simplified as:

RT (1 1 1 1
m=—|—+—+—+ +— (49)
F Io ILbd ILdb ILbs Ist

Upon comparison with Eq. (39), it can be seen that the
resistances measured from linear micropolarization are the
same as the sum of the charge-transfer, hydrogen-transfer
and hydrogen-diffusion resistances measured from AC
impedance techniques. That is,

Rm =Ra=Rg + Ry + Ry (50)

m

It can be readily seen from Eq. (50) that the resistance
measured from linear micropolarization is the sum of three
resistances in series: charge-transfer resistance R, hydro-
gen-transfer resistance R,;, and hydrogen-diffusion resis-
tance R,y. This theoretical result is in contradiction with
the generally accepted idea that the resistance determined
from linear micropolarization arises solely from a charge-
transfer reaction. When 1, is much greater than the limit-
ing currents, R, < R, + R4 and the overpotentia, even
near By, is mass-transfer overpotential induced by hydro-
gen diffusion and hydrogen transfer. Only when |, is
much smaller than the limiting currents, will R, > R, +
Rng» and the overpotential near E, is due to charge-trans-
fer activation.
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Fig. 5. The simulated resistances of hydride electrodes at different states
of discharge with the parametersin Table 1 and X, = 0.1, I;,4 = 0.154
A/cm? s, 1y, = 0.695 A /cm? s. (8) The hydrogen-diffusion resistances
are calculated from the hydrogen-diffusion impedance Z, (Egs. (9), (32)
and (37)), the equivalent circuit of hydrogen-diffusion impedance, Z,
(parameters in Fig. 4b) and Ry (Egs. (9), (32) and (34)). The resistance
caculated from Z, is obtained from the real part of Z, at a low
frequency, 0.0005 Hz. (b) The total resistances calculated, respectively,
from linear micropolarization at different K, values [, in Eq. (48) was
approximated as 0.01/(Ry + Ry + Ry)] and from the real part of AC
impedance spectrum at a low frequency, 0.0005 Hz.

2.5. The relationship of the parameters measured from
linear micropolarization, Tafel polarization and AC
impedance

Similar to Eq. (14), the cathodic limiting current can be
expressed as
1 1 1
—=—t+ — (51)
ILc Ist ILdb
I . is the cathodic limiting current if the « — 8 phase
transition does not occur during cathodic polarization.
Substitution of Egs. (14) and (51) into Eq. (50) and
rearrangement gives the following equation for R,
RT (1 1 1
Rp=—|—+—+—
F Io ILa ILc

(52)

When combined with Egs. (20), (50) and (52) yields:
RT( 1
—_ —_ + —_

F ILa ILc
Egs. (50), (52) and (53) reveal the relationships between
the parameters determined from linear micropolarization,
Tafel polarization and AC impedance; i.e., the dependen-
cies of the total resistances measured from linear micropo-
larization and AC impedance on the parameters measured
from Tafel polarization (exchange current 1, anodic limit-
ing current |, and cathodic limiting current I, ).

It is worth mentioning that | . in the present model is
an apparent cathodic limiting current. Its value will be
approximately equal to the real cathodic limiting current
measured from Tafel polarization if the a — 3 phase
transformation in cathodic Tafel polarization does not oc-
cur and the potentia at limiting current is smaller than
—0.932 V vs. Hg/HQO, i.e., no hydrogen recombinations
occur.

=Ry + Ry (53)

3. Discussion

Although Eg. (50) is deduced from a metal-hydride
electrode with flat pressure plateau, it is also applicable to
al types of metal-hydride electrodes regardless of the
morphology of its pressure plateau; this is because Eg. (50)
is derived from Egs. (13) and (16), both of which can also
be deduced from a more general case (Appendix A).
Hence, the resistance of metal-hydride electrodes measured
from linear micropolarization curves is the total resistance
that includes contributions from charge-transfer, hydro-
gen-transfer and hydrogen-diffusion reactions. However,
most treatments of linear micropolarization assume that the
resistance measured is only a charge-transfer resistance
[3,4,7,10]; the contributions from hydrogen transfer and
hydrogen diffusion are simply neglected. As a matter of
fact, numerous experiments show that (i) the discharge
process for metal-hydride electrodes is controlled by hy-
drogen diffusion within the bulk [12-14], and (ii) the

Table 1

Parameters used in the simulations

Parameters  Values Unit References

a0 0.68 [9]

aon 1.38x 10%® Calculated from Ref. [15]
Cq 2x1075 F/cm? TiMn, 5 aloy

D 1078 cm? /s [9]

F 96487 A s/mol [9]

Ky 538x107'® cmys Calculated from Ref. [15]
k., 48x107%%  cm/s Calculated from Ref. [15]
k, 16x10"%  mol/ecm?s [9]

k_, 0.8x10°° mol /cm? s [9]

Ny 02 mol /em®  fitted

r 75x107° mol /ecm?  fitted

Mo 1073 cm™3 (9]
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25 T T T T

20

15 Calculated from R xC, (Eq.41)

Calculated from Z, (Eq.37)

Time constant of hydrogen diffusion /s
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Fig. 6. The time constant of hydrogen diffusion calculated from Ry X Cj
(Eq. (41)) and directly from Z, respectively, with the same parameters as
in Fig. 5.

anodic overpotential is highly dependent on the surface
properties introduced by various surface pretreatments [2].
Such experiments demonstrate the importance of a theoret-
ical treatment that includes not only charge-transfer resis-
tance but also hydrogen-transfer and hydrogen-diffusion
resistances during anodic polarization. Zheng et al. [8]
recently found that, for LaNi , ,sAl, s, the resistance mea-
sured from linear micropolarization is approximately equal
to the sum of three resistances measured from AC
impedance; this is in agreement with predictions based on
the present model. However, it was speculated that the
other two resistances were (i) the resistance between the
current collector and the electrode pellet, and (ii) the alloy
particle-to-particle contact resistance. It is our contention
that the two arcs in the high-frequency range of the
Nyquist plot are due to the charge-transfer and hydrogen-
transfer reactions, with the arc at the low-frequency region
to be due to hydrogen-diffusion resistance [9]. From the
present model, it can be argued that the resistance mea
sured from linear micropolarization is approximately equal
to the sum of three (charge-transfer, hydrogen-transfer and
hydrogen-diffusion) resistances measured from AC
impedance. The approximation arises from (i) the assump-
tion of R, as the resistance of hydrogen-diffusion
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impedance Z,, and (ii) the neglect of the term in Eq. (48)
for linear micropolarization.

Fig. 5a shows the hydrogen-diffusion resistances at
different states of discharge calculated from hydrogen-dif-
fusion impedance Z,, the equivalent circuit of Z, at low-
frequency range, and R,, along with the parameters in
Table 1 and: X,, =0.1, 1,4 =0.154 A/cm? s, and | g,
=0.695 A /cm? s. The resistance calculated from Z; is
obtained from the rea part of impedance at a low fre-
quency » = 0.0005. It can be seen in Fig. 5a that R, is
equal to the resistance of the equivalent circuit of Z;, but
both are larger than the resistance calculated from the
hydrogen-diffusion impedance Z, with increasing SOD.
The reason is that the expansion of coth[r (1 —(1—
SOD)1/3)\/¥] of z, a the point of ry(1—(1-

SOD)Y 3)@ =0 at low frequencies, only the first three
terms in the expansion are selected [9]. When the SOD is
low, ry(1—(1—S0D)Y3)/%¢ is close to zero, and the
relative error is small. However, when the SOD is high,
r(1—(1—S0D)V3)/%¢ is non-zero even in the low-
frequency range; this means that the use of only the first
three expansion terms leads to inaccuracies. Since the
fourth expansion term will be positive, the admittance of
hydrogen diffusion is smaller than actua value, while the
impedance of hydrogen diffusion would be higher than
real value. Hence, the resistance R, calculated from only
the first three expansion terms is larger than the actua
vaue when the SOD is high (Fig. 5a). Neglecting the
K1/l s term likewise causes the resistance determined
from linear micropolarization to be approximately equal to
R, + Ry + Ry (Eqg. (50)), but the difference in the resis-
tances calculated from Egs. (48) and (49) is smaller than
the difference between R, and resistance calculated form
Z, (Fig. 5b). Therefore, the resistance determined from
linear micropolarization would be higher than the sum of
three resistances measured from AC impedance if the SOD
is high. Based on the same argument, the hydrogen-diffu-
sion time constant calculated as R, X C,; would also be
higher than the time constant measured from Z; as shown
in Fig. 6.

The present theoretical analysis has uncovered a rela
tionship between resistance, exchange current, anodic lim-
iting current, and cathodic limiting current (Egs. (20) and

1 T T

T

T

§

£

© o5t -

o0

E

5
=0.1 0.5 0.99

0 | | SOD=0 1 03) | ]
0 0.5 1 15 2 2.5 3

Z(rel) Ohm cm2

Fig. 7. Simulated Nyquist plot for the hydride electrode with flat pressure plateau at different states of discharge. The simulations are based upon the model

in Fig. 3 with the parameters given in Tables 1 and 2.
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Fig. 8. Simulated Nyquist plot for the hydride electrode with flat pressure
plateau at different hydrogen concentrations. The simulations are based
upon the model in Fig. 3 with the parameters given in Tables 1 and 2.

(53)) as well as a dependence of the anodic and cathodic
limiting currents on the SOD and the hydrogen concentra-
tion X, (Eq. (17) and the combinations of Egs. (31), (32)
and (51)). The influence of the anodic and cathodic limit-
ing currents on the Nyquist plot can be observed by
simulation of the Nyquist plot at different SOD and X,
as shown in Figs. 7 and 8, respectively. The parameters
used in the present simulation are shown in Table 1, with
the exchange current and limiting current values at differ-
ent SOD and X, given in Table 2. It can be seen in Fig.
7 and Table 2 that the diameter of the low-frequency arc
(Ry) increases with decreasing anodic and cathodic limit-
ing currents; the SOD affects the arc only in the low-
frequency region. Since, in fact, the pressure plateau of
practical hydride electrode is not very flat, X, will
decrease with increasing SOD. Fig. 8 shows the influence
of Xep ON the AC impedance. From Fig. 8 and Table 2,
one can see that the hydrogen-transfer and hydrogen-diffu-
sion resistances decreases with increasing X,,, but the
exchange current first increases and later decreases as X,
is increased; this suggests the existence of an optimum
X,p Value for the exchange current. Differentiation of Eq.
(38) with respect to X, alows one to determine the
optimum X,, value to yield a maximum exchange cur-
rent:

« 1
PP K, +1

(54)

Fig. 9 shows the relationship between exchange current
and K,, the equilibrium constant for the hydrogen-transfer

Table 2

Resistances, limiting current, and exchange current at different SOD and
Xap

Resistances (Q cm?)  Current (A /cm?) SOD  X,g
RI Rht Rd Io ILa ILC

1397 0203 0.053 0.018 0.12 0608 01 01
1397 0203 0.165 0.018 0.077 0462 03 01
1397 0203 0304 0.018 0.05 0341 05 01
1397 0203 1157 0018 5123x10°°® 0045 099 0.1
1143 0124 003 0.022 0.24 054 01 02
1.081 0103 0.023 0.024 0.36 0473 01 03
1143 0009 0.019 0.022 06 0338 01 05

0.03 T T T T T T T

0.024

0.018

0.012

0.006

Exchange current o mA/g

0 1 1 ! 1 | | | |

0.01 0.11 021 03 04 05 06 07 079 0.89 0.99
Hydrogen concentration X

Fig. 9. Exchange currents of hydride electrodes at different K, values
calculated from Eq. (38) with the parameters of k; = 5.38x 10716 cm/s,
ko, =48x10"" a, =068 mol/cm’ ag, =138x 10"
mol /cm®, k_, =0.8x 10" ° mol /cm? s, k_, =0.8%x10"° mol /cm? s,
X, =0.1.

reaction. From this figure and Eq. (54), it can be ascer-
tained that the optimum hydrogen concentration X, de-
creases with increasing K,. When the latter is large, X,
is small, and the decrease in exchange current with an
increase in X, can easily be observed [8]. In actuality,
the value of K, is not very high; hence, the exchange
current usually increases with X, [15].

Further, use of Tafel polarization curves to measure the
exchange current must be done with caution since the
Tafel Eq. (46) is valid only when |, < 1,<1 ,. Evenin
such a case, the influence of the hydrogen-transfer reaction
on the polarization must be considered in the determina-
tion of exchange current. Usually, the exchange current is
determined by the following eguation obtainable from Eq.
(46).

RT |, RT a
n=—In—+ —In
BF 1, BF la—1a
Rt K( o2 )| (55)
+—In[1-K,|— - —
BF Nl T

According to Eq. (55), a plot of n-vs.-In(l,/(1_,—1,)
should produce a straight line with slope and intercept,
respectively, being RT/BF and (RT/BF)In(l /1, at
n> (RT/F) if K,=0. In other words, the exchange
current 1, can be calculated from |, , and RT/BF data.
However, when K, is in positive [16] (i.e.,, hydrogen is
transferred more easily from the absorbed to the adsorbed
state than in the reverse direction), the n-vs.-In(1,/(1,, —
I,)) plot shows a linear relationship between 7 and
InC1,/(1,_,— 1)) only in the middle range of polarization;
negative deviations from linearity appear at the low-over-
potential domain, while positive deviations from linearity
emerge at the large-overpotential polarization region (Fig.
10a). In this case, the exchange current density measured
from Tafel polarization is lower than actual value. When
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Fig. 10. Overpotential as a function of In(l, /(1 ,— 1)) for the hydride
electrode at different K, values caculated from Eg. (55) with the
parameters: (@) K, =09, 1, ,=027, (1/1,)—(1/1 ) =1/0.26; (b)
K,=—-09, I,,=0.113, (1/1,)—(1/1 py) =1/0.26.

K, <0, the n-vs-In(l,/(1, ,—1,)) curves show a linear
relationship between n and In(l,/(1,,—1,)) throughout
the entire polarization range (Fig. 10b). Under these condi-
tions, the exchange current is a little higher than the actual
value.

4. Conclusions

Based on a three-step anodic polarization process (H
diffusion from the bulk to the surface, H transfer from
absorbed to adsorbed state, and electrochemical oxidation
of adsorbed H), a theoretical relationship between (i) the
resistances in anodic linear micropolarization, (ii) the ex-
change currents and anodic and cathodic limiting currents
in Tafel polarization, and (iii) the resistance in AC
impedance measurements has been obtained. Application
of the theory shows that the resistance measured from
linear micropolarization is the sum of three resistances: (i)
charge-transfer, (ii) hydrogen-transfer, and (iii) hydrogen-
diffusion resistances. When the charge-transfer reaction is
the rate-determining step, the exchange current can be
measured approximately from linear micropolarization or
Tafel polarization after correction for the hydrogen-diffu-

sion and hydrogen-transfer effects. If the hydrogen-diffu-
sion limiting current is smaller than the exchange current,
the resistance is not controlled by the charge-transfer
reaction, and the exchange current cannot be measured
directly from linear micropolarization. In this case, the
exchange current cannot also be determined from Tafel
polarization curves but it can be measured by AC
impedance. For metal-hydride electrodes with a flat pres-
sure plateau and low SOD, the resistance measured from
linear micropolarization is approximately equal to the sum
of the charge-transfer, hydrogen-transfer and hydrogen-dif-
fusion resistances, al three measurable from AC impedance
spectroscopy. If the SOD is high, the resistance measured
from linear micropolarization is larger than the sum of
three resistances measured from AC impedance.

5. List of symbols

activity of H,O and OH™ in

solution, respectively (mol /cm?®)

hydrogen concentration of o«

phase equilibrating with 3 phase

and hydrogen concentration of 8

phase equilibrating with «

phase, respectively (mol /cm?®)
double-layer capacitance, ca
pacitance associated with hydro-
gen diffusion, and hydrogen
transfer capacitance, respec-
tively (F/cm?)

D diffusion coefficient of hydro-
gen in the o phase of metal-hy-
dride particles (cm?/s)

F Faraday’s constant (96487

C/mol)

N anodic current and exchange

current, respectively (A /cm?)

anodic limiting current and ca-
thodic limiting current, respec-
tively (A /cm?)

limiting current of hydrogen

diffusion from the bulk to the

surface of particle and limiting
current of hydrogen diffusion
from the surface to the bulk of
particles, respectively (A /cm?)
limiting current of hydrogen
transfer from absorbed state to
adsorbed state, and limiting cur-
rent of hydrogen transfer from
adsorbed state to absorbed state,
respectively (A /cm?)

&,0r QoH-

(:aB' (:Ba

(:w' (:d' (:m

ILbd' ILdb

j V-1
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ki, ko

ky, kK_,

Kl(= ky/K- 1)-
Kz(: kz/k—z)
Kae' Kde

N,

Rs* Rct' Rht' Rd
lor g

SOD
X(=C/N,),

XS’ XO(B(: CuB/Nm)

P Yo

n(=¢— @)

w
Tar Ter Tg
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forward and backward rate con-
stants of charge-transfer reac-
tion, respectively (cm/s)
forward and backward rate con-
stants for hydrogen-transfer re-
action, respectively (mol /cm? s)
equilibrium constant of charge-
transfer reaction and hydrogen
transfer process, respectively
ratio of time constant of hydro-
gen-transfer reaction to time
constant of charge-transfer reac-
tion, and ratio of time constant
of hydrogen diffusion to time
constant of charge-transfer reac-
tion, respectively

available concentration of
absorbed hydrogen (mol /cm?®)
solution resistance, charge-
transfer reaction resistance, hy-
drogen-transfer reaction resis-
tance, and hydrogen-diffusion
resistance, respectively (0 cm?)
radius of aloy particles and
radius of untransformed hy-
dride-core phase (cm)

state of discharge

relative concentration of hydro-
gen in a phase, relative con-
centration of hydrogen at the
surface of the electrode, and rel-
ative concentration of hydrogen
in a phase equilibrating with B
phase, respectively

symmetry factor in the oxida
tion direction

coverage degree of adsorbed
hydrogen, equilibrium (initial)
coverage of adsorbed hydrogen,
maximum coverage degree of
adsorbed hydrogen on the elec-
trode surface (mol /cm?)
potential and equilibrium (ini-
tia) potential of hydride elec-
trode, respectively (V)
overpotential of hydride elec-
trode (V)

angular frequency of ac single
time constant of hydrogen-
transfer reaction, time constant
of charge-transfer reaction, and
time constant of hydrogen diffu-
sion, respectively (s)

impedance coefficient of hydro-
gen diffusion
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Appendix A

In the absence of migration, the rate of mass transfer is
proportional to the concentration gradient at the electrode
surface, which can be approximated by N, ((X, — X,)/$8),
where § isthe thickness of the hypothetical diffusion layer
at the electrode surface, and X, is the initial concentration
of hydrogen in the bulk. The hydrogen diffusion rate can
be express as

Xo_xs

Il,=FD (A-1)
When anodic current increases to limiting current | ,, a
which the hydrogen coverage goes to zero, X, would
decrease to X. The relationship between 1, , and X can
be obtained from Eq. (12) at 6=0

I .= Fk, X (A-2)
Substitution of Eq. (A-2) into Eq. (A-D at 1,=1,,
FDX, N,
la= —[O)Nn (A-3)
0+
k2

Combination of Egs. (A-1) and (A-3) along with the use of
I pa(= Fk, X,) to denote the limiting current imposed by
the hydrogen transfer from the absorbed to the adsorbed
State yields:

1 ! ! |
I_I.a sz Xo :

1 1
1—|— - —11,
ILa ILbd

Substitution of Eq. (A-4) into Eq. (12) and introduction of
a new parameter, K,(=((K,—k_,)X))/((k, —k_,)X,
+ k_,)), which is the interfacial hydrogen-transfer coeffi-
cient, results in the following equation:

XS= XO

=% (A-4)

|
i
La
6= T (A-5)
1-K|——7—|k
La Lbd
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Eq. (A-5) is the same as Eq. (16); X, in Eq. (A-5) and
X, in Eg. (16) both denote the initial concentration of

o

hydrogen in the aloy.

Appendix B

B.1. Linearizing the current density for charge-transfer
reaction

A function of two variables, f(0,7), can be expanded
about the point (6,,7m,) by the Taylor formula:

f( 0177) = f(‘%#]o)

© 1 9 \!
+ ) J—l( 0— +5n—) f(o, ”r/)]
(85.m,

j=1
(A-6)

where 66 = 60— 6,, and 6n=n— n,. The expression in
parentheses is a differential operator that is raised to the
jth power. The various powers of 9/00, and 9/dn are
symbols for repeated differentiation. After the operator
acts on f(6,7), the limits are taken for f(6,,m,).

Consider the expansion of the current-overpotential Eq.
(18):

l, 6 F
o= 2~ Leof 25

1-0 [-(1-B)F

_1—eoeXp[ (RTB) 7’} (A7)

The central point is chosen at (6,,0), where |, = 0. If only
the terms for j = 1 are kept, one obtains:

% = [80—0 + Sni} f(6,m) (A-8)

where the derivative is evaluated at 6,,m = 0.

Substituting for the derivatives and evaluating at the
central point:

. 60— F
o O(1-6)

which is equivalent to Eq. (47). By truncating the series at
j =1, asimple linear approximation has been derived from

the more complex Eqg. (18). It is valid for small excursions
from the centra point.

(A-9)
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