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Abstract The transport of alkaline cation and neutral
species through the a-Ni(OH),/y-NiOOH film electrode
has been investigated during the hydrogen extraction
from and injection into the film electrode in 0.1 M
LiOH, KOH and CsOH solutions by using the electro-
chemical quartz crystal microbalance technique com-
bined with the potentiostatic current transient technique
and cyclic voltammetry. From the ohmic relationship
between the initial current density and the applied po-
tential step, it is suggested that the hydrogen transport
through the film electrode is exclusively governed by
“cell-impedance”. On the basis of the “cell-impedance-
controlled” hydrogen transport, the mass change mea-
sured indicates that during the hydrogen extraction, the
alkaline cation is slowly inserted into the film electrode
before the finish of the current plateau. After the period
of current plateau has finished, it is drastically inserted
at an exponential rate. By contrast, during the hydrogen
injection, the extraction of alkaline cation is nearly
completed before the finish of the current plateau. Most
of the neutral species are incorporated into the film
electrode during the immersion prior to the hydro-
gen extraction. The minority is not incorporated until
the finish of the current plateau during the hydrogen
injection.
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Introduction

For several decades, hydrogen transport through the
Ni(OH),/NiOOH electrode has been extensively inves-
tigated because of its application in electrochromic de-
vices and secondary batteries [1, 2, 3, 4, 5, 6, 7, 8]. It has
been reported from the observation of the colour
boundary motion [3] that the hydrogen transport
through the Ni(OH),/NiOOH electrode proceeds via the
phase boundary movement in a thickness direction. On
the other hand, it has been proposed [2, 4, 7] that the
hydrogen transport is controlled by the hydrogen dif-
fusion in the homogeneous phase, not by the phase
boundary movement. It is still open to question what
mechanism is appropriate for the hydrogen transport
through the Ni(OH),/NiOOH electrode.

It is generally known [9] that the Ni(OH),/NiOOH
electrode is classified into two distinct systems of
o-Ni(OH),/y-NiOOH and fS-Ni(OH),/f-NiOOH. In
battery applications, the former electrode has superior
electrochemical properties compared with the latter
electrode [10, 11, 12]; however, the electrochemical
process of the former electrode is more complicated
owing to the two following reasons: one is that the
7-NiOOH has a complex structure with a nickel valency
higher than 3 [10, 13, 14, 15] and the other is that the
hydrogen transport through the o-Ni(OH),/y-NiOOH
electrode is accompanied by the transport of alkaline
cation and neutral species [12, 16, 17, 18, 19].

In particular, many researchers [12, 16, 17, 18, 19] have
explored the transport of alkaline cation and neutral
species through the a-Ni(OH),/y-NiOOH electrode from
the analysis of mass change obtained during cyclic vol-
tammetric measurement; however, they gave simply the
direction of the transport of alkaline cation and neutral
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species during the hydrogen extraction from and injection
into the ¢-Ni(OH),/y-NiOOH electrode. It is necessary to
investigate further the kinetics of the transport of alkaline
cation and neutral species coupled with the hydrogen
transport through the o-Ni(OH),/y-NiOOH electrode;
therefore, the present work aims, first, at clarifying the
mechanism of the hydrogen transport and, second, at
exploring the kinetics of the transport of alkaline cation
and neutral species through the «-Ni(OH),/y-NiOOH
film electrode. For this purpose the anodic and cathodic
current transients were measured on the film electrode in
0.1 M LiOH, KOH and CsOH solutions and analysed. In
parallel, the mass change simultaneously measured with
the current transient and cyclic voltammogram was
analysed in the same electrolyte on the basis of the hy-
drogen-transport mechanism suggested in this work.

Experimental

The Ni(OH), film specimen was deposited galvanostatically on the
gold-coated side of a quartz crystal with a constant current density
of 0.1 mA cm 2 for 10 min in 0.1 M Ni(NO3), solution. The mass
of the electrodeposited Ni(OH), film was measured to be 38.86 ng
cm 2 using an electrochemical quartz crystal microbalance
(EQCM) (Seiko EG&G QCA 917). The gold was previously
sputtered to a thickness of 0.3 um and 0.2 cm? in area onto both
sides of the 9 MHz AT-cut quartz crystal in a keyhole pattern by
the manufacturer (Seiko EG&G). From the X-ray diffraction pat-
tern, we confirmed that the Ni(OH), film electrode electrodeposited
in this work is composed of an « modification with disordered
turbostratic structure.

A platinum wire and a mercury/mercury oxide electrode were
used as a counter electrode and a reference electrode, respectively.
The electrolytes involved were 0.1 M LiOH, KOH and CsOH so-
lutions and were deaerated for 24 h by bubbling through them
purified argon gas, which contains 1.0 ppm O,, 8.0 ppm N, and
1.0 ppm H,O by weight, before all the electrochemical experiments.

The freshly deposited film was previously rinsed with distilled
water and then immersed in the electrolyte for 30 min. After that,
the Ni(OH), film electrode was first polarised at a potential of
0.25 Vygneo for 10 min, followed by jumping the potential to
0.55 Vigneo using an EG&G PARC model 263A potentiostat.
After keeping the film electrode at this potential for 10 min, the
potential was dropped to 0.25 Vyg/peo. From the moment of the
potential jump and drop on, the resulting anodic current and ca-
thodic current were consecutively recorded with time during the
hydrogen extraction and injection, respectively. The hydrogen ex-
traction and injection are sometimes termed the proton extraction
and injection, respectively, in the literature.

Cyclic voltammetry was performed on the film electrode in the
potential range 0.2-0.6 Vg pgo With a scan rate of 1 mV s ' by
employing an EG&G PARC model 263A potentiostat.

The mass change was simultaneously measured on the film
electrode with the current transient and cyclic voltammogram by
using the EQCM. All the experiments were conducted at ambient
temperature.

Results and discussion

The anodic and cathodic current transients on a loga-
rithmic scale, logi versus logz, measured on the
a-Ni(OH),/7-NiOOH film electrode in 0.1 M LiOH,
KOH and CsOH solutions during the hydrogen extrac-
tion by jumping a potential of 0.25 to 0.55 Vyg/ne0 and

during the hydrogen injection by dropping a potential of
0.55 to 0.25 Vygmeo are shown in Fig. la and b,
respectively.

The anodic and cathodic current transients exhibit
the three-stage shape, composed of a current plateau,
then a sudden fall of current with time, followed by a
concave downward curve. The three-stage current tran-
sient including the current plateau was also observed in
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Fig. 1 a The anodic current transients during the hydrogen
extraction by jumping a potential of 0.25 to 0.55 Vim0 and
b the cathodic current transients during the hydrogen injection by
dropping a potential of 0.55 to 0.25 Vygneo, On a logarithmic
scale, logi versus logz, measured on the «-Ni(OH),/y-NiOOH film
electrode in 0.1 M LiOH, KOH and CsOH solutions



previous work [8]. All the anodic and cathodic current
transients measured in LiOH, KOH and CsOH solu-
tions have the same shape; however, the heights of the
current plateaux, i, obtained from the anodic and ca-
thodic current transients in CsOH solution are smaller
by about 1 mA cm 2 than those values obtained from
the anodic and cathodic current transients in LiOH and
KOH solutions.

The durations of the current plateaux, f, snod, during
the hydrogen extraction were measured to be approxi-
mately 9 s in LiOH solution, 9 s in KOH solution and
12 s in CsOH solution. The lengths of current plateau
period, #can, measured as a function of electrolyte
during the hydrogen injection are almost the same as
those values determined during the hydrogen extraction.
It is worthwhile noting that the length of 7, in CsOH
solution is markedly greater than the values in LiOH
and KOH solutions. The amount of hydrogen extracted
from and injected into the film electrode during ¢, was
calculated by integrating the anodic current transients in
Fig. 1a and the cathodic current transients in Fig. 1b
with respect to time up to #,,, which yields about 75% of
the total amount of hydrogen extracted and injected,
regardless of the kind of electrolyte.

By taking the total charge transferred during the
hydrogen extraction in 0.1 M KOH solution, Q, the
hydrogen diffusivity, Dy, and the film thickness, L, as
3.2x10 2 Ccm *measured from Fig. la, 6.4x10 "' cm?s !
[7] and 0.11 pum, respectively, we calculated the value of
the initial anodic current density, fjn; anod> at 0.2 s from
the Cottrell equation for the short time region [20]. The
calculation of ijpjanoa gave 2.9x102 A cm 2, which is
larger in value by about 1 order of magnitude than that
value of iipnjanog measured experimentally (2.3><10’3 A
cm ). The values of i,,; calculated are larger in value by
about 1 order of magnitude than the values of i,; mea-
sured in the other alkaline solutions, as well.

fini.anod Observed at 0.2 s from the anodic current
transient of Fig. 1a is plotted in Fig. 2a against the an-
odic potential jump AEj,mp,, at the initial potential of
0.25 VHg/HgO- finianod 18 linearly proportional to AEjymp,
viz. the initial current density—potential relation follows
Ohm’s law. In addition, during the hydrogen injection
the linear relationship is also satisfied between the initial
cathodic current density, #iican, and the cathodic
potential drop, AEg.,, at the initial potential of
0.55 Vyg/neo, Which is given in Fig. 2b.

Recently, Shin and coworkers [21, 22, 23] observed
the linear relationship between the initial current level
and the applied potential step during the Ilithium
intercalation into and the lithium deintercalation
from transition-metal oxides such as Li;_sCoO,,
Li1+5(Ti5/3Li1/3)04, Lil_(;Ni02 and Li5V205 and con-
cluded that in this case the lithium transport through the
electrode is purely governed by “cell-impedance”.

Consequently, from the previous results that the ini-
tial current density measured experimentally is much
smaller than the calculated initial current density under
the ““diffusion-controlled” constraint and from the fact
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that the initial current density—potential relation obeys
Ohm’s law, it is suggested that the gradient of the hy-
drogen concentration at the electrode surface is given by
the quotient of the applied potential step, AE, divided by
the “cell-impedance”, R..y. In other words, the hydro-
gen transport through the o-Ni(OH),/y-NiOOH film
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Fig. 2 Plot of a initial anodic current density, finjanod, against
anodic potential jump, AEjmp, at 0.25 Vygpgo and b initial
cathodic current density, iy cath, against cathodic potential drop,
AE4rop, at 0.55 Vig/tgo- finianod and finicasn Were obtained 0.2 s
from the anodic current transients of Fig. la and the cathodic
current transients of Fig. 1b, respectively
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electrode proceeds under the
trolled” constraint.

In previous work [8], the current plateau observed in
the current transient was analysed on the basis of the
phase boundary movement. As a consequence, it was
suggested that the current plateau is attributed to the
interface-controlled phase boundary movement; how-
ever, from the linear relationship between the initial
current density and the applied potential step obtained
in the present work, it is indicated that the hydrogen
transport through the film electrode proceeds under the
“cell-impedance-controlled”” constraint, not by the
phase boundary movement.

The values of R at the initial potentials of 0.25 and
0.55 Vig/neo calculated from the slope of the ij,; versus
AE plot are presented in Fig. 2a and b, respectively. It
should be emphasised that the values of R. in LiOH
and KOH solutions almost coincide, but they are much
smaller than the value in CsOH solution. Considering
that R determines the current transient in value and
shape, it is reasonable to consider that the fall in the
height of i, and the extension of #, in CsOH solution in
Fig. 1 are ascribed to the rise in R in CsOH solution
determined in Fig. 2.

The changes in the mass of the film electrode, Amy,
measured during the immersion in 0.1 M LiOH, KOH
and CsOH solutions for 30 min prior to the hydrogen
extraction are demonstrated in Fig. 3. Amygincreases to a
constant value of about 1.35 pug cm 2 with progressing
immersion time, irrespective of the kind of electrolyte.
This indicates that certain common species contained in
the three kinds of electrolyte are incorporated into the
film electrode during the immersion. Thus, the species

“cell-impedance-con-
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Fig. 3 Plot of the mass change, Amy, in the a-Ni(OH),/y-NiOOH
film electrode versus immersion time, ¢, measured in 0.1 M LiOH,
KOH and CsOH solutions for 30 min prior to the hydrogen
extraction

incorporated are expected to be water molecules, not
alkaline cations and salts such as LiOH, KOH and
CsOH molecules [19].

It is known [24, 25] that anions such as NO; or CO3~
in the electrolyte are intercalated into the film electrode
during the electrodeposition of Ni(OH), film and ex-
pand the interlayer space between NiO, slabs producing
the structure of «-Ni(OH),. Considering that water
molecules are incorporated into the film electrode during
the immersion stage preceded by the electrodeposition, it
is inferred that the remaining free interlayer space
caused by the anion intercalation is occupied by water
molecules and, as a consequence, the incorporation of
water molecules stabilizes the expanded interlayer space.

Figure 4a and b displays the mass change transients
on a semilogarithmic scale, Ami; versus logt, measured
simultaneously with the anodic and cathodic current
transients in Fig. la and b, respectively, on the film
electrode in 0.1 M LiOH, KOH and CsOH solutions. 7,
in Fig. 1 are also designated in Fig. 4.

Figure 4a shows that as the hydrogen extraction
progresses to the finish of the current plateau 7, ynod, 7¢
falls to a minimum in LiOH solution, it remains con-
stant in KOH solution and it slowly increases in CsOH
solution. With further hydrogen extraction, my rapidly
increases to a saturated value in all three kinds of elec-
trolyte. The heavier the alkaline cation, the more
markedly my increases.

From the analysis of the mass change measured with
the EQCM, it is reported [12, 16, 17, 18] that the oxi-
dation reaction of the «-Ni(OH), phase involves the
hydrogen extraction and the insertion of alkaline ca-
tions such as Li", K" and Cs™ ions. As a result, the
mass increase during the hydrogen extraction is traced
back to the insertion of alkaline cation into the film
electrode.

According to the “cell-impedance-controlled” hy-
drogen transport, the electrode surface is fully covered
with the NiOOH phase just after the finish of the current
plateau in the anodic current transient. The mass change
transient measured simultaneously with the anodic cur-
rent transient indicates that the insertion rate of the al-
kaline cation is drastically increased just after the finish
of the current plateau. From the analysis of the anodic
current transient and the mass change transient, it is
suggested that the insertion rate of the alkaline cation is
closely associated with the surface coverage by the
NiOOH phase.

In this respect, it is conceivable that more alkaline
cation is inserted into the film electrode as coverage of
the electrode surface increases to unity by the NiOOH
phase until the finish of the current plateau 7, 4noq. Thus,
during £, anod the mass diminution due to the hydrogen
extraction is not exceeded, is counterbalanced or is ex-
ceeded by the mass increase due to the insertion of the
alkaline cation, depending upon the mass of the alkaline
cation. As a matter of fact, it is seen from Fig. 4a that
during #anod the mass decrease by the hydrogen ex-
traction in LiOH solution is dominant over the mass
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increase by the insertion of the alkaline cation, whereas
the opposite is valid for CsOH solution.

Since the degree of coverage by the NiOOH phase
goes to unity for > 1, 404, the alkaline cation is dras-
tically inserted into the film electrode after 7, anod-
Considering that the hydrogen extraction is already
completed to 75% before the finish of 7, 4n04, the inser-
tion of the alkaline cation contributes mostly to the mass
gain. From Fig. 4a, it is seen that the limit of the final
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mass gain increases in the order of Li"-, K- and Cs " -
containing electrolytic solutions.

Figure 4b shows that as the hydrogen injection runs
to the finish of f#, ., M decreases to a minimum in
LiOH, KOH and CsOH solutions. The heavier the al-
kaline cation, the more m; diminishes. With further hy-
drogen injection, mi; increases to its saturated value in
LiOH and KOH solutions, but it remains constant in
CsOH solution.

By contrast, as coverage of the electrode surface by
the NiOOH phase decreases from unity until the finish
of 75, cath, the alkaline cation is mostly extracted from the
film electrode. At the same time, the hydrogen injection
is already completed to 75% before the finish of 7, ca¢h.
Thus, it is readily seen from Fig. 4b that during #, can
the mass increase due to the hydrogen injection is much
exceeded by the mass diminution due to the extraction of
the alkaline cation in all three kinds of electrolyte. Since
the degree of coverage by the NiOOH phase approaches
zero for >t .., the alkaline cation is hardly extracted
from the film electrode after #; ca¢n.

Let us discuss the increase in mi; after the finish of
Ipcath- Taking into account that only 25% of the total
hydrogen transferred is to be injected into the film elec-
trode after £, caen, it is plausible that the increase in meafter
Ipcath €nsues mostly from the incorporation of another
species into the film electrode rather than from the hy-
drogen injection. Recently, it was reported [19] that neu-
tral species such as water molecules can be incorporated
into the a-Ni(OH),/y-NiOOH electrode during the hy-
drogen injection. In this respect, it is reasonable to accept
that such an increase is attributed to the incorporation of
water molecules. However, the rise of n;; in CsOH solu-
tion does not appear after 7, c,n. Bearing in mind that the
mass of the Cs ion is about 7.5 times larger than that of a
water molecule, it seems that the mass increase due to the
incorporation of water molecules is cancelled by the mass
decrease due to the extraction of the Cs " ion.

The cyclic voltammograms and cyclic voltamasso-
grams measured simultaneously on the film electrode in
0.1 M LiOH, KOH and CsOH solutions with a scan rate
of 1 mV s are illustrated in Fig. 5a and b, respectively.
During the scanning of the applied potential from 0.2 to
0.6 Vig/meo 1n the anodic direction, an anodic current
peak due to the hydrogen extraction appears in the
range 0.4-0.55 Vyg/ng0, followed by the oxygen evolu-
tion above 0.55 Vygneo. The anodic current peak in
CsOH solution shifts in the anodic direction and is
broader compared with those in LiOH and KOH solu-
tions. At the same time, my increases to a saturated
value. The limit of the final mass gain increases in the
sequence of Li"-, K- and Cs™-containing electrolytic
solutions, which is in good agreement with the result
presented in Fig. 4a.

In similar way, during the scanning of the applied
potential in the reverse direction, a cathodic current
peak corresponding to the hydrogen injection emerges in
the range 0.4-0.25 Vg /he0- In this range, my returns to
the initial value, regardless of the kind of electrolyte.
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In order to compare the cyclic voltamassogram di-
rectly with the cyclic voltammogram, it is convenient to
convert the Amy into the mass change rate Ariy. The
mass change rate curve was obtained by differentiating
the cyclic voltamassogram given in Fig. Sb with respect
to the applied potential. The mass change rate curves are
given in Fig. 6a, b and c¢ along with the cyclic voltam-
mograms in 0.1 M LiOH, KOH and CsOH solutions,
respectively.

At the potential corresponding to the anodic current
peak, Ejanod, the mass change rate in LiOH solution
exhibits a transition from a negative to a positive value
and this curve in KOH solution has a transition in
positive slope from a low to a high value. However, this
curve in CsOH solution exhibits no transition of the
positive slope over the wide potential range of the anodic
current peak.

In LiOH solution (Fig. 6a), the negative value of the
mass change rate below E, ,noq indicates that the mass
diminution due to the hydrogen extraction dominates
over the mass increase due to the Li ™ ion insertion. This
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Fig. 6 Cyclic voltammogram and mass change rate curve, mea-
sured simultaneously on the «-Ni(OH),/y-NiOOH film electrode in
a0.1 M LiOH, b 0.1 M KOH and ¢ 0.1 M CsOH solutions with a
scan rate of 1 mV s

is analogous to the case of 7<1, ,n04, Obtained from
Fig. 4a. By contrast, the positive value of the mass
change rate above £, 4,04 reveals that the mass gain by
the Li" ion insertion dominates over the mass loss by
the hydrogen extraction. This is similar to the case for
1>y anod Obtained from Fig. 4a. In similar way, the
slight rise in the mass change rate curve of Fig. 6b below

Ep anod followed by the sharp rise above E, 4noq in KOH



solution means that the mass gain by the K" ion in-
sertion is somewhat dominant below E, ,,0q4 and then
becomes more dominant above E,.n0q. However, the
mass loss by the hydrogen extraction in CsOH solution
is negligibly small compared with the mass gain by the
Cs™ ion insertion, which contributes mostly to the mass
increase through the wide potential range of the anodic
current peak. This is analogous to the case of # < 1, 4nod
and 7>t} anoq Obtained from Fig. 4a.

At the potential corresponding to the cathodic cur-
rent peak, Ejc.n. all the mass change rates in LiOH,
KOH and CsOH solutions exhibit a transition from a
negative to a positive value. This means that the alkaline
cation is mostly extracted from the film electrode above
E; camn» but neutral species such as water molecules are
incorporated into the film electrode below E, ... The
mass loss by the extraction of alkaline cation above
E, catn 1s analogous to that mass loss before the finish of
Ipcath in Fig. 4b. Similarly, the mass gain by the incor-
poration of neutral species below Ej, .., is similar to that
mass gain after the finish of #; ., in Fig. 4b.

Conclusions

The present work considers the transport of alkaline
cation and neutral species through the «-Ni(OH),/y-
NiOOH film electrode during the hydrogen extraction
from and injection into the film electrode in 0.1 M
LiOH, KOH and CsOH solutions by employing the
EQCM technique supplemented by the potentiostatic
current transient technique and cyclic voltammetry.

1. The mass change obtained during the immersion
prior to the hydrogen extraction indicates that the
incorporation of neutral species such as water mole-
cules proceeds mainly during the immersion. The
remaining minor amount of neutral species is not
incorporated into the film electrode until the finish of
the current plateau during the hydrogen injection,
preceded by the hydrogen extraction.

2. From the linear relationship between the initial cur-
rent density and the applied potential step, it is con-
cluded that the hydrogen output/input flux at the
electrode surface is given by the quotient of applied
potential step divided by the “‘cell-impedance”. This
means that the hydrogen transport is purely con-
trolled by ““cell-impedance”.

3. From the analysis of the mass change measured
simultaneously with the current transient and the
cyclic voltammogram, the alkaline cation movement
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in the film electrode is summarised as follows. During
the hydrogen extraction, the alkaline cation is slowly
inserted into the film electrode before the finish of the
current plateau. After the period of the current pla-
teau has finished, it is inserted abruptly. In contrast,
during the hydrogen injection, the extraction of the
alkaline cation is almost complete before the finish of
the current plateau.
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