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Proton Diffusion in Nickel Hydroxide Films
Measurement of the Diffusion Coefficient as a Function of State of Charge

Sathya Motupally,* Christopher C. Streinz, and John W. Weidner**

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208

ABSTRACT

Electrochemical impedance spectroscopy (EIS) was used to measure the solid-state diffusion coefficient of protons in
nickel hydroxide films at room temperature as a function of state of charge (SOC). A model for the complex faradaic
impedance of the nickel hydroxide active material is presented and used to extract the diffusion coefficient of protons from
the EIS data. Impedance data over a range of frequencies can be used to extract a constant diffusion coefficient without
the knowledge of the initial mobile proton concentration or the form of the charge-transfer kinetic expression. The proton
diffusion coefficient is a strong function of SOC and decreases approximately three orders of magnitude from 3.4 X 107% to
6.4 X 107" cm® s7* as the electrode discharges from the completely charged to the completely discharged state. The
measurements were performed on well-conditioned nickel hydroxide films and therefore it is likely that the diffusion
coefficients measured correspond to the p-phase of the active material. The diffusion coefficient of protons was measured
for three different film thicknesses, 1.5, 1.2, and 1.0 pm. The diffusion coefficient is independent of the thickness of the film
as predicted by theory. The three orders of magnitude decrease in the diffusion coefficient of protons can be explained on
the assumption that the protons move predominantly through the oxidized phase [NiOOH] which is interdispersed along

with the reduced phase [Ni(OH),] in the active material.

Introduction

The nickel hydroxide electrode is the positive plate of
many rechargeable battery systems such as the nickel/cad-
mium, nickel/hydrogen, and nickel/metal hydrides. The re-
dox reaction taking place at the electrode during discharge
and charge can be represented as

discharge
NiOOH + H,0 + e === Ni(OH), + OH" [1]
charge

It has been proposed that both charge and discharge are
controlled by the solid-state diffusion of protons.'™
MacArthur' and Zimmerman and Effa® proposed that dur-
ing discharge a proton diffuses from the film/electrolyte
interface into the active material and an electron enters
across the conducting substrate/film interface. During
charge the proton diffuses to the film/electrolyte interface
to react with a hydroxyl ion to form water. A schematic
diagram of a nickel hydroxide film along with the charge/
discharge mechanisms is depicted ini Fig. 1. Mao et al.” and
Weidner and Timmerman® modeled the discharge behavior
of the nickel hydroxide electrode and reported that the po-
larization losses due to diffusion of protons is a critical
factor in correlating the percent utilization of the active
material to the discharge rate. Those authors concluded
that a key parameter required t{o predict the discharge
characteristics of the electrode quantitatively is the diffu-
sion coefficient of protons through the active material.
Several researchers have reported data on the solid-state
diffusion coefficient of protons in the nickel hydroxide
active material using different electrochemical tech-
niques.”*%*!® Great discrepancies, however, exist in the re-
ported values of the proton diffusion coefficient from dif-
ferent sources. MacArthur' and Zhang and Park® extracted

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

a diffusion coefficient of 1.9 X 10 °and 1.0 X 107" em?s7%,
respectively, from cyclic voltammetry studies. MacArthur
assumed the charge/discharge reaction to be reversible
whereas Zhang and Park assumed the reaction to be irre-
versible. MacArthur,® Briggs and Snodin,® and Zhang and
Park® used chronoamperometry and reported values of
4.6 X 107",1.0 X 107", and 5.0 X 10™"* cm® 57}, respectively
for the diffusion coefficient of protons, assuming reversible
kinetics. Fan' measured a diffusion coefficient ranging
from 2.0 X 107 t0 5.0 X 107® cm?® s~ using chronoamper-
ometry and fitted his data to a more realistic finite reaction
rate-diffusion model.

Lukovtsev and Slaidin® investigated the effect of the SOC
of the electrode on the diffusion rate of protons by polariz-
ing two sides of a nickel foil, anodically on one side and
cathodically on the other, in KOH. With respect to reaction
1, the SOC of the electrode is defined as the fraction of
NiOOH in the active material. They reported that the diffu-
sion rate of the protons increases with the increase in the
SOC of the electrode. However their measurements were
only qualitative and did not include quantifying the value
of the diffusion coefficient or the diffusion rate of the pro-
tons. If the diffusion rate of protons is a function of SOC,
the reported values of the diffusion coefficient may corre-
spond to different states of charge depending on the poten-
tial range in which the electrode was perturbed during the
potential step experiments. In this paper, we report our
findings on the measurement of the proton diffusion co-
efficient as a function of SOC using EIS. EIS is well suited
for this work because it is a steady-state technique capable
of holding the electrode at a constant SOC during the
measurement.

Previous researchers used EIS to measure the solid-state
diffusion coefficient of mobile species in electrochromic
and polymeric films.''"* Several methods are reported in
the literature by which one can extract the solid-state dif-
fusion coefficient of the diffusing species from EIS data.
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Fig. 1. A schematic diagram of the nickel hydroxide film along with
the charge/discharge mechanism is depicted. The film with a thick-
ness of / is assumed to be uniformly deposited onto a conducting
substrate. During discharge, a proton diffuses from the film/elec-
frolyte inferface into the active material and an electron enters across
the conducting substrate/film interface. During charge, the profon
diffuses to the film/electrolyte interface fo react with a hydroxyl to
form water.

One method is to use the data on the 45° line seen on a
Nyquist plot at high frequencies due to semi-infinite diffu-
sion control (Warburg region). For example, this method
was used by Ho et al.'* and Armstrong et al.'? to extract
diffusion coefficients of Li* in WO, and IrCl;? in poly(4-
vinyl pyridine), respectively. The real or the imaginary
components of the complex impedance in the Warburg re-
gion are plotted vs. the inverse of the square root of the
angular frequency and the slope of the straight line ob-
tained is substituted into the expression for the Warburg
coefficient. The quantity that results from the analysis of
the Warburg region is C*VD, where C° is the concentration
of the mobile species at the beginning of the EIS experi-
ment and D is the diffusion coefficient of the mobile spe-
cies. To extract the diffusion coefficient, knowledge of C°is
required, but because C°is not generally known with preci-
sion, the quantity C™D is usually not separated into the
constituent individual components.'™® A different ap-
proach, also reported in the literature, is to use the low
frequency capacitance and resistance to extract the diffu-
sion coefficient.”*¥ The diffusion coefficient is calculated
from the equation R;C;, = [?/3D, where R; is the low fre-
quency resistance, C;, the low frequency capacitance, and [,
the thickness of the film. This method cannot be used if
there is an overlap between the charge-transfer and diffu-
sion-controlled regions because of the uncertainty in the
estimation of R; and C;.'**® Another method propounded
by Armstrong'® and discussed by Mathias and Haas? is to
calculate the diffusion coefficient from the equation D = [?
w/5.12, where o is the frequency in the transition region on
a Nyquist plot where the slope is —2.0.

The method proposed by Armstrong'® extracts the diffu-
sion coefficient from a single frequency and can lead to an
error if a datum point does not exist in the transition region
with a slope of precisely —2.0. Here, we develop a model for
faradaic impedance of the nickel hydroxide system which
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is used to obtain the diffusion coefficient at each frequency
in the transition region where the slope is finite (lying be-
tween —1.5 to —4.5). Such a procedure provides more confi-
dence in the value of the diffusion coefficient since it can be
calculated at any frequency in the transition region. This
method is independent of the charge-transfer kinetics and
the value of the diffusion coefficient obtained does not de-
pend on the knowledge of the initial concentration of the
mobile species.

The diffusion coefficient of protons decreased from 3.4 X
107% t0 3.7 X 107° em® s7! as the state of the electrode
changed from fully charged to 30% SOC. The value of the
diffusion coefficient further decreased by another one and
a half orders of magnitude to 6.4 X 107" em?® s™* at the
completely discharged state. These values are higher than
those reported from potential step studies by previous in-
vestigators.>®*!® This may be due to error in the assumption
made by those investigators that the initial concentration
of protons is equal to the product of the number of nickel
sites and the SOC. The functional dependence of the diffu-
sion coefficient with the SOC found in this work suggests
that the protons diffuse predominantly through NiOOH
which is interdispersed along with the Ni(OH), in the active
material.

Mathematical Model

The faradaic impedance of an electrochemical system is
defined as
dn
Z = a0 [2]
where m is the reaction overpotential and ¢ is the resulting
reaction current. Assuming that the active material forms a
single-phase ideal solid solution, it has been proposed that
the current due to reaction 1 is a function of the concentra-
tion of protons and the overpotential at the film/electrolyte
interface (y = 1), "®* denoted by C; and v, respectively. Un-
der these conditions, the total differential of the reaction
current can be obtained using the Taylor’s series expansion
and can be written as

R 01 91
di = (a_q) dc, + <Tnf> dn, 3]

To find an expression for the faradaic impedance in the
Laplace domain, Z(s), the differential of the overpotential
for reaction 1 is divided by the total differential of the reac-
tion current, yielding

(Overbar indicates variable in the Laplace domain.)

To determine dC./dm, the concentration profile of the
protons is first obtained by solving the one-dimensional
time-dependent diffusion equation

aC *C
ot~ oy’ [5]
in the Laplace domain. The initial concentration of protons
is assumed to be uniform throughout the film and equal to
C° the proton concentration gradient is zero at the con-
ducting substrate/film interface (y = 0), and the proton con-
centration gradient is proportional to the current at the
film/electrolyte interface (y = I). The initial and boundary
conditions can be mathematically represented as

att=0, C=C" [6a]
aC
aty =0, 0_y_0 [6b]
and
aC -1
aty:l, D‘@—m [6c]

The Laplace transformation of Eq. 5 to 6¢c is taken with
respect to t and the resulting ordinary differential equation
is solved for C;, yielding
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_ 72
i coth( i)

- C° D
Ci=—=— [7
s nFAVDs ]

Differentiating C; given by Eq. 7 with respect to 7, substi-
tuting the result into Eq. 4 and simplifying yields
the expression for the faradaic impedance in the Laplace
domain

= on; | 91/9C; 1 s1*

Z6) =5 * Gjam nravDs " VD 18}
To analyze EIS data, Eq. 8 must be transformed from the
Laplace domain into the frequency domain. This can be
done by substituting the Laplace operator s, with a com-
plex variable p + jw.” (Note: p is the variable that governs
the transient response of the electrode in the frequency
domain, j is the imaginary number V-1, and o the fre-
quency in radians per second.) Assuming a small alternat-
ing voltage signal (<10 mV) does not perturb the system
significantly from the steady state achieved prior to the
start of the experiment, p can be set equal to zero and s = jo
can be substituted into Eq. 8, yielding the expression for
the faradaic impedance in the frequency domain

9, A —g)o ( ; E)
Z(w) = 5t 7 coth { (1 +j) °D 9]
where o (Warburg coefficient) is given by
_3i/oC, 1

7= %i/am; nFANZD 19l

The faradaic impedance of the nickel hydroxide active
material is a linear combination of the charge-transfer re-
sistance and the diffusion impedance (modified Warburg)
defined by the first and second terms on the right side of
Eq. 9, respectively. To predict the total impedance in the
diffusion-controlled regime, the ohmic resistance of the
film and the uncompensated solution resistance must be
included in series with the faradaic impedance. However,
the ohmic resistances in series with the faradaic impedance
affect only the magnitude of the impedance and not the
slope of the Nyquist plot in the diffusion-controlled regime.
In a solid, the time constant for diffusion is much greater
than that for capacitance and therefore in the diffusion-
controlled regime, the double-layer capacitance is assumed
to be negligible.

To find an expression for the slope in the diffusion-con-
trolled regime on a Nyquist plot, the modified Warburg
impedance is separated into real and imaginary compo-
nents, yielding

Z(w) = Re + jIm [10]
where
_ o [sinh (b) ~ sin (b)
Re = Vo {cosh () — cos (d})} 110a]
_ —o [sinh (§) +sin ()
Im == {cosh (W) = cos (¢)} [10b]
and
o= \/2%12 [10¢]

The imaginary component of the modified Warburg
impedance given by Eq. 10b is differentiated with respect
to the real component given by Eq. 10a, yielding the ex~
pression for the slope

[Q _St_ i]
@ _ CZ CZZ "‘JCZ [11]
dRe ™ [1 S8, ﬁ}
C;  ¥G,
where S;, S;, C,, and C, are as given below
S, = sinh () + sin () {11a]
S, = sinh () — sin () [11b}

1403

C, = cosh ({1} + cos ()
C, = cosh () — cos ()

[11c]
[11d]

Equation 11 can be used to extract the diffusion coeffi-
cient from the transition region by equating it to the slope
in the transition region and solving for . The equation
reported by Armstrong'® for calculating the diffusion coef-
ficient from the transition region can be veritied by equat-
ing the expression for the slope given by Eq. 11 to —2.0.

The primary assumption that is implicit in the develop-
ment of the mathematical model is that migration in the
film is negligible and that the only driving force for the
transport of protons in the film is a concentration gradient.
This implies that the fransference number of the electrons
(t.) is unity and the transference number of the protons (3
is zero. This assumption is valid if the electronic conductiv-
ity of the film is much greater than the ionic conductivity.
If the relative conductivities are similar in magnitude then
the measured diffusion coefficient is not the diffusion coef-
ficient of protons but a mixed one which is a function of the
diffusion coefficient of electrons and protons. Mathias and
Haas™ have shown that the maximum error possible in the
determination of the mixed diffusion coefficient is a factor
of 4.0 when t; and tf are both equal to 0.5. This error is
small relative to the nearly three orders of magnitude dif-
ference in the diffusion coefficient between the fully
charged and discharged states observed here. Literature
values for the electronic conductivity as a function of
SOC®* indicate that the diffusion coefficient measured at
SOC greater than 15% is most likely the result of proton
diffusion and therefore the diffusion coefficient reported is
that of the protons. There may be an SOC between 15 and
0% where the diffusion coefficient extracted may be a
mixed one which could be overpredicted at most by a factor
of four.

Experimental

An electrochemical quartz crystal nanobalance (EQCN,
Elchema Model 501) was used to monitor the mass of the
nickel hydroxide film deposited. The active material was
deposited by applying a cathodic current of 1 mA to the
working electrode (0.2 cmn?® of gold sputtered onto a quartz
wafer) of the EQCN (for a complete description of the ex-
perimental setup see Ref. 25). The deposition was carried
out at room temperature in 1.8 Ni(NO;),, 0.175M
Co(NOs,),, and 0.075M NaNO;, dissolved in a 50/50 volume
mixture of water and ethanol. This bath makeup is similar
to that used to impregnate commercial nickel electrodes.?
A Pine Model AFRDES5 bipotentiostat was used for current
control during the deposition. The nickel hydroxide film
was rinsed with deionized water, charged at a constant cur-
rent and conditioned by cycling 20 times at 5 mV s ™' in
3 weight percent (w/o} KOH solution. The film was then
discharged at a constant current of 20 wA and the time
taken for the discharge was noted. The capacity of the film
estimated from the time taken for discharge correlated well
with the capacity estimated from the mass of the active
material assuming a single electron transfer. The cobalt
content of the film was measured by dissolving the film in
2.5 ml of acid and measuring the concentration of the re-
sulting solution with an atomic absorption spectrophoto-
meter. The ratio of nickel to cobalt in the film was 88:12.
For impedance studies three different films with masses of
105, 85, and 70 p.g were deposited. These masses correspond
to thicknesses of approximately 1.5, 1.2, and 1.0 pm if the
density of the active material is assumed to be 3.5 g em™. %’

An EG&G Princeton Applied Research (PAR) Model 388
impedance system was used for all EIS experiments. The
system consists of a Model 273 potentiostat/galvanostat, a
Model 5208EC Lockin analyzer, and a personal computer.
This system is capable of measuring the electrochemical
impedance over a frequency range of 100 kHz to 0.05 mHz.
Impedance measurements were made at various SOC for
the three different film thicknesses. Here, the SOC is de-
fined with respect to the total useful capacity, determined
from the time taken for discharge at a constant current of
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Fig. 2. Experimental discharge curve obtained for a 1.5 um film at
a constant current of 20 wA. Each point on the discharge curve
corresponds to an SOC that can be determined by dividing the corre-
sponding time on the ordinate with the tofal time for discharge. For
example 50% SOC is indicated on the figure.

20 pA. Figure 2 illustrates an experimental discharge curve
obtained by discharging the 1.5 um film at a constant cur-
rent of 20 wA. The total discharge time is 4400 s as shown
in Fig. 2. Each point (1 to 13) marked on the discharge curve
stands for a particular SOC at which impedance measure-
ments were made. The active material was discharged for a
fixed time at the same current and the SOC determined
from the ratio of the time discharged to the time required
for complete discharge. For example, a 2200 s discharge
(point number 6 on Fig. 2) corresponds to 50% SOC for the
1.5 um film. After the film was discharged to a particular
SOC, the electrode was left on open circuit until a stable
potential was observed (5-15 min) before an experiment
was conducted. After data were collected at a particular
SOC, the electrode was charged again, cycled twice at
5 mV s™' and discharged to the next SOC. All EIS experi-
ments were run at open circuit using an alternating voltage
signal of 10 mV (root mean square). The electrode was sta-
ble during the measurements and its open-circuit potential
changed by 1 mV or less.

At high states of charge (>30%), five sets of experiments
were conducted at each SOC. At low states of charge
(«30%), owing to the necessity of making measurements at
low frequencies and therefore over long periods of time,
only two (one in the fully discharged state) could be col-
lected before the open-circuit potential of the electrode
changed by 1 mV due to self-discharge.” The EIS data at a
given SOC were highly reproducible. The multiple data sets
at each SOC were averaged prior to calculating the diffu-
sion coefficients. EIS data were highly reproducible for two
different films with a thickness of 1.5 pm.

Results and Discussion

Simulation results.—The effect of varying the diffusion
coefficient and the thickness of the film on the diffusion-
controlled Nyquist plane behavior is simulated using Eq. 9
and illustrated in Fig. 3a and b, respectively. Several inves-
tigators'*?® have discussed the behavior of the modified
Warburg impedance and reported that it is characterized
by three distinct regions, viz. the semi-infinite diffusion,
transition, and finite diffusion regions. The frequency
ranges in which the three regions are observed is controlled
by the values of the diffusion coefficient and the thickness
of the film. At high frequencies when  >> D/[?, the hyper-
bolic cotangent term tends to unity, the modified Warburg
impedance behaves like the conventional Warburg imped-
ance, and a straight line region with a slope of 45° is ob-
served on a Nyquist plot. At lower frequencies, when
o << D/I? the phase angle tends to infinity and a vertical
line region perpendicular to the real axis is seen on a
Nyquist plot. In this region, the diffusion behavior is lim-
ited by the finite length of the film and a capacitive effect
is observed on the Nyquist plot due to charge saturation.*

J. Electrochem. Soc., Vol. 142, No. 5, May 1995 © The Electrochemical Society, Inc.

At intermediate frequencies when w ~ D/I? a transition
from the semi-infinite diffusion region to the finite diffu-
sion region is seen. The region between the semi-infinite
diffusion region and the finite diffusion region is called the
transition region.'®

Figure 3a shows Nyquist plot simulations for D = 1.0 X
107 and 3.0 x 107" em® s and ! = 1.5 um and Fig. 3b
contains simulations for D = 1.0 X 10 and 7 = 1.0, 1.2, and
1.5 um. For illustration, ¢ and the charge-transter resist-
ance in Eq. 9 were set equal to 5.0 Q/s'* and 22.0 O, respec-
tively, for all the simulations presented here. The charge-
transfer resistance and o affect only the magnitude of the
impedance and not the slope of the Nyquist plot in the
frequency range where diffusion is the rate-limiting pro-
cess. We can see from Fig. 3a that both the Nyquist plots
exhibit each of the three characteristic regions and that the
onset of the transition region is observed earlier (at higher
frequencies) as the value of the diffusion coefficient in-
creases. From Fig. 3b, we can observe that the increase in
the film thickness has the same effect as a decrease in the
diffusion coefficient. Therefore, if the diffusion coefficient
of protons decreases as a function of SOC, the onset of the
transition region must be observed at progressively lower
frequencies as the electrode is discharged. At any SOC, the
onset of the transition region must be observed at higher
frequencies as the thickness of the film is decreased. For
example, for the 1.0 pm film, the onset of the transition
region must be observed at a frequency which is approxi-
mately 2.25 times the corresponding frequency for the
1.5 pm film.

Experimental results.—Figure 4 shows the Nyquist plot
obtained for the 1.5 wm thick film, in the completely dis-
charged state (point number 13 on Fig. 2), over a frequency
range of 100 kHz to 1.5 mHz. At high frequencies the semi-
circle is characteristic of the charge-transfer resistance
acting in parallel with the double-layer capacitance. At
intermediate frequencies (0.085-0.0075 Hz) a straight line
with a slope of ~45° is seen, characteristic of the semi-in-
finite diffusion. At still lower frequencies (<1.5 mHz), the
finite length effects are observed, and there is a transition
from the 45° line toward a vertical line through the transi-
tion region which lies in a frequency range of 6.5 to
2.5 mHz. In the finite diffusion region, it was only possible
to get two data points owing to the need for extremely
time-consuming low frequency measurements. The transi-
tion region for a fully discharged film was observed in a
frequency range which was approximately three orders of
magnitude less than the corresponding range for the com-
pletely charged film. Impedance measurements at all other
states of charge were made only over a limited range of
frequencies in which diffusion control was observed and
thus the data presented at the other SOC {Fig. 5a-b, 6) do
not contain the semicircle.

Figure 5a shows Nyquist plots at 80 and 60% SOC and
Fig. 5b shows the Nyquist plots obtained for 50 and 30%
SOC over the frequency range in which diffusion domi-
nates. The frequency range over which impedance mea-
surements were made for the 80 and 60% SOC was 0.3-11.9
and 0.15-5.65 Hz, respectively. For the 50 and 30% SOC,
the corresponding frequency ranges are 0.05-5.65 and 0.03-
1.13 Hz, respectively. The frequency at which the onset of
the transition region is observed is marked on the plots. It
can be seen that the onset of the transition region shifts to
lower frequencies at lower SOC indicating that the diffu-
sion coefficient is steadily decreasing with decreasing SOC.
Figure 6 shows Nyquist plots at 40% SOC for three differ-
ent films 1.5, 1.2, and 1.0 wm thick. The frequency range
over which impedance measurements were made for all
three thicknesses is the same (0.09-3.4 Hz). The frequencies
at which the onset of the transition region was observed is
also marked on the plot.

The diffusion coefficient at all SOC was determined at
each frequency in the transition region (typically 3-5
points) by performing a least squares fit of the data to the
exponential function

Im =aexp (b Re) [12]
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Simulated Nyquist plots for three different film thicknesses of 1.5, 1.2, and 1.0 um for D= 1.0 % 107° cm? s ™' over a frequency range of 0.016
to 3.18 Hz. The onset of the transition region is observed at progressively lower frequencies as the thickness of the film increases trom 1.0 fo
1.5 pum, For illustration, o and the charge-transfer resistance were set equal to 5.0 (2/s"/2 and 22 0, respectively. The semi-infinite diffusion,

finite diffusion, and the transifion regions are depicied on the plots.

where a and b are fitting parameters. Equation 12 was used
to fit the data presented in Fig. 5a-b and 6. It can be seen
from the figures that the equation fits the data well. After
the fitting parameters were determined from regression
analysis, the function was differentiated at each frequency
to obtain the slope. The slope at each frequency was used in
conjunction with Eq. 11 to solve for {. The diffusion coeffi-
cient was then obtained from the definition of { (given by
Eq. 10c) at the corresponding frequency and film thickness.
The diffusion coefficients reported here were obtained by
averaging the values calculated at each frequency in the
transition region. The value calculated at different fre-
quencies in the transition region varied by less than 20%.

Figure 7 summarizes the variation of the diffusion coeffi-
cient of protons as a function of SOC. The value of the
diffusion coefficient decreased rapidly near the end of dis-
charge (<20% SOC) necessitating the collection of imped-
ance data at every 5% SOC intervals. The value of the diffu-
sion coefficient for NiOOH (point number 1 on Fig. 2) was
3.4 X 107° and for Ni(OH), (point number 13 on Fig. 2) the

value was 6.4 X 107" ecm? 7%, Figure 7 also contains a plot

of the function proposed by Bouet et al.™
1/2 2
D=D, [e + (9—2> a- e)} [13]
D,

where 8 is the SOC or the fraction of NiOOH present in the
solid solution, D, the diffusion coefficient of the protons in
pure NiOOH (3.4 X 107 % ¢cm® s7* for [ = 1.5 um), and D, the
diffusion coefficient of protons in pure Ni(OH), (6.4 X
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Fig. 4. Nyquist plot for a 1.5 yum film in the completely discharged
state {point number 13 on Fig. 2} over a frequency range of 100 kHz
to 1.5 mHz. The transifion region occurs in o frequency range of 6.5
to 2.5 mHz. The semicircle seen at high frequencies is due to the
ﬁarallel combination of the charge-transfer resistance and the dou-

le-layer capacitance.

10" em? s~ for I = 1.5 pm). Equation 13 is a mixing rule in
terms of the root mean square displacement of the diffusing
species in a solid solution comprised of a homogeneous
mixture of two solids. As can be seen from Fig. 7, Eq. 13 fits
all the data to within 10%.

The following three mechanisms are considered to ex-
plain the functionality of the diffusion coefficient with
SOC.

1. The crystal structure of the film changes such that the
lattice spacing available for the diffusion of protons de-
creases as the electrode is discharged.

2. The diffusion coefficient is constant, but the diffusion
length (I used in Eqg. 10c for the calculation of D) changes
as a function of SOC due to a moving reaction plane.

3. Protons move predominantly through the oxidized
NiOOH phase which contains a defect concentration which
is orders of magnitude greater than the defect concentra-
tion in the reduced Ni(OH), phase, such that the measured
D is an effective diffusion coefficient depending on the
fraction of the oxidized phase available for diffusion.

The diffusion coefficient would decrease as the electrode
is discharged if there was a corresponding decrease in the
crystal lattice spacing of the active material. Nickel hy-
droxide [Ni{OH),] and nickel oxyhydroxide [NiOOH] have
a layer type configuration in which slabs of NiO, are sepa-
rated by galleries containing protons.® It is known that
Ni(OH), exists as two structural modifications called the a
and the B forms.* The o form of Ni(OH), is comprised of
galleries containing water and other cations in addition to
protons. The «-Ni(OH), stabilizes by dehydrating to the
more stable B form on cycling or on standing in alkali with
a resultant decrease in lattice spacing. The B-Ni(OH), can
be oxidized to f-NiOOH on charging and to y-NiOOH on
overcharge. Even though the electrochemical deposition
results in the formation of a-Ni{OH),, the procedure used
for conditioning of the films prior to EIS experiments most
likely results in the transformation of B-Ni(OH), to B-
NiOOH."*#! MacArthur' showed that a transformation be-
tween the o-Ni(OH), and y-NiOOH phases of the active
material results in two distinct anodic peaks during cyclic
voltammetry. In this work no peak splitting was observed
while cycling the film during or after conditioning. This is
perhaps due to the presence of Co in the film which acts as
a B-phase stabilizer and results in the film being cycled
between the B-Ni(OH), and B-NiOOH phases.”® Briggs
et al.* and Kober® showed using x-ray measurements and
infrared (IR) observations, respectively, that the lattice
parameters of the 3-Ni(OH), and NiOOH are almost identi-
cal. This suggests that the approximately three orders of
magnitude change in the value of the diffusion coefficient
measured is not due to the change in the crystal structure.

A moving reaction boundary model during charge and
discharge has been proposed in the literature® and suggests
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Fig. 5. (a, top) Nyquist plot for a 1.5 pm film at 80 and 60% states
of charge over a frequency range of 0.3-11.9 and 0.15-5.65 Hz,
respectively. The frequencies at which the onset of the transition
region for the 80 and 60% states of charge is observed is 1.3 and
0.85 Hz, respectively. |b, bottorn} Nyquist plot for a 1.5 um film at 50
and 30% states of charge over a frequency range of 0.05-5.6 and
0.03-1.1 Hz, respectively. The frequency at which the onset of the
fransition region for the 50 and 30% states of charge is seen is 0.45
and 0.17 Hz, respectively. The data is fit to Eq. 12. The onset of the
transition region shifts to lower frequencies as the SOC decreases
ir;dicaﬁng that the diffusion coefficient is decreasing as a function
of SOC.

that the diffusion length of the protons is changing as a
function of SOC. The active material in the reduced form
[Ni(OH),] is pale green in color and is black in the oxidized
form [NiOOH], and some researchers have observed the
motion of a color boundary during the charge and dis-
charge of the active material *?® Huggins et al.* attribute
this moving color boundary to the movement of the
NiOOH/Ni(OH), interface. According to the authors, the
charge/discharge reaction takes place at the NiOOH/
Ni(OH), boundary (i.e., reaction plane) and this boundary
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Fig. 6. Nyquist plots for three different thicknesses of 1.5, 1.2, and
1.0 wm at 40% SOC. The onset of the transition region is seen at 0.27,
0.38, and 0.51 Hz, respectively. The data is fit to Eq. 12. The onset
of the fransiton region is observed at progressively higher frequen-
cies as the film thickness decreases.

moves from the film/electrolyte interface toward the con-
ducting substrate/film interface during discharge and vice
versa during charge. If the notion of a sharp moving reac-
tion plane is true, the value of the diffusion length in the
transition region is not equal to the thickness of the film
but is a function of the SOC given by

8=1(1—0) [14]

where 3 is the distance from the reaction plane to the film/
electrolyte interface. Therefore 8 will be equal to the thick-
ness of the film at 0% SOC and equal to zero when the
electrode is fully charged. It is possible to obtain the value
of D/8* at all states of charge by dividing D, (diffusion
coefficient in the completely discharged state), by the
square of the right side of Eq. 14.

In Fig. 8, the D/8* data obtained for the 1.5 pm film is
plotted along with the corresponding fit (curve a) utilizing
Eq. 13 (with [ = 8). Also plotted on Fig. 8, is D/3* for a
moving reaction plane where D = D, and 8 = I(1 — ) (curve
b). (Note: 8 in the completely charged state was assumed to
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Fig. 7. Diffusion coefficient of protons in the nickel hydroxide film
as a function of SOC. The diffusion ceefficient of protons decreases
approximately three orders of magnitude as the elecirode changes
from the completely charged to E\e completely discharged state.
Equation 13 is plotted along with the data.
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Fig. 8. D/3% dataq, {5 = I} obtained for the 1.5 um film is shown.
Curves a and ¢ on the figure correspond fo the plots of Eq. 13 and 15,
respectively, Also shown on the plot is curve c, which is D/52 calcu-
lated assuming & to be a linear function of the SOC {reaction plane
model). It can be seen from the figure that, curves a and ¢ fit the data
well, whereas curve b does not match the qualitative trend exhibited
by the data.

be 0.99.) It can be seen from the figure that curve a fits the
data, but curve b does not show the same qualitative trend.
This suggests that the moving color boundary seen during
charge and discharge of the electrode is not due to the
movement of the reaction plane. One explanation for the
ohserved movement of a color boundary could be based on
the fact that, at high to moderate charge and discharge
rates, there is a gradient in the SOC within the film due to
the diffusion limitation of protons.®

As described above, the structure of the NiIOOH/Ni(OH),
active material consists of layers of NiQO, separated by pro-
ton containing galleries.*® NiOOH has been described as a
proton deficient phase in which 50% of proton gallery sites
are vacant.>® The proton sites in Ni(OH), are fully occupied.
If proton diffusion takes place by a hopping process,
whereby the protons move from one site to an adjoining
vacancy, the diffusion coefficient depends on the concen-
tration of protons and vacancies. A sharp drop in the diffu-
sion coefficient should occur when either of the concentra-
tions approaches zero. In nickel hydroxide, at low states of
charge the diffusion coefficient of protons decreases
sharply because the vacancy concentration approaches
zero. No sharp drop in the diffusion coefficient of protons
was observed at high states of charge because the product
of the proton and vacancy concentration is at a maximum
when the average valence state of nickel in the active mate-
rial is approximately +3. A sharp drop in the proton con-
centration is not expected until the valence state of nickel
approaches +4. Although valence states greater than +3 are
believed to oceur, it is not expected that an average valence
state of +4 was reached during our experimentation.

In Fig. 7 and 8 we illustrate that the data can be fit using
a mixing rule in terms of the root mean square of displace-
ment of the diffusing species (see Eq. 13). The good fit ob-
tained using Eq. 13 indicates that the film is most likely
comprised of a homogeneous mixture of NiOOH and
Ni(OH),. As discharge proceeds the mole fraction of
Ni(OH), increases, effectively the proton vacancy concen-
tration of the solid decreases, resulting in a solid with a
decreased diffusion coefficient.

Since the proton diffusion coefficient in the reduced
phase is three orders of magnitude less than that of the
oxidized phase (i.e., D, in Eq. 13 is significantly less than
D,), the active material alternatively can be considered
analogous to a porous electrode in which diffusion pro-
ceeds only through one phase. Equation 13 can be reduced
to the following by setting D, {o zero

D = D,¢? [15]

Equation 15 is similar to the expression Newman® reported
for the diffusion of an ion in the solution phase of a porous

1407

electrode, with the SOC being analogous to the porosity.
Curve c in Fig. 8 is a plot of Eq. 15 (6 in the completely
discharged state was assumed to be 0.01). As expected the
fit is similar to that of Eq. 13 (curve a). The fit obtained by
Eq. 15 is more sensitive to the SOC than that obtained
using Eq. 13 and so digresses from the data toward the end
of discharge to a greater degree. However, if the data points
in the fully reduced state actually corresponded to 3% SOC
(which is plausible), the fit would be virtually indistin-
guishable from that obtained using Eq. 13.

Conclusion

A model for the complex faradaic impedance of the
nickel hydroxide electrode was developed and was used to
extract the diffusion coefficient of protons as a function of
SOC and thickness of the film from electrochemical
impedance spectroscopy data. All the data in the transition
region of the Nyquist plot can be analyzed using the ex-
pression for the slope of the Nyquist plot developed to ex-
tract a constant diffusion coefficient. The diffusion coeffi-
cient of protons in the B-phase of the active material
decreased by approximately three orders of magnitude as
the electrode changed from the completely charged to the
completely discharged state. The three orders of magnitude
decrease in the diffusion coefficient of protons can be ex-
plained on the assumption that the protons move predomi-
nantly through the oxidized phase [NiOOH] which is inter-
dispersed along with the reduced phase [Ni(OH),] in the
active material.
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LIST OF SYMBOLS

A area of the nickel hydroxide film, 0.2 cm?

C  proton concentration, mol cm™

C" initial proton concentration, mol cm™

D  diffusion coefficient of protons, cm® s™%.

D, D in NiOOH, cm®s™!,

D, D in Ni(OH),, cm?®s™.

F  Faraday’s constant, 96487 C/equiv

it Faradaic current, A

Im imaginary impedance, ()

g Imaginary number, \/_17

l thickness of film, cm

n  number of electrons taking part inreaction 1, 1

Re Real impedance, ()

s  Laplace frequency, s™

t time, s

y  distance into hydroxide film, cm

Z  complex impedance, ()

Greek

8  state of charge

o  angular frequency, rad s~

m  overpotential, V

8  distance of the reaction plane from the film/elec-
trolyte interface, cm

v\

o Warburg coefficient, (/s

1

12

Subscript
f film/electrolyte interface at y = 1
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