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Abstract Experimental capacities and mass changes are
recorded using an electrochemical quartz crystal
microbalance during the first nine charge and dis-
charge cycles of nickel hydroxide thin films cycled in
3.0 weight percent (wWt%) potassium hydroxide elec-
trolyte. For the first time, the film capacities have been
corrected for the oxygen evolution side reaction, and
the data used as input into a point defect-containing
structural model to track the changes that occur
during short-term cycling. Variations in capacity and
mass during formation and charge/discharge cycling
are related to changes in the point defect parameters,
thus providing a structural origin for the unique
experimental variations observed here and often re-
ported in the literature, but previously unexplained.
Proton-, potassium-, and water-content vary in the
active material during charge/discharge cycling. The
observed capacity loss, or “capacity fade,” is explained
by incomplete incorporation of potassium ions in (or
near) the nickel vacancy during charge, as additional
protons are then allowed to occupy the vacant lattice
site. The increase in water content during reduction
parallels the expansion of the electrode that is well
known during cycling. This result confirms the origin
of the swelling phenomenon as being caused by water
incorporation. The model and methodology developed
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in this paper can be used to correlate electrochemical
signatures with material chemical structure.

Keywords Nickel hydroxide - EQCM - Point defect -
Nonstoichiometry - Side reaction - Water content

List of symbols

E electrode potential, V

F Faraday’s constant, 96487 C/eq.

1 applied current, A

io.0x exchange current for the oxygen evolution
reaction, A

fox current expended for oxygen evolution, A

m mass of the film, g

M molecular weight of the film, g/mole Ni

n the average proton occupancy of a nickel
vacancy

Ox oxidation state

0 capacity per unit mass of film, C/g

R universal gas constant, 8.314 J/mol K

T temperature, K

t time, s

Uierox Standard potential of the oxygen evolution
reaction, V

i a vacant nickel lattice site

X moles of vacancies per mole of lattice sites

Xw moles of water per mole of lattice sites

v moles of vacancies occupied by potassium ions

per mole of lattice sites
z moles of exchangeable protons on interlamellar
H" sites (0<z<1)

Greek

o, anodic transfer coefficient

A change in variable

€ efficiency of the nickel reaction
A moles of OH™ ions per mole Ni
I moles of K" ions per mole Ni
A3 moles of water per mole Ni

A4 number of electrons per mole Ni
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Subscript
1 discharged state, nickel hydroxide
2 charged state, oxyhydroxide

Superscript
0 as-deposited film

Introduction

Nickel hydroxide is the positive electrode in a number of
battery systems, namely, in Ni-Cd, Ni-MH and Ni—H,
cells [1]. In addition, the material finds application in
electrochromic devices for use as “‘smart windows” [2,
3]. The active material preparation often involves pre-
cipitation of the hydroxide from a nitrate salt solution,
either by chemical or electrochemical techniques [4].
Depending on the preparation conditions, the electro-
chemical signatures of the active material are known to
vary [5, 6]. In addition, variations in capacity and volt-
age are also seen on cycling [7, 8, 9]. Two electrochemical
cycles were identified in 1969, and four phases were
proposed to explain the voltage differences in 1980 [5,
10]. In 1988 and 1990 these four phases were shown to
exhibit the same layer-type structure, and variations in
empirical formulae were directly correlated with the
nonstoichiometry and point defect structure [11, 12].

Although most of the observed property variations
remain unexplained, especially quantitatively, this paper
shows that variations in Ni nonstoichiometry (i.e. nickel
vacancies) and how these point defects are filled (or
associated) with potassium cations or protons, can ex-
plain the varying properties through nine charge/dis-
charge cycles of an undoped nickel hydroxide film.
These structural variations are monitored by simulta-
neously measuring the capacity and mass. It is shown
that the defect parameter variation can be extracted
from the mass and capacity data using a detailed reac-
tion model and equations that relate the capacity/mass
changes to the structural parameters.

The literature has shown that capacity and mass can
be measured simultaneously using an electrochemical
quartz crystal microbalance (EQCM) [7, 8, 13, 14, 15, 16].
However, in the previous work, capacity could not be
meaningfully linked with mass changes, because no
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—
discharge

B - Ni(OH),

account was made for the oxygen evolution reaction that
is simultaneous with the nickel redox reaction. In the
current paper, capacity measurements (corrected for O,
evolution) in 3.0 wt% KOH electrolyte, are, for the first
time, linked with EQCM mass changes, and these data are
fitted using a point defect-containing structural model.
This model contrasts with the previous literature models
that assume a single, steady state redox reaction. Our
premise is that these nonstoichiometric, structural varia-
tions explain the changes in electrochemical properties.
The unique electrochemical characteristics of the nickel
electrode, including the formation process and capacity
loss during cycling, have been followed and quantitatively
explained on the basis of chemical structural change.

In this paper, the solid-state structural background,
upon which the nonstoichiometric model is based, is first
summarized. Then the point defect-containing, nonsto-
ichiometric structural model is defined. After presenting
experimental details, five reaction ‘“‘scenarios’ are pre-
sented in which the defect parameters are systematically
varied in the nonstoichiometric structural model. These
show how simple changes in defect parameters are linked
to capacity variation during cycling. Finally, after better
understanding how the defect parameters influence
capacity in these qualitative scenarios, the point defect
parameters are varied to fit the capacity/mass data. The
resulting parameters define changes in the point defect
structure, which quantitatively explain the observed
property variation.

Background

Bode and coworkers described the reactions occurring
in the solid active material in terms of four phases,
namely (i) a anhydrous phase termed S-Ni(OH),, (ii) an
hydrated phase termed o-Ni(OH),, and (iii)) two
oxidized phases, termed S-NiOOH or y-NiOOH [10].
Oxidation of f-Ni(OH), resulted in the formation of
p-NiOOH while oxidation of «-Ni(OH), resulted in
7-NiOOH. The f phase could transform to the y phase
on overcharge, taking the material to the «—y cycle, and
the o phase could ‘“convert” to the f phase in
concentrated alkali, returning the electrode to the p—f
cycle. This reaction scheme can be schematically
represented as shown in Eq. 1

vy — NiOOH

Overcharge

B — NiOOH

[10].



However, Raman spectroscopic studies on electrode
active mass have indicated that these four electro-
chemically active materials actually share a common,
nonclose-packed crystal structure (with ...ABBCCA...
stacking). This common structure is indicated by the
Raman spectral selection rules; these do not change
during cycling [11, 12]. Only the peak positions vary.
This structure should be called the y structure (after
the structure of the charged phase in the o—y cycle
[10]), and was confirmed by re-analysis of the y phase
powder XRD pattern [11]. This structure contrasts
with the close-packed, f-phase structure (with
...ABAB... stacking), which is electrochemically unsta-
ble under normal cycling conditions [5, 11, 12].
“Aging” active mass in concentrated alkali transform
it into the f-phase structure [5, 11, 12]. These struc-
tural similarities and conversions or transformations
are represented in a modified Bode diagram shown
in Eq. 2.
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the two Barnard cycles [5] (the two reactions represented
in the upper rectangle) was found to be simply in the
level of nickel vacancies, Vy;, not differences in the
crystal structures. The 203y cycle was observed to have
25% nickel vacancy defects, while the 2/—-3f cycle had
11% nickel vacancy defects [11, 12]. These vacancies
may either be occupied by protons, by potassium ions,
or left vacant. This approach [11, 12] was used to explain
some of the phenomena unique to the nickel electrode
(e.g., existence of the maximum oxidation state of 3.67
as reported by Barnard et al. [5]). The Bode diagram and
the Barnard et al. empirical formulae define two cycles,
suggesting a finite number of distinct reactions. How-
ever, the nonstoichiometric model, with structural vari-
ation only in the point defect content (i.e. concentration
variation) and in how the nonstoichiometry is accom-
modated within the ...ABBCCA... structure, actually
simplifies these to one reaction with no phase transfor-
mations. In reality, this point defect approach argues

o—Ni (OH)2
Formation
charge

2a—-Ni(OH), — 3y - NiOOH

ischarge ABBCCA
Aging Overcharge Stacking

har,

2B — Ni(OH), dhg 36~ NiOOH

Aging Overcharge
. charge . ABAB
> B—Ni(OH), — B —NiOOH Stacking

Since the 203y and the 25-3f cycles involve materials
that are nonclose-packed,' there is no phase transition
involved in going from one cycle to the other [12]. On
the other hand, aging from the 2« to the f involves a
structural change as the f§ material is close-packed.

By combining the empirical formulae, observed by
Barnard et al. [5, 6], with the unit cell defined by the
Raman and XRD data [11, 12], these materials are seen
to contain point defects and to be nonstoichiometric.
Cornilsen et al. used this point defect approach to ex-
plain the differences in properties and structures of these
various active materials [11, 12]. The difference between

'These four end-member materials have the same crystal structure.
This structure is different from those proposed for «-Ni (OH), and
p-Ni (OH),. Coefficients, 2s and 3s, have been added to the tradi-
tional f, o, and y designations of the “phases” to more clearly
differentiate the unique materials, yet retain the connection to the
older literature designations and Eq. 1. Also the f forms are
unambiguously defined.

that any reaction within this ... ABBCCA... structure is
simply part of a structural continuum that depends on
the concentrations of protons, alkali cations, Ni vacan-
cies, and oxygen atoms present in the lattice. In this
paper, we demonstrate how variation within this struc-
tural continuum, as shown in the modified Bode dia-
gram, explains changes in the electrochemical properties
of the nickel electrode properties during cycling.

Both the Bode diagram and the modified Bode dia-
gram (Eqs. 1 and 2) argue that, in addition to the ex-
change of electrons, the lattice experiences exchange of
protons and potassium ions during charge and dis-
charge. In addition, atomic force microscopy (AFM)
imaging [17, 18] suggests that electrolyte, presumably
within the pores or between the crystallites, is exchanged
during charge/discharge. Recognizing that such
exchanges can be studied using an EQCM, numerous
researchers have provided mass change data under
various conditions (e.g., charge/discharge, [13, 14] and
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long-term cycling [7, 8, 15].) The usefulness of the
EQCM in measuring mass change, and not surface stress
changes, was recently confirmed by Kim et al. [7] by
using data on two different orientations of the quartz
crystal. However, the interpretation provided by most
authors is qualitative [8, 15]. While some authors pro-
vide quantitative interpretation of the data (see Bernard
et al. [14] and Cheek and O’Grady [13]), they do so using
only the mass change along with an electrochemical
reaction to extract water and electrolyte content in the
films. Because the reactions used previously all repre-
sented a steady state cycle of the nickel electrode, phe-
nomena such as capacity fade could not be described
adequately.

In most studies capacity data have not been used as
input along with the mass data because capacity mea-
surement is complicated by the presence of the oxygen
evolution side reaction. The true capacity of the nickel
electrode can only be calculated by measuring nickel
content and correcting for the oxygen side reaction. One
study did attempt to use a structural model, capacity,
and mass input, but did not correct for oxygen evolution
[7]. Also, assumptions were made in that study [7] that
limited the usefulness of the model, as discussed in the
next section.

The point defect model

The nickel hydroxide active material deposited using the
cathodic precipitation technique produces porous films
[19] with a considerable amount of electrolyte incorpo-
rated in the pores [20]. Therefore, the film can be con-
sidered as a collection of crystallites in a porous matrix,
as seen in the schematic shown in Fig. 1.

Based on the previous structural (Raman and XRD
evidence [11, 12]) and chemical analyses, [11, 12] these
materials  exhibit considerable  nonstoichiometry
(0.11 £ x £0.25). The empirical formulae can be

Fig. 1 Schematic of the nickel

rewritten to indicate this nonstoichiometry, and the
point defects that accommodate it, as shown in Eq. (3).
Additional water, X, (interlamellar and within the
pores) is also indicated in this formula.

[Ni,_x(K)y(nH)H} OOH,_, - X,H,0 (3)

There is 1 mol of Ni sites per mole of NiOOH,_. within
the unit cell that is defined on the basis of Raman and
powder XRD data [11, 12]. Therefore, x, y, z, and X,
are defined per mole of lattice sites in the unit cell. The
nickel lattice is defective with nickel atoms missing from
a fraction, x, of the nickel-lattice sites. These sites can be
vacant or contain other cations. An empty nickel site is
referred to as a “‘nickel vacancy,” and is represented by
the notation Vy;. Potassium ions occupy a fraction y of
these nickel vacancies. Because the remaining nickel
vacancies (x—y) are empty or occupied by 1, 2 or 3
protons, the average proton occupancy is conveniently
defined by n. In addition, there are two oxygen sites and
two interlamellar proton sites per nickel-lattice site in
the unit cell. The occupation of these proton sites (2—z)
is allowed to vary. The state-of-charge of the material,
which is actually measured by the average oxidation
state of the nickel, depends upon the H" and K" con-
tent of the vacant Ni sites and the interlamellar proton
site content. We shall define the fully discharged state to
contain two interlamellar protons (z=0), and the fully
charged material is defined to contain one interlamellar
proton (z=1).

In Eq. (3), X,, represents the portion of electrode
mass that is contributed by molecular water, both in-
terlamellar water (which is part of the crystal structure)
and water within the pores (between the crystallites).
The portion of Xy, that is electrolyte within the pores can
contain potassium ions. Any K™ in this electrolytic
water is balanced by OH™ ions and does not take part in
the chemical or electrochemical reactions, i.e. it does not
contribute to the charge balance, nor influence y, x, or

Metal Substrate
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capacity. The concentration of this KOH need not be
defined, which is fortunate because this concentration
cannot be known exactly. It is only necessary that this
KOH be accounted for as part of the total mass (KOH
plus water), and it is included within the mass from
which X, is calculated.

Equations (4) and (5) relate the film oxidation state
(Ox) and molecular weight (M) to the defect parameters
defined in Eq. (3), and are written on a “per mole Ni”
basis.

2+z)—y—nlx-y)

O, =
1 —x

(4)

39.1y+n(x—y)+34—z
I —x

Xy

M = 58.69 + 1
—X

+18

(5)

Ox is the average oxidation state.

The mechanisms that occur at the electrode/electro-
lyte interface during charging are sketched in Fig. 1.
Protons in the solid matrix diffuse to the surface of the
crystallite and combine with hydroxyl ions to form
water. Simultaneously, a potassium ion may intercalate
into the crystallite and reside in or near the nickel
vacancy. During this process, the oxidation state of
nickel increases as an electron is ejected into the external
circuit. The reverse of this process occurs on discharge.
These processes combine to give the overall redox
reaction in Eq. 6.

. XW
NI(K)__y_l—_(an)ﬂ O 2 H 2 T

(1-xy) l_Xl

1-x, 1-x, I-x,

charge

Ni(K) , (n,H),_, |0, H,
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_ Y N
= (= ®
C[me—y) mo—p») -1 X X,
13__ (1—x1) (1 —x2) ]+1—x1 1 —x;
©)
_ 3=y —mln—») 2=y —m—n)
ly = _ () =) } (10)

Equation 6 can be used to represent specific reactions
shown in the modified Bode diagram. For example, the o
to 3y reaction (termed ‘“‘formation” in Eq. 2) can be
obtained by substituting x; =x,=y,=0.25, n;=2 and
y1=0 into Egs. 6, (7), (8), (9) and (10), giving the reac-
tion in Eq. (11) [11, 12].

[Ni**(2H);, 53] O2.67Ha.67 + 20H™ +0.33K * Fometion
[Ni3'67 (K)0_33]02A67H1A33 + 2H,0 + 1.67e~

(11)

These two defect formulae correspond to the Barnard
et al. empirical formulae for these two end-member
materials [5, 10, 21]. The superscript on each Ni atom
indicates the average nickel oxidation state (per Eq. 4).
When the material is charged during the formation step,
1.0 interlamellar protons are removed per Ni size, or 1.34
interlamellar protons per Ni atom. Also, all the protons

H,O0+A,0OH +A,K*

X
—2H,0+A,H,0+2A ¢

discharge

(1-x5) 1-x, 1-x,
To describe this redox reaction, the formula in Eq. (3)
must be put on a “per mole Ni” basis by dividing by
(1-x;). Subscripts, i, are added to the point defect
variables to indicate the discharged (i=1) and charged
(i=2) states. Equations (7), (8), (9) and (10) define the
coefficients (4;) of OH™, K", H,O and ¢ in Eq. 6
(j=1-4, respectively) in terms of the changes in the
eight variables (x;, yi, 11, Xwi, X2, Vo, Mo, and Xy»).
These also balance the redox reaction. Equation 6 de-
fines the point defect structures of the two extreme, or
end-member materials upon discharge and charge (i.e.,
at z=0 and z=1, respectively), as discussed above. An
equation analogous to Eq. 6 could be written for
intermediate oxidation states by including z as a vari-
able.

mxi—y)—2 mln—m)-3

g (1—x) (1-x,)

(7)

1-x,

1-x,

on the nickel vacancies are replaced by potassium ions
(i.e., y2=Xx,), to give a net loss of 2.0 protons and 1.67
electrons per Ni atom. Since protons occupy none of the
nickel vacancies, the value of n, is 0.

After the formation, the 2a¢—37y reaction can be ob-
tained by substituting x; =x,=),=0.25, n;=0, n,=0,
and y;=0 into Egs. 6, (7), (8), (9) and (10), to give
Eq. (12) [11, 12].

[N (Vi) 3] O2.67Ha g7 + 1.330H +0.33K* 2

discharge
[N (K)y 5] OrHis +1.33H:20 4 1e-
(12)

The discharge of the 3y material involves the incorpo-
ration of interlamellar protons, and the release of
potassium ions from the nickel vacancies [11, 12].
However, the discharged material does not contain
protons on the nickel vacancies as did the as-deposited
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material of Eq. (11) (see left-hand side). Consequently,
the oxidation state of the 2o material is 2.67 rather than
the 2.0 of the o material. This change in point defect
structure explains the change of 1 electron/Ni as ob-
served by Corrigan and Knight [22] and by Barnard
et al. [5].

Similarly, the 2-3f cycle is considered to exhibit a
defect content of 0.11 [11, 12]. This reaction is obtained
by substituting x;=x,=0.11, n;=0, y;=y,=0 and
n,=1 as shown in Eq. (13). These formulae are again
comparable to the empirical formulae reported in the
literature [5]. In contrast to the 20-3y cycle, each va-
cancy in the 2/-3f cycle exchanges a proton rather than
a potassium ion. Again a 1 e~ change/Ni is predicted.
However, if the charged material contains more than 1
proton per vacancy, then the electron change will be less
than one. The empirical formula given by Barnard
et al.[5, 6] actually corresponds to a material with 3
protons per Vy;. It is important to keep in mind that
reactions (11), (12) and (13) are in reality three examples
of what is really a continuum of structures, all of which
are represented by reaction 6.

[Ni2.25 (VNi)o‘ 12] 0725H3 25
char,

LOH =

discharge

[Ni**(H), ;5] 0225H 112 + HoO + le~
(13)

While Kim et al. [7] also used the defect model
developed by Cornilsen et al. [23] to analyze their data,
they assumed that all variations in capacity occurred due
to incomplete removal of interlamellar protons on
charge (i.e., z<1). They also assumed that the dis-
charged material contained one proton per nickel va-
cancy (i.e., n; =1, y;=0, x;=0.25), and that on charge
this proton was replaced with a potassium ion (i.e.,
V>=x,=0.25). The limitation of their assumptions is
that changes in mass and capacity were linked through a
single parameter, z. More importantly, their assump-
tions limited the ability of the point defect model to
correctly fit their data in several ways. First, they were
unable to explain the large capacity seen during the first
charge (i.e., formation). As we shall see, this is because
they set n; equal to 1. The authors ignore experimental
data from the first charge, the formation process.
Finally, using n; =1 with a defect content of 0.25, the
maximum oxidation state for nickel is limited to 3.33,
which is well below the reported literature value of 3.67
[15, 22]. This prevented them from understanding any
process involving an oxidation state above 3.33, e.g. any
fading process involving a higher oxidation state.

Experimental

Films of nickel hydroxide were deposited electrochem-
ically on a 0.196-cm? gold substrate sputtered on a
quartz crystal in a procedure described in detail else-

where [20, 24]. Prior to deposition, the crystals were
immersed for a few seconds in a freshly prepared 3:1
mixture of concentrated sulfuric acid and hydrogen
peroxide (Piranha reagent) and then rinsed of reagents
using deionized water (resistivity 18 MQ cm). The films
were deposited at room temperature in a bath con-
taining 1.8 M Ni(NO;), and 0.075 M NaNO; in a
solvent of 50% v/o ethanol using a cathodic current of
1.0 mA (5.1 mA/cm?). The mass of the film was mon-
itored using an EQCM (EG&G model QA-917), and
the current was switched off once the mass reached
67 pg. It was observed that deposition continued as a
result of the alkaline pH at the electrode surface. Once
the mass change was negligible, the deposition solution
was quickly drained from the cell and the deposited
film was washed in deionized water. This procedure
resulted in films of mass 69.1+0.1 pg. In order to
determine the moles of Ni in a film, five films were
stripped with 1.0 ml of dilute nitric acid (pH=1.0) and
further flushed with 3.0 ml of degassed, deionized wa-
ter. The resulting 4.0 ml of solution was injected into
an ion chromatograph (DIONEX) and the moles of
nickel were determined from the concentration and
volume of solution. Dividing the mass of the film by
the moles of nickel gave an average molecular weight
for the five films of 121 £6 g of as-deposited material
per mole of nickel. Films cycled in 3% KOH for 25
cycles were found to have a similar nickel content,
indicating no loss of nickel on cycling.

For galvanostatic charge/discharge experiments,
aqueous 3.0 wt% KOH solution was placed in the
EQCM cell containing a nickel hydroxide film. These
studies were carried out in 3.0 wt% KOH so as to
maintain the system in the o—y electrochemical cycle.
Low KOH concentration favors the o—y cycle. Higher
KOH concentrations, although used in commercial
batteries, favor aging to the f—f electrochemical cycle [5,
11, 12]. The cell also contained a SCE reference and a
platinum counter electrode. An EG&G M273 po-
tentiostat/galvanostat was used to control the current,
and the mass was monitored by the EQCM. Experi-
mental control and data acquisition were achieved using
the M270 software.

Experimental results

Figure 2 shows the potential profiles for the first two
charge and discharge cycles for a 69.1-pg nickel
hydroxide film. On charge, the oxidation of nickel is the
main reaction between 0.30 and 0.33 V vs. SCE. How-
ever, at these voltages a fraction of the current is also
going into the oxygen evolution reaction

40H™ — 0,4 2H,0 +4e~ 0.175V vs. SCE  (14)

As the nickel becomes fully oxidized (i.e., z — 1), more
of the current goes into reaction (14) and the voltage
rises. At approximately 0.425 V, the material is fully
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Fig. 2 First two constant 0.45 T T T T T T
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charged and oxygen evolution becomes the sole reaction.
Figure 2 also shows the potential profiles on discharge.
The sharp drop in potential at long times corresponds to
the end of discharge (i.e., z=0).

Potential profiles similar to those shown in Fig. 2
were used to calculate the capacity transferred to or
removed from the film per original mass of film, Q. The
capacity is the product of the time required to fully
charge or discharge the material, t (designated by X on
Fig. 2), and the applied current. The resulting charge
and discharge capacities for nine cycles are shown in
Fig. 3, where the symbols are a mean of 3—4 data sets
and the error bars represent the high and low values.
The larger error bars on the charge compared to the
discharge are due to greater uncertainty in identifying

the end-of-charge point, as these are not as clearly de-
fined on the curve. The greater capacity on charge is due
to the increased oxygen evolution compared to dis-
charge. In order to estimate the true capacity of the
nickel electrode, the data in Fig. 2 must be corrected for
the oxygen reaction.

The following equation is used to convert the
capacity in Fig. 2 to electrons transferred per nickel

eOM?
,14=—QF1 (15)

where M, is the molecular weight of the film in the as-
deposited state (121 g/mole Ni). € is the fraction of the
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applied current that has gone into the nickel reaction
during the course of the charge or discharge. This
quantity was evaluated by correcting for the oxygen
evolution reaction as described previously [25].

This procedure was repeated for each of the films
for the Ist, 6th and 9th cycles. It was found that the
charges were approximately 17-20% inefficient, and the
discharges were only 0.6-2% inefficient. Accounting for
this inefficiency, it was seen that the charge and dis-
charge capacities were within 2% of each other.
Therefore, past the 1st cycle the capacity of the film on
charge is the same as the capacity on the subsequent
discharge. The electrons transferred per nickel are
shown in Fig. 4. Again, the symbols are a mean of 3—4
data sets, and the error bars represent the high and low

1 2 3 4 5 6 7 8 9
Cycle Number

values. These data exhibit three characteristics that are
consistent with previous literature observations: (a)
approximately 1.67 electrons per nickel are transferred
in the first charge [22]; (b) 1.0 electron per nickel is
transferred during the subsequent discharge and charge
[22]; and (c) the following discharge and charge
capacities steadily decrease with cycling [8, 15]. It
should be noted that the less than 1 electron estimated
in this figure cannot be explained by the traditional o—y
and the p—f cycles as both these reaction suggest
electron transfers >1.0.

Using the average number of electrons transferred
and considering that the as-deposited material has an
oxidation state of 2.0, the variation in oxidation state is
calculated as shown in Fig. 5. As the material is cycled,
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Fig. 6 Variation of film mass
during charge/discharge of a 70-
ng nickel hydroxide film. The
mass increases during charge
and decreases during discharge,
as measured using the EQCM.
The current used is 0.1 mA
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the discharged state reaches a steady value close to 2.6.
The charged material, on the other hand, starts with an
oxidation state of 3.63 and on cycling the oxidation state
drops to 3.39 by the ninth cycle in a manner consistent
with Fig. 4 (i.e., consistent with the number of e~
transferred).

It is worth noting that a 3.67 upper oxidation state
of the charged electrode (resulting from a 1.67 electron
transfer) has previously been argued from oxidation
state measurements done by chemical titration [5, 10,
21]. The data in Fig. 4 show the first robust estimate of
this number based on counting coulombs and correct-
ing for the side reaction. Note that Corrigan and

Cycle Number

Knight [22] attempted to estimate this number by
counting coulombs; they did so by arbitrarily assuming
that the main reaction was the sole reaction until the
potential was 20 mV below the oxygen evolution pla-
teau, at which point, the reaction was assumed to be
complete. In addition, the data in Figs. 4 and 5 show
that, although the capacity on charge is all recovered
on discharge, the electrode exhibits capacity fade.
Furthermore, these data argue that the fade is caused
by an inability to charge the electrode to a higher
oxidation state. This contrasts with other explanations
of capacity fade which suggest that the cause is the
inability to discharge at this potential and the need for
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a greater driving force (the formation of the so-called
“second discharge plateau”).

Using the EQCM, the mass change of the film was
also monitored during charge and discharge. The results
from the first two cycles are shown in Fig. 6 as a func-
tion of time. Consistent with previous results, the mass
of the film increased on charge and decreased on dis-
charge [7, 8, 15, 16]. In addition, the mass change is
negligible at the end of the charge as the oxygen evolu-
tion reaction does not produce a mass change. The total
change in mass following complete charge and discharge
is shown in Fig. 7 for the first nine cycles and is repre-
sented as the change in molecular weight (weight change
divided by number of moles of Ni). Again, the symbols
are a mean of 3—4 data sets, and the error bars represent
the high and low values. The magnitude of the mass
change is greater on charge than on the discharge, as is
clearly seen in Fig. 6. This is true for all cycles, and it
results in an overall increase in the mass of the film on
cycling. This is consistent with previous observations
[16] Although the total mass of the film increases with
cycling, the mass change from cycle to cycle decreases.
For example, the mass reduction during the first dis-
charge was approximately 5.3 g/mol Ni, but that for the
ninth discharge was only 3.3 g/mol Ni.

Qualitative influence of defect parameters on capacity;
five scenarios

In this section, five scenarios are presented to demon-
strate how systematic variation of certain defect
parameters influences the capacity (i.e. the number of
electrons transferred). These provide a qualitative pic-
ture of the changes in structure of the films during early
cycling and show which parameters are likely to change
in order to be consistent with five experimental obser-
vations noted previously. In summary, these five obser-
vations are: (a) 1.67 electrons per nickel are transferred
in the first charge; [22] (b) 1.0 electrons per nickel are
transferred during the subsequent discharge and charge;
[22] (c) the charge and discharge capacities decrease with
further cycling; [8, 15] (d) the total mass of the film in-
creases with cycling; [16] and (e) the mass of the film
increases on charge and decreases on discharge [7, 15,
16]. To provide this qualitative picture, the defect model

Table 1 The five scenarios, generated from five unique combina-
tions of defect parameters, used to generate the number of electrons
transferred in Figs. 8 and 9. When y,=x,, none of the nickel
vacancies are occupied by protons and therefore n, is zero. The

and Eq. (10) are utilized to predict changes in capacity
of the active material during successive charge/discharge
cycles using appropriate values of the defect parameters
X, Vi, and n;, Comparison of these predictions with
experiment provides insight into which parameters are
changing as nickel hydroxide films are cycled. Equa-
tion (10) does not include the mass effects (observations
d and e), but the predicted qualitative changes in mass
accompanying these capacity variations must be con-
sistent with the observed mass changes.

Although one could study numerous combinations of
the eight defect parameters (four each, x;, y;, n;, and X, ;,
in the charged and discharged state), five scenarios are
presented, as listed in Table 1. These not only provide
insight into how these parameters affect capacity, these
also reflect the reaction models postulated in the litera-
ture to explain observed capacity and mass changes
during cycling. The number of electrons transferred for
each charge and discharge is calculated using Eq. (10),
as a function of cycle number and the defect parameter
variations listed in Table 1. For illustrative purposes, the
parameters are varied linearly with cycle number. The
numbers of electrons transferred per nickel vs. cycle
number for scenarios 1-3 are plotted in Fig. 8, and those
for scenarios 4 and 5 are plotted in Fig. 9.

Scenario 1 describes a 2a—3y cycle (i.e., x=0.25),
where K" is inserted on charge and progressively more
of the potassium ions remain on the Ni vacancies with
cycling upon each discharge (i.e., y; increases from 0 to
0.25). Scenario 2 describes the conversion of the material
from the 203y to the 2-3f cycle (i.e., x decreases from
0.25 to 0.11). For illustrative purposes, the decrease in
defect content is assumed to occur on the discharge
while on charge the defect content is unchanged. As the
defect content of the film decreases with cycling, so does
the amount of potassium exchanged. On discharge, two
protons replace the potassium ions on the nickel
vacancies (i.e., n; =2). Scenario 3 describes a film con-
verting from the 25-3f to the 203y cycle (i.e., x in-
creases from 0.11 to 0.25). Here, the increase in x has
been taken to occur on the charge, with x unchanged on
discharge. However, unlike scenario 2, no protons re-
place the potassium ions on discharge (i.e., n; =0). Sce-
nario 4 describes a 203y cycle (i.e., x=0.25), where
progressively less of the potassium ions are incorporated
on the Ni vacancies during charge (i.e., y, decreases

parameters that vary in a given scenario are assumed to change
linearly with cycle number. For all five scenarios listed, the number
of protons on the nickel vacancies of the as-deposited material is
2.0 (i.e the initial oxidation state is 2.0). NA—not applicable

Name X X2 » » ny ny
Scenario 1 0.25 0.25 0— 0.25 Xo 0 NA
Scenario 2 0.25 - 0.11 0.25 = 0.11 0 X5 2 NA
Scenario 3 0.11 — 0.25 0.11 = 0.25 0 X 0 NA
Scenario 4 0.25 0.25 0 0.25 - 0.11 0 2
Scenario 5 0.25 - 0.11 0.25 — 0.11 0 025—-0 0 2
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from 0.25 to 0.11). The vacancies not filled with potas-
sium are instead filled with two protons (i.e., n,=2).
Scenario 5 is a combination of scenarios 2 and 4, where
the material is converting from the 203y to the 25-3f
cycle with two protons replacing potassium ions on the
Ni vacancy during charge. Note that the potassium ion
content decreases at a greater rate than the decrease in
the defect content. All five scenarios involve incorpora-
tion of potassium ions into the Ni vacancy on charge,
which is consistent with observation (¢), i.c., a mass in-
crease is observed on charge.

Figure 8 reveals that scenario 1 results in a 1.67
electron transfer per nickel in the first charge and a =1.0
electron transfer in the subsequent discharge, consistent
with observations (a) and (b). However, this scenario
results in an increase in capacity on cycling, which is
inconsistent with observation (c). As progressively less
potassium is exchanged, the change in the oxidation
state of nickel increases. Therefore, one can conclude
that the increase in mass on cycling, observation (d), is
not due to an increase in the amount of potassium ions
remaining on the Ni vacancy, as suggested by previous
researchers [16].

While scenario 1 shows an increase in capacity on
cycling, scenario 2 exhibits a decrease in capacity,
consistent with observation (c). However, this decrease

2 3 4 5 6 7 8 9
Cycle Number

in capacity with cycling occurs steadily from 1.67 to
1.25 electrons per nickel, which is inconsistent with
observation (b). This large electron transfer (>1) on
discharge is due to the replacement of potassium ions
with two protons. Since n; =2, the oxidation state of
the discharged material is 2.0 after each cycle. The
oxidation state of the charged material decreases stea-
dily from 3.67 to 3.25. If n; were set equal to 1, rather
than to 2, the number of electrons transferred would
decrease from 1.3 to 1.1 for cycles 2-9, and if n; =0 a
1.0 electron transfer would occur during each cycle.
These results are in disagreement with observations (b)
and (c), respectively.

In contrast to scenarios 1 and 2, scenario 3 predicts a
slight decrease in the discharge capacity on cycling as the
number of electrons transferred decreases from 0.95 to
0.94. However, the first charge results in a 1.25 electron
transfer as opposed to the 1.67 electron transfer noted in
observation (a). This is a consequence of starting with
a defect content of x=0.11. The only way to achieve a
1.67 electron transfer on the first charge is to start with a
defect content of x=0.25.

While scenarios 1-3 show results that are inconsistent
with one or more of the experimental observations (a)—
(e), scenarios 4 and 5 (shown in Fig. 9) are consistent
with all five observations. The reason these scenarios are
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consistent with the experimental observations is
that progressively less of the potassium ions are
incorporated onto the Ni vacancies during charge. Fill-
ing a nickel vacancy with two protons in the charged
state rather than a potassium ion results in a decrease in
the oxidation state of the charged material in order to
compensate for the extra positive charge. In scenario 4,
the oxidation state of the discharge material remains at
2.67, and therefore the number of electrons transferred
decreases.

Scenario 5 is similar to scenario 2 in that both result
in a decrease in capacity on cycling. The major quali-
tative difference between these two scenarios, though, is
that scenario 2 shows a steady decrease in capacity with
cycling while scenario 5 shows a sharp capacity decrease
between cycles 1 and 2. The discontinuity in scenario 5 is
due to the fact that there are no protons in the dis-
charged material past the as-deposited state. This means
1.67 electrons are removed on the first charge but only
1.0 electrons are reinserted on the subsequent discharge.
In contrast, scenario 2 always has two protons re-
intercalated into the defects after each discharge, thus
allowing 1.67 electrons to be reinserted during the first
discharge.

Although both scenarios (2 and 5) show a steady
decrease in capacity during cycles 2-9, this decrease

2 3 4 5 6 7 8 9
Cycle Number

occurs for different reasons. In scenario 2, the oxidation
state of the discharged material is always 2.0 because
y1=0 and n, =2, but the oxidation state of the charged
material decreases because the defect content decreases.
In scenario 5, both the oxidation state of the charged
and discharged material decreases as x decreases.
However, the oxidation state of the charged material
decreases faster than the discharged material resulting in
a net decrease in the number of electrons transferred.
This greater decrease in the charged state is caused by y»,
being less than x,. If y, were equal to x, then the number
of electrons transferred would be 1.0 for each cycle ex-
cept for the first charge. The greater the difference be-
tween y, and x», the larger the decrease in capacity. Note
that intercalation of three protons rather than two in
scenarios 4 and 5 would also show a decrease in capacity
with cycle number, but the decrease would be even
greater.

The decrease in capacity seen in scenarios 4 and 5 can
also be achieved by setting x;=0.25 and n;=0. This
would fix the oxidation state of the discharge material at
2.67. Then if x, progressively decreased on each cycle,
with y, =x,, the oxidation state of the charged material
would decrease, thus decreasing the capacity.

From these five different scenarios, some broad con-
clusions can be drawn on the possible ways to explain



the experimental observations of cycled nickel hydrox-
ide.

1. The 1.67 electron transfer on the first charge can only
be achieved by starting with a defect content of
x=0.25 and removing a net positive charge from
each Ni vacancy. The net result is a nickel oxidation
state of 3.67 after the first charge. Coupling this with
a mass increase on charge, observation (e), it is most
likely that the removal of a positive charge from the
Ni vacancy occurs via the exchange of two protons
with one K* as opposed to removing one proton
with no potassium exchange.

2. The 1.0 electron transfer in the first discharge is only
possible by having an empty vacancy on discharge
(i.e., n1=0 and y;=0). Although a 1.0 electron
transfer would occur regardless of the value for x,
taking observations (a) and (b) together means
x=0.25, and the oxidation state of nickel on the first
discharge goes from 3.67 to 2.67.

3. The decrease in capacity of the active material below
1.0 electrons transferred per nickel can be achieved
by (i) increasing the oxidation state of the dis-
charged phase to above 2.67 and/or (ii) decreasing
the oxidation state of the charged phase to below
3.67. The experimental data shown in Fig. 5 indicate
that the latter is the cause for this decrease. That is,
the capacity decrease is caused by a decrease in the
oxidation state of the charged material. This de-
crease could occur by either progressively filling the
Ni vacancy with more than one charge-compensat-
ing ion (ie., two or more K* or H") or by
decreasing x, with cycling while keeping x; constant.
This latter scenario seems unlikely since the defect
content would be increasing and decreasing signifi-
cantly during each charge/discharge cycle. It is un-
likely that this repeated expanding and contracting
of the lattice could occur on the time scale of each
cycle. This oscillating defect content would also put
undue stress on the crystal lattice. Therefore, the
steady decrease in the oxidation state of the dis-
charged material is most likely due to the filling of
the Ni vacancy with more than one charge-com-
pensating ion. The size of a potassium ion makes it
improbable that two of these cations can be
accommodated on one vacancy. It is more likely
that an increasing number of vacancies are filled
with more than one proton (i.e., n, >1) on cycling.
For this to occur, y, must decrease and/or n, must
increase with cycling.

Extracting defect parameters from experimental data

Two of the four defect parameters (x;, y,, n;, and Xy, ;)
which define each state-of-charge, discharged (i=1)
and charged (i=2), are evaluated sequentially by cou-
pling the capacity and mass change data (as molecular
weight) in Figs. 4 and 7 with Eqgs. (4), (5) and (10). The
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other two defect parameters must be defined by other
means.

The defect parameters [11, 12] in the as-deposited
material are fully defined by using the molecular weight
of the as-deposited material (i.e., 121 g/mol Ni) and the
following two experimental observations [5, 10, 21]:
First, the as-deposited material has a nickel oxidation
state of 2.0. Secondly, the as-deposited material contains
no potassium; therefore, nickel vacancies in this material
are void of potassium (i.e., y;=0). Coupled with
observation 1, this means that n; =2. The value of x; will
be taken to be equal to the value of x, obtained during
the first charge (0.25), as explained in the following
paragraph. These three defect parameters, n; =2, y; =0,
and x; =0.25, together with the molecular weight, allow
calculation of the water content for the as-deposited
material, Xy:°, as 0.69 mol of water per mole of lattice
sites. Note that Xy, is actual, molecular water (i.e. in-
terlamellar or pore water) and is different than the 0.67
H,O reported by Bode et al. [26] and by Barnard et al.
[5] for the “‘activated” « phase material. The water re-
ported in the Bode et al. empirical formula (where
y=0.67) is accounted for in the nonstoichiometric for-
mula as y additional OH™ groups and y/2 additional Vy;
which contain y protons [11, 12].

The value of x, will be held at 0.25 for this calcula-
tion. It is necessary to hold either x, or y, constant in the
calculation of the charged state defect parameters. It is
not possible to vary both y, and x, simultaneously. x,
will be held constant at this value for three reasons. First
of all, this value is consistent with x; values measured for
cathodic-o phases and charged phases in the literature
[11, 12]. Secondly, a high value for x; is consistent with
the 1.55-1.67 electron change observed (Fig. 4) and the
upper oxidation state (3.63) obtained during this first
charge (Fig. 5). The latter is gotten from the 1.63 elec-
tron change observed in the first charge (Fig. 4) relative
to the 2+ oxidation state of the as-deposited material
(experimental observation 1, above). Any decrease in
oxidation state from the 3.67 maximum will then be
accounted for by an increase in y,. Finally, an x, choice
less than 0.25 will limit the maximum allowed oxidation
state, which is undesirable. This upper oxidation state is
directly controlled by x [11, 12].

Having defined the x; value during the first charge
(i.e. x;=x,=0.25), two of the three remaining defect
parameters in the charged state can be determined from
two additional pieces of information, the capacity and
the mass change. The third parameter, n,, must be de-
fined to allow solution for y, and X,. Two options are
examined here, n, =2 or n, =3 (referred to as case i and
case ii, respectively). As seen from Figs. 4 and 6, 1.63
electrons/mol and 6.74 g/mol, respectively, are ex-
changed on the first charge. Therefore, Egs. (10) and (5)
are used to give y,=0.22 and Xy, =0.555 for n,=2, and
¥>=0.23 and X,,,=0.525 for n,=3.

It is now possible to calculate the defect parameters
for the discharged material. The above parameters for
the charged phase together with the capacity and mass
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change during the first discharge (holding n;=0 and
x1=0.25) allow calculation of y; and X, for case i and
for case ii. This sequential process is continued until y;
and X,,,; are determined for each successive charge and
discharge cycle. The results are shown in Figs. 10 and
11, respectively. Cycle ‘0’ represents the as-deposited
material in these figures.

From the above results, the changes in structure over
these nine cycles are understood as follows. During each
charge, the potassium content increases (y, > y;); how-
ever, after the first charge, the vacancies are not all filled
with potassium ions during charging, and y, decreases
with cycling. The vacancies that do not hold a potassium
cation are instead filled with either two or three protons

4 5
Cycle Number

(n»), case 1 or case ii, respectively. A material with three
protons on the nickel vacancy is consistent with the
empirical formula given by Barnard et al. [6, 27], for
which the point defect representation has been shown to
contain three protons on the Ni vacancy [11, 12]. As the
material is cycled, the potassium content of the dis-
charged phase (y;) drops to a lower, but non-zero,
constant value, and the charged state (y,) has progres-
sively less potassium ions intercalated. This decrease in
v, with cycling is clearly seen in Fig. 10. The significant
difference between case i and case ii is the calculated
potassium content in the charged state. While case i
results in a dramatic change in y, over the ten cycles,
case ii displays a more moderate change. This is because



case ii, with the greater number of protons, requires
fewer vacancies to achieve the requisite oxidation state.
With cycling, the number of excess protons increases,
and the fraction of Ni*" in the lattice decreases: hence,
the average oxidation state of nickel in the charged state
decreases (see Fig. 5).

The increase in the water content of the films is shown
in Fig. 11 where the moles of water per mole of nickel
(X, ;) are tracked as the film is cycled. Both cases i and ii
produce the same qualitative effect in the early cycles,
with water expulsion during charge and incorporation
during discharge. However, for case i these two curves
cross so that this behavior is reversed for the later cycles;
water is incorporated during charge and pulled out
during discharge. This is caused by a more rapid de-
crease in potassium incorporation during charging for
case 1; the increase in mass is instead accommodated by
incorporating more water into the lattice. However,
both cases (i and ii) predict a steady increase in water
content on cycling the film. This is consistent with lit-
erature observations [13]. This increase in water content
is the major cause of the mass increase observed during
these nine cycles. This process explains the electrode
swelling phenomenon.

An alternative calculation can be carried out in which
the x; values are allowed to vary on each discharge, and
v is held constant. Instead of determining the series of
1 and X, values on each discharge after the first charge
(as done above, with x; and x, held at 0.25), the series of
x; and X, values can be calculated holding y; constant
at zero after the first cycle. This calculation allows a test
of the above assumption that x; was both large and
constant. Again, n; is taken to be zero. This results in an
x value of 0.235, a slight decrease from the previous
value of 0.25, and it remains constant for cycles 2-9. For
the charge cycles, values of y, and X, are found to be
similar to those obtained in the above calculation, as are
the X, values upon discharge. This alternative calcu-
lation reiterates the above result, that the primary origin
of the decrease in capacity on cycling observed in Fig. 3
is caused by a decrease in y,.

The specific result, that x; and x, do not change
during this cycling, is actually not surprising. As noted
in ““broad conclusion” number 3 from the five scenarios,
a capacity decrease below 1 electron per nickel can occur
by either an oxidation state decrease in the charged
phase (3.ii and Fig. 5) or an oxidation state increase in
the discharged phase (3.1). To achieve the latter, x,
would have to change. However, Fig. 5 shows that the
discharged oxidation state is constant after the first cy-
cle, which eliminates the possibility of x; changing.

Conclusions

Experimental capacity (i.e. number of electrons trans-
ferred per nickel) and mass-change data for thin films
of nickel hydroxide were analyzed during cycling using
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a point defect-containing structural model. Four un-
ique nickel-electrode property variations, and their
relation to changes in point defect parameters, were
determined:

(i) During the first charge, 1.67 electrons per nickel
atom were removed from the film, resulting in a
maximum nickel oxidation state of 3.67. The large
magnitude of this transfer (> 1) is a direct result of
the 0.25 vacancy content of the cathodically
deposited o nickel hydroxide films. Two protons
are removed from each vacancy (in addition to the
de-intercalation of 1/2 of the interlamellar pro-
tons); and in turn, a K * ion is associated with each
vacancy, resulting in a 1.67 electron transfer. While
a vacancy content of 0.25 is large, such large values
have been discussed by Ruetschi for the MnO,
active material with values of 9% for electrolytic
manganese dioxide [28]. In addition, the authors
discussed materials with values as large as 25%,
comparable to those proposed in this study.
During the first discharge, 1.0 electrons per nickel
atom were added back to the film, resulting in a
discharged oxidation state of 2.67. The K™ de-
intercalates and the nickel vacancy is left vacant,
resulting in a 1.0 electron transfer.

During each successive charge, the upper limit of
the nickel oxidation state is diminished, thus
diminishing capacity (i.e., capacity fade). This
capacity fade occurs because the upper limit of the
potassium content decreases while the proton
content of the nickel vacancy increases.

The water content of the film decreases on charge,
increases on discharge, and gradually increases on
cycling. This provides for the gradual increase in
the total mass of the film and explains the elec-
trode-swelling phenomenon.

(i)

(iif)

(iv)

This structural variation explains the variable elec-
trochemical properties in terms of varying nonstoichi-
ometry, i.e. changes in the point defect parameters.
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