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The transition to Ni-based battery cathodes enhances the
energy density and reduces the cost of batteries. However, this
comes at the expense of losing energy efficiency which could
be a consequence of charge–discharge hysteresis. Here, a
thermodynamic model is developed to understand the extent
and origin of charge–discharge hysteresis in battery cathodes
based on their cyclic voltammograms (CVs). This was possible
by defining a Gibbs energy function that weights random ion

insertion/expulsion, i. e., a solid solution pathway, against
selective ion insertion/expulsion, i. e., a phase separation route.
The model was verified experimentally by the CVs of CoOOH
and Ni(OH)2 as solid-solution and phase-separating cathodes,
respectively. Finally, a microscopic view reveals that phase
separation and hysteresis are a consequence of large ionic radii
difference of the reduced and oxidized central metal atoms.

Introduction

Ion-insertion batteries are probably the most efficient and clean
energy packages at present that are preferred by automobile
industries. Li-ion batteries based on LiCoO2 or LiNixCoyMnyO2

(NMC, 1 :1 :1) cathodes have been trend-setting for the last
three decades. However, Ni-rich cathodes offer a higher energy
density and the natural abundance of nickel is higher, but they
suffer from poor structural performance stability and energy
efficiency.[1,2] At a macroscopic level, this problem manifests in
energy losses during a charging-discharging cycle. This phe-
nomenon could be a consequence of charge–discharge hyste-
resis which is an inherent feature of not only Ni-based
cathodes,[3–5] but also many other battery materials[6–8] including
the prototypical LiFe2O4.

[9,10] Charge–discharge hysteresis in
batteries has recently attracted an increasing attention but is
yet poorly understood, because contrary to soluble redox
species, the electrochemical thermodynamic and kinetics of
solid redox systems have not been developed as much.[11–13]

The majority of the present models for solid redox systems
are based on kinetics that have a serious difficulty. The
strongly-interacting solid redox species make any governing
differential equation non-linear, in contrast to soluble species
that can be described with the linear equations of Fick’s law[14]

or the Butler-Volmer equation. In addition, contrary to the semi-

infinite diffusion assumed for soluble species, the initial
condition is not well-defined in the solid phase. For instance,
recently Doménech-Carbó has approximated the nonlinear
behavior of solid redox species with a logistic equation –
though warranted only for discrete phenomena – but without
defining the initial condition.[15] A similar problem also exists for
the cumbersome kinetic equations recently proposed for solid
redox monolayers.[16–19]

Laviron was probably the first to use a thermodynamic
model to describe the voltammetry of interacting adsorbed
species based on the Frumkin isotherm,[20,21] which later was
further employed to describe the intercalation electrochemistry
of lithium-ion batteries.[22,23] These models that are based on
adsorption isotherms or solid-solution treatment of redox
species[24] give trivial information about the insertion electro-
chemistry and the phase transitions, missing a microscopic
insight or physical explanation for the underlying interactions.
In fact, since ion-insertion models are generally based on the
knowledge of surface adsorption, “interaction” is treated as if it
occurs among the insertion ions in the solid. As of today, there
is no thermodynamic model to understand the cyclic voltam-
metry data of solid redox species such as those of battery
materials, and the underlying interactions and the charge–
discharge hysteresis in battery systems remain an anomaly.

Here, we present a thermodynamic model to understand
the voltammetric data of battery cathodes, e.g., CoOOH and
Ni(OH)2. This model is based on the interactions among the
solid redox species and captures the CV features such as the
Full Width at Half Maximum (FWHM) and peak separation. It
reveals that charge–discharge hysteresis is a consequence of
phase separation, i. e., of an interfacial tension energy. Further-
more, a microscopic view of the materials reveals that phase
separation results from the radius change of central metal ions
during charge–discharge. For experimental simplicity, the
model is verified in aqueous solution, but it is also applicable to
non-aqueous systems, i. e., Li-ion battery, because the model is
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completely based on solid phase features (e.g., crystal lattice)
and does not consider liquid solution or interface features such
as ion diffusion and impedance.

Results and Discussion

Macroscopic View

In an aqueous environment, protons from the aqueous solution
are considered as the ions that are inserted and expelled in the
course of electrochemical reactions of the two cathode
materials (Eqs. 1–3):

CoO2 ðsÞ þ Hþ ðaqÞ þ e� .CoOOH ðsÞ (1)

NiOOH ðsÞ þ Hþ ðaqÞ þ e� .NiðOHÞ2 ðsÞ (2)

Or generally:

Ox ðsÞ þ Hþ ðaqÞ þ e� .Red ðsÞ (3)

For the latter equation, the Nernst equation can be
expressed as follows (Eqs. 4–6):

E1 ¼ E0 þ
RT
F
ln

aOxaHþ

aRed
(4)

E1 ¼ E0 þ
RT
F ln

gOxgHþ

gRed
þ

RT
F ln

COxCHþ

CRed
(5)

E1 ¼ E0' þ
RT
F ln

COxCHþ

CRed
(6)

E0 and γ denote the standard potential of the redox couple
and the activity coefficient. E0' is the formal potential that
incorporates activity coefficients, and other symbols have their
usual meaning. Since CHþ is the concentration of proton in the
electrolyte, and hence constant, we can define a new potential
that only depends on the concentrations of the redox couple
(Eq. 7). Thus, by re-arranging Eq. 6:

E ¼ E1 �
RT
F lnCHþ ¼ E0' þ

RT
F ln

COx

CRed
(7)

Since in a closed system we have Cox+ Cred= Ctotal or xox+
xred=1 based on mole ratios, Eq. 7 can be written as a function
of xred only, or in simple notation x, as follows (Eq. 8):

E ¼ E0' þ
RT
F ln

1 � x
x (8)

In other terminology that is used for lithium-ion batteries, x
is equivalent to the deintercalation level or fraction. Addition-
ally, Eq. 8 inherently assumes that there is no interaction among
the redox species, i. e., random ion (de)insertion, that is normally
the case of dilute soluble redox species.

In the next section, the mixing of Ox and Red species in this
redox system (Eq. 3) is considered.

Homogeneous System

The mixing entropy (ΔSmix) of a homogeneous system consist-
ing of Ox and Red species with no particle interaction, i. e.,
behaving like an ideal gas, is equal to:

DSmix ¼ kBlnW (9)

Where kB and W are Boltzmann constant and the number of
microstates, respectively. W can be determined by evaluating
the total number of distinguishable permutations of Ox and
Red entities as follows:

W ¼
N!

NOx!NRed!
(10)

In which NOx, NRed, and N are the number of OX and Red
entities and their sum, respectively. Since these are very large
numbers, their factorials can be estimated according to the
Sterling’s approximation (See Sec. 1.1, ESI). Hence:

DSmix ¼ � kB NOxln
NOx

N þ NRedln
NRed

N

� �

(11)

Eq. 11 can be alternatively expressed in mole ratios as
follows:

DSmix ¼ � kBN xOxlnxOx þ xRedlnxRed½ � (12)

Since kB= R/Na, where Na is the Avogadro constant, n = N/Na

is the number of moles, and xox+ xred=1, eq. 12 can be
expressed as a function of xred only or simply x:

DSmix ¼ � nR xlnx þ 1 � xð Þln 1 � xð Þ½ � (13)

Finally, we remind that the Gibbs energy of mixing (ΔGmix) is
equal to DHmix � TDSmix, in which the enthalpy of mixing (ΔHmix)
is zero for a non-interacting system. Hence, ΔGmix can simply be
obtained from eq. 13:

DGmix ¼ RT xlnx þ 1 � xð Þln 1 � xð Þ½ � (14)

ΔGmix is the molar Gibbs energy of mixing in a homoge-
neous system, and from here on it is shown simply as ΔGh.
When the two components interact with each other, the Gibbs
energy includes also an enthalpy term equal to Ax(1-x) with A
(Jmol� 1) being the proportionality constant. A can be converted
to a dimensionless parameter by setting A = gRT/2, where g is
an interaction parameter having values 0 � g < 4 with the
higher g values indicating stronger repulsive/attractive inter-
actions. Adding this enthalpy term to Eq. (14):
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DGh ¼ RT xlnx þ 1 � xð Þln 1 � xð Þ þ
g
2

x 1 � xð Þ
h i

(15)

DGh can be differentiated with respect to x to get the chemical
potential (μ):

m ¼
dDGh

dx ¼ RT ln
x

1 � x

� �
þ

g
2 1 � 2xð Þ

h i

(16)

If we set up an electrochemical cell to measure μ, we have
μ= –F(E-E0') for a one-electron transfer reaction, with F and E0'

denoting the Faraday constant and the formal potential vs. the
reference electrode. Hence, substituting for μ in Eq. 16:

E � E0' ¼
RT
F ln

1 � x
x

� �

þ
g
2 2x � 1ð Þ

� �

(17)

Eq. 17 maybe compared with the Nernst equation modified
by the one-parameter activity model, i. e., the Margules
expression.[25] Furthermore, Eq. 17 reduces to the Nernst
equation (Eq. 8) for g =0.

Next, we extract the electric current from Eq. 17. First, the
chain rule is applied to the differential definition of electric
current as follows:

i ¼
dq tð Þ
dt
¼
dq tð Þ
dE

dE
dt (18)

In which the first and second term are differential
capacitance (Cdif) and potential scan rate (ν), respectively. We
remind that by using the Faraday rule the mole ratio can
alternatively be expressed as x = q(t)/q1 with q1 denoting the
total charge. Hence, q(t) in Eq. 18 is substituted with q1x as
follows:

i ¼ q1v
dx
dE (19)

Now, by evaluating dx/dE from Eq. 17 and substituting it in
Eq. 19, the current is obtained as follows:

i ¼
Fq1n

RT
x 1 � xð Þ

gx 1 � xð Þ � 1

� �

(20)

Eq. 20 in combination with Eq. 17 describe the i� E curves,
or CV, of a homogeneous solid redox system under various
interparticle interactions (g).

Heterogeneous system

The interaction parameter g can be expressed in terms of three
types of interactions that exist in a two-component system: g =

aRedRed+ aOxOx� 2aOxRed with aRedRed, aOxOx, and aOxRed signifying
Red–Red, Ox–Ox, and Ox–Red interactions. Thus, when g =0
either there are no interactions (i. e., behaving like an ideal gas)

or the interactions are balanced. When g>0 the attractive
interactions among identical species, i. e., Red-Red or Ox–Ox,
are stronger, favoring phase separation (e.g., sparingly-soluble
salt). For these later particles to dissolve in each other to any
extent, that is to form a solid solution during charge/discharge,
they have to overcome an interfacial energy (ΔGi) between the
two phases in addition to the homogeneous Gibbs energy.
Thus:

DGt ¼ DGh þ DGi (21)

ΔGt is the Gibbs energy of the heterogeneous system. We
propose that ΔGi has the following form:

DGi ¼ RTgeax (22)

in which γ is the interfacial tension parameter that scales with g
(e.g., γ=2 g) and α is a symmetry factor between forward and
backward reaction with α for forward and (0.5� α) for backward
reaction (See Sec. 1.2, ESI). Contrary to a random ion insertion/
expulsion, if by going from Ox state to the Red state an Ox–Red
interface is created, the same interface cannot be re-established
in the backward direction. In other words, the higher the
interfacial energy of going from Ox to Red, the lower it can be
in the backward direction (Scheme 1). α=0.25 and 0 corre-
spond to completely symmetric and dissymmetric modes of
reaction, respectively.

Repeating the same process as in the previous discussion
gives the potential and current of the heterogeneous system.
The potential and current function for the forward reaction are
as follows:

fðE � E0Þ ¼ ln
1 � x

x

� �

�
g

4 1 � 2xð Þ � gaeax (23)

if ¼
fq1vx 1 � xð Þ

gð0:5 � a2eaxÞx 1 � xð Þ � 1 (24)

in which f = F/RT is used. Similarly, for the backward reaction, by
substituting α with 0.5� α in Eq. 23 and repeating the same
process for obtaining the backward current (ib):

ib ¼
fq1vx 1 � xð Þ

g 0:5 � ð0:5 � aÞ2eð0:5� aÞx½ �x 1 � xð Þ � 1 (25)

The first term on the right-hand side of Eq. 23 represents
random ion insertion/expulsion and the other two terms
represent non-random ion insertion/expulsion. if in Eq. 24
denotes the forward current and has the same form as that of
homogeneous equation (Eq. 20) except that g is not a constant
anymore. Both homogeneous and heterogeneous current
equations show a linear dependence of current (i) on scan rate
(ν), signifying a pseudocapacitive feature rather than a
diffusion-limited process.

Figure 1a illustrates simulated CV curves plotted based on
the homogeneous model for different g values. This simulation
predicts that under no inter-particle interaction (g =0), i. e.,
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random ion insertion/expulsion, the CV curves obey the
Nernstian behavior for which the full width at half maximum
(FWHM) is 90.6 mV (See Sec. 1.3, ESI), and as g increases the
FWHM decreases. These CV curves are similar to the voltam-
metric peaks that Conway obtained for redox monolayers
(adsorption pseudocapacitor) by assuming a Frumkin adsorp-
tion isotherm, and he further stated that a pseudocapacitive
ion-inserting compound would have the same voltammetric
peak.[26] Nevertheless, these narrow and symmetric CV peaks for
g¼6 0 are rarely observed experimentally for ion-inserting
compounds, because as shown above they correspond to an
ideal gas model and not a solid redox phase.

Figure 1b exhibits the CV curves plotted based on the
equations of the heterogeneous model (Eq. 23 and 24 for the

backward branch, and Eq. 23 with α substituted by 0.5� α and
Eq. 25 for the forward branch) for different γ values. Again γ=0
corresponds to the Nernstian system, but as γ increases it
creates two effects: 1) disproportioning the FWHMs for the
oxidation and reduction reactions and 2) hysteresis in the peak
potentials. The effect of α parameter is to create peak potential
hysteresis without changing the mid-peak potential (Figure S1,
ESI).

The homogeneous and the heterogeneous model were
used to analyze the cyclic voltammetry of CoOOH and Ni(OH)2
electrodes. Figure 2a and b exhibit the CV peak currents of
these electrodes at scan rates, ν, between 1 to 200 mVs� 1 in
0.1 MKOH. Both electrodes exhibit a linear relationship between
ip and ν, revealed by a slope of nearly unity for the respective

Scheme 1. An illustration of the electrode surface during oxidation accompanied with ion deinsertion (forward arrows) and reduction accompanied with ion
insertion (backward arrows) displaying a hysteresis loop due to different (de)insertion reaction modes, namely, frontal reaction (or deinsertion wave) and
uniform insertion reaction, respectively. The OX and Red denote oxidized and reduced particles. This reaction dissemetry is parametrized with α in Eq. 22.

Figure 1. Modelled CV curves of solid redox systems. a) a hemogeneous system with different interaction parameters based on equations 17 and 20, and b) a
heterogeneous system with different interfacial tension parameters based on Eq. 23 and 24 for the backward current and Eq. 23 which α substituted by 0.5� α
and Eq. 25 for the forward current (ν=5 mVs� 1, q=1×10� 5, T =298, and α=0.01). The potnetial axis represents E � E0 ' that is the overpotential.
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log(ip)–log(ν) curves. Thus, the application of the CV models to
these systems is warranted. Figure 2c displays an overlay of the
experimental CV of CoOOH and that of the homogeneous
model for the scan rate of 10 mVs� 1. The oxidation peak almost
completely overlaps with that from the model with FWHM=

90 mV, verifying a one-electron transfer reaction with nearly
random ion insertion/expulsion (Nernstian) behavior. During
reduction, however, a peak hysteresis of about 25 mV is
observed with g =0.2 and FWHM<90 mV, indicating a non-
ideal random ion insertion behavior.

Figure 2d illustrates the CV curve of Ni(OH)2 obtained from
experiment and the heterogeneous model with γ=6.2 and α=

0.09 at 5 mVs� 1. The high value of γ and a low value of α
indicate a strong dissymmetry in the ion (de)insertion reaction
modes. The FWHM is about 18 mV for oxidation indicating a
selective ion deinsertion, i. e., frontal reaction mode, but it is
about 30 mV for reduction indicating a smaller contribution of
the frontal reaction mode.

Microscopic View

During electrodeposition of CoOOH and Ni(OH)2, both films
crystalize in a layered structure intercalated with water
molecules, i. e., in an α phase,[27,28] and both electrodes undergo
a one-electron transfer proton insertion/expulsion reaction.
Furthermore, Co and Ni atoms are located just next to each
other in the periodic table. Nonetheless, as shown above,
Ni(OH)2 goes through a phase separation but CoOOH exhibits
almost an ideal series of solid solutions. This can be explained

by looking at the electronic configurations of the central ions in
the octahedral field of oxygens for these crystals before and
after oxidation (Scheme S1). In case of CoOOH ðt42ge

2
gÞ the

electron is removed from a non-axial orbital t42g
� �

with minimal

effect on the p� d electronic repulsion and polyhedral distortion,
but for Ni(OH)2 ðt

6
2ge

2
gÞ the electron is removed from an axial

orbital ðe2gÞ
[29] that significantly reduces the repulsion between

dx2 � y2 of nickel and the px of oxygen, causing a lattice cell
contraction. Kondrakov et al. have made similar observations
for Li-insertion in Ni-rich cathodes by X-ray diffraction
measurements.[30,31]

More specifically, removing an electron from the dx2 � y2

orbital of Ni creates a Jahn–Teller distortion effect by contract-
ing the xy plane and elongating the z axis bonds in order to
stabilize NiOOH ðt62ge

1
gÞ (polyhedral distortion is defined as the

variance of metal-oxygen bond lengths vs. mean bond
length[32]).

Here, we introduce a change in the ionic radii of the central
metal ions during oxidation (Δr) as a descriptor for phase
separation, i. e., γ= f(Δr), assuming that the compounds under-
go a well-defined one-electron transfer reaction accompanied
by one proton transfer, and that a reliable determination of
ionic radii is available. The determination of ionic radii (r) is
clearly influenced by coordination number (CN),[32] apart from
the oxidation state, electronic configuration, and a possible
polyhedral distortion mentioned above. In case of Ni(OH)2 and
CoOOH, the layered structure and octahedral configuration
(CN=6) are retained after oxidation, but the interlayer protons
change from 2 to 1 and 1 to 0 per metal atom,

Figure 2. The effect of potential scan rate on the CV peak currents for CoOOH (a) and Ni(OH)2 electrodes in 0.1 MKOH (pH=12.8). CV curves of CoOOH (c) and
Ni(OH)2 (d) at the scan rates of 10 and 5 mVs� 1 respectitvely in 0.1 MKOH (pH=12.8).
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respectively.[29,33–35] Furthermore, the most stable electronic
configurations of their d orbitals (low spin vs. high spin) should
be considered.[36] Table 1 lists the ionic radii (r) and ionic radii
difference (Δr) of Co and Ni central ions with octahedral
coordination considering an average polyhedral distortion
before and after oxidation.[32]

The difference in the Δr of the two redox couples has the
following consequence for the electrochemical ion-(de)insertion
reaction. CoOOH with Δr =0.01 Å shows nearly a random
oxidation of the atoms, i. e., random expulsion of the protons
(Scheme 2a), but for Ni(OH)2 with Δr =0.13 Å, the oxidation of
first few atoms creates an interfacial tension (Scheme 2b); it
destabilizes the next Ni2+ octahedrons due to the significant
contraction of the oxidized Ni3+ octahedrons, thus making the
frontal reaction mode preferable over the uniform reaction
mode. Because of this significant cell contraction, the removal
of first few electrons from the Ni(OH)2 electrode is difficult
which delays the onset oxidation potential (Figure 2d), but once
initiated it proceeds over a narrow potential range because of
the unstable juxtaposed Ni2+ octahedrons. Other cathode
materials from the literature also agree with this microscopic
view. For example, LiFePO4, a well-known cathode that under-
goes phase separation during charge–discharge, exhibits an
ionic radii difference of 0.135 Å between high-spin Fe2+ (r =

0.78 Å) and Fe3+ (r =0.645 Å).[32]

Futhermore, it was recently reported that for LiFe2O4, phase
separation can be inhibited in small crystal particles or at high

charge–discharge rates.[37,38] However, the present model states
that phase separation is an iherent feature in battery materials
with large lattice changes without diffusion limitation and
cannot be influenced by these two paramters. Evidence for this
claim is that, all of the Ni(OH)2 materials reported so far in the
literature, irrespective of their particle size and morpology or
the charge–discharge rate, exhibit the similar charge–discharge
hysteresis shown above. For example, recently nanosheets and
even monolayers of Ni(OH)2 were reported, but they also exhibit
the typical CV hysteresis of Ni(OH)2.

[39,40]

Finally, the effect of interfacial and solid ion diffusion on the
insertion electrochemistry was not treated here. Generally,
diffusion influences insertion reactions at high electrode
thicknesses (or large particle sizes) and high charge–discharge
rates.[41–44] In other words, when ion diffusion takes longer than
the time of experiment, the overall reaction is controlled by
diffusion; otherwise, the insertion reaction is surface-controlled
(or reaction-driven) as in the present study. Very recently,
Fraggedakis et al. showed for the phase-separating LixC6 single
particles that under diffusion control, the intercalation proceeds
through a shrinking-core mode with axisymmetric profiles, but
under quasi-equilibrium reaction-driven condition, intercalac-
tion proceeds in a frontal mode (intercalation wave)[45] as in the
present study. Nontheless, the effect of diffusion on the
intercalation pathways and its implications requires further
investigation.

Conclusion

Battery characterization with simple methods is very essential
for the development of batteries. Here, a thermodynamic model
is developed to study and even predict the hysteresis of ion
insertion/expulsion battery materials based on cyclic voltamme-
try. The model was experimentally verified for Ni(OH)2 and
CoOOH cathodes. The origin of charge–discharge hysteresis in

Table 1. Effective ionic radii of nickel and cobalt ions in two different
oxidation states with octahedral coordination (LS and HS stand for low-
spin and high-spin, respectively).[32]

Ion Radius (r, [Å] ) Δr [Å]

Co3+ 0.54LS

0.01Co4+ 0.53HS

Ni2+ 0.69
0.13Ni3+ 0.56LS

Scheme 2. A cross-sectional view of a crystal layer of CoOOH (a) and Ni(OH)2 (b) during oxidation. The blue balls exhibit hydrogen atoms. (Oxygen atoms,
which are located at the corners of octahedra, and polyhedral distortions are not shown for simplicity of presentation).
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these materials was related to phase separation and inability to
re-establish the same reaction path during backward reaction. It
was revealed that CoOOH forms nearly a solid solution, but
Ni(OH)2 undergoes a phase separation during charge–discharge.
The extent of charge–discharge hysteresis in these materials
was expressed with an interfacial Gibbs energy based on an
interfacial tension parameter and a path symmetry factor.
Furthermore, a microscopic view indicates that phase separa-
tion and reaction path dissymmetry are a result of large ionic
radii changes in the central metal atoms before and after
oxidation.

Finally, the present model has two important implications
for batteries:
I. The extent of phase separation and hysteresis in battery

electrodes can be predicted based on the Δr parameter that
establishes a criterion of ideally Δr =0 for a solid solution
behavior.

II. When batteries undergo phase separation during charge
and discharge, the dissimilar interfacial energies result in a
low energy efficiency, and their exponential increase cause
the reaction front to stop at some point, leading to a
capacity much lower than the theoretical one.

Experimental

Materials and methods

The chemicals Ni(NO3)2 · 6H2O, Co(NO3)2 · 6H2O, KOH, and KCl were
purchased from Sigma–Aldrich Company and used as received.
Lab-customized Pt rods (~0.38 mm diameter and 0.29-36 cm� 2

area) were used as current collector for the electrochemical
deposition of the samples. For the theoretical section, a Python IDE
was used to plot E(x) and I(x) functions against each other in the
range 0<x<1.

Electrode preparation

In order to prepare ion-insertion electrodes that are free from
diffusion effects, thin films of metal hydroxides were electro-
deposited on Pt rods as follows:

Ni(OH)2 electrode:. First, the Pt rods were cleansed carefully in
aqua regia for 5 to 10 minutes and washed with deionized water
(DI). The electrodeposition was conducted in the potentiostatic
mode, i. e., chronoamperometry, at room temperature (25.0 °C) on
the Pt rods from aqueous solution of 10 mM Ni(NO3)2 · 6H2O with a
deposition potential of � 0.85 V (vs. Ag/AgCl) for 1 minutes. After
deposition, the electrode was cleansed with DI water and left to dry
at room temperature for about 30 minutes.

CoOOH electrode: CoOOH electrodes were prepared in two steps.
First, Co(OH)2 is deposited by a similar procedure as above from an
aqueous solution of 0.1 M Co(NO3)2 for 5 s. Then, a cyclic voltammo-
gram is carried out between � 0.05 V and 0.35 V in a solution of
0.1 M KOH at a scan rate of 5 mVs� 1 to irreversibly oxidize Co(OH)2
to CoOOH.[46]

Electrochemical measurements

The electrochemical measurements were carried out in a three-
electrode configuration in aqueous solution using cyclic voltamme-

try (CV) on an Autolab (PGSTAT12) instrument. The as-prepared
electrodes, a Pt coil, and an Ag/AgCl (saturated KCl) electrode were
used as working, counter, and reference electrodes, respectively. A
salt bridge consisted of Agar and saturated KNO3 is used to avoid
chloride leakage and also to reduce the junction potential. The
potential of the reference electrode is 197.0 mV vs. standard
hydrogen electrode (SHE). All electrochemical measurements were
carried out at 25 °C which is also assumed in the theoretical section.

The cyclic voltammograms (CV) were recorded in 0.1 MKOH (pH=

12.8) and each CV repeated at least 5 times with different
electrodes to ensure the reproducibility of the CV curves and the
current-scan rate relationships.
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