Electrochemical characterization of nickel hydroxide
nanomaterials as electrodes for Ni-MH batteries
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Abstract [3-Nickel hydroxide was successtully synthesized
by a hydrothermal method. Nano-nickel hydroxide material
was charactetized by X-ray diffraction, infrared absorption
spectroscopy, and transmission electron microscopy. They
were employed as additives to the positive electrode of Ni-
MH batteries. Working electrodes, with mixtures of comumer-
cial nickel hydroxide and nano-nickel hydroxide (010 wt.%)
as active material, were prepared. Cyclic voltammetry, charge/
discharge profiles, and electrochemical impedance spectros-
copy studies were cartied out to evaluate the electrochemical
performance of the nickel electrode, in 7 M KOH electrolyte,
at 25 °C. The presence of nano-nickel hydroxide improves the
electrochemical behavior of the active material. The electro-
chemical impedance spectroscopy (EIS) results were analyzed
employing a modified version of previously developed phys-
icochemical model! that takes into account the main structural
and physicochemical parameters that control these systems.
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Introduction

In the last decades, there has been much interest focused on
the development of devices as alternative energy sources.
Among them, alkaline rechargeable batteries such as Ni-MH
and Ni—Cd are widely emploved in today’s market, covering
domains ranging from power tools to portable electronics and
electric vehicles. In these alkaline batteries, the positive elec-
trode is the nickel hydroxide active material. Consequently,
there has been a scientific and technological interest in study-
ing the electrochemical behavior of nickel hydroxide elec-
trodes. Particularly, for further battery applications, the im-
provement in some Ni(OH), propetties are required, i.e., nick-
el hydroxide products with good crystallinity, homogeneity,
uniform morphology distribution, with nanometer size parti-
cles and high surface area [1-4].

Since the 1990s, increasing interest has been focused on
nanoscale science and technology in the field of chemical
power sources. Nanomaterials, exhibit physical and chemical
propetties different from those of conventional bulk; for ex-
ample, lower diffusion activation energy of nanostructured
materials and thus, larger diffusion coefficient than in the cor-
responding bulk counterpart can be found [3].

Furthermore, in the case of nanomaterials for lithium bat-
teries, it has been reported that reduced particle sizes can cause
changes in the thermodynamics of the reaction [6], a signifi-
cant increase of the ion insertion/temoval rate, due to short
distances for ion transport within the particle, and also the
enhancement of the electron transport process [7].

Due to all these facts, the use of nanomatetials in battery
electrodes offers the potential of improving performance in
terms of charge-storage capacity, rate capability, and cycle
lite. In order to improve the conductivity and reversibility of
the charge/discharge processes, and to enhance the specific
charge capacity, many studies have been carried out by



incorporating additives (i.e., Al, Zn, Cd, Co) [8-11] and
nanomaterials [1-5, 12, 13]. Furthermore, the performance
(i.e., discharge capacity) of positive electrodes of nickel bat-
teries is highly dependent on the size, morphology, composi-
tiory, and phase of nickel hydroxide-active material [14-16].
There are synthesis methods that employ a temiplate to control
these last characteristics. However, the hydrothermal synthe-
sis is a low-cost and simple method that allows obtaining
controllable nanostructures [17, 18] and that can be used for
large-scale production of Ni(OH)s,.

In some works, hydrothermal synthesis method has been
employed to obtain active nanomaterials for supercapacitots
and electrocatalytic purposes, but there are not many investi-
gations related to active nanomaterials for battery electrode
applications [19].

In this paper, the synthesis of nano-nickel hydroxide ob-
tained by a hydrothermal treatment is repotted. The prepared
samples were characterized by powder X-ray diffraction
(XRD), infrared absorption spectroscopy (IR), and transmis-
sion electron microscopy (TEM). The effects of different
weight percent contents of nano-nickel hydroxide added to
positive electrodes of Ni-MH batteries have been investigated
using eyelic voltammetry (CV), charge/discharge, and electro-
chemical impedance spectroscopy (EIS) techniques.

The EIS results of prepared samples were analyzed
employing a modified version of the previously developed
physicochemical model [&, 11, 13, 20-22].

The aim in the present paper is to study the electrochemical
behavior of different weight percent contents of nano-nickel
hydroxide material added to nickel-positive electtodes and to
model EIS results taking into consideration the main structural
and physicochemical parameters that control these systems.

Experimental Aspects

All the reagents used in the synthesis of nano-nickel hydrox-
ide were of analytical grade and employed without further
purification. Ni(OH), was synthesized by a hydrothermal pro-
cess as follows (Fig. 1) 20 ml of 1.6 M NaOH solution was
slowly added to 20 ml of 0.8 M NiSO,-6H-0 solution. Then,
this mixed solution was loaded into Teflon-lined stainless steel
autoclave. During the heating process (from room temperature
to 180 °C), the homogeneous nucleation process
(nanoparticles) initially occurs, leading to particle growth.
Their sizes depend on the aging time of the precipitate.
Thus, the synthesized product begins to grow and coalesce
to form aggregated particles (schematic representation of the
miaterials formation process is shown in Fig. 1). The autoclave
was maintained at 180 °C at different times: 4, 12, and 24 h
(named as (3-Ni(OH),-4, 3-Ni(OH),-12, and (3-Ni(OH),-24,
respectively). After this procedure, a green suspension in
aqueous solution was obtained; this product was filtered and

washed with deionized water followed by drying at 70 °C for
24 h.

The formation of nickel hydroxide takes place through a
simple chemical reaction:

NiSO. + 2 NaOH—Na, 8O, + Ni(OH),

The chemical composition, crystalline phase, and morphol-
ogy of synthesized powder were characterized by X-ray pow-
der diffraction (XRD; Model PW-1730, Philips) with Cuke
radiation (A = 1.54178 A), infrared spectroscopy (IR Affinity-
1 SHIMADZU Fourier transform infrared spectrophototne-
ter), using KBr from 4000 to 400 cm ', and transmission
electron microscopy (TEM; Model JEM-1200EX II, Jeol
Co, Japan).

In this work, (3-Ni(OH),-4 materials were used as additives
to nickel-positive electrodes. The electrode slurry was pre-
pared by mixing active material (Ni(OH),, Aldrich),
35 wt.% teflonized carbon (Vulcan XC-72R + 30 % PTFE),
and different amounts of 3-Ni(OH);-4 previously synthe-
sized, as follows:

— 0 wt% (3-Ni(OH)-4, Ni-0 electrode;
— 2 wt% (3-Ni(OH),-4, Ni-2 electrode;
— 5 wt% p-Ni(OH);-4, Ni-5 electrode;
- 10wt.% B-Ni(OH);-4, Ni-10 electrode.

The obtained slurry was pasted onto a nickel foam substrate
(Goodfellow Ni003831/1). The area of working electrodes
was (0.4 cm” and the thickness, 80 m.

Electrochemical measurements were performed in a three-
cotpattment cell, with the cotresponding working electrode,
counter electrode (nickel mesh of large specific area), and
reference electrode (Hg/HgO,,); all cell compartments were
immersed in the electrolyte 7 M KOH solution. The experi-
ments were catried out at 30 °C. The potential values in the
text are referred to the Hg/HgO,, electrode.

Cyclic voltammetry (CV), constant current charge/dis-
charge, and electrochemical impedance spectroscopy (ELS)
measurements were performed using a PAR potentiostat and
a Schlumberger 1250 frequency response analyzer. The CVs
were measuted at a scanning rate of 5 mV s~ with the voltage
limits ranging from 0.05 to 0.55 V. In the constant current
charge/discharge curves, the discharge cut-off potential was
setat 0.2'V.

Before each EIS experiment, the working electrodes were
previously activated by electrochemical cycles, by charging at
a current corresponding to C/2 and discharging at the same
cutrent, until a constant capacity was reached. Then, the
electrodes were discharged galvanostatically up to 60 % state
of discharge (SOD) and the EIS measurements were carried
out potentiostatically at the open-circuit potential. EIS spectra
were recorded between 20 kHz and 50 mHz employing a low



Fig.1 Schematic illustration of
sequential steps for the synthesis
of B-Ni(OH),

amplitude sine wave potential signal (5 mV) superitiposed on
the polatization potential.

The morphology of electrode surfaces was characterized by
scanning electron microscopy, Philips SEM Model 503, with
a Soft Imaging System ADDA IL

Results and discussion
Powder characterization

XRD patterns of the samples obtained by the hydrothermal
method are shown in Fig. 2. The samiples present characteris-
tic peaks at 26 values equal to 19.3%, 33.1°, and 38.5°. They
can be ascribed to the crystal structure typical of p-Ni(OH),
with a brucite-type structure and a hexagonal unit where these
characteristic peaks are related to [001], [100], and [101] crys-
tal planes, respectively (JCPDS-14-0117), in agreement with
previous reports [2, 17, 23].

No peaks from the precursors or any other phases were
obiserved, which indicates that the utilized hydrothermal con-
ditions are favorable for the formation of pure 3-Ni(OH)s.
Therefore, the prepared products are the typical active mate-
tials usually used for nickel hydroxide electrodes in nickel-
metal hydride batteries.

All reflections exhibit different width and intensity. It has
been teported in the literature that the width of the diffraction
lines cortesponding to (20£) and (10£) with £ # 0 are related to
the presence of stacking faults [24, 25]. For example, an ab-
normal enlargement of reflections [101] and [102] is charac-
teristic of the presence of stacking faults in the nickel
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hydroxide structure [26]. As a first approximation, like many
authors in the literature [26, 27], the crystal size (d) can be
estimated by XRD using Scherrer’s formula [28-30].
Accordingly, the B-Ni(OH), crystal sizes are derived from
the basal plane [001]and the obtained values are presented in
Table 1. The experiments were repeated three times, and in all
cases, the corresponding experimental error was lower than
10 %.

The (3-Ni(OH);-4 materials exhibited the smallest crystal
size (Table 1), and consequently, they were selected as addi-
tive to prepate the positive electrodes of Ni-MH batteries.

Figure 3 depicts that the IR spectra of commercial and
synthesized powders are very similar. These results confirm
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Fig. 2 XRD patterns of the materials prepared by the hydrothermal
method
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Table 1 Crystal size

calculated from XRD Sample Crystal size (num)
B-Ni(OH},4 14
B-Ni(OH)},-12 58
B-Ni(OH),-24 52

the existence of the 3-Ni(OH), phase due to the presence of a
sharp and narrow band around 3643, 520, and 450 cm ™, cor-
responding to v(OH), vNi—OH, and vNi—O stretching vibra-
tions, respectively [18, 31].

Other peaks were observed at 3440 ¢y -, related to the
vibrational stretching of the hydroxyl group of adsorbed wa-
ter, and at 1630 cm !, assigned to the vibration of water mol-
ecules [31, 32].

Absorption bands located in the 800—1800-cm ' range
could be due to the presence of anions (carbonates
(1450 cm ), nitrates (1380 cm '), and sulfates (1042 cm )
[31-33]).

Figure 4 shows the TEM images of the materials
synthesized. It can be seen that the hydroxide precipi-
tate is formed by agglomeration of particles in the nano-
meter size. The morphologies of p-Ni(OH); changed
with the hydrothermal time; when the reaction time
was less than 12 h, the product appeats as aggregates
(clusters whose total size exceeds the nanometric dimen-
sions). The elongation of products can be observed at
longer synthesis time. The formation of nanoribbons
was seenn at 24 h reaction time (Fig. 4c¢) when, almost
exclusively, a large number of ribbon-like nanostructures
are shown. The nanoribbons had typical thicknesses and
widths in the nanometer size range. Therefore, the for-
mation of nanoribbong can be explained considering that
longer hydrothermal reaction time resulted in the over-
growth of agglomerates (Fig. 4a, b). These reaction
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Fig. 3 IR spectra of samples: a f-Ni{OH),—4; b B-Ni{OH},—12; ¢ 3-
Ni(OH),—-24

products, for increasing synthesis time, cannot endure
the pressure of autoclave and smashed into nanoribbons

(Fig. 4c).
SEM analysis

The electtode surfaces were studied by SEM. The micro-
graphs are presented in Fig. 5 with markers of the same size
in order to compare them. It can be seen, Fig. 5a, b, that
surface samples of Ni-0 and Ni-2 electrodes exhibit sponge-
like structures with defined holes or porous. The results in
Fig. 5¢, d exhibit that with increasing the nanomaterial content
in the electrodes (Ni-5 and Ni-10), a more compact surface
morphology is observed. These facts indicate that the incre-
ment (5 and 10 %) of the nickel hydroxide nanoparticles con-
tent, employed in the sample preparation, is responsible for
these surface morphologies changes.

Electrochemical behavior

Figure 6 depicts the stabilized cyclic voltammetry profiles of
working electrodes. The voltammograms show the CV peaks
corresponding to a redox process, an anodic nickel hydroxide
oxidation peak, and a cathodic oxyhydroxide reduction peak,
which are described as:

Ni{OH), + OH "3 NiOOH + H,0 + ¢ (1)
discharge

The electrochemical energy storage in the nickel hydroxide
electrodes is related to the reversible insertion of H' into the
nickel hydroxide/oxyhydroxide. The insertion of the hydro-
gen takes place during the discharge and the inverse process
occurs during the charge. Accordingly, the reversibility of this
process is an important requirement for battery electrode
materials.

Figure 6 shows the anodic peak potentials (E,) of the
studied samples, corresponding to nickel hydroxide oxi-
dation reaction (Eq. 1). The cathodic peak potentials (£.)
in Fig. 6 are related to nickel oxyhydroxide reduction
(Eq. 1) and they appear at around 0.28 V for Ni-0 and
Ni-2 electrodes. In the samples containing higher amounts
of nickel hydroxide nanoparticles (Ni-3 and Ni-10 elec-
trodes), reduction peaks are broader and appear to be lo-
cated at more positive potentials (0.360 V). The difference
between the anodic and cathodic peak potentials (AE, )
is an indication of the reversibility of the redox process
described in reaction (1). Accordingly (Table 2), the
smaller AF, . (=0.100 V) values exhibited for electrodes
containing higher amount of nickel hydroxide nanoparti-
cles (5 and 10 %) indicate the enhancement of reversibil-
ity for this redox reaction.



Fig. 4 TEM images of (3-nickel
hydroxide prepared by the
hydrothermal method ata4,b 12,
and c24h

0.1 pm

For all samples, the oxidation reaction appears to be over-
lapped by the oxygen evolution reaction expressed by equation:

40H > 01+ 2H,0+4¢ 2)

The oxygen evolution reaction is a parasitic reaction that
causes the decrease in charging efficiency, in the energy stor-
age capacity of the system, and in the utilization of the active
material.

Discharge curves of the studied electrodes, which corre-
spond to the 10th cycle at 0.5 C rate, are illustrated in Fig. 7.
For samples containing nickel hydroxide nanoparticles, the
potential related to a plateau appear as not very well defined.
These results, along with those from cyclic voltammetry pro-
files (Fig. 6), could be understood taking into consideration
that particle sizes may affect the different components of the
electrochemical potential [6].

The specific discharge capacity curves, of the studied
working electrodes, at various constant current densities are
presented in Fig. 8. These results exhibit a significant im-
provement of the specific discharge capacity values with in-
creasing the nanomaterial percentage. The maximum specific
discharge capacity values (obtained from extrapolation to
I=0) were found to be around 69, 77, 85, and 8 mA h g !
for Ni-0, Ni-2, Ni-5, and Ni-10 electrodes, respectively. These
experimental results show that the increase of nano-nickel
hydroxide addition from 2 to 10 % enhances the maximum
specific discharge capacity values of electrodes from 11 to
27 %.

The electrochemical impedance spectra of working elec-
trodes, at 60 % SOD, are shown in Fig. 9. The enlargement
of these plots in the high-frequency range (inserted in Fig. 9a)
shows a linear response of the impedance results with a slope
of approximately 45° associated with the surface properties of
porous electrodes [34]. The spectra exhibit at the intermediate
range of frequencies, the capacitive loop that corresponds to
the charge transfer resistance. In the low frequency domain,
the plot shows, for Ni-0 electrodes, a Warburg-type imped-
ance [35-37]. However, for nickel electrodes containing
nanomaterials, the impedance results show a distorted re-
sponse compared with that related to the characteristic features
of diffusional impedances.

It can be seen that, when the composition of electrodes
includes nano-nickel hydroxide material, the impedance
values, mainly at high and intermediate frequency ranges
(Fig. 9b), are higher than that corresponding to Ni-0. These
results (Fig. 9a, b) indicate response modifications in the fre-
quency domain related to the porous nature of the electrodes
as well as in that associated with the charge transfer resistance
processes.

The EIS response of the nickel electrode was fitted in terms
of a modified version of the physicochemical model that has
been described in previous publications [8, 11, 13, 20-22].
Briefly, the previous model considered the electrodes as po-
rous flooded structures where the electrochemical processes
take place at the active material/electrolyte interface, this pro-
cess being coupled to the proton diffusion in the active mate-
rial (reaction 1). Accordingly, the theoretical impedance of the

Fig. 5 SEM micrographs for a Ni-0, b Ni-2, ¢ Ni-5, and d Ni-10 electrodes
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Fig. 6 Cyclic voltammograms for working electrodes at 5 mV s

system is described by the impedance of the porous electrode
per unit geometric area (Z,):

| z 24 (% + g) coshv(jw)
Zy(jw) = Ay(k +0) v(jw)sinhy(jw)
where
g s L2
v(jw) = L( :U ) ze (Jjw)

L being the electrode thickness, 4, the electrode geometric
area (cross section), x and o the effective conductivities of the
liquid and solid phases, respectively, and Z; the impedance of
the solid/liquid interface per electrode unit volume (Q cm?).
The interfacial impedance (Z;) is derived considering the
double-layer capacitance impedance (Za) linked in parallel
with the faradaic reaction impedance (Zr).

Zi' =Zg " + ze !
where

1

2y = ———
@ jwcdlae

j =~ = 1; being the Cy double-layer capacitance per unit
interfacial area, a, the interfacial area per unit volume (cm 1),
and w = 27tf (f, frequency of the perturbing signal (Hz)).

Table 2  Potential peak values of CV measurements

Electrode E, (V) E (V) AE, . (V)
Ni-0 ~0.450 0.280 0.170
Ni-2 ~0.450 0.280 0.170
Ni-5 ~0.470 0.360 0.110
Ni-10 ~0.470 0.360 0.110

E vs. Hg/HgO / V
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Fig. 7 Discharge profiles of nickel electrodes at 0.5 C

According to the previously described physicochemical
model [8, 11, 13, 20-22], Zg is represented by a Warburg-
type impedance as:

Zi R4 RT RT

Zp(jw) = — — = - >
Fle) Gy dajw  ioFa,  F2SOD(1-SOD)cnanv/Dy/jw

where Z; is related to the faradaic impedance per unit interfa-
cial area (Q cm®?), a, is the active area per unit volume (cm ),
SOD accounts for the state of discharge of the electrode, ¢y
corresponds to maximum admitted proton concentration, i, is
the exchange current density, and D is the proton diffusion
coefficient.

In the present work, the impedance function for the sam-
ples containing nano-nickel hydroxide (Ni-2, Ni-5 and Ni-10
electrodes) was derived. The modified model considers the
presence of two particle sizes and different diffusion coeffi-
cient values related to each material. Accordingly,

100
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0.3 0.6 0.9

3
110 /A
Fig. 8 Rate performances of nickel electrodes in 7 M KOH electrolyte

Specific Discharge capacity / mAhg'1
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To perform parameter identifications, a fitting program
based on the Nelder-Mead simplex search algorithm, included

2
(Ni-2 and Ni-10 electrodes)

in the Matlab package, was developed.

The minimized objective function during the fitting proce-
dure was the cost function ./, [21]. The fitting was considered

acceptable when J, <5- 107,

The experimental EIS spectra are compared with the fitted
EIS results obtained considering the above-described
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physicochemical model. Therefore, Fig. 10 shows that a fairly
good agreement between experimental and fitted results was

obtained.

The characteristic parameters derived from the fitting pro-
cedure are listed in Table 3 for a constant SOD: the double-
layer capacitance per unit volume (Cgqp), the exchange current
density (iy), the diffusion coefficient of hydrogen according to
materials with different particle sizes (D; and D,), and the
effective electrolyte conductivity values (x). The results in
Table 3 show that electrodes containing nano-nickel hydrox-
ide (Ni-2, Ni-5, and Ni-10 electrodes) present higher diffusion
coefficient values (D,), related to smaller-size particle mate-
rials. These facts are in agreement with reported data for
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Fig. 10 Experimental and theoretical impedance plots for a Ni-0 electrode, b Ni-2 electrode, ¢ Ni-5 electrode, and d Ni-10 electrode



Table 3 Estimated structural and

physicochemical parameters Electrode SOD  Dylem® ! Dyfem 57 iA cm 2 A em ! Ca/F cm?
(0.02:107%) (£0.02:107 {#9-107) (£0.001) (£0.003)
Ni-0 &0 9201071 - 2.1-167 0217 0.091
Ni-2 60 8111074 1.02:10° 1 39107 0.174 0.077
Ni-5 60 9.30-10713 3.071071 38107 0.092 0.057
Ni-10 &0 931-1¢7% 2.80-1071 361071 0.081 0.069

nanomaterials [2-3, 7]. Besides, Table 3 shows that Cy and «
values diminish with an increasing percent of nano-nickel
hydroxide. These results could be explained taking into con-
sideration that more-compact (lower active area) and less-
porous systems (porosity factor is contained in the & value
[21]) are formed in the presence of nano-nickel hydroxide
powders. These facts are in good agreement with SEM results
(Fig. 5).

Furthermore, for Ni-2, Ni-5, and Ni-10 samples, higher
values of the exchange current density parameter than that
cotresponding to Ni-0 electrodes were estimated (Table 3).
This can be understood taking into account that the size, mor-
phology, and dispersion of the surface particles can influence
the reactivity of the sites [38].

According to the estimated characteristic parameters, de-
tived from the physicochemical model, the significant im-
provement of the maximum specific discharge capacity (from
11 up to 27 %) with increasing the nanomaterial percentage
(Fig. 8) can be attributed to their higher kinetic parameters
such as diffusion coefficient and exchange current density
values (Table 3). Furthermore, it is considered that the opti-
mum compromise between interfacial area (to ensure high
capacitance) and porosity distribution (to allow easy access
to the electrolyte) remains as a challenge to be addressed. A
similar study employing nano-nickel hydroxide as additive,
with greater particle sizes (i.e., B-Ni(OH),-12), is in progress.

Conclusions

In summary, a nano-nickel hydroxide material was synthe-
sized via a facile and single-step hydrothermal method and
characterized by XRD, IR, and TEM.

Considering all the results, greater reversibility of the redox
process Ni(OH)»/NiOOH and better capacity responses were
obtained with electrodes containing at least 5 wt.% of nano-
nickel hydroxide. The experimental results show that the in-
crease of nano-nickel hydroxide addition, from 2 to 10 %, en-
hances the maximum specific discharge capacity values of elec-
rodes from 11 to 27 %. The analysis of EIS results, according to
the present physico- mathematical model, allows estimating the
main structural and physicochenvical parameters that control the
electrochemical performance of these systems. Accordingly, the
specific discharge capacity improvement, of Ni-2, Ni-5, and Ni-

10 electrodes, can be attributed to their higher kinetic parame-
ters: diffusion coefficient and exchange current density values.
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