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Abstract The hydrothermal method was used to synthesize
multi-walled carbon nanotube/nickel hydroxide composites
(MWCNT/Ni(OH),). The structure and morphology of the
prepared materials were characterized by X-ray diffraction
and transmission electron microscopy. The electrochemical
performance of cathodes prepared with multi-walled carbon
nanotubes (MWCNT) loaded into the 3-nickel hydroxide ma-
terials was investigated employing cyclic voltammetry, galva-
nostatic charge/discharge and electrochemical impedance
spectroscopic measurements. It is shown that the cath-
ode active material utilization increases for MWCNT/
Ni(OH), obtained after 24 h of hydrothermal synthesis.
These composites exhibit a fairly good electrochemical
performance as cathode materials. Based on the results,
this fact could be associated with the formation of a
continuous conductive network structure in the hydrox-
ide matrix. The analyses of impedance data, according
to a physicochemical model, allow the improvement of
a better understanding of the main structural and phys-
icochemical parameters that control the electrochemical
performance of these systems.
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Introduction

The secondary nickel/metal hydride (Ni/MH) batteries are
considered as ideally suited to a wide range of consumer ap-
plications, such as power tools and hybrid electric vehicles.
These systems have good cyclability, high specific power and
specific energy, as well as good safety in the medium term [1].
The capacity and cycle life of the cells are mainly determined
by the properties of nickel hydroxide, the active material of
positive electrodes [1, 2].
The electrode reaction can be expressed as follows:

Ni(OH), + OH2NiOOH + H,0 + e-

where the proton insertion occurs during discharge and vice
versa during charge. The charge and discharge processes in-
volve more than one phase, nickel hydroxide can be formed as
a-Ni(OH), and -Ni(OH),; in the oxidation process, (-
NiOOH or 7-NiOOH phases can be obtained [3—5]. In most
cases, for rechargeable alkaline batteries, the active material of
the positive electrode is 5-Ni(OH),. Although o-Ni(OH), ex-
hibits superior electrochemical properties than that of (-
Ni(OH),, it is unstable in alkaline media and can easily be
converted to 5-Ni(OH), [6]. 7-NiOOH species can also be
formed under conditions of overcharging or high rate charg-
ing. The conversion of 3-NiOOH to +-NiOOH is accompa-
nied by a large volumetric change and this process may result
in the swelling of the nickel electrode. Consequently, the for-
mation of 7-NiOOH considerably damages the nickel elec-
trode and induces a rapid capacity deterioration during cell
cycling [3].
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Fig. 1 XRD patterns of commercial nickel hydroxide and synthesized
composites

The oxygen evolution reaction can also occur during the
operation of the nickel electrodes:

40H — O + 2H,0 +4e-

The generated gas can cause an excessive pressure
build-up during charge and overcharge. This gassing
process strongly affects the performance and life of
Ni-MH batteries [1-6].

The performance of nickel hydroxide, as active ma-
terial in positive electrodes, is affected by its poor

Fig. 2 TEM images of a
MWCNT/Ni-4 composites and b
MWCNT/Ni-24 composites
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electronic conductivity due to the p-type semiconductor
nature [2]. Significant efforts have been devoted to de-
velop new electrode materials for improving the electro-
chemical performance of Ni(OH),. The proposals to en-
hance Ni(OH), properties include: nanostructured and
microstructured control of Ni(OH), through the modifi-
cation of synthesis parameters [7—10], stabilization of a-
Ni(OH), by incorporating Al [11-13], modification of
the electrode surface by electroless deposition [14—16],
the use of different supports [17], the change of binding
materials [18] and the incorporation of additives (Co,
Ca Ba, Fe, Zn and carbon materials) using different
methods [19-27]. Particularly, carbon nanotubes (CNT)
have been studied as additives since they have high
electrical conductivity, excellent mechanical properties,
good bending strength, accessible surface area, low re-
sistance and high stability. Consequently, CNT are con-
sidered to be suitable materials for different energy
storage/conversion systems [2, 28, 29].

In this paper, MWCNT/Ni(OH), composites were
synthesized by the hydrothermal method at different
times (4 and 24 h). These two hydrothermal periods
were selected considering that they are responsible for
the main differences in the obtained morphologies and
structures of the nanoscale nickel hydroxide materials
[9, 30, 31]. These samples were characterized by X-
ray diffraction (XRD) and transmission electron micros-
copy (TEM), and the electrochemical performance of
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these products, as active material for positive electrodes,
was investigated employing cycling voltammetry (CV),
charge—discharge and electrochemical impedance spec-
troscopy (EIS) techniques.

In this work, the EIS results of the MWCNT/
Ni(OH), samples as well as those prepared with com-
mercial nickel hydroxide were analysed employing a
physicochemical model, previously developed in the
laboratory [32-35], to investigate and to enhace the
understanding of the main structural and physico-
chemical parameters that control the electrochemical
performance of these systems. Although the electro-
chemical behaviour of these electrode materials has
been previously studied [2, 29], it is considered that
there has been no attempt to model EIS results in
this fashion.

Fig. 3 SEM micrographs for E-
Ni-com samples a x1,000 and b
x8,000, EEMWCNT/Ni-4
samples ¢ x1,000 and d x8,000
and E-MWCNT/Ni-24 samples e
x1,000 and f x8,000

> 2
mag | WD | det |spot
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Experimental
Materials preparation

All the chemical reagents used in this study were of analytical
grade. In a typical procedure, 0.098 g MWCNT (Aldrich),
20 ml of 0.8 M Ni(SO4) (Mallinckrodt, 99.8 wt.%) aqueous
solutions and 20 ml of 1.6 M NaOH (Anedra, 98.6 wt.%) were
mixed with vigorous stirring. The mixed reactants were hy-
drothermally treated at 180 °C for 4 and 24 h in a Teflon-lined
autoclave. After this procedure, the samples were cooled
to room temperature and the green precipitates were
filtered, washed with distiller water and dried at 70 °C
for 24 h. Two kinds of MWCNT/Ni(OH), composites
were obtained and they were called MWCNT/Ni-4 and
MWCNT/Ni-24.

—— 10pm——
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Pasted nickel electrodes (E-Ni-com, E-MWCNT/Ni-4 and
E-MWCNT/Ni-24) were prepared as follows: 65 wt.% com-
mercial Ni(OH), (Aldrich) or MWCNT/Ni(OH), composites
were mixed with 35 wt.% teflonized carbon black (Vulcan
XC-72, with 30 wt.% polytetrafluoroethylene). The mixtures
were pressed onto a nickel form substrate under a pressure of
300 kg cm 2. The area of electrodes was 0.4 cm > with a
thickness of 0.075 cm.

Structural and electrochemical characterization

The phase and crystallinity of the products were characterized
using PW-1730 Philips X-ray diffractometer (A=1.54178 A,
5°<26d<58°). The morphology and crystal structures of the
synthesized samples were analysed by transmission electron
microscopy (TEM, JEM 1200EX II model, Jeol).

Electrochemical measurements were carried out in a three-
compartment cell, with the corresponding working (nickel
electrode), counter (nickel mesh of large specific area) and
reference (Hg/HgOy;) electrodes, employing 7 M KOH solu-
tions at 30 °C as electrolyte.

Voltammograms were obtained at scan rates of
1 mV s !, between 0.05 and 0.55 V; charge—discharge
curves were run at different current densities up to
0.55 V cut-off voltage. EIS measurements were per-
formed under potentiostatic control using a frequency
response analyser Solartron 1250 coupled to a
potentiostat EG&G model PAR 273. EIS measure-
ments were conducted over a 65 kHz to 19 mHz fre-
quency range and under equilibrium conditions by
employing a sinusoidal perturbation signal of small
amplitude (5 mV).

The surface structure of the electrodes was studied using
scanning electron microscopy (SEM). The SEM images were
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Fig.4 CV curves of E-Ni-com, EEMWCNT/Ni-4 and E-MWCNT/Ni-24
electrodes
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Fig.5 Percentage of discharge capacity related to the maximum capacity
(% Cy) vs. discharge current

obtained employing a scanning electron microscope Philips
SEM model 505 with an image digitizer System Soft Imaging
ADDA 1I. The experiments to perform the electrochemical
and structural characterization were repeated at least three
times in order to assure reproducibility.

Results and discussion
Microstructure and morphology studies of composites

The phases of the synthesized composites were identi-
fied by X-ray diffraction (Fig. 1). It can be seen that the
diffraction peaks of all samples are indexed as the hex-
agonal phase of typical (-nickel hydroxide (JCPDS-14-
0117). Compared with Ni-com and MWCNT/Ni-24, the
diffraction peaks of MWCNT/Ni-4 are noticeably broad-
ened, indicating either poor crystallinity or smaller crys-
talline size. These facts can be attributed to the in-
creased crystal defects due to the existence of stack
faults and to the presence of other polymorphic modifi-
cations such as interstratified phases [26]. A diffraction
peak at 20=24° (MWCNT/Ni-24 composite) can be
indexed to the (002) plane of MWCNT, corresponding

Table 1  Potential peak values from CV features

Working electrodes E,[V] E.[V] AE, . [V] Eo [V]
E-Ni-com ~0.500 0.270 0.230 <0.500
E-MWCNT/Ni-4 0.394 0.240 0.154 0.500
E-MWCNT/Ni-24 0.499 0.385 0.114 >>0.500
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Fig. 6 Experimental Nyquist plots of E-Ni-com, EEMWCNT/Ni-4 and
E-MWCNT/Ni-24 electrodes

to the P63/mmc space group slightly shifted towards
smaller 26 values [36]. No peaks corresponding to im-
purities were observed.

The morphology of synthesized composites was ob-
served by TEM (Fig. 2). TEM images show that the
composites are formed by agglomeration of nickel hy-
droxide structures where the MWCNT material appears
to be distributed among them. The composite structures
exhibit significant morphological changes according to
the hydrothermal synthesis time. In Fig. 2 (a;, by), it
can be observed that when the reaction time is 24 h,
the composite products appear to have a longitudinal
growth and show ribbon morphology.

ol —o— Experimental
—%— Theoretical

ZIQ

Electrode surface characterization

The information about electrode surface topography was
analysed by SEM. In Figs. 3, 4 and 5 (at x1,000 and X8,
000), it can be seen that the electrodes show a very similar
porous structure with defined holes or pores.

Electrochemical properties

The stabilized voltammograms corresponding to pasted nickel
electrodes, after 12 cycles, are shown in Fig. 4. The voltam-
mogram peaks (anodic peak potentials, £,, and cathodic peak
potentials, E.) associated with the redox reaction Ni(OH),/
NiOOH are observed. In addition, it can be seen that, for the
electrodes with MWCNT/Ni composites, oxidation peak po-
tentials (E£,) are separated from those corresponding to the
oxygen evolution reaction (Ep). However, the CV curve re-
lated to E-Ni-com electrodes shows that at a potential of
around 0.5 'V, the nickel hydroxide process overlaps with the
oxygen evolution reaction. The data derived from cyclic volt-
ammetry results (Fig. 4) are listed in Table 1. The difference
between the anodic and cathodic peak positions (AE,.) is
taken as the reversibility estimation of the redox reaction.
The cathodic and anodic peak potentials of E-EMWCNT/Ni-4
electrodes are shifted to more negative values than those cor-
responding to E-MWCNT/Ni-24 electrodes. However, a bet-
ter reversibility related to the redox process is observed in the
CV of EEMWCNT/Ni-24 electrodes.

Figure 5 exhibits the percentage of the discharge capacity,
related to the maximum capacity (%Cjy), as a function of the
discharge current. The plot shows that at very low discharge
current values, the rate-capability behaviour of the studied
samples is fairly similar. However, for increasing discharge
current requirements, the E-MWCNT/Ni-24 electrodes show
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Fig. 7 Experimental and theoretical impedance plots for E-Ni-com electrodes
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Fig. 8 Experimental and theoretical impedance plots for E-EMWCNT/Ni-4 electrodes

that their kinetics is faster than that corresponding to E-
MWCNT/Ni-4 and E-Ni-com electrodes (up to 20 and 26 %
higher, respectively).

Impedance measurements were also carried out to study the
electrochemical performance of nickel electrodes. Figure 6
exhibits the typical experimental Nyquist plots of E-Ni-com,
E-MWCNT/Ni-4 and E-MWCNT/Ni-24 samples at 75 % of
state of discharge (SOD).

Impedance spectra of the studied samples exhibit the same
general features. Figure 6 shows, at high frequencies, a linear
behaviour with a slope of approximately 45° related to the
porosity of the electrode; at intermediate frequencies a semi-
circle that corresponds to the charge transfer resistance and, in
the low frequency interval, a time constant characteristic of
diffusional processes.

Experimental impedance data were fitted in terms of a
model that has been described in previous publications
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[32-35]. The transfer function derived from this model de-
scribes the nickel hydroxide electrode as a flooded porous
structure where the charge—discharge electrochemical process
takes place at the active material/electrolyte interface, this be-
ing coupled to proton diffusion in the active material.

According to this model, the theoretical impedance of the
system is described by the impedance of the porous electrode
per unit geometric area (Zp):

K
2+ (g—k—)coshv(jw)

Z,(jw) = L K o

v Ay(K + o) v(jw)sinh v (jw)
where

, K+a\'"? 5.

v(jw) = L< e ) Z7 2 (jw)
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20}
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Fig. 9 Experimental and theoretical impedance plots for EEMWCNT/Ni-24 electrodes
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Table 2  Parameters derived from the fitting procedure

Working electrodes SOD Cq [F em ™3] k[ em ™ o[ em ™ iy [A cm 2] D[em?s!]

E-Ni-com 75 0.05 (+0.01) 0.06 0.3 (+0.1) 1.3 (£0.4) 107 1.96 (+0.03)107 "2
E-MWCNT/Ni-4 75 0.09 (+0.01) 0.06 18.2 (x0.1) 1.5 (£0.4)107° 3.21(+0.03)10 12
E-MWCNT/Ni-24 75 0.12 (+0.01) 0.06 29.5 (+0.1) 2.0 (£0.4)107° 4.55 (+0.03)10 "2

L being the electrode thickness, 4, the electrode geometric
area (cross section), k and ¢ 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 dou-
ble layer capacitance impedance (Zg) linked in parallel with
the faradaic reaction impedance (Z). According to the phys-
icochemical model [32-35], Zr is represented by a Warburg-
type impedance as:

. Rr A RT RT
ZF(_] LAJ) =— 4
F2SOD(1-SOD)c,a,\/Dy/jw

= +
a, ag\/jw 1°Fa,

where SOD accounts for the state of discharge of the elec-
trode, a, is the active area per unit volume, c¢,, corresponds
to the maximum admitted proton concentration, i, is the ex-
change current density, and D is the proton diffusion coeffi-
cient. The fitting programme was developed based on the
Nelder-Meade simplex search algorithm, included in the
Matlab package, in order to perform parameter identifications.
During the fitting procedure, the objective function to be min-
imized was the cost function J,,, defined as:

1 1 Ze(wi)—Zy(p, wi)
Jpy==> 1 I e e
PTRL e(p>we) K< Zo(wr)

where K is the number of experimental frequencies (w), and
Z. and Zp the experimental and theoretical impedance values
corresponding to the frequency wy. This algorithm returns a
parameter vector [p] that is a local minimizer of J,, near the
starting vector [po]. The fitting was considered acceptable
when Jp<5.1073.

Accordingly, a good agreement between experimental and
theoretical impedance data can be observed in Figs. 7, 8 and 9.

The characteristic parameters derived from the fitting pro-
cedure along with the corresponding errors generated by the
fitting condition of Jp<5.1073, are listed in Table 2 for a con-
stant SOD: the double layer capacitance per unit volume (Cy)),
the effective conductivity of the solid phase (o), the exchange
current density (i,) and the diffusion coefficient (D). The ef-
fective electrolyte conductivity value () was taken as equal to
0.06 ' cm™'. Taking into account SEM results, a similar
porosity of about 20 % was considered for the fitting proce-
dure, this being a porosity factor contained in the k value [35].

The results in Table 2 show that EEMWCNT/Ni-24 elec-
trodes present the largest Cy and o values. However, i, and D

values appear to be of the same order of magnitude for all the
studied electrodes and they are comparable to those described
in the literature [37-39]. The errors generated by the fitting
procedure for each parameter are included in Table 2.

Considering all the results, greater reversibility of the redox
process Ni(OH),/NiOOH and better rate capability responses
were obtained with E-MWCNT/Ni-24 electrodes. The superi-
or electrochemical performance of these electrodes could be
related to their lower electrochemical impedance.

According to the estimated characteristic parameters, de-
rived from the physicochemical model, the improvement in
the electrochemical behaviour of E-MWCNT/Ni-24 elec-
trodes can be attributed to their higher Cy4 and o values
(Table 2). Taking into consideration TEM results for 24 h
hydrothermal synthesis (Fig. 2 (a;—b,)), these facts can prob-
ably be related to the preferential longitudinal growth of prod-
ucts, with ribbon morphology, that allow improving a contin-
uous conductive network structure in the hydroxide matrix.

Conclusions

In summary, carbon nanotubes were used as a functional ad-
ditive to improve the electrochemical performance of pasted
nickel electrodes. The MWCNT/Ni(OH), composites were
prepared by a simple hydrothermal method (employing 4
and 24 h of synthesis time) and characterized by XRD, SEM
and TEM techniques. The synthesized materials were identi-
fied by XRD as 3-Ni(OH), and the composite structure was
characterized by TEM experiments. These studies showed
that the MWCNT allow improving the network within the
Ni(OH), structure.

Commercial Ni(OH), and MWCNT/Ni(OH), composites
were used as active material of the nickel electrodes, and their
electrochemical properties were evaluated by CV, charge—dis-
charge curves and EIS measurements. These results indicate
that the addition of MWCNT to the active material improves
the operating performance of these electrodes. It was shown
that longer hydrothermal synthesis times (24 h) lead to the
formation of materials with superior electrochemical perfor-
mance, reversibility, material utilization and specific discharge
capacity. These facts can possibly be attributed to a better
connection among particles themselves and a structure that
improve the whole electron conductive network of the elec-
trode. It can be concluded that according to the parameters
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derived from the physicochemical model, the improvement in
active material utilization observed for E-EMWCNT/Ni-24
electrodes could be related to their higher Cy and o values.
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