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Nickel hydroxide is used as an active material in positive electrodes of rechargeable alkaline batteries.
The capacity of nickel–metal hydride (Ni–MH) batteries depends on the specific capacity of the positive
electrode and utilization of the active material because of the Ni(OH)2/NiOOH electrode capacity limita-
tion. The practical capacity of the positive nickel electrode depends on the efficiency of the conductive
network connecting the Ni(OH)2 particle with the current collector. As �-Ni(OH)2 is a kind of semi-
conductor, the additives are necessary to improve the conductivity between the active material and the
current collector. In this study the effect of adding different carbon materials (flake graphite, multi-walled
carbon nanotubes (MWNT)) on the electrochemical performance of pasted nickel–foam electrode was
i–MH battery

ositive electrode
arbon nanotubes
lectrochemical performance

established. A method of production of MWNT special type of catalysts had an influence on the perfor-
mance of the nickel electrodes. The electrochemical tests showed that the electrode with added MWNT
(110–170 nm diameter) exhibited better electrochemical properties in the chargeability, specific dis-
charge capacity, active material utilization, discharge voltage and cycling stability. The nickel electrodes
with MWNT addition (110–170 nm diameter) have exhibited a specific capacity close to 280 mAh g−1 of

f act
Ni(OH)2, and the degree o

. Introduction

Alkaline rechargeable batteries, e.g., nickel–metal hydride
Ni–MH), have been used in power tools to portable electronics,
PS, electric vehicles or hybrid electric vehicles. The capacity of
i–MH batteries depends on the specific capacity of the positive
lectrode and the utilization of the active material because of the
ositive electrode capacity limitation. Nickel hydroxide is the active
aterial for cathode material of these batteries. Spherical Ni(OH)2
ith a particle size about several microns is used generally. The
ethod of preparation of high density spherical nickel hydroxide

as an influence on specific energy and electrochemical perfor-
ance of nickel electrode [1–3]. The theoretical capacity of nickel

ydroxide is 289 mAh g−1, because of one-electron transfer dur-
ng reaction. The �-Ni(OH)2 is a p-type semiconductor. The main
eaction that occurs at the nickel electrode during the charging pro-

ess: Ni(OH)2 + OH− ↔ NiOOH + H2O + e−; one proton going to form
ater and one electron are released on charge at the reaction site
ithin the active material [4,5]. Unfortunately, during charging of

lectrode, nickel hydroxide can be converted into both forms � and
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ive material utilization was ∼96%.
© 2010 Elsevier B.V. All rights reserved.

�. The exact oxidation states of oxyhydroxides (�, �) are not very
strictly specified, showing that the structures of various nickel oxy-
hydroxides are very complicated [6]. The �-oxyhydroxide is more
difficult to reduce to nickel hydroxide upon discharge process due
to its structure created as a consequence of insertion of potassium
ions from the electrolyte into interlayer space of the lattice struc-
ture [7]. At first, �-NiOOH is formed at the collector side of the
electrode and expanded to the solution side during discharging
cycling – this phenomenon is known as a memory effect observed
in alkaline rechargeable batteries [8].

Poor conductivity of active material Ni(OH)2/NiOOH requires
addition of some additives to increase conductivity. Co or Co
compounds have been used as conductive additives to positive elec-
trode and additionally to increase the oxygen evolution potential,
the charge efficiency and to inhibit the development of �-NiOOH
structure order. The effect of addition of cobalt is also in improving
mechanical properties of nickel electrodes [7,9–12]. The carbona-
ceous materials such as graphite and acetylene black are also used
to improve the conductivity and material utilization of the elec-
trode [13–15]. Also carbon nanotubes were used as a functional

additive to improve the electrochemical performance of pasted
nickel foam electrodes [16–18]. The improvement of material uti-
lization and specific discharge capacity of nickel electrode with
MWNTs is connected with lower electrochemical impedance and
less �-NiOOH forming during charge/discharge cycling.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sierczynska@claio.poznan.pl
mailto:lota@claio.poznan.pl
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Table 1
BET surface areas of carbon additives.

Sample Additives of carbon materials

Graphite MWNT 110–170 nm MWNT 110–170 nm mod.a MWNT 10–15 nm MWNT 10–15 nm mod.a
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BET surface area (m2 g−1) 5 18

a mod. means after modification.

This paper presents a comparative study carried out on five dif-
erent carbonaceous materials as additives to active material of the
ickel electrode.

. Experimental

The Ni(OH)2/NiOOH electrodes were prepared with commercial
pherical �-Ni(OH)2 powder as an active material and addition of
etallic cobalt powder, calcium oxide and various carbon materials

o improve the electrochemical properties.
To evaluate the electrochemical properties of the pasted nickel

ydroxide electrodes, they were prepared as follows: 88% Ni(OH)2
Hoboken), 7% carbon material, 3% Co (Eurotungstene) and 2% CaO
Aldrich). As carbon materials were used: graphite KS 5–75 �m
Lonza), MWNT O.D. 10–15 nm (Aldrich) – purity >90% and MWNT
.D. 110–170 nm (Aldrich) – purity >90%. Additionally, MWNT were
odified by acidic treatment (concentrated hydrochloric acid) to

emove metallic impurities. All materials before and after modi-
cation were tested as a conductive additive to nickel electrode.
ll components were mixed thoroughly, and 3 wt.% suspension

ontaining 60 wt.% polytetrafluoroethylene (PTFE) and 1.5 wt.%
olyhydroxymethylcellulose (HPMC) was added to the mixed pow-
er as a binder. The mixture was then blended to obtain paste and

t was pasted into nickel foam to form a 1 cm × 1 cm electrode.
fter drying at 70 ◦C for 12 h, the pasted electrode was pressed to

ig. 1. SEM images of: (a) flake graphite KS 5–75 �m; (b) nickel electrode with flake graph
10–170 nm addition.
137 220

assure good electrical contact between the substrate and the active
material.

The carbonaceous materials and electrodes with these additives
were characterized by scanning electron microscopy (SEM EVO®40
ZEISS). Specific surface area measurements were performed using
ASAP 2010 M (Micromeritics).

The electrochemical properties, such as a specific capacity,
charge efficiency, percent of utilization and cycleability were char-
acterized by the galvanostatic charge/discharge cycling, cyclic
voltammetry and electrochemical impedance spectroscopy in the
half-cells. The electrochemical measurements were carried with a
classical three-compartment glass cell containing 6 M KOH solution
as electrolyte. The working Ni(OH)2/NiOOH electrode was soaked
in the electrolyte solution for 12 h before test. A hydrogen-storage
alloy electrode (LaNi5 type) with capacity well in excess of the
nickel electrodes was used as a counter electrode. For the refer-
ence electrode, a Hg/HgO/6 M KOH electrode was employed. All
potentials in this paper are reported with reference to the latter
electrode. The measurements were performed at room tempera-
ture. During the 1st cycle the charge process was conduced till the

beginning of the oxygen evolution on electrode. In the subsequent
cycles the electrode was charged up to 120% of the electrode capac-
ity in relation to discharge capacity of the 1st cycle. The charge
process for the 1–10 cycles were performed at a rate of 0.1 C, while
11–50 cycles the charge was performed at a rate of 0.2 C. After one

ite KS 5–75 �m addition; (c) MWNT 110–170 nm; (d) nickel electrode with MWNT
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Table 2
Amount of elements dissolved in HCl solution after modification of MWNT.

Dissolved amount
of element (wt.%)

Additives of carbon materials

MWNT 110–170 nm mod.a MWNT 10–15 nm mod.a

Ni 0.270 0.020
Co 0.090 0.030
Fe 0.090 0.700
Mg 0.016 0.016
Li 0.013 0.003
Cu 0.008 0.010
Mn 0.020 0.007

a mod. means after modification.

T
C

A. Sierczynska et al. / Journal of

our of a rest period for potential equilibration the electrode was
ischarged at 0.2 C to the potential 0.18 V vs. Hg/HgO. The galvano-
tatic charge/discharge measurements were made with Battery
esting Equipment Atlas-Sollich.

For the electrochemical impedance spectroscopy (EIS) measure-
ent the nickel electrodes were activated by charge/discharge

ycling before experiments, and the spectra were recorded at a
mV amplitude of perturbation with a sweep frequency range

rom 100 kHz to 10 mHz, and at opened circuit potential (OCP).
he electrochemical impedance spectroscopy (EIS) and the cyclic
oltammetry (CV) tests were performed using an Autolab PGSTAT
0/FRA2 system.

. Results and discussion

.1. Characterization of electrodes with carbon materials

The results of BET surface measurements of carbonaceous addi-
ives are shown in Table 1. The carbonaceous materials used as
onductive additives varied in the surface area (from 5 m2 g−1 to
20 m2 g−1) and particle size distribution. The MWNT 10–15 nm
how the highest BET surface area because of the highest value
f microporosity, which is a main factor of a considerable surface
rea. The electrode with flake graphite is characterized by quite
ood electrochemical performance and forms a base to compari-
on studies. The addition of 7 wt.% of carbonaceous material was
hosen for easy comparison of the electrochemical performance of
his electrode.

The scanning electron microscopy images were performed on
arbon materials: flake graphite and MWNT 110–170 nm and elec-
rodes with these additives are shown in Fig. 1. We can observe
he scaly structure of graphite (Fig. 1a) and probably distinguish
he shape of graphite flakes on the surface of pressed electrode
Fig. 1b). The flake graphite is characterized by size of particles
etween 5 �m and 75 �m. The outer diameter of commercial car-
on nanaotubes, as we can see in Fig. 1c, is between 100 nm and
00 nm and several micrometers in length. MWNT create network
or particles of spherical nickel hydroxide. Because of very good

echanical properties such as high elastic modulus and bend-
ng strength, MWNT do not surrender to the pressure easily and
hey lowered the packing density of Ni(OH)2 particles in three-
imensional porous nickel foam. Such a kind of network prevents
xtension and shrinkage of nickel electrode, because it is well
nown that positive electrode lose active material from support
uring cycling charging/discharging. MWNT prevent volume vari-
tions.

Both types of MWNT were additionally modified, to remove
he rest of metallic catalyst applied in process production of these

aterials. The process of modification was made in the concen-
rated HCl, at 80 ◦C. The mixture was stirred intensely for 12 h for
more effective dissolution of metallic components. To estimate
WNT impurities, chemical composition of the HCl solution used
or modification of MWNT was determined by inductively coupled
lasma spectroscopy (ICP). ICP analysis was performed to deter-
ine the amount of each element dissolved in acidic solution.
The results of analysis are shown in Table 2. The main reason for

he big difference between metallic impurities (Ni, Co, Fe, etc.) is

able 3
omparison of the maximal specific capacity and the utilization of Ni(OH)2 in positive ele

Sample Additives of carbon materials

Graphite MWNT 110–170 nm M

Maximal specific capacity (mAh g−1) 254.9 276.4 2
Utilization ratio of �-Ni(OH)2 (%) 88.2 95.6

a mod. means after modification.
Fig. 2. Cycling stability of the nickel electrodes with different carbon materials
addition calculated on mass of nickel hydroxide.

that each kind of carbon nanotubes was produced using different
catalysts. The method of carbon nanotubes preparation (especially
catalysts) has a huge influence on a structure and properties of the
carbon deposit.

3.2. Cycling stability of pasted nickel electrodes

To evaluate the practical effects of addition different carbon
materials, the galvanostatic charge/discharge tests were per-
formed, which are shown in Fig. 2.

All the curves present stable specific discharge capacity in fol-
lowed 50 cycles. The electrode with MWNT 110–170 exhibits
the highest specific capacity with very good cycling stability. The
specific capacity (mAh g−1 of Ni(OH)2) of that electrode dropped
slightly from 276 in the 3rd cycle to 264 in the 50th cycle (less than
5%). The highest drop of capacity (15%) in 50th cycle is observed

for electrode with modified MWNT 10–15 nm. The sharp increase
of the specific capacity for all nickel electrodes around 10th cycle
is connected with changing the condition of the charge process.
The 1–10 cycles were performed at a rate of 0.1 C, while 11–50
cycles the charge was performed at a rate of 0.2 C. The electrode

ctrodes with different carbon materials.

WNT 110–170 nm mod.a MWNT 10–15 nm MWNT 10–15 nm mod.a

71.1 235.5 244.0
93.8 81.5 84.5
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E◦ → 0.62 V → 0 V → E◦ vs. Hg/HgO/6 M KOH (E◦ – the rest potential)
−1
Fig. 3. Charge/discharge curves registered during the 3rd cycle.

as discharged at 0.2 C. The most visible changes after modifica-
ion of the charging conditions are for the electrode with addition

WNT 110–170 nm after modification.
Regardless of the mass of other compounds of nickel electrode

he maximal specific capacity of Ni(OH)2 is shown in Table 3.
As we can see, the specific capacity of materials after modifica-

ion (HCl treatment) is different for both kinds of carbon nanotubes.
t is probably connected with various kinds of catalyst used for
heir production. In the case of MWNT 10–15 nm after acid treat-

ent, they are characterized by better electrochemical properties
ainly due to the fact that iron (the rest of catalyst) was dissolved.

he presence of iron (which can create (�-FeOOH)) can lead to the
ccurrence of a concurrent reaction on the nickel electrode [19].
n addition, such a kind of modification probably improves the
ydrophilic of material and it can be more accessible for an elec-
rolyte. Whereas dissolving nickel and cobalt in HCl (metals which
re usually added to active mass of nickel electrode) from MWNT
10–170 nm leads to worsening capacitive parameters.

In addition, the electrodes with graphite and MWNT
10–170 nm before and after modification obtain their top
pecific capacity in the 3rd cycle, whereas the electrode with
WNT which have about 10–15 nm in outer diameter obtain
heir maximum capacity before modification approximately in
0th cycle, and after acid treatment in the 5th cycle. This kind of
odification probably improves the hydrophilic of material and it

an be more accessible for electrolyte.

Fig. 4. Electrochemical impedance spectra of pasted nicke
Sources 195 (2010) 7511–7516

Fig. 3 shows typical charge and discharge curves for the pasted
nickel electrodes with different carbon materials, the rates for all
the charge are 0.1 C and discharge is 0.2 C. Both types of MWNT
reduce the oxidizing and reducing potentials of nickel electrode and
increase the overpotential of oxygen evolution. The top-of-charge
voltages of electrodes with MWNT are lower than that of electrode
with graphite, which implies that such kind of additives improve
chargeability and lower intrinsic resistance. The discharge time of
electrode with MWNT 110–170 nm is longer than that of electrodes
with graphite and MWNT 10–15 nm and the plateau of electrode
with MWTN 110–170 nm is also higher and flatter than residual
electrodes.

3.3. EIS and CV measurements of pasted nickel electrodes

Given these findings, it can be concluded that the nickel elec-
trode with added MWNT 110–170 nm indicated less polarization
during the charge/discharge process comparing with the electrode
with graphite, which is confirmed by the EIS study. Fig. 4 presents
the electrochemical impedance spectra for electrodes with differ-
ent carbon materials.

Kinetics of nickel electrode is mainly assigned by solid-state
proton insertion reaction. That is why its impedance can be consid-
ered as that of insertion material, that is proton diffusion toward
the center of solid-state particles and specific conductivity of the
porous material itself [20]. The EIS spectra of pasted electrodes
after 10th and 50th cycles display a depressed semicircle connected
with charge transfer resistance in the region of high frequencies
and slope related to the Warburg impedance (which is strictly con-
nected with diffusion resistance) in the region of low frequencies.
It is evident that the charge transfer resistance of electrode with
added MWNT 110–170 nm is the smallest both in the 10th and in
the 50th cycle. Whereas the electrode with added MWNT 10–15 nm
is characterized by the highest value of charge transfer resistance,
which during the cycling became bigger, which implies that the
electrochemical reaction on such a kind of electrode worsened.

The MWNT 110–170 nm have the optimal size to a shorter cur-
rent conducting pathway in the active material, which influences a
lower internal resistance of electrode.

Cyclic voltammograms for the nickel electrodes with differ-
ent carbon materials are shown in Fig. 5. For each electrode
oxidation/reduction cycles were made in the potential range
at a scan rate of 0.1 mV s .
The experimental data obtained from the cyclic voltammetric

study are summarized in Table 4. It can be seen that the first anodic
peak corresponding to the hydroxide oxidation of electrodes and

l electrodes: (a) after 10th cycle; (b) after 50th cycle.
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ig. 5. Cyclic voltammograms of nickel electrodes with different carbon materials
E◦ → 0.62 V → 0 V → E◦; dV/dt = 0.1 mV s−1).

he second one to oxygen evolution while cathodic peak corre-
ponding to the oxyhydroxide reduction. The oxidation potentials
f nickel electrodes with carbon nanotubes before and after modi-
cation are different. It is a result of dissolving metallic remainders

rom carbon materials. In the case of MWNT 110–170 nm it was
ainly nickel, while for MWNT 10–15 nm it was iron.
To take into account the mass of electrode, both the anodic

nd cathodic peak current densities for electrode with MWNT
10–170 nm are higher than those of the rest of the electrodes.

The E1 and E2 symbols are employed as the symbol of the poten-
ial of anodic and cathodic peak, respectively. The �E1,2 symbol, the
ifference between the anodic and cathodic peak position, is taken
s an estimate of reversibility of the redox reaction, which is an
mportant parameter to estimate the electrochemical properties
f the electrodes. The smaller a �E1,2 is, the more reversible the
lectrochemical reaction and better proton diffusion efficiency are
21,22]. The results in Table 4 show that the smallest value �E1,2,
.226 V and 0.240 V were obtained for the electrodes with addi-
ive MWNT 10–15 nm mod.* and MWNT 10–15 nm, respectively.

hereas for electrode with added MWNT 110–170 nm oxidation
otential of Ni(II) is at a less positive potentials. Usually, the charge
fficiency decreases as the oxidation potential increases because
f concurrent oxygen evolution. Addition of MWNT 110–170 nm
llows charging at less positive potentials comparing to others
xamined additives, less oxygen is evolved and higher charge effi-
iency is obtained.
Fig. 6 shows the high-rate capability of electrodes with the
ddition of graphite and MWNT 110–170 nm, in which the effi-
iency means the ratio of the capacity at various rates to the
apacity at the 0.2 C rate. The experimental results show that addi-

able 4
otentials of oxidation and reductions peaks.

Additives of carbon materials E1 (V) E2 (V) �E1,2 (V)

Graphite 0.518 0.255 0.263
MWNT 110–170 nm 0.508 0.232 0.276
MWNT 110–170 nm mod.a 0.524 0.211 0.313
MWNT 10–15 nm 0.513 0.273 0.240
MWNT 10–15 nm mod.a 0.509 0.283 0.226

1 – oxidation potential of Ni (II); E2 – reduction potential; �E1,2 = E1 − E2.
a mod. means after modification.
Fig. 6. High-rate capability of pasted nickel electrodes with different carbon mate-
rials addition.

tion of multi-walled carbon nanotubes (110–170 nm diameter) can
considerably enhance the high-rate discharge efficiency of pasted
nickel electrodes, and the effects become more remarkable with
an increase in the discharge rate. The efficiency of electrode with
MWNT 110–170 nm at the rate 2 C is almost twice higher than in the
case of electrode with graphite. This indicates that the addition of
MWNT 110–170 nm to spherical Ni(OH)2 not only increases the dis-
charge capacity and utilization of nickel hydroxide active material,
but also improves the discharge voltage and high-rate capability
of nickel electrodes. Given these findings, it can be concluded that
the nickel electrode with added MWNT 110–170 nm shows less
polarization during the charge/discharge process compared with
the electrode with graphite flakes.

4. Conclusions

Multi-walled carbon nanotubes have been used as a functional
additive to improve the electrochemical performance of pasted
nickel–foam electrodes for rechargeable alkaline batteries. Studies
show that addition of MWNT 110–170 nm increases the mate-
rial utilization and specific discharge capacity as well as improves
the discharge voltage and high-rate capability of nickel electrodes.
The nickel electrodes with MWNT addition (110–170 nm diameter)
have exhibited a specific capacity close to 280 mAh g−1 of Ni(OH)2,
and the degree of active material utilization was ∼96%. The adding
of MWNT provides a good electron conductive network between
the Ni(OH)2 particles, which results in a shorter current conduct-
ing pathway in the active material and a lower internal resistance
for the positive electrode and therefore improves the life cycle of
the Ni–MH batteries.

Modification of carbon nanotubes proposed in this study had a
negligible influence on the performance of nickel electrodes which
were obtained during the half-cells measurements. The influence
of MWNT modification process was different for both types of car-
bon nanotubes, which is connected with various catalysts used for
carbon materials production. The addition of non-modified MWNT
(110–170 nm diameter) exhibited the best electrochemical proper-
ties in the chargeability, specific discharge capacity (approaching to
the theoretical value), active material utilization, discharge voltage
and cycling stability.
The MWNT 10–15 nm show the worse electrochemical charac-
teristic because there is a problem with remainders of catalyst used
for their production. In the case of MWNT 10–15 nm after acid treat-
ment, they are characterized by better electrochemical properties
mainly due to the fact that iron (rest of catalyst) was dissolved.
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