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Abstract

Electrochemical and morphological investigations of various nickel chloride electrodes were carried out. Three different types of
Nickel chloride electrodes were investigated in this study: a nonporous nickel substrate, a nickel felt, and a porous sintered electrode. It
was observed that the nickel chloride layer formation during the charge limits the area capacity of solid nickel to 0.6 C/cm?. There is
also a direct relationship between the electrochemical performance and morphological parameters of the nickel chloride electrode. The
capacity trend of these electrodes was explained by considering both the surface area and the pore-size distribution necessary for an
effective mass transport during charge and discharge reactions. A rational approach to fabricate electrodes with improved nickel

utilization is also discussed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Zebra batteries based on Na/NiCl, chemistry offer
many attractive properties: high cell voltage, high theoreti-
cal specific energy, broad range in operating temperature,
and high reliability due to a failure mode that results in a
hard short-circuit within the failed cell. This battery couple
was originated in South Africa [1]. The Na/NiCl, cell is
similar to the Na/S cell in that it uses much of the same
technology. For instance, the Na/NiCl, cell, like the
Na/S, uses a liquid sodium negative electrode and the
B"-alumina solid electrolyte. However, unlike the
sodium/sulfur cell, it uses a secondary electrolyte of
molten sodium tetrachloroaluminate (Na[AICI,]D in the
positive electrode and an insoluble nickel chloride as the
active material. The NaAICl ;] electrolyte conducts sodium
ions from the p"-Al O, electrolyte to the nickel chloride
electrode reaction site. Sodium and N&aAICl,] are molten
at the operational temperature (170 to 400°C) of the cell.
NAAICI,] is added to the porous Nickel chloride electrode
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to transport Na* ions from the surface of the p’-alumina
electrolyte to the reaction sites at the interior of the
positive electrode. The cell reaction is

2Na+ NiCl, = 2NaCl + Ni

In addition, this system also has severa other advan-
tages over other high temperature batteries such as Na/S
and Li/FeS, batteries. These include compatibility of
current collector and active materia (contrast to Li /FeS,
and Na/S cells), failure mechanism that short-circuits the
cell (contrast to Na/S cells), good safety features and
compatibility with the existing sodium-cell technology. In
addition, the less corrosive nature of the NaAICl, than
sodium polysulfides used in the Na/Sulfur battery makes
the selection of the hardware (cell container and current
collectors) easier. Due to these excellent characteristics
[2-9], these batteries are under intensive development in
England, Germany, and Japan for electrically powered
vehicles and load leveling electrical utilities. The perfor-
mance of the present Na/NiCl, batteries, despite their
high theoretical specific energy and cell voltage is limited
due to the performance-limiting characteristics of the posi-
tive electrode [10]. The present state-of-art Na/Nickel
chloride battery, has relatively high impedance, mainly in
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the positive electrode, because of its electrode kinetics,
electrode morphology, and cell configuration. The nickel
chloride electrode thus plays an important role in the
resistance and weight of the cell; consequently, a quantita-
tive understanding of the electrochemical and morphologi-
cal properties of the NiCl, is very important.

The electrochemical behavior of Nickel chloride as the
positive electrode in the Na/NiCl, cell has been exten-
sively studied [10-20]. Most of these studies acknowl-
edged that the cell performance is limited due to the NiCl,
layer on the electrode which results in a an area-capacity
limit (ACL). The fundamenta studies conducted on non-
porous electrodes [17,20] suggest that a high surface area
and an optimum pore-size distribution are essentia for the
development of a high-performance nickel electrode. How-
ever, a quantitative relationship between the morphological
properties and the performance of the electrode has not
been reported. This paper describes the fundamental elec-
trochemical and morphological properties of the Nickel
chloride electrode and a quantitative relationship between
these properties and the electrode performance.

2. Experimental

Electrochemical investigations of the Na/NiCl, cell
were carried out in an electrochemical research cell, which
closely simulates the components and operational condi-
tions of the full size battery. The capacity of these cells
ranged between 0.6 to 1.2 Ah. The research cell had a
molten sodium negative electrode, a nickel chloride posi-
tive electrode, a p’-alumina tube (CSPL, UK.) and a
molten electrolyte, Na[AICI ,] (APL Engineered Materials).
The molten sodium electrode aso served as the reference
electrode due to its negligible polarization. Three different
types of Nickel chloride electrodes were investigated in
this study; a nonporous nickel, a nickel felt, and a porous
sintered nickel electrode. The electrodes were assembled in
the discharged state by mixing of Ni-255 (Novamet Spe-
ciaty Products) and NaCl powders (Aldrich Chemical)
thoroughly and then pressing the material into a 0.5-cm
thick pellet with a diameter of 2.80 cm. Both the nickel

Table 1

felt and the sintered nickel electrode contained 15-vol.%
nickel. The pellet was subsequently sintered at 750-890°C
under a reducing atmosphere. Fabrication of the electrodes
with nickel felt as the nickel matrix did not need the
laborious and very delicate Ni powder sintering process.
The commercia felts already had fine Ni powders sintered
to the surface of the nickel fibers to increase the surface
area (Fig. 4). The sintered felts were loaded with NaCl by
either vibrating salt powder into the pores of the felt or
evaporating salt solutions on the heated felt. Attachment of
the felt to the current collector was carried out by spot
welding on the current collector. The improved porous
electrode (~ 1.2 Ah capacity) with better morphology was
fabricated by mixing 4.29 g of Ni-255, 2.84 g of NaCl, and
0.713 g of ammonium bicarbonate as the poreformer (10
wt.% of the dry electrode) and then pressing the mixture
into a 0.5-cm thick pellet with a diameter of 2.80 cm. This
pellet was placed in a tube furnace and heated first at
250°C under a hydrogen containing atmosphere (5 wt.%
hydrogen +95% helium) for 1 h in order to decompose
ammonium bicarbonate into NH,, CO, and H,O vapors.
The pellet was subsequently sintered at 750—890°C under
a reducing atmosphere. After sintering, these electrodes
were vacuum impregnated with liquid NgAICI ], and then
placed in the cell’s positive electrode compartment. The
positive electrode compartment contained enough NaCl to
saturate the liquid even during fully charged conditions. A
uniform one-dimensional current distribution was main-
tained in the Nickel chloride electrode galvanostatically in
the anodic (3.0 V) and cathodic (2.0 V) directions against
a Na electrode. Current interruption technique was used
during the cycling to evaluate the electrode and cell
impedance.

The surface areas of the nickel specimens were deter-
mined by the BET N, gas adsorption method using a
Quantasorb instrument (Quantachrome). The mercury
porosimeter (Micromeritics) technique was used to obtain
the pore-size distribution in the nickel samples. The sur-
face-area, pore-size distribution, and SEM were carried out
after the chloride salts had been leached from the elec-
trodes.

Electrode area and capacity parameters of Nickel chloride electrodes at 300°C in NaCl-saturated Na[AICI ;]

Nonporous nickel Nickel felt Sintered electrode
Observed capacity per geometric area, C/cm? 0.6 130.2 720.0
Weight of Ni in the electrode, g 1.96 4.29
Measured volumetric capacity, C/cm?® - 260 1440
BET area, m? /g - 03 18
Areafactor? 10 957 12590
Calculated area capacity, C/cm? 0.6° 574 7554
Measured real area capacity, C/cm? 0.6 0.136 0.057

This factor is obtained by dividing the BET area by the geometrical area of the electrode.
®The value is for the geometrical area and may deviate due to the roughness factor.
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3. Results and discussion

The BET areas of the nickel felt and the sintered
electrode were found to be 0.3 and 1.8 m?/g, respectively
and are reported in Table 1. It can be seen from this table
that the sintered electrode fabricated with nickel powder
has the maximum surface area. The geometrical area is
used for the nonporous flat nickel electrode. From the BET
area values, one can calculate an area factor, i.e., the red
surface area per square centimeter of the geometrical area
of these electrodes. These values are shown in Table 1.
The pore-size distribution of the porous sintered electrode
and the felt electrodes are shown in Figs. 1 and 2, respec-
tively. These figures indicate that the felt and the sintered
electrodes possess bimodal pore distribution. The median
pore diameter in the nickel felt electrode is significantly
greater than the median pore diameter in the sintered
electrode.

The research cells used in this study simulate the com-
ponents and mimic the operational conditions of a full-size
Na/NiCl, cell. The electrodes fabricated with the nickel
plate, nickel felt, and porous sintered electrodes possess
different morphologies. Scanning electron micrographs
showing the morphological characteristics of the sintered
and the felt electrodes area shown in Figs. 3 and 4,
respectively. Therefore, testing of these electrodes at iden-
tical conditions provides an opportunity to investigate the
effect of the pore-size and the surface area on the electrode
performance. Maintaining one-dimensional current density
distribution in the Nickel chloride electrode, the charge
and discharge capacities of the nickel chloride electrode
can be precisely measured. The nickel utilization for porous
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Fig. 1. Pore-size distribution of sintered nickel chloride electrode.
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Fig. 2. Pore-size distribution of nickel chloride felt electrode.

nickel chloride electrodes was calculated on the basis of
the ratio of the reacted NaCl and the total quantity of NaCl
used to fabricate the positive electrode. This is because
these cells are fabricated in the discharged state and the
Nickel chloride active material is formed electrochemically
during the charge reaction. The capacity achieved at the
10th cycle for the three nickel electrodes (nonporous, felt,
and sintered) is used in the present discussion in order to

Fig. 3. Scanning Electron Micrographs of sintered nickel electrode.
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avoid the complications associated with the capacity loss
in the later cycles.

The N4AICI,] is a Lewis acid-base system and is
characterized by the AICl;/NaCl mole ratio. The mole
percent of AICI,; can be easily adjusted by additions of
small measured quantities of AICI; to the NaCl-saturated
melt of known weight. For example, the 1:1 ratio produces
the neutral melt.

NaCl + AICl; = Na[AICl, ] (2)
Ratios higher than 1:1 make acidic melts.

NaCl + 2AICl, = Na[Al,Cl,] =Na'+[Al,Cl;] (2)

Basic melts such as the electrolyte used in Na/NiCl,
cells, can be obtained at AICI;:NaCl (excess NaCl than 1:1
ratio). NaCl is sparingly soluble in the basic melt. The
NaCl-saturated basic melt has 49.75:51.25 AICI;:NaCl
ratio. The solubility of NiCl, in chloroaluminate melt is of
critical importance in determining the cycle life of the
Na/NiCl, cell. It has been shown [21] that a high concen-
tration of free Ni?* ions exists in the acidic chloroalumi-
nate melt which can exchange with the Na* ions of the
B"-alumina, resulting in lowered conductivity and stability
of the component of the Na/NiCl, cell. This exchange
jeopardizes the B"-alumina integrity and reduce the cell
life-time. The basic melt, on the other hand, stabilizes the
nickel in the complex-ion form [NiCl,]?~ form, reduces
the concentration of the Ni?*, and thus, hinders the delete-
rious ion exchange reaction. This fact clearly underlines

Fig. 4. Scanning Electron Micrographs of nickel felt electrode.
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Fig. 5. Typical charge and discharge curves of a flat nonporous Nickel
chloride electrode vs. Nain NaCl-saturated Na[AICl ,] melt at 300°C after
the break-in cycles.

the importance of maintaining basic electrolyte in the
Na/NiCl, cells. A buffered basic melt was be maintained
by having an excess solid NaCl in the Ni electrode all the
time.

The Nickel chloride electrode gradually improves in the
first 8-10 cycles and finally reaches a steady condition.
The positive electrode made from flat nonporous nickel
showed an improvement in the capacity in the few cycles
before reaching a steady state. The increase in the capacity
is attributed to the roughening of the electrode surface.
Fig. 5 shows typical charge and discharge curves of a flat
nonporous nickel electrode cycled between 2.0 and 3 V
cell-voltage cut-offs vs. Na. It is clear from this figure that
awide potentia range of cycling is required to fully utilize
the electrode. Noteworthy is the break on the charge and
discharge curves, which separates the half-cycles into two
clearly distinguishable sections. For the nonporous nickel
electrode, however, area capacity is used to express the
utilization. The reason for thisis because the electrolyte /Ni
ratio in the nonporous electrode study is different from the
one that prevails in a porous electrode structure. An inter-
esting feature of the Nickel chloride electrode is the ** self-
limitation’” of the available area capacity. The area-capac-
ity limit ACL, the practically available capacity of the
electrode per cm? area) is a strong function of current
density and temperature. Area-capacity limits measured at
different temperatures in NaCl saturated (basic) electrolyte
are shown in Fig. 6. The area capacities shown in Fig. 6
were measured at 1 mA /cm? current density (equivalent
to 3 to 10 min charge or discharge rates).

Figs. 7 and 8 show the charge and discharge capacities
of the felt and sintered nickel chloride electrodes at C/10
rate cycled between 2.0 to 3.0 V. The porous sintered
electrode showed a stable capacity from the second cycle
onwards. The higher capacity of the sintered electrode is
attributed to its higher electrochemical active area.

From the BET area values of various nickel electrodes,
one can calculate an ‘‘area factor’’ i.e, the real surface
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Fig. 6. Limiting area capacity of a nonporous nickel electrode.

area per sguare centimeter of the geometrical area of these
electrodes. These values are also shown in Table 1. From
the measurements carried out on the flat nonporous nickel
electrodes, it was observed that one can obtain from 0.20
to 1.20 C/cm? on the nickel metal surface, depending on
the experimental conditions. The area-capacity limit of 0.6
C/cm? however, is for the geometrical area of the elec-
trode and might deviate if one assumes a roughness factor
for the nickel. Multiplying the BET area of the electrode
by the weight of nickel in the sintered electrode one can
calculate the total real area of the nickel available in the
electrode. The capacity per real area may then be calcu-
lated using the values of the real area. The capacities of the
felt and porous sintered nickel chloride electrodes normal-
ized to the geometrical areas (C/cm?) for these three
electrodes are also given in Table 1.

Table 1 clearly shows a large difference between the
calculated and the measured capacities values for the felt
and the sintered electrode. This difference can be ex-
plained on the basis of the poorly conducting NiCl , layer
formation during the charge reaction. The high resistance
of this NiCl, layer inhibits the further thickening of the
layer during charging of the nickel electrode. During the
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Fig. 7. Charge curves of the felt and the sintered Nickel chloride
electrodes vs. Na in NgAICI ] melt at 300°C and C/10 rate.
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Fig. 8. Discharge curves of the felt and the sintered Nickel chloride
electrodes vs. Nain NgAICI,] melt at 300°C and C/10 rate.

discharge reaction, on the other hand, the formation of
solid sodium chloride tends to cover the electrode surface
and results in high resistance. Both these factors tend to
limit both the energy and power characteristics of the
nickel chloride electrode. Using the measured area capac-
ity limit (ACL) of 0.6 C/cm?, one can calculate 1.15 pm
for the thickness of the NiCl, layer. This layer, once
formed, would block the pores that have a radius smaller
than the thickness of the layer. The results of the pore-size
distribution studies carried out on the sintered electrode
(Fig. 1) indicate that a majority of the pores in the sintered
electrode lie below 3 pm. Therefore, the mgjority of these
pores in the sintered electrode are filled with low-conduct-
ing nickel chloride, even during the early stage of charge.

4

Fig. 9. Scanning Electron Micrographs of the nickel chloride electrode
fabricated with poreformers.
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Fig. 10. Pore-size distribution of the nickel chloride electrode fabricated
with poreformers.

This explains the difference of six orders of magnitude in
the measured and calculated capacity of the sintered elec-
trode. To utilize more nickel during the charge reaction,
one would expect a NiCl, layer even thicker than 1.15
p.m. Based on Fig. 2 the felt electrode has pores that are 5
wm and, hence, are not completely blocked by the NiCl,
during charge and NaCl during discharge reactions. Conse-
quently, on the basis of real surface area and larger pore
cavities, more nickel can be utilized in the case of the felt
electrode. Therefore, it is critically important to improve
the porosity of the electrode by providing pores larger than
1.15 pm to help mass transport during charge and dis-
charge reactions.

These results show that it is critical to consider pore
surface accessibility to calculate the capacity limit for a
given pore-size distribution. These measurements also pro-
vide firm theoretical basis for the improvement of the
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Fig. 11. Charge curves of the sintered and optimized Nickel chloride
electrodes vs. Na in NgAICl ] melt at 300°C and C/10 rate.
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Fig. 12. Discharge curves of the sintered and optimized Nickel chloride
electrodes vs. Na in NgAICl,] melt at 300°C and C/10 rate.

modified-morphology Nickel chloride electrodes. A porous
nickel chloride electrode based on these morphological
concepts would be expected to exhibit improved perfor-
mance. Based on these principles, the morphology of a
nickel chloride electrode was modified by the use of
poreformers during fabrication step in order to attain con-
trolled pore-size distribution. A scanning electron micro-
graph representing the optimized morphology of this elec-
trode is shown in Fig. 9. The pore-size distribution of this
electrode is also shown in Fig. 10. It can be seen from this
figure that this electrode contains two types of pores. It
contains pores that are about 2—-10 um. In addition, it
contains pores that are larger than 25 pm. smaller pores
provide the high surface area and the large pores provide
the pore cavities to support an effective mass transport
during electrochemical reaction. Since the nickel chloride
reaches to a thickness of about 1.15 pm, the pores in this
tailored electrode do not get blocked by the NiCl, during
charge reaction. Also, the large pores can accommodate
the NaCl crystals up to 25 wm during discharge reaction.
Consequently, more active material can be utilized in the
case of the morphologically tailored electrode. The electro-
chemical performance curves of a sintered electrode and a
tailored electrode with an optimized morphology are shown
in Figs. 11 and 12. The superior performance of the
tailored nickel chloride electrode fabricated with the pore-
former is clearly indicated by the extended cell capacity.
This can be explained on the basis of improved morphol-
ogy of the tailored nickel chloride electrode provided by
the high surface area and sufficient optimized pore cavities
to support an effective mass transport during charge and
discharge reactions.

4, Conclusion
These experiments have proven that NiCl, layer forma

tion during charge limits the area capacity in Nickel
chloride electrodes. There is a direct relationship between
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the electrochemical performance and the morphological
properties (BET area and pore-size distribution) of the
electrode. It is, therefore, critical to consider both the
surface area and the pore surface accessibility to estimate
the capacity limit for a given pore-size distribution. These
investigations also provide firm theoretical basis for the
improvement of the modified-morphology Nickel chloride
electrodes. A porous electrode with a specialy tailored
morphology produces an improved performance by provid-
ing high surface area and sufficient pore cavities to support
effective mass transport.
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