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The  effect  of operating  temperature  on performance  and  aging  of Zebra  cells  was  investigated.  The  cells
were  cycled  at  260 ◦C  and  350 ◦C using  a modified  charging  regime  to accelerate  damage.  The  cathode  and
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solid electrolyte  of degraded  cells  at the  end  of  cycling  were  analyzed  by  scanning  electron  microscopy,
energy  dispersive  spectroscopy  and  X-ray  diffraction.  It is hypothesized  that  the  formation  of  AlF3 on  the
surface  of  the  �′′ alumina  electrolyte  contributes  to the  failure  of cells  at  low  temperatures.  A mechanism
based  on  the overcharge  reaction  is  proposed  for  the  formation  of  this  phase.  At  350 ◦C,  a significant
capacity  loss  was  observed  with  cycle  life,  which  correlates  to  nickel  particle  growth  as  the  cause  of  this
phenomenon.  The  factors  responsible  for Ni  grain  growth  are  discussed.
ycle life assessment

. Introduction

The Zebra (Na/NiCl2) battery with high energy density, high
urability and zero electrochemical self-discharge is a candidate
or electric vehicle traction and grid energy storage. The increased
emand for green energy sources such as wind turbines and photo-
oltaics which are inherently intermittent has intensified the need
or batteries with high specific energy characteristics. Improving
nergy density of the Zebra battery was recently proposed through

 new cell design [1,2]. However to date, these cells are com-
ercially produced solely by Fiamm SoNick, Stabio, Switzerland.
eneral Electric has announced plans to start production of Zebra
ells in the near future which makes use of the standard design.

hile the design and chemistry of the cells fabricated by Fiamm
oNick are well known [3–8], there are few data available in the
iterature on the aging process and failure mechanism of these
ells.

Lifespan of a rechargeable battery depends on the cycling con-
itions such as temperature, charging regime, depth of discharge
DoD), discharge rate, and so on. In order to prolong the cycle life of
hese cells, an IU charging regime is recommended by Fiamm SoN-
ck. In this regime, charging starts with constant 10 A current until
he cell voltage reaches 2.67 V. Then, the voltage is maintained at
.67 V with the current gradually dropping. The cell is considered
ully charged when the current drops below 0.5 A [7].  Zebra cells

ave been shown to undergo thousands of cycles with this regime
9]. The Zebra cell operates in the range of 260–350 ◦C. The lower
emperature limit is dictated by the kinetics of solid state reactions
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in the cathode and by the sodium ion conductivity of the �′′ solid
electrolyte. The conductivity of �′′ alumina reaches a reasonable
value of 0.2 S cm−1 at 260 ◦C [8]. The upper temperature limit is set
to avoid excessive dissolution of the FeCl2 in the NaAlCl4 molten
electrolyte. This could result in the degradation of the solid elec-
trolyte and hence increase in the resistance of the cell in case the
dissolved Fe ions exchange with Na ions of the �′′-alumina [10].
In practice, the Zebra batteries run at 275 ◦C with transient excur-
sions up to 330 ◦C during high current discharge due to self-heating
of the battery pack.

In the present work, the simultaneous effect of temperature
and high charging voltage on the performance and failure of Zebra
cells was investigated. Zebra cells were cycled at the extremes
of temperature range and their behavior is explained based on
microstructural examination and predictions of thermodynamic
calculations.

2. Experimental procedure

2.1. Cycling scheme

Two  stacks of four ML3X Zebra cells received from Fiamm
SoNick were subjected to continuous charge–discharge cycles
to the point of failure or a level of exaggerated cell resistance.
The specifications of these cells are summarized in Table 1. One
stack was cycled at the lower temperature limit, i.e., 260 ◦C,
and the other at the upper temperature limit, 350 ◦C. Cells were
vertically positioned in a specially designed oven provided by

Fiamm SoNick. The cycling was  performed using a Digatron UBT
6-50 battery testing unit. In order to accelerate damage, a more
stressful charging regime was implemented (Fig. 1). The charging
voltage limit was  increased to the voltage of the overcharge

dx.doi.org/10.1016/j.jpowsour.2012.01.125
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Table  1
Characteristics of ML3X Zebra cells.
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at their respective temperatures. The new cell was discharged at
300 ◦C. The most striking feature of this graph is the significant
decrease in the voltage of the cell cycled at 260 ◦C which translates
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Cell  1 Cell  2

Cell  3 Cell  4
Nominal capacity (Ah) Specific power (W kg ) Power density (W

38 245 280 

eaction (3.1 V per cell). It is worth mentioning that in the Zebra
atteries the cells rarely reach such a high voltage. Therefore, this
harging profile represents an accelerated life test. The voltage
imit increase allowed the current to remain at 10 A for 3 h, thus
tilizing 30 Ah of capacity. The discharge consisted of a constant
5 A current applied for 2 h or to the point that the cell potential
ropped below 1.72 V per cell. In contrast to charging, the current
as abruptly shut off as soon as the voltage limit was  reached.

emperature, applied current and cell voltages were recorded and
sed to monitor performance of the cells during the test.

.2. Characterization methods

Degraded cells at the end of cycling were destructively opened
n an argon atmosphere glove box. The cells were opened fol-
owing one individual standard IU charging procedure. Both the
ositive electrode and the inner surface of the �′′ alumina in contact
ith cathode were examined using scanning electron microscopy

SEM). The �′′ pieces were soaked in acetone and cleaned in an
ltrasonic bath for 1 min. Characterization of the positive electrode
as done by SEM observation of fracture surfaces with no expo-

ure to moisture or any other treatment. The constituent phases
ere identified by energy dispersive spectroscopy (EDS) and X-ray
iffraction (XRD). The positive electrode of the ML3X Zebra cell

s approximately 20 cm high. In order to thoroughly examine the
icrostructural changes, three samples taken at 2, 7 and 14 cm from

he bottom of the cell were investigated.
Pieces of the positive electrode were washed with distilled

ater, thereby removing the salts – NaCl, NiCl2 and NaAlCl4. The
emaining powder consisted almost exclusively of Ni particles. The
ize distribution of these particles was analyzed utilizing the liq-
id phase sedimentation technique. A homogeneous suspension of
he powders in glycerol was achieved at room temperature using

echanical and ultrasonic stirring. The measurements were carried
ut with a Horiba CAPA700 particle size analyzer. The morphology
f the Ni particles was examined with SEM and the phases were
dentified by XRD.

. Results

.1. Charge–discharge data

Fig. 2 shows the internal resistance of the cells at the end of
harge for 260 ◦C and 350 ◦C tests. The resistance is estimated using
he recorded current (I) and cell voltages (V) according to the fol-
owing relationship:

 = E − V

I
(1)
here E is the open circuit voltage of the cell and is equal to 2.59 V
t 260 ◦C and 2.57 V at 350 ◦C.

The impact of temperature on Zebra cell performance can be
educed by comparing Fig. 2a and b. In the low temperature test,

Charge: 

I = 10 A to 3.1 V/cell 

t = 3 hr 

Discharge: 

I = 15 A to 1.72 V/cell 

t= 2 hr   

Pause: 

I = 0 A  

t = 30 min 

Fig. 1. Cycling scheme utilized in the present investigation.
Specific energy (W h kg ) Weight (kg) Dimension (cm)

140 0.685 3.5 × 3.5 × 23

the cells maintained low internal resistance for 300 cycles. At that
point, a sudden increase in resistance occurred in 3 cells followed
by progressive capacity loss over the next 3 cycles. The increase in
resistance was  accompanied by drift into the overcharge state. This
led to complete failure in discharge as cell voltages dropped below
the prescribed 1.72 V immediately upon switching into discharge
mode. At 350 ◦C, the cells maintained relatively low resistances for
300 cycles similar to the low temperature test. Thereafter, they con-
tinued to work despite reaching much higher resistances where
the overcharge voltage was  far surpassed in 2 of the 4 cells (cell 1
reached 3.58 V at the end of cycling). There was gradual capacity
loss throughout the test. The high temperature cells did not fail by
drifting beyond the operating parameters as low temperature cells
did. The test was  stopped after 600 cycles for safety reasons.

Fig. 3 shows a comparison between c/4 (i.e., 9.5 A current) dis-
charge rate of a new cell versus cells at the end of cycling. The
cycled cells were removed from the stack and discharged separately
0

200

400

0 50 100 150 200 250 300 350 400 450 500 550 600

R
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is

Cycle №

Fig. 2. The resistance at the end of charge for the cells cycled at (a) 260 ◦C and (b)
350 ◦C.
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ig. 3. Discharge behavior of single cells at the end of testing compared with that
f  a new cell.

nto very high resistance build up in this cell. The voltage drop is
ore pronounced at the beginning of the discharge. Since the dis-

harge reaction of the Zebra cell starts at the �′′ electrolyte and
oves toward the current collector, this pronounced drop indi-

ates that the resistance build up has occurred adjacent to the solid
lectrolyte. As the discharge progresses, the reaction front moves
way from the �′′ interface and the voltage recovers to some extent.
he discharge of this cell was arbitrarily stopped at 1.3 V. This phe-
omenon was not observed in cells cycled at 350 ◦C. However, a
ecrease in capacity of this cell is apparent since the cell is fully
ischarged after 2.5 h.

The same cells shown in Fig. 3 were charged individually with
tandard IU regime in order to measure their capacity. Fig. 4 shows
hat the cell cycled at 350 ◦C was unable to accept 10 A current for as
ong as a new cell. It had lost 38% of its capacity. A less severe capac-
ty loss is observed in the cell cycled at 260 ◦C; however, it is even
ore noteworthy that this cell is unable to accept the nominal 10 A
urrent at all. The immediate current drop supports the idea that

 high resistance product is formed close to the �′′ interface. The
harge reaction also starts at �′′ and because of this resistance build

ig. 4. Capacity and performance of individual cells under standard IU charging.
Fig. 5. SEM image of positive electrode from low temperature cell showing dis-
charge products.

up, the limiting voltage of 2.67 V is reached as soon as the current
is applied and charging is switched to voltage mode at decreased
current. The cycled cells whose behavior is shown in Figs. 3 and 4
were opened in the fully charged state (at the end of IU charging).
The cathode and the solid electrolyte were examined to identify
the failure mechanism of low temperature cells and the cause of
capacity loss in cells cycled at 350 ◦C.

3.2. Microstructural investigation

Beginning with the cell cycled at 260 ◦C, it was found that
although the cell was  supposedly fully charged, the positive elec-
trode was only partially charged. NaCl particles of 60 �m length
were observed in the core of the cathode 4 mm away from the solid
electrolyte (Fig. 5). The growth of Ni particles can readily cause cell
degradation in Zebra cells [11]. The small size (<2 �m) of Ni par-
ticles seen in Fig. 5 dismisses this as the cause of degradation in
the low temperature cell. As expected, NiCl2 was  abundantly found
in the charged portion of the cathode; surprisingly however, AlF3

′′
particles were observed in the positive electrode in contact with �
(Fig. 6). This material is not an ingredient of the positive electrode
but is formed during cycling.

Fig. 6. AlF3 particles in positive electrode adjacent to �′′ ceramic in the cell cycled
at  260 ◦C.
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Fig. 7. The inside surface of solid electrolyte from (a) a new cell where only �′′-
alumina grains are seen and (b) a cell cycled at 260 ◦C showing widespread coverage
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pound attached to the enlarged Ni grain. The formation of this
compound was  reported in earlier attempts to optimize the com-
position of the cathode in cases where the cell was cycled at high
rates [11]. An XRD analysis of the extracted powders revealed that
y  AlF3.

AlF3 particles were found to be widely dispersed on the inside
urface of the ceramic electrolyte in contact with the cathode.
ig. 7a and b compares the surface of �′′ from the new cell with that
f the cell cycled at low temperature. The �′′ grains are barely seen
n Fig. 7b. Of course not the entire surface of the solid electrolyte

as covered with these particles but the density of AlF3 coverage
as high enough to conclude that the formation of these particles

s the cause of the resistance increase and subsequent failure of the
ells cycled at 260 ◦C. It impedes the flow of sodium ions through
′′ into and out of the cathode compartment.

Such widespread deposition of AlF3 particles was not seen in
he cells cycled at 350 ◦C. Only a few sizable AlF3 particles were
ound (Fig. 8). The substantial resistance increase observed in the
igh temperature cells cannot be associated with these large and
oarsely distributed particles. It is worth mentioning that no sign
f Fe ion exchange with sodium was found in �′′ alumina of either
ow or high temperature cells.

Disparities were observed in the state of charge of the cathode
nominally charged) for the cells cycled at 350 ◦C. While the lower
alf of the cell was fully charged, the upper half remained largely in
he discharged state. Only a 1–2 mm layer of the cathode close to the
′′ interface was charged in the upper part of the cell. Fig. 9 shows
he microstructure of a sample taken at 14 cm from the bottom of
he cell. Similar to Fig. 5 the discharge products (Ni and NaCl) are
een in this image, but unlike the low temperature cell, a significant
Fig. 8. Coarse AlF3 particles formed on �′′ surface at 350 ◦C.

increase in the size of Ni grains is observed. The average size of the
original Ni powder is 2 �m.

The size distribution of the Ni particles of cycled cells is com-
pared with that of the new cell in Fig. 10.  More than 90% of Ni
particles in the new cell and the low temperature cell are less than
10 �m in size. In fact some refinement of Ni particle size is observed
due to cycling at 260 ◦C. On the other hand, a 30% decrease in the
fraction of particles less than 10 �m in size is seen in the cells cycled
at high temperature. The decrease is compensated by the formation
of larger Ni grains up to 70 �m.  This Ni grain growth is deemed to
be the cause of capacity loss in the cells cycled at 350 ◦C.

There was a possibility that the large Ni particles were merely
agglomerates of small grains. An SEM analysis of the extracted pow-
der from the high temperature cell refuted this possibility. Fig. 11a
and b shows the extracted powders from the as received cell and
the cell cycled at 350 ◦C, respectively. An agglomeration of small
particles (1–2 �m)  is apparent in the as received cell. In contrast,
individual particles grown larger than 10 �m can be easily recog-
nized in the high temperature cell. A distinct ledge morphology is
notable on the surface of the enlarged grains.

Another feature seen in Fig. 11b is particles of the Ni3S2 com-
Fig. 9. Evidence of Ni particle growth in the cathode of a cell cycled at 350 ◦C.
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Fig. 10. Ni particle size distribution of cycled cells compared with that of the new
cell.

Fig. 11. SEM micrograph of Ni particles extracted from (a) a new cell and (b) a cell
cycled at 350 ◦C.

Fig. 12. XRD pattern of Ni powders extracted from cycled cells at (a) 350 ◦C, (b)
260 ◦C and (c) the new cell.
this phase did not exist in cells prior to cycling (Fig. 12). Traces of
Ni3S2 were found in the cell cycled at 260 ◦C. However, it is the high
temperature cell in which a noticeable increase in the amount of
this phase was  observed.

The Ni grain growth was  less pronounced in the bottom half
of the cell which is consistent with the fully charged state of this
part. Fig. 13 shows an SEM image of the positive electrode taken
2 cm from the bottom of the cell. A rather dense layer is observed
around the cathode in contact with �′′-alumina electrolyte (the left
hand side of the image). The constituent phases of this layer were
identified as NiCl2, Na6FeCl8 and Ni3S2 using XRD analysis (Fig. 14).
The Na6FeCl8 compound is a transient phase formed in Na/FeCl2
cells [12–14].  The formation of this phase is also found in a charged
Zebra cell after only three cycles [15]. EDS examination of the NiCl2
compound in this layer revealed that more than half of the Ni was
substituted with Fe which resulted in a small shift in the position of
NiCl2 in XRD pattern. The formation of this layer may  have played
a role in the resistance increase of the cell as virtually no pure Ni or
liquid electrolyte is detected in this layer.
Fig. 13. Constituent phases of a layer formed on the surface of the positive electrode
in  contact with solid electrolyte 2 cm from the bottom of the cell cycled at 350 ◦C.
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Fig. 14. XRD pattern of the surface layer shown in Fig. 13.

. Discussion

Based on the results of cycling, it was established that the for-
ation of a high resistance layer of AlF3 on the surface of �′′ led

o the failure of the cells cycled at 260 ◦C. One may  consider the
ource of fluorine and how AlF3 is formed. Fluorine is added in the
orm of NaF. It was found that the addition of this compound and
ther sodium halides (NaI and NaBr) is beneficial in suppressing
he FeCl2 dissolution and provides a degree of overcharge protec-
ion [6].  Moreover, Prakash et al. [16,17] reported an improvement
n the cell’s impedance with the addition of NaI and NaBr. It is likely
hat at the operating temperature, NaF forms complex ions with the
iquid electrolyte in the form of Al(ClxF1−x)4

− [18]. The presence of
lF3 is not observed in cells cycled with the recommended IU charg-

ng profile. This observation suggests that the formation of AlF3 is
elated to the overcharge condition due to the high charging volt-
ge used for the accelerated life test. Let us consider the overcharge
eaction of Zebra cells:

NaAlCl4 + Ni → 2Na + NiCl2 + 2AlCl3

If it is supposed that the complex ions are formed within the
hloroaluminate melt, the above reaction is revised as follows:

NaAl(ClxF1−x)4 + Ni → 2Na + NiCl2 + 2Al(ClyF1−y)3

Since some of the chlorine in the liquid electrolyte is utilized
n the formation of NiCl2, the fluorine content of the Al(ClyF1−y)3
roduct is increased. The AlF3 may  precipitate from this high flu-
rine containing compound. Similar to the normal cell reactions,
he overcharge reaction also starts near �′′ and moves inward. This
xplains the formation of AlF3 on the ceramic electrolyte.

Although the same reaction is operative at higher temperatures,
t is not clear why high temperature cells did not fail in a similar

anner. A possible explanation may  be that the lower viscosity of
he liquid electrolyte at higher temperature allows it to compen-
ate for the loss of chlorine before AlF3 is formed. Moreover, the
igher diffusivity of ions at high temperature can be instrumental

n preventing the widespread formation of AlF3.
Another mechanism for AlF3 formation can be proposed by

ncorporating NaF into the overcharge reaction:

aAlCl4 + 3NaF + 2Ni → 4Na + 2NiCl2 + AlF3

A thermodynamic calculation using FactSage [19] and the Fact53
atabase showed that the voltage of this reaction was  too low

1.876 V at 260 ◦C and 1.86 V at 350 ◦C) to be considered functional.

Regardless of how AlF3 is formed, it is crucial to understand that
ecause of its high stability, upon formation, it cannot be removed
y further treatments. All other aluminum halides are in the liquid
Fig. 15. The limits of NiCl2 solubility in liquid electrolyte.

state at cell operating temperatures while the melting point of AlF3
is 1291 ◦C. If NaI and NaBr provide the benefits associated with NaF,
then the formation of AlF3 can be avoided by simply not adding the
NaF in the first place. It is possible that the low temperature cells
would have worked longer at low resistance had AlF3 not formed.

At 350 ◦C, nickel grain growth seems to be the most probable
cause for capacity loss. A Ni backbone that is formed by intercon-
nected fine nickel particles provides electronic conductivity from
current collector to �′′. The growth of Ni grains interrupts this con-
nection and makes it difficult for electrons to reach the reaction
front. It also decreases the surface area for reaction.

The enabling effect of high temperatures on grain size increase
is well known in metals and alloys and can readily be the cause of Ni
particle growth in the high temperature test; nevertheless, contri-
butions from other factors need to be included. Fig. 15 illustrates the
solubility of NiCl2 in the liquid electrolyte at the two cycling tem-
peratures used in the present investigation. These calculations are
performed using FactSage and the FTsalt database. During charg-
ing, the NaCl is consumed and the cathode composition moves left
in this diagram. Points i and i′ represent the maximum solubility
of NiCl2 for the normal cell operation at 260 ◦C and 350 ◦C, respec-
tively. It can be seen from this diagram that the solubility of NiCl2 is
much higher at 350 ◦C than at 260 ◦C (0.16 wt% versus 0.0076 wt%).
If the cell is overcharged, the solubility of NiCl2 varies according to
the curved ij and i′j′ lines for 260 ◦C and 350 ◦C, respectively. It is
interesting to note that NiCl2 dissolution actually decreases with
slight overcharging of the cell before rising drastically at deeper
overcharge. The low temperature cells were briefly and slightly
overcharged before failure. On the other hand, three of the high
temperature cells experienced many cycles in which deep over-
charge occurred. An excessive NiCl2 dissolution and subsequent Ni
grain growth is expected to have occurred in these cells.

Another factor that may  have contributed to the growth of Ni
particles is the formation of the Ni3S2 compound. Sulfur is key in
preventing the grain growth by poisoning the surface of nickel par-
ticles [11]. The formation of Ni3S2 consumes sulfur and reduces the
capacity of this mechanism. It can be speculated that higher initial
sulfur content would offset Ni3S2 formation and prevent capac-
ity loss. Verifying such speculation requires a more fundamental
understanding of how Ni3S2 forms and what are the controlling
factors. For example, it is not clear whether Ni3S2 is formed due to
faster kinetics at high temperatures or merely cycling. This phase

is also formed, although in smaller amounts, in the cells tested at
260 ◦C. Considering the fact that the high temperature cells under-
went twice as many charge–discharge cycles, cycling may  be the
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ontrolling factor. Nevertheless, it must be realized that high sul-
ur content has adverse effects on normal cell operation [20] and an
ptimum amount is empirically found and added to the commercial
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. Conclusions

Zebra cells were cycled at the extremes of temperature
ange employing an aggravated charge–discharge regime. The
egradation of the cells was related to microstructural changes
haracterized by SEM and XRD analysis of positive electrode and
olid electrolyte. The following results were obtained:

1) The cells cycled with a charging voltage of 3.1 V per cell
underwent a noticeable degradation both at 260 ◦C and 350 ◦C.
Compared to the recommended charging profile, the acceler-
ated one is responsible for the onset of overcharge reactions
that induce a large resistance increase. In spite of that, the cells
were able to operate for hundreds of cycles.

2) The cells cycled at 260 ◦C maintained low resistance for 300
cycles before rapid failure occurred in discharge mode. The fail-
ure occurred following a few cycles in which cells were slightly
overcharged.

3) The charge and discharge behavior of the low temperature cells
indicated that a high resistance layer formed close to the solid
electrolyte. This layer was identified as AlF3 particles deposited
on the surface of �′′ alumina. It is speculated that this phase
precipitates from the fluorine enriched overcharge product
Al(ClyF1−y)3.

4) The cells cycled at 350 ◦C did not fail in the manner observed in

low temperature cells. AlF3 was only seen in the form of coarse
particles. Nonetheless, by the end of cycling, these cells showed
high internal resistance, severe capacity loss and underwent
deep overcharges.

[
[
[
[

er Sources 206 (2012) 402– 408

(5) The growth of Ni particles is attributed the cause of capacity
loss in the cells cycled at 350 ◦C. A combination of high temper-
ature, increased NiCl2 dissolution in molten electrolyte and the
formation of Ni3S2 phase are believed to be responsible for Ni
grain growth in high temperature cells.
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