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Abstract

Nickel catalyst supported on carbon was made by reduction of nickelous nitrate with hydrogen at high temperature.
Ni/C catalyst characterization was carried out by XRD. It was found that the crystal phase of NiS and NiS2
appeared in the impregnated catalyst. Ni/C and Pt/C catalysts gave high performance as the positive and negative
electrodes of a sodium polysulfide/bromine energy storage cell, respectively. The overpotentials of the positive and
negative electrodes were investigated. The effect of the electrocatalyst loading and operating temperature on the
charge and discharge performance of the cell was investigated. A power density of up to 0.64 W cm�2 (V ¼ 1.07 V)
was obtained in this energy storage cell. A cell potential efficiency of up to 88.2% was obtained when both charge
and discharge current densities were 0.1 A cm�2.

1. Introduction

The sodium polysulfide/bromine energy storage cell is
based on regenerative fuel cell (RFC) technology. Two
electrolytes flow through the cell on either side of a
cation exchange membrane. The cell can work at room
temperature. It has high efficiency, long life, low cost
and is environmentally benign. It is modular and
comparatively easy to site. These features make it
suitable for large-scale energy storage applications [1–3].
The sodium polysulfide/bromine cell was first repor-

ted by Remick [4]. It was developed largely by the UK
company Innogy. Using the sodium polysulfide/bromine
cell technology, a 120 MWh, 15 MW energy storage
plant is expected to be completed in 2003 [2]. The
sodium polysulfide/bromine cell technology could be
developed for submarine and ship applications as an
alternative to the lead-acid battery [5].
Most of the electrodes for the polysulfide redox

system are based on metallic sulfide [4, 6–9], carbon
composition [10–12] and novel metals [13–15]. Only a
modest current density of 10–20 mA cm�2 at less than
50 mV overpotential was obtained for catalytic elec-
trode surface layers of cobalt and MoS2 [7]. To improve
the electrochemical reaction area, reticulated copper
sulfide or nickel sulfide for use as an electrocatalytic
material of the polysulfide redox system was reported
[9]. When operated at a current density of 40 mA cm�2,
the overpotential was 100 and 30 mV on charging and
discharging the cell, respectively [9]. A carbon based
electrode also showed modest performance. For the
reduction of sulfur at 40 mA cm�2 the overpotential
was 40–75 mV [11]. Elemental sulfur may be formed

during the oxidation of polysulfide ions and the depo-
sited sulfur has a considerable effect on the electrode
performance [13–15]. The electrodes for the Br2/Br

�

redox couple are mainly based on carbon [16, 17] and
platinum [18]. The Br2/Br

� electrode reaction is a
version of a chemical–electrochemical (C–E) reaction
[19]. The chemical reaction has little effect on the
electrode kinetics at very slow homogeneous reaction
rates, but has a more drastic effect on the electrode
kinetics at faster homogeneous reaction rates [19].

2. Experimental

2.1. Electrode preparation and characterization

Ni/C catalyst for the negative electrode was made by
reduction of nickelous nitrate with hydrogen at high
temperature. Carbon powder (Vulcan XC-72, Cabot
Corp.) was mixed with nickelous nitrate. The weight
ratio of Ni to carbon was 1:1. The mixture was dried at
353 K. Then H2 (flow of 200 cm3 min�1) was fed to the
dried mixture and heated at a rate of 2 K min�1, to a
final temperature of 773 K. After maintaining the
temperature at 773 K for 30 min, it was cooled to room
temperature in a H2 atmosphere.
The negative electrode was prepared as follows: (i) Ni/

C catalyst was added to ethanol and treated with
ultrasonic agitation for 30 min; (ii) the prepared Ni/C
in 50 wt.% ink and Nafion in 50 wt.% solution were
mixed with ultrasonic agitation for 20 min; (iii) polyar-
ylonitrile graphite felt was boiled in 1.0 mol l�1 sodium
hydroxide solution, rinsed and dried; (iv) the mixture of
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the nickel-dispersed carbon powder and Nafion solution
was impregnated in the pretreated polyarylonitrile
graphite felt and then dried in an oven at 393 K for
30 min under nitrogen atmosphere.
The preparation procedure of the positive electrode

was the same as for the negative electrode. The mixture
of Pt/C (10 wt.% Pt on XC-72 carbon powder) and
Nafion solution was impregnated in the polyarylonitrile
graphite felt and then dried.
The impregnated Ni/C catalyst was prepared by

heating Ni/C in Na2S4 solution at 353 K for 6 h, rinsing
in boiling water, boiling in NaOH solution, rinsing in
boiling water and drying.
X-ray diffraction (XRD) was performed on a Rijaku

D/MAX2400 diffractometer equipped with Cu Ka ra-
diation operated at 40 kV and 100 mA. The scan speed
was 4� min�1 and the scan step was 0.02�.

2.2. Membrane pretreatment

A Nafion membrane was pretreated by boiling in
1 mol l�1 H2O2 solution, rinsing in boiling water,
boiling in 0.5 mol l�1 sulfuric acid solution, rinsing in
boiling water, boiling in 1.0 mol l�1 sodium hydroxide
solution and finally rinsing in boiling water.

2.3. Test station and cell configuration

Figure 1 is a schematic diagram showing the principles
of the sodium polysulfide/bromine energy storage cell.
During charging or discharging the cell, the electrolytes
are pumped through two separate chambers of the cell
and then flow into the storage tanks.
Figure 2 shows the cell configuration with reference

electrode. The negative and positive electrodes were on
two sides of Nafion membrane (Du Pont). The reference
electrode consisted of a Pt/C catalyst layer and a
diffusion layer near the working electrode. The polar
plates were waterproof and carved parallel grooves
served as flow channels. The frames, gaskets, tie-ins and
pipelines were all made of polytetrafluoroethylene.
Humidified hydrogen was fed to the reference electrode.

Some tests were carried out using a cell without a
reference electrode. Its configuration was similar to that
with the reference electrode. The difference between
these two cells is that electrode area of the usual cell
(5 cm2) was slightly larger than that of the cell with a
reference electrode (2 cm2).
The negative and positive storage tanks were filled

with nitrogen gas to negate the influence of oxygen.
Unless otherwise mentioned, the operating conditions
were as follows:
• The initial negative electrolyte was 2.0 mol l�1 Na2S2
solution.

• The initial positive electrolyte was 1.0 mol l�1 Br2
dissolved in 2.0 mol l�1 NaBr solution.

• The flow rates of two electrolytes were about
30 cm3 min�1.

3. Results and discussion

3.1. The principles of the sodium polysulfide/bromine
energy storage cell

When the sodium polysulfide/bromine energy storage
cell is discharging, the sulfide and lower polysulfide
compounds are oxidized to corresponding higher poly-
sulfide compounds on the surface of the negative
electrode. The simplified electrochemical reaction on
the negative electrode is

ðxþ 1ÞNa2Sx ! 2Naþ þ xNa2Sxþ1 þ 2e� x ¼ 1 � 4

ð1Þ

Positive ions of sodium pass through the cation selective
membrane from the negative to the positive side.
Bromine is reduced to bromide ions:

Br2 þ 2Naþ þ 2e� ! 2NaBr ð2Þ

The overall chemical reaction is as follows:

ðxþ 1ÞNa2Sx þ Br2 ! xNa2Sxþ1 þ 2NaBr ð3Þ

V

A
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Fig. 1. Schematic diagram of cell test station: (1) negative storage

tank; (2, 5) pump; (3) cell; (4) temperature controller; (6) positive

storage tank; (7) power supply or load.
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Fig. 2. The structure of cell with reference electrode: (1, 15) end plate;

(2, 4, 7, 9, 12, 14) gasket; (3) negative electrode plate; (5, 11) frame; (6)

negative electrode; (8) cation exchange membrane; (10) positive

electrode; (13) positive electrode plate; (16, 19) reference electrode

plate; (17, 18) reference electrode.
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The chemical reactions produce an open circuit voltage
of about 1.5 V, depending on the concentration and
composition of the electrolytes. When the cell is charg-
ing, Equation 3 goes from right to left and Na+ passes
through the membrane from the positive to the negative
side. The negative and positive electrodes are inert and
act only as electron transfer surfaces.

3.2. Catalyst characterization

Figure 3 shows the XRD patterns of fresh and impreg-
nated Ni/C catalysts. In the fresh catalyst, only the Ni
crystal phase was identified. The three crystal phases
clearly identified were Ni, NiS2 and NiS after it was
impregnated with Na2S4 solution. The redox reaction on
the negative side of the cell is complex. The catalytic
mechanism of Ni in the electrochemical reactions is not
yet understood completely and it is difficult to measure
the state of Ni in situ conditions. The use of sulfided
sintered nickel foil as negative electrode has been
reported [4]. It may be deduced from XRD results that
part of the Ni can be converted to NiSx in the reaction
conditions. Ni and NiSx may all play important roles in
the charging and discharging processes.

3.3. The potential of electrodes

Figures 4 and 5 show the effect of catalyst loading on
cell performance and electrode potential when discharg-
ing and charging the cell, respectively. The cation
exchange membrane was Nafion-115. Nickel loadings
on the negative electrode were 10 and 20 mg cm�2.
Platinum loadings on the positive electrode were 0.3 and
0.6 mg cm�2. The catalytic activity of polyarylonitrile
graphite felt with no catalyst loading is moderate while

discharging. Its catalytic activity is very low while
charging. The activity of the negative electrode increases
remarkably when Ni/C is used as catalyst. The activity
of the positive electrode also increases remarkably when
Pt/C is used as catalyst. The overpotentials of the
negative and positive electrodes decrease with increasing
catalyst loading. Though the performance of the posi-
tive electrode with 0.3 mg cm�2 platinum loading is
slightly lower than that with 0.6 mg cm�2 platinum
loading, the activity of the electrode with 0.3 mg cm�2

platinum loading gives high cell performance. When the
cell is discharged at 0.4 A cm�2, the overpotentials of
the negative electrode with 10 mg cm�2 nickel loading

Fig. 3. The XRD patterns of fresh and impregnated Ni/C catalysts: (a)

fresh; (b) impregnated.
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Fig. 4. Potentials of cell and electrode vs current density plots when

discharging the cell: (d) cell, (s) positive electrode, (+) negative

electrode, wcat;n ¼ 20 mg cm�2, wcat;p ¼ 0:6 mg cm�2; (m) cell, (n)

positive electrode, (*) negative electrode, wcat;n ¼ 10 mg cm�2,

wcat;p ¼ 0:3 mg cm�2; (j) cell, (h) positive electrode, (·) negative

electrode, wcat;n ¼ 0 mg cm�2, wcat;p ¼ 0 mg cm�2.
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Fig. 5. Potentials of cell and electrode vs current density plots when

charging the cell Symbols are the same as for Figure 4.
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and the positive electrode with 0.3 mg cm�2 platinum
loading are 0.23 and 0.37 V, respectively.
It is important to find an effective way of making an

extra-low loading platinum electrode with high perfor-
mance for the sodium polysulfide/bromine cell. The
preparation method of an extra-low loading platinum
electrode with high platinum utilization and perfor-
mance will be reported in a future paper.

3.4. Effect of operating conditions on the cell performance

Figure 6 shows the effect of temperature on the charge
and discharge performances of the sodium polysulfide/
bromine cell. The nickel loading on the negative
electrode is 20.0 mg cm�2. The platinum loading on
the positive electrode is 0.6 mg cm�2. The cell perfor-
mance increases with increasing temperature, both in the
charging and discharging processes. A charge current
density of up to 0.5 A cm�2 (at V ¼ 1:97 V) and
discharge current density of up to 0.6 A cm�2 (at
V ¼ 1:07 V) were obtained in this novel energy storage
cell at 368 K. A power density of up to 0.74 W cm�2 (at
i ¼ 0:8 A cm�2, V ¼ 0:93 V) was obtained at 368 K.
There can be several reasons for improved cell

performance with increasing temperature. Firstly, the
catalyst activity increases. Secondly, ohmic overpoten-
tial in the membrane decreases with increasing temper-
ature. Diffusion inside the membrane for Na+ depends
on the water content and temperature [20]. Thirdly, the
mass transport overpotentials in the electrodes decrease
with increasing temperature. Szynkarczuk reported that
polysulfide could be oxidized to elemental sulfur at a
platinum electrode. The formation of a layer of sulfur
film could significantly reduce the rate of electrochemi-
cal reaction [15]. The dissolution rates of sulfur in sulfide
and lower polysulfide compounds increase with increas-
ing temperature. An elevated temperature causes the

sulfur layer to be dissolved more quickly and results in
high discharge performance of the sodium polysulfide/
bromine energy storage cell.

3.5. Cell performance over a few cycles

Figure 7 shows cell potential vs time plots for five cycles
of the cell. The nickel loading on the negative electrode
was 20.0 mg cm�2. The platinum loading on the positive
electrode was 0.6 mg cm�2. The initial volumes of the
negative and positive electrolyte solutions were 100 cm3

and operating temperature was 368 K. Fresh solutions
were used. The cell was operated over five cycles (60, 6 h
discharge and 6 h charge). The charge and discharge
current densities were kept constant at 0.1 A cm�2. In
the 6 h discharge of the first cycle, the cell voltage
decreases from 1.49 to 1.39 V, in the 6 h charge of the
first cycle, the cell voltage increases from 1.55 to 1.66 V.
It can be seen that after five cycles the discharge and
charge performances decreased slightly. A cell potential
efficiency of up to 88.2% was obtained in these five
cycles.
It is not possible for the Nafion membrane to give

100% permselectivity. During cycling of the cell, sulfide
ions and polysulfide ions may diffuse from the negative
to the positive side, and bromine and bromide may
diffuse from the positive to the negative side. The slight
diffusion of unwanted species across the membrane
may result in a decrease in current efficiency and cell
performance.

4. Conclusions

High power density and efficiency were obtained for the
sodium polysulfide/bromine energy storage cell. Ni/C
and Pt/C catalysts gave high performance as the positive
and negative electrodes, respectively. The activity of the
positive electrode with 0.3 mg cm�2 platinum loading is
sufficiently high to obtain excellent cell performance. A
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Fig. 6. Cell potential vs current density plots for the cell with different

temperature: (d) discharge, (s) charge, 368 K; (m) discharge, (n)

charge, 353 K; (j) discharge, (h) charge, 323 K.
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Fig. 7. Cell potential vs time plots in the charge/discharge cycles.
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charge current density of up to 0.5 A cm�2 (at
V ¼ 1.97 V) and a discharge current density of up to
0.6 A cm�2 (at V ¼ 1.07 V) were obtained.
High operating temperature improves the cell perfor-

mance both in the charge and discharge processes. The
oxidative reaction in the negative side is complex. Ni can
react with polysulfide ions to form NiS and NiS2.
Elevated temperature causes the sulfur layer to dissolve
quickly and results in high discharge performance.
The discharge and charge performances decrease

slightly after five cycles. The small amount of diffusion
of unwanted species across the membrane may result in
a decrease in current efficiency and cell performance.
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