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Variable-temperature preparation and performance of
NiCl2 as a cathode material for thermal batteries
Wenjun Liu1, Haiping Liu1*, Sifu Bi2, Lixin Cao1 and Yue Sun1

ABSTRACT  Nickel(II) chloride materials were synthesized
via a novel two-step variable-temperature method for the use
as a cathode material in Li-B/NiCl2 cells with the LiCl-LiBr-
LiF electrolyte. The influence of temperature on its struc-
ture, surface morphology, and electrochemical performance
was investigated by X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), and electrochemical measurements
of single cells. XRD results showed that after pre-dehydra-
tion for 2 h at 270°C followed by sintering for 5 h at 600°C, the
crystal water in nickel chloride hexahydrate could be removed
effectively. The SEM results showed that particles recom-
bined to form larger coarse particles and presented a layered
structure. Discharge tests showed that the 600°C-treated ma-
terials demonstrated remarkable specific capacities of 210.42
and 242.84 mA h g−1 at constant currents of 0.5 and 2.0 A, re-
spectively. Therefore, the Li-B/NiCl2 thermal battery showed
excellent discharge performance. The present work demon-
strates that NiCl2 is a promising cathode material for thermal
batteries and this two-step variable-temperature method is a
simple and useful method for the fabrication of NiCl2 mate-
rials.

Keywords:  thermal battery, nickel chloride, variable tempera-
ture, electrochemical performance

INTRODUCTION
The thermal battery was invented and developed in the
1940s to provide power for German weapons [1,2]. It
was the primary energy storage battery that used molten
salts as the electrolyte and internal pyrotechnic sources as
the ignition device to bring the battery stack to operating
temperature [3,4]. Thermal batteries are an important
power source for modern weapons and are widely used
in nuclear weapons, guided missiles, and aerospace [5,6].
Over the years, researchers have studied different cathode
materials [7–11], including FeS2 and CoS2 materials for
various applications. They have been extensively studied

and became the primary cathode materials in the thermal
battery technology (Li-alloy/FeS2 and Li-alloy/CoS2 cells)
[12–18]. FeS2 easily decomposes at high temperature in
air and usually starts to break down at 540°C, which will
affect the discharge performances of the thermal batteries
[14,19]. In contrast, CoS2 would produce impurities dur-
ing synthesis and storage, which would lead to an increase
in resistivity and polarization and decrease in thermal sta-
bility, further affecting the electrochemical performance
of thermal batteries [20]. Meanwhile, the discharge volt-
ages of the single cells of FeS2 and CoS2 sulfide thermal
batteries are both below 2.0 V [21,22]. For the above
reasons, these materials are not suitable for high power
and energy output capability, miniaturization, and micro-
mation. Compared with FeS2 and CoS2 thermal batteries,
nickel(II) chloride (NiCl2) as a cathode material has many
advantages such as power and energy output capability,
high open-circuit voltage, and thermal stability. The the-
oretical electromotive force of a single cell with the Li-Si
alloy is 2.64 V, significantly higher than that of FeS2 and
CoS2 sulfide cells [23–25]. With the Li-B alloy, the working
temperature of NiCl2 thermal battery was 400–750°C, the
power density was 1200 W kg−1, and the capacity density
was 120 W h kg−1. When the current density was 0.7 and
4 A cm−2, the voltage platform of a single cell was 2.2 and
1.8 V, respectively [19]. Therefore, NiCl2 is one of the ideal
materials to replace sulfide cathode materials [26].

In order to prevent cathode materials from reacting with
the molten electrolyte and to increase the discharge capac-
ity, raw nickel chloride materials must be desiccated before
use as a thermal battery cathode material. However, the fi-
nal product, nickel chloride, often includes crystal water,
mostly in the form of nickel chloride hexahydrate. Based
on the above analysis, nickel chloride hexahydrate must be
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dehydrated before becoming a cathode material. There-
fore, in this study, a novel two-step variable temperature
solid-state method is used to remove the crystal water from
nickel chloride hexahydrate. It includes low-temperature
pre-dehydration in air and high-temperature sintering un-
der argon. The influence of temperature on the structure,
surface morphology, and electrochemical performances of
the material are also discussed in detail.

EXPERIMENTS

Material preparation
The nickel chloride hexahydrate was of analytical grade.
In order to obtain the best pre-dehydration temperature
of the material, we heated the raw material in a tube fur-
nace for 2 h at a series of temperatures: 270, 310, 350, 400,
and 500°C, at the heating rate of 10°C min−1. Subsequently,
when the materials cooled to room temperature, they were
transferred to an Ar-filled glove-box to prevent hydration
and contamination, and ground in an agate mortar. Finally,
the pre-dehydration materials were assessed to evaluate the
optimized temperature.

The pre-dehydration NiCl2 samples were then put into a
combustion tube in an Ar-filled atmosphere for high-tem-
perature sintering at 400, 500, 600, 700, 800, and 900°C,
by heating at the rate of 10°C min−1, and the temperature
was kept constant for 5 h. When the materials cooled to
room temperature, they were transferred to an Ar-filled
glove-box rapidly and ground. Then the high-tempera-
ture-sintered materials were characterized and their elec-
trochemical performances were measured.

Material characterization
The X-ray diffraction (XRD) diffraction patterns of the
samples were recorded using a Rigaku D/max 2500 Dis-
cover diffractometer with Cu-Kα radiation (λ = 0.154178
nm, 40 kV, and 30 mA) to study the crystallographic
structure. The morphology and particle size of the samples
were observed using a JEOL JSM-6390 scanning electron
microscope (SEM).

Preparation of single cell
The single cell was conventionally prepared by lamination
[27]. To obtain the cathode powders, NiCl2 powders were
mixed with the all-Li LiCl-LiBr-LiF electrolyte mixture
powders (NiCl2 content of 80 wt.%), followed by grinding
and pressing to make the cathode pellets (diameter 30
mm). The separator was made using a magnesium oxide
powder mixture. The Li-B alloy was the anode pellet.
The battery was finally built using a reusable test fixture

in which the stack temperature was monitored during
activation and discharge.

Electrochemical measurements
The single cells were sandwiched between two tempera-
ture-controlled stainless steel cylinders [27], and heated to
500±10°C. Discharge performances were evaluated on an
electrochemical test system (LAND, CT2001B-A2). The
cells were discharged using the constant current test at 0.5
and 2.0 A, respectively, with sampling intervals of 100 ms
to the cutoff voltage of 1.5 V [28].

The single cell discharge test was performed at consecu-
tive current pulses using a current of 2.0 A for 30 s, followed
by a current of 4.0 A for 0.1 s. The total internal resistance
values of different single cells were calculated from the sin-
gle cell discharge results using the following equation:

R V V I I( ) / ( ),1 2 2 1=

where, R, V1, V2, I1, and I2 are the total internal resistance,
the working voltage, the pulse voltage, the working current,
and the pulse current, respectively.

RESULTS AND DISCUSSION

Structure and surface morphology
The XRD patterns were measured to examine the struc-
tural changes of nickel chloride hexahydrate after different
low-temperature treatments. As shown in Fig. 1a, all the
samples treated below 400°C have similar diffraction peaks,
and conform to the JCPDF card #002-0765; there are no
new peaks in the diffraction patterns, however, some broad
peaks appear at 2θ between 30° and 45°. This indicates that
the crystal water was not removed completely. With the in-
crease of temperature to 500°C, in spite of the much higher
crystallinity, new diffraction peaks at 2θ = 32.4°, 37.3°, and
43.5° appear, which suggests that there are impurity peaks
in the diffraction patterns. In order to further explain the
phase composition of the impurity peaks, we amplified the
diffraction peaks obtained at 500°C as shown in Fig. 1b. It
shows that the impurity peaks are nickel oxide, which may
be the product of the reaction between nickel chloride and
oxygen at high temperature. Nickel oxide impurities would
reduce the active substance content of cathode materials,
further affecting the discharge performance and reducing
the specific energy. Thus we should improve the next dehy-
dration step. It is necessary to ensure dehydration and the
active substance content.

Considering the reaction conditions, energy consump-
tion and structural stability, synthetically, the optimum
temperature  for  low-temperature  pre-dehydration  in air
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Figure 1   XRD patterns of different low-temperature pre-dehydration materials (a) and XRD patterns of the 500°C-treated materials (b).

was 270°C, since the samples treated at temperatures be-
tween 270 and 400°C had almost the same structure. In
contrast, temperatures below 270°C would be lower than
its dehydration temperature, and the stability of the mate-
rial would be seriously affected [29]. If the temperature was
raised to 500°C, a new impurity phase would appear, as seen
from Fig. 1b.

The XRD patterns of the high-temperature-sintered ma-
terials obtained in an Ar-filled atmosphere were further ex-
amined, as shown in Fig. 2. The patterns display sharp
peaks corresponding to nickel chloride (JCPDF#002-0765)
at temperatures over 600°C and there are no obvious impu-
rity diffraction peaks. Which temperature condition would
be favorable for cathode materials would be further exam-
ined by the electrochemical performances of single cells.

The SEM images show that the particles treated at 270,
600, and 900°C have different surface structures. As shown

Figure 2   XRD patterns of materials sintered at different temperatures.

in Fig. 3a, the NiCl2 samples obtained at 270°C were aggre-
gated into irregular particles with a broad particle size dis-
tribution. However, the NiCl2 samples obtained at higher
temperatures like 600 and 900°C had a layered structure
with larger grain size. Compared with NiCl2 obtained at
600 and 900°C (Fig. 3b, c), NiCl2 obtained at 270°C (Fig.
3a) showed smaller grain sizes with larger specific surface
area. The smaller grains agglomerated to larger particles.
This was advantageous in increasing the tap density of the
cathode material, which was attributed to better interfacial
contact of the material and better particle–particle contact
among the nickel chloride particles.

Electrochemical properties of single cells
To evaluate the electrochemical performances of single
cells using materials sintered at different high tempera-
tures as cathode powders, their discharge characteristics
were studied. The single cells were discharged at constant
currents of 0.5 and 2.0 A until the potential fell to 1.5 V.
The discharge curves of the single cells are shown in Fig.
4a, b. As shown in Fig. 4a, the control group was a one-step
discharge result at high temperature, and the discharge
plateaus of the experimental groups were approximately
2.40 V at a constant current of 0.5 A; the discharge plateau
with 600°C-treated material ran about 1200 s until the
potential dropped below 1.5 V, much longer than the
materials treated at other temperatures. This was about
400 s longer than the 900°C material and 200 s longer than
the 500°C material. At a constant current of 2.0 A, seen
from Fig. 4b, the discharge plateau with the 600°C-sintered
materials ran about 350 s, which was still longer than the
materials sintered at other temperatures. However, at 2.0
A, the voltage delay was more obvious than that at 0.5 A
(details shown in Table 1), and the delay voltage rose with
the sintering temperature, but the plateau voltage declined.
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Figure 3   SEM images of materials pre-dehydrated at 270°C (a), sintered at 600°C (b), and sintered at 900°C (c) (scale bar: 20 μm).

Table 1 The voltage data relative to the single cells at a constant current of 2.0 A

Temperature 500°C 600°C 700°C 800°C 900°C

Standing voltage (V) 2.595 2.594 2.594 2.589 2.591

Initial voltage (V) 2.262 2.243 2.071 2.002 1.850

Plateau voltage (V) 2.418 2.417 2.390 2.338 2.316

Delay voltage (V) 0.156 0.174 0.318 0.336 0.466

In order to further examine the electrochemical perfor-
mances with 600°C-sintered materials, the cells were dis-
charged at different constant currents and discharge tem-
peratures. As shown in Fig. 4c, when the current was 1.0
A, its specific capacity was 221.74 mA h g−1 with a high dis-
charge plateau. From Fig. 4d, when the discharge temper-
ature was raised to 520°C, its specific capacity was 188.65
mA h g−1 with a flatter discharge plateau.

Generally, specific capacity is the most important indi-
cator to evaluate a thermal battery [9,29]. The single cells
with the 600°C-sintered materials at a constant current of
0.5 A ran for 1200 s with specific capacity of 210.42 mA
h g−1; at 2.0 A, it ran for 268 s with specific capacity of
242.84 mA h g−1. Compared with the other materials, the
reduction in lifetime and specific capacity were related to
the morphology of materials, due to the effects of different
sintering temperatures.

According to the above results, the two-step variable-
temperature preparation method is beneficial in improving
the thermal stability of NiCl2 cathode materials. During
the low-temperature pre-dehydration process, crystal wa-
ter and oxide impurity mainly affect the thermal stability
of NiCl2. Lower contents of crystal water and oxide impu-
rity result in improved thermal stability. In addition, when
the sintering temperature was over 400°C, the oxide impu-
rity increased, which can lead to declining thermal stabil-
ity. In contrast, during high-temperature sintering, it helps
to further dehydrate the powders and prevent the mate-

rial from being oxidized, further improving thermal stabil-
ity. Thermal stability is also related to its own morphology,
and it increases with temperature due to the NiCl2 materials
recrystallizing and forming regular crystal structures after
high-temperature sintering.

As shown in Fig. 4 and Table 1, the best performance
was obtained with 600°C treatment, while at temperatures
below 600°C, poor performances were obtained. This
might be due to the incomplete removal of the crystal
water, and the existence of the crystal water affected the
thermal stability of materials and the electrochemical
performances. Meanwhile, when the temperatures were
over 600°C, the materials’ morphology was the dominant
factor, and changes to surface morphology deteriorated
the electrochemical activity and electrolyte compatibility,
as shown in Fig. 5. The internal resistance and polariza-
tion would increase, and finally these factors affected the
electrochemical performance.

The two step variable-temperature preparation method
for NiCl2 materials related to thermal batteries is suitable
for the rapid and extensive production of cathode mate-
rials, since it is relatively easy to control the preparation
process of the materials. With the two-step preparation
method, it can ensure dehydration, protect dehydrated
equipment from contamination and corrosion, and reduce
the energy and material consumption, especially the con-
sumption of argon gas, further lowering the manufacturing
cost.  Therefore,   this  method  is  a  novel  economic  and
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Figure 4   Discharge curves of Li-B/LiCl-LiBr-LiF/NiCl2 cells at 500°C and constant currents of 0.5 A (a) and 2.0 A (b) with different high-temperature-
sintered materials, and different constant currents (c), and different discharge temperatures (d) with 600°C-sintered materials.

Figure 5   Total internal resistance values of Li-B/LiCl-LiBr-LiF/NiCl2

cells at 500°C and 2.0–4.0 A with different high-temperature-sintered
materials.

technologically viable preparation method for NiCl2 related
to thermal batteries.

CONCLUSIONS
NiCl2 materials for Li-B/NiCl2 cells with an all-Li
LiCl-LiBr-LiF electrolyte were synthesized by a novel
two-step variable-temperature method using nickel chlo-
ride hexahydrate and the effect of temperature was system-
atically studied. The process with pre-dehydration at 270°C
and sintering at 600°C can remove crystal water quickly
and effectively and make the particles recombine to form
coarse particles and present an obvious layered structure.
Measured at constant currents of 0.5 A and 2.0 A, the single
cells made with the 600°C-treated cathode provided better
specific capacity than the materials treated at other tem-
peratures. It is therefore possible that the materials made
with the two-step variable-temperature method will lead
to dramatic electrochemical performance and significant
increase in lifetime and specific capacity.

Received 2 November 2016; accepted 12 January 2017;
published online 24 January 2017

1 Klasons V, Lamb CM. Thermal batteries. In Linden D, Reddy TB

 March 2017 | Vol.60 No.3 255 
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

SCIENCE CHINA Materials ARTICLES



(eds.). Handbook of Batteries, 3rd edition, New York: McGraw-
Hill, 2002, 21.1–21.22

2 Guidotti RA, Masset P. Thermally activated (“thermal”) battery
technology. J Power Sources, 2006, 161: 1443–1449

3 Masset P. Iodide-based electrolytes: a promising alternative for
thermal batteries. J Power Sources, 2006, 160: 688–697

4 Cheong H, Ha S, Choi Y. Surface modified ceramic fiber separators
for thermal batteries. J Ceramic Proc Res, 2012, 13: S308–S311

5 Guidotti RA, Reinhardt FW. Characterization of low-melting
electrolytes for potential geothermal borehole power supplies: the
LiBr-KBr-LiF eutectic. Office of Scientific & Technical Informa-
tion Technical Reports, 1998, 6

6 Chae SH, Kang SH, Cheong HW, et al. Thermal batteries with ce-
ramic felt separators—Part 1: Wetting, loading behavior and chem-
ical stability. Ceramics Int, 2017, 43: 4015–4022

7 Hillel T, Ein-Eli Y. Copper vanadate as promising high voltage cath-
odes for Li thermal batteries. J Power Sources, 2013, 229: 112–116

8 Au M. Nanostructured thermal batteries with high power density.
J Power Sources, 2003, 115: 360–366

9 Xing J, Zhu Y, Jiao Q. Rapid synthesis of water-soluble NiCl2

nanorods via recrystallization for super capacitors applications. J
New Mater Electrochem Syst, 2014, 17: 209–211

10 Guidotti RA, Reinhardt FW, Dai J, et al. Performance of thermal
cells and batteries made with plasma-sprayed cathodes and anodes.
J Power Sources, 2006, 160: 1456–1464

11 Freitas GCS, Peixoto FC, Vianna Jr. AS. Simulation of a thermal
battery using Phoenics®. J Power Sources, 2008, 179: 424–429

12 Searcy JQ, Quinn RK, Saxton HJ. Recent developments in
Li(Si)FeS2 thermal battery technology. In: 13th International
Power Sources Symppsium, Brighton, UK, 1982

13 Guidotti RA, Reinhardt FW. Screening study of mixed transition-
metal oxides for use as cathodes in thermal batteries. Office of Sci-
entific & Technical Information Technical Reports, 1996

14 Schoeffert S. Thermal batteries modeling, self-discharge and self-
heating. J Power Sources, 2005, 142: 361–369

15 Choi YS, Yu HR, Cheong HW. Electrochemical properties of a
lithium-impregnated metal foam anode for thermal batteries. J
Power Sources, 2015, 276: 102–104

16 Yang ZT, Liu XJ, Liu JS, et al. Single phase pyrite synthesized via
hydrothermal method. Key Eng Mater, 2013, 562-565: 136–140

17 Butler P, Guidotti R, Moya L, Reinhardt F. High power thermal bat-
tery development. In: International Power Modulator Symposium,
2002

18 Choi Y, Cho S, Lee YS. Effect of the addition of carbon black

and carbon nanotube to FeS2 cathode on the electrochemical
performance of thermal battery. J Industrial Eng Chem, 2014, 20:
3584–3589

19 Butler P, Wagner C, Guidotti R, et al. Long-life, multi-tap thermal
battery development. J Power Sources, 2004, 136: 240–245

20 Dai J, Guidotti RA, Xiao TD, Reisner DE. Thermally protective
salt material for thermal spraying of electrode materials, US Patent
2002/0018929 A1, 2002

21 Masset PJ, Guidotti RA. Thermal activated (“thermal”) battery
technology. J Power Sources, 2008, 178: 456–466

22 Masset PJ, Guidotti RA. Thermal activated (“thermal”) battery
technology. J Power Sources, 2008, 177: 595–609

23 Kang SH, Chae SH, Cheong HW, et al. Thermal batteries with ce-
ramic felt separators—Part 2: Ionic conductivity, electrochemical
and mechanical properties. Ceramics Int, 2017, 43: 4023–4028

24 Attewell A, Clark AJ. A review of recent developments in ther-
mal batteries. In: Power sources 8: Research and development
in non-mechanical electrical power sources; Proceedings of the
Twelfth International Symposium, London: Academic Press, 1981,
285–302

25 Prakash J, Redey L, Vissers DR. Electrochemical behavior of
nonporous Ni/NiCl2 electrodes in chloroaluminate melts. J Elec-
trochem Soc, 2000, 147: 502

26 Jin C, Zhou L, Fu L, et al. Synthesis and discharge performances of
NiCl2 by surface modification of carbon coating as cathode material
of thermal battery. Appl Surface Sci, 2017, 402: 308–313

27 Fujiwara S, Inaba M, Tasaka A. New molten salt systems for high
temperature molten salt batteries: ternary and quaternary molten
salt systems based on LiF–LiCl, LiF–LiBr, and LiCl–LiBr. J Power
Sources, 2011, 196: 4012–4018

28 Guidotti RA, Reinhardt FW, Odinek J. Overview of high-tempera-
ture batteries for geothermal and oil/gas borehole power sources. J
Power Sources, 2004, 136: 257–262

29 Lu RS, Liu XJ. Thermal Batteries. BeiJing: National Defense Uni-
versity Press, 2005

Acknowledgments    This work was supported by Shanghai Institute of
Space Power-sources (SISP).

Author contributions     Liu H convinced the idea of the research; Liu
W performed the experiments and wrote the manuscript. All authors
contributed to the general discussion.

Conflict of interest     The authors declare that they have no conflict of
interest.

 256  March 2017 | Vol.60 No.3
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

ARTICLES SCIENCE CHINA Materials

https://doi.org/10.1016/j.jpowsour.2006.06.013
https://doi.org/10.1016/j.jpowsour.2005.12.091
https://doi.org/10.1016/j.ceramint.2016.11.136
https://doi.org/10.1016/j.jpowsour.2012.11.128
https://doi.org/10.1016/S0378-7753(02)00627-4
https://doi.org/10.1016/j.jpowsour.2006.02.025
https://doi.org/10.1016/j.jpowsour.2007.11.084
https://doi.org/10.1016/j.jpowsour.2004.09.038
https://doi.org/10.1016/j.jpowsour.2014.11.103
https://doi.org/10.1016/j.jpowsour.2014.11.103
https://doi.org/10.4028/www.scientific.net/KEM.562-565.136
https://doi.org/10.1016/j.jiec.2013.12.052
https://doi.org/10.1016/j.jpowsour.2004.03.034
https://doi.org/10.1016/j.jpowsour.2007.11.073
https://doi.org/10.1016/j.jpowsour.2007.11.017
https://doi.org/10.1016/j.ceramint.2016.12.057
https://doi.org/10.1149/1.1393224
https://doi.org/10.1149/1.1393224
https://doi.org/10.1016/j.apsusc.2017.01.034
https://doi.org/10.1016/j.jpowsour.2010.12.009
https://doi.org/10.1016/j.jpowsour.2010.12.009
https://doi.org/10.1016/j.jpowsour.2004.03.007
https://doi.org/10.1016/j.jpowsour.2004.03.007


Wenjun Liu was born in 1990. He is a postgraduate majored in electrochemistry from the School of Marine Science and
Technology, Harbin Institute of Technology, Weihai, China. His current research interests include preparation and perfor-
mance of cathode material for lithium thermal batteries.

Haiping Liu received her BSc degree in chemical engineering from Qilu University of Technology in 1998, and her MSc
and PhD degrees in chemical engineering and technology in 2004 and 2008, respectively, from Harbin Institute of Technol-
ogy. Then, she joined Harbin Institute of Technology (at Weihai) as a faculty and became an associate professor of applied
chemistry in 2013. Her research interests include electrodeposition, surface finishing, electrode materials and cathode ma-
terials for lithium ion and lithium thermal batteries.

热电池正极材料氯化镍的变温法制备及其性能研究
刘文军1, 刘海萍1*, 毕四富2, 曹立新1, 孙越1

摘要   本文采用两步变温法制备了无水氯化镍材料. 并以所制备的氯化镍为正极,锂硼合金为负极, LiCl-LiBr-LiF为电解质,组成单体锂热电
池. 通过XRD、SEM和单体电池电化学测试分析了温度对氯化镍材料的结构、表面形貌以及电化学性能的影响. XRD结果表明270°C预处理
2 h, 600°C高温烧结5 h后,氯化镍中的结晶水能够被完全去除; SEM结果表明氯化镍热处理后晶粒重组长大并呈现层状结构. 经600°C热处理
后的氯化镍材料在0.5 A和2.0 A恒流放电时的比容量分别可达210.42和242.84 mA h g−1,表明以热处理后的氯化镍为正极的锂热电池具有良好
的放电性能. 本文研究结果表明氯化镍是一种非常有潜力的热电池正极材料,而两步变温法是制备无水氯化镍材料的一种简单实用的方法.
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