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Nanostructured magnesium nickel oxide Mg0.6Ni0.4O and alumina Al2O3 were studied as additives to sulphur/
polyaniline (S/PANI) composites via wet ball-milling of sulphur and polyaniline followed by heat treatment.
Metal oxide nanoparticles, which have small particle size, porous structure and high specific surface area to vol-
ume ratio, are expected to be catalytic for chemical reactions, including electron transfer and are able to adsorb
lithium polysulphides. The composites were characterized by SEM and electrochemical methods. Cyclic volt-
ammetry studies suggest that the alumina additive acts differently to theMg0.6Ni0.4O. The results suggest that al-
though the alumina additive improves the S/PANI composite performance as a lithium–sulphur battery cathode,
the use of Mg0.6Ni0.4O is more effective.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Batteries based on lithium are some of the most promising electro-
chemical energy storage technologies available. This is due to their
high energy density and prolonged cycle life compared with other re-
chargeable battery systems (Pb, Ni–Cd, Ni-MH). However, there are cer-
tain limitations in existing lithium ion battery (LiB) technologies,
primarily related to their cost, safety and the limit of energy density
which are not sufficient to meet electric vehicle battery requirements
for extended ranges [1–3]. In order, among other things, to extend the
range of electric vehicles, research is turning to the use of new chemis-
tries based on Li-ion technology, which offer higher energy densities
and high power: the lithium/sulphur (Li/S) battery is one such system,
having a theoretical energy density of 1675 mA h g−1 [1] significantly
higher than that of LIBs (372 mAh/g for a conventional graphite
anode). Furthermore, elemental sulphur has the advantage of being
both abundant and low cost [4,5]. However, despite the intensive atten-
tion of the electrochemistry community for many years, this system has
. This is an open access article under
not yet been commercialized due to critical limitations that have to
be overcome: Li/S batteries suffer from rapid capacity fade and the prac-
tical capacity and cycle life of Li/S cells are usually lower than expected.
This stems from the electrically insulating nature of sulphur and thus
the low electrical conductivity of S electrodes; dissolution of lithium
polysulfide intermediates that occur during battery cell charge/dis-
charge; the large volume change during intercalation processes, ca.
80% due to reduction from elemental sulphur to Li2S (density of S is
2.03 g cm−3, whilst density of Li2S is 1.66 g cm−3) [4–7]; and deposition
of non-soluble Li2S on the surface of both cathode and anode.

Until now, a variety of techniques have been developed to improve
the electrochemical performance of sulphur electrodes. The intrinsic
low conductivity of sulphur can be enhanced by different approaches
to form a continuous conductive path in the electrode, thus promoting
rate capability and higher sulphur utilization.

Conducting polymers have gained extensive attention as a host or
coating media for S cathodes due to their good environmental stability
and conductivity as well as their useful mechanical properties. Along
with the increase of conductivity, these polymers can encapsulate sul-
phur in their matrix. Another advantage of these polymers is their me-
chanical softness and ‘self-healing’ properties, that can help to address
the S cathode volume change issue during charge–discharge [8,9].
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Thus, conductive polymers such as polyacrylonitrile (PAN) [10–12],
polypyrrole (PPy) [13–17], polythiophene [18] and recently polyaniline
[19–22] have been used as additives in Li/S composite cathodes. It was
shown that, alongwith the enhancement of the composite conductivity,
the additive improves the homogeneity of sulphur distribution which
positively affects the electrochemical performance of the cell.

Previously, Zhang et al. prepared a S/PPy composite by ball milling
without heat treatment, thus avoiding sulphur loss due to sublimation;
had relatively high discharge capacities of ca. 600mA h g−1 after 20 cy-
cles and 500 mA h g−1 after 40 [15]. Wang et al. [11] reported a S/PAN
composite cathode material that exhibited a specific capacity of
850 mA h g−1 at the initial cycle and remained above 600 mA h g−1

after 50 cycles.
Polyaniline has been used as a coating agent prepared using an in

situ chemical-oxidative-polymerization method and by simple ball
milling and has demonstrated excellent performance as a conductive
matrix. Polyaniline nanotube/S composite synthesized by Li et al. [22]
showed a capacity of 837 mA h g−1 after 100 cycles at 0.1 C rate, with
electrode stability up to 500 cycles at 1 C rate.

Inorganic ceramic fillers (oxides additives) such as Mg0.6Ni0.5O [9,
20], Al2O3 [24–27], V2O5 [28], and TiO2 [29] have also been employed
to further improve the cathode conductivity and to prevent
polysulphides shuttling into organic electrolytes by using them as ad-
sorbents. In most of these studies the S/metal oxide composite was pre-
pared by ball milling and heat treatment. Dong et al. [26] used a liquid
phase preparation methodology for the S-Al2O3 composite preparation.
The authors claimed that this technique allows homogenous mixing of
Al2O3 in the composite electrode. It was demonstrated that Al2O3 can ef-
fectively ‘trap’ polysulphides and enhance the electrochemical perfor-
mance of the Li/S cell. The initial discharge capacity of the cathode
with the added alumina was 1171 mA h g−1, and the remaining capac-
ity was 585 mA h g−1 after 50 cycles at 0.25 mA cm−2.

Song et al. [23] used Mg0.6Ni0.5O prepared by a sol–gel method and
demonstrated that this additive can improve the electrochemical per-
formance and achieve an initial capacity of 1185 mA h g−1. In earlier
studies carried out by the authors [9,26], this approach was optimized
by simplifying the preparation method and minimizing the amount of
Mg0.6Ni0.5O added up to 4 wt.%, and investigated its effect on con-
ventional S and S/polyacrylonitrile (PAN) composite cathode
performance. The initial capacity of these cathodes was 850 mA h g−1

and 1223 mA h g−1 at a constant current of 167.5 mA g−1 (0.1 C),
respectively.

Herein we report on the comparative studies of the effect of two
metal oxides on the S/polyaniline (PANI) composite cathode perfor-
mance in lithium cell, both capacity and cycle life. There are various ap-
proaches that can be used to prepare a S/polymer composite, which
include: a) coating bymixing conductive polymer and sublimed sulphur
with further heat treatment, thus letting organo-sulphur bonds to be
formed [12,15,19]; b) incorporation of the sublimed sulphur onpolymer
nanotubes [13,20]; c) in situ deposition of sulphur with conductive
polymer [14,22]. In this work we have adopted the first approach due
to its simplicity and ease of scale up features.

The addition of conductive polymers to composite cathodematerials
is thought to enhance the electrical conductivity, aswell as themechan-
ical properties of the electrode, which undergoes significant volume
changes on electrochemical cycling. Additives, such as Al2O3 [24–27]
and Mg0.6Ni0.4O [9,20], act as electrolyte absorbents, locally limiting
the polysulphide shuttle effect. The addition of Mg0.6Ni0.4O additive to
S/PAN composite materials has successfully demonstrated performance
improvement in Li/S batteries. Recently another conductive polymer,
polyaniline, has shown promising results as a conductive support for S
cathodes, it also has practical advantages owing to its high environmen-
tal stability, high electrical conductivity, and easy synthesis. Herewe ex-
amine, for the first time known to the authors, the effect of polyaniline
(PANI) with both Mg0.6Ni0.4O and Al2O3 additives on the performance
of the lithium sulphur battery.
2. Experimental section

2.1. S-composites preparation

TheMg0.6Ni0.4O synthesis was carried out by a self-propagating high
temperature synthesismethod, as described in previous work of the au-
thors [12]. Sulphur (Sigma-Aldrich, 100 mesh particle size powder),
polyaniline (Sigma-Aldrich, emeraldine salt composite, 20 wt.%
polyaniline on carbon black) and Mg0.6Ni0.4O (as prepared) or Al2O3

(Sigma Aldrich, nanopowder, b50 nm particle size (TEM)) were
mixed in the mass ratio of 4:1:0.25 by wet ball milling at 800 rpm for
3 h with ethanol as a dispersant. The sulphur/polyaniline binary com-
posite was mixed in the same way in the mass ratio of 4:1.

The S-composites were dried in an air-ventilated oven for 2 h at 60
°C to remove the remaining ethanol; andfinally heat treated in two sub-
sequent steps for 3 h at 160 °C followed by for 3 h at 300 °C under argon
in a tube furnace.

2.2. S-composites characterization

The sulphur content in the S-composites was analysed using chem-
ical analysis (CHNS, VarioMicro Cube, Elementar). The crystalline phase
of Mg0.6Ni0.5O powder was analysed using powder X-ray diffraction
(XRD, a Bruker-AXSD4 system Philips Analytical PW-1710)withMo ra-
diation at a scanning speed of 2°/min.

The nitrogen adsorption method (BET, Micromeritics, Gemini 2370)
was used for specific surface area measurements. Before measurement
of pure Mg0.6Ni0.5O and Al2O3, the samples were degassed at 150 °C in
a vacuum line following a standard protocol, but owing to the volatility
of the sulphur, no pre-treatment of the S composites was used. There-
fore, due to the possibility of water entrapment, and/or pore blockage
in the micropores, the obtained values could represent the lower esti-
mates; however, these results demonstrate the trends for comparison
between different S composites.

Scanning electron microscopy (SEM, JEOL JSM-840 or Zeiss EVO10)
was employed to investigate the particle morphology. In order to in-
crease the contrast and the quality of images, the samples were sputter
coated with a 3 nm layer of gold prior to analysis. Samples after charge/
discharge tests were washed with 40 mL of solvent composed by
TEGDME (to remove soluble components) prior to SEM and EDS
measurements.

Thermal gravimetric analysis (TGA)measurementswere carried out
(Q500, TA Instruments) for a temperature range of 25 to 600 °C to deter-
mine the thermal properties of the S composites.

2.3. Cell assembly and electrochemical characterization

The electrodeswere prepared bymixing the activematerial (S/PANI,
S/PANI/Al2O3, S/PANI/Mg0.6Ni0.5O composites) with Ketjenblack
(Ketjenblack 300, AkzoNobel), poly(vinylidene fluoride) (PVDF, MTI
Inc.) in a mass ratio of 80:10:10, respectively, in N-methyl-2-
pyrrolidone (NMP, MTI Inc.). The resultant slurry was uniformly spread
onto Ni foam (≥95% purity, 96% porosity Goodfellow Cambridge Ltd.)
discs with a diameter of 1.6 cm and dried at 70 °C for 12 h in air-
ventilated oven. After this the electrodes were pressed by a hydraulic
press at 5 MPa to enhance contact between the active material and Ni
foam current collector. The Ni foam current collector was chosen in-
stead of aluminium foil due to its three-dimensional structure that
gives highermass loading of active material per unit area. The thickness
achieved was about 60 μm, and the mass of the electrodes were in a
range of 8–10 mg cm−2, which gives a resultant areal capacity of over
2 mA cm−2. For a fair comparison the electrodes examined were of
equal mass.

Electrochemical tests of the S/composites were performed using the
coin-type cells (CR2032) with lithium metal foil as the counter elec-
trode. CR2032 coin-type cells were assembled in a glove box filled



Fig. 2. a) TEM image of Mg0.6Ni0.5O; b) particle size distribution.
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with high purity argon (99.9995% purity) by sandwiching a polypropyl-
ene separator (Celgard, MTI Inc.) between the composite cathode and
lithium anode and using 1 M lithium hexafluorophosphate (LiPF6) in
tetra(ethylene glycol) dimethyl ether (TEGDME) as the electrolyte.

Galvanostatic charge/discharge and cyclic voltammetry (CV) were
used to test the electrochemical properties of the cathode materials.
CV was conducted using a potentiostat (Gamry, Reference 3000) at a
scan rate of 0.05mV s−1 between 1 and 3 V vs. Li+/Li. The cells were cy-
cled galvanostatically using a multichannel battery tester (BT-2000,
Arbin), in the range 1 to 3V vs. Li+/Li at 0.1 C. Impedancemeasurements
were conducted bymeans of potensiostat (Gamry, Reference 3000). The
frequency of AC impedance was varied from 0.1 Hz to 1 MHz with ap-
plied voltage amplitude of 5 mV. Applied currents and specific capaci-
ties were calculated on the basis of the mass of S in the cathode. All
electrochemical measurements were performed at room temperature.

3. Results and discussion

3.1. Physical characterization of S-composites

Fig. 1 shows the XRD pattern of Mg0.6Ni0.5O powder. The diffraction
peaks at 2ϴ = 6°, 16.7°, 19.5°, 27°, 6°, 32.4°, 34° were attributed to
(001), (111), (200), (220), (311), (222) planes of the face centred
cubic structure of Mg0.6Ni0.5O. This shows that the synthesized material
is Mg0.6Ni0.5O powder. The structure of theMg0.6Ni0.5Owas also studied
by TEM (Fig. 2). The TEM image and particle size distribution analysis
derived from it (in Fig. 2 a and b) show that Mg0.6Ni0.5O has nanostruc-
ture which consists of the particles less than 30 nm, themean diameter
dp = 20 nm.

The composition of the sulphur composites prepared in this study is
given in Table 1.

Chemical analysis has shown ca. 30% of sulphur loss during the heat
treatment process (see Table 1).

In Table 2 the BET specific area of the S-composites is given: S/PANI/
Mg0.6Ni0.4O has the highest BET area of 18.1 m2 g−1 among the S-
composites prepared in this work.

The BET isotherm obtained was of type 1, which is known to corre-
spond to macroscopic surface area: because of the sulphur content of
the composite, and its tendency to sublime at elevated temperatures,
it is not possible to carry out the heat pre-treatment typical of BETmea-
surements, without the risk of damaging the analysis equipment. It is
expected therefore that adsorbed water, particularly in the micro-
pores of the composite material may still be present and affects the ob-
tained results and values. By contrast, Zhao et al. [19] report BET analysis
for a PANI/C (Sigma-Aldrich Co) compositematerial, the type 4 BET iso-
therm was obtained, indicative of a mesoscopic pore structure within
the macroscopic particles.
Fig. 1. XRD pattern of the as prepared Mg0.6Ni0.4O.
The morphology of the fresh S composites is presented in Fig. 3. It
can be seen that the S/PANI composite (Fig. 3a) has an agglomerated
plate-like structure. The addition of metal oxides changes themorphol-
ogies of the composites (Fig. 3b and c), resulting in a number of irregular
pores and rougher surfaces as it mainly consisted of smaller primary
particles with different diameters, leading to the higher specific surface
area. The formation of a mesoporous structure will favour the electro-
lyte penetration into the electrodes, enhancing ion transport and charge
transfer. It was also observed that the Al2O3 addition had a smaller
influence on the composite morphology than that of Mg0.6Ni0.4O.
The S/PANI/Al2O3 composite has morphology similar to that of the
bare S/PANI composite, but with amuch smaller pore diameter. The po-
rous microstructure of the pure PANI material is shown in Fig. 3 d. The
elemental mapping presented in Fig. 6 shows that both Mg0.6Ni0.4O
and Al2O3 were uniformly mixed with sulphur and polyaniline, and no
sulphur accumulation was observed on the surface.
Table 1
List of S-composites.

S composite Initial mass
ratio
respectively

Initial S
content,
mass %

S content after the
heat treatment by
CHNS, mass %

S/PANI 4:1 80% 42.9
S/PANI/Mg0.6Ni0.4O 4:1:0.25 ≈76% 41.8
S/PANI/Al2O3 4:1:0.25 ≈76% 41.6



Table 2
BET area of the samples.

Sample name BET area (m2 g−1)

Mg0.6Ni0.4O as-prepared 54.0
Al2O3 144.0
S/PANI 11.4
S/PANI/Mg0.6Ni0.4O 18.1
S/PANI/Al2O3 13.4

Fig. 4. Thermogravimetric curves of S and S-composites.
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The thermogravimetric analysis (TGA) of S-composites and bare sul-
phur powder are shown in Fig. 4; themass loss due to the sulphur evap-
oration occurs in the temperature range from 200 to 350 °C; it can be
seen that the bare sulphur was burned completely at 330 °C, the com-
posites undergo a furthermass loss due to decomposition of other com-
ponents in the samples, in agreement with the literature data [17]. The
mass losses detected from the TGA data agree with the CHNS results on
the S content in the heat treated samples. For S composites the gradual
pattern of the curves demonstrated that sulphurwaswell trappedwith-
in the internal pores of PANI. The first mass loss at around 200 °C could
also be associated with the decomposition of sulphonic acid and a part
of amino– sulphur interaction. It can be seen that the thermal behaviour
of the samplewithMg0.6Ni0.4Owas different from that of other compos-
ites: a second plateau from 280 to 350 °C could be observed. This could
be due to themorphology difference caused by theMg0.6Ni0.4O additive
and formation of the internal pore space: so the sample contains two
types of sulphur; one closer to the surface (easy to evaporate) and an-
other one trapped in the internal pore space (consequently more diffi-
cult to evaporate).

sFig. 5 shows the SEM images of the initial (i) and cycled (ii) com-
posite cathodes. It can be seen that significant morphology changes
occur upon cycling for the S/PANI (Fig. 5a) binary composite.

Although the samplewith nanoparticles of Al2O3 had an initial struc-
ture different from that of the S/PANI system, with a highly porous
morphology and relatively dense surface, upon cycling this composite
underwent noticeable morphology changes and became similar to
Fig. 3. SEM images of the composites: a) S/PANI; b) S/
that of the S/PANI composite, with evidence of active material agglom-
eration (Fig. 5b). The active material agglomeration in the studied sys-
tems suggested its separation from the conductive agent, thus the
separated non-conductive parts of the active material did not appear
to take part in any further electrochemical operations, resulting in
lower sulphur utilization and a rapid capacity loss.

In contrast, the morphology of S/PANI/Mg0.6Ni0.4O (Fig. 5c) did not
change remarkably upon cycling; intact particles were bound together
in the cycled cathode and retained a morphology similar to that of the
initial composite cathode.
3.2. Electrochemical properties of S-composite cells

Fig. 7 presents the cyclic voltammograms (CV) of a lithium–sulphur
cell with the S/PANI, S/PANI/Mg0.6Ni0.4O and S/PANI/Al2O3 composite
PANI/Al2O3; c) S/PANI/Mg0.6Ni0.4O; d) pure PANI.



Fig. 5. SEM images of electrodes before (i) and after 25 cycles (ii) a) S/PANI; b) S/PANI/Al2O3; c) S/PANI/Mg0.6Ni0.4O;
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cathodes, which exhibit different features of reversible operation of a Li/
S cell.

A cathodic peak for S/PANI composite located at 2.4 Vwas attributed
to the reduction of elemental sulphur into soluble polysulphides (Li2Sx,
2 b × ≤ 8), whereas the following reduction peak around 2.0 V was
assigned to the further reduction of polysulphides to insoluble
polysulphides (Li2S2, Li2S). The peaks, observable as shoulders in the
CV at ca. 2.25 V and 2.5 V are thought to be due to inter-reaction be-
tween soluble polysulphides (the poly-sulphide shuttle effect).

During the reverse sweep, the CV shows that a sharp anodic peak ca.
2.35 V was assigned to a reversible conversion of polysulphides to sul-
phur. Thus the electrochemical behaviour of the S/PANI composite
followed typical sulphur cathode oxidation/reduction trends in lithium
batteries.
Similar trends were observed in the CV curves of the S/PANI/Al2O3

composite, although the redox peaks of the S/PANI/Al2O3 cathode
were slightly shifted towards each other, which could be due to the
lower polarization. No additional peaks were associated with the
Al2O3, indicating that this additive was electrochemically inactive in
the selected potential region.

Likewise, the Mg0.6Ni0.4O additive was not electrochemically active
in the selected voltage region. On the initial voltage cycle for this system
therewas a pronounced reduction process (Fig. 8), whichwas similar to
that observed in previous work of some of the authors [12] for the S/
PAN/Mg0.6Ni0.4O composite. It is believed that this process is due to
the side reactions and the SEI formation. It is also observed in the galva-
nostatic charge–discharge test, the initial discharge profile (Fig. 9) is dif-
ferent from the subsequent profiles, suggesting that there is a



Fig. 6. EDS elemental mapping of a) S/PANI/Mg0.6Ni0.4O; b) S/PANI/Al2O3;
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pronounced polarization between the reduction and the oxidation
peaks. It is also noteworthy that the high potential polarization caused
the single broad cathodic and anodic peaks representing overlapped
processes: between soluble, high order polysulphides (i.e. Li2Sn,
n ≥ 3) and insoluble, low order polysulphides (Li2Sn, n ≤ 2), inherent
to the Li/S battery [6,31,32].

The CV of S/PANI/Mg0.6Ni0.4O composite compared to S/PANI and S/
PANI/Al2O3 composites has larger cathodic and anodic current density
peaks, suggesting that this composite has a higher discharge capacity
and active sulphur utilization (c.a. 90%), which is in agreement with
the charge–discharge data. These effects might also have been due to
the adsorbing and catalytic activity of the Mg0.6Ni0.4O additive. The ad-
ditive acted as an adsorbent of lithiumpolysulphides, reducing the shut-
tle effect of the polysulphides, and, as shown by the SEM results, the
additive prevented agglomeration of the active material and preserved
the higher conductivity of the sample. The CV data comply with that
previously reported in the literature [12].

Fig. 9 shows the initial galvanostatic charge–discharge profiles of the
S/PANI, S/PANI/Al2O3 and S/PANI/Mg0.6Ni0.4O composites. It can be seen
that the Mg0.6Ni0.4O and Al2O3 additives enhanced the sulphur utiliza-
tion in the cathode, and these composites exhibitedmuch higher capac-
ity than the ‘bare’ S/PANI system. Furthermore, the S/PANI/Mg0.6Ni0.4O
composite cathode exhibited the highest capacity among the studied
systems. It should be noted that at the initial discharge the S/PANI/
Mg0.6Ni0.4O composite exhibited a continuous voltage decline which is
a known phenomenon for sulphur composite cathodes and attributed
to the side reactions of a solid electrolyte interphase (SEI) formation
[9,28,29]. Starting from the following cycle, this composite exhibited
the typical Li/S potential profile features associated with the reversible
reaction of Li and S. The short discharge plateau about 2.5 V is related



Fig. 7. CV curves of a lithium cell with S/PANI/Mg0.6Ni0.4O, S/PANI/Al2O3 and S/PANI com-
posite cathodes; cycling rate 0.05 mV/s.
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to the formation of higher-order soluble lithium polysulphides (Li2Sn,
n ≥ 4), followed by a plateau around 2.0 V, which reflects the transition
of the polysulphides into lithium sulphide Li2S. The kinetics of the latter
reaction were slower than that of the polysulphide formation, which
agrees with the literature data [33] and the CV data obtained in this
work.

Another observation for the S/PANI/Mg0.6Ni0.4O composite com-
pared with the S/PANI and S/PANI/Al2O3 counterparts is a reduction of
the charge and discharge voltage gap; this reflects a reduced polariza-
tion in the system, and has been reported in previous work for the S/
polyacrylonitrile/Mg0.6Ni0.4O composite [9].

Fig. 9d shows the composite cathodes' cyclability in a lithium half-
cell. It can be seen that the S/PANI composite exhibited an initial dis-
charge capacity of ca. 1025 mA h g−1 and the cell loses about 75% of
this value within the first 20 cycles, with a stabilized discharge capacity
of 300–400 mA h g−1. For comparison, the S/PANI-NHT composite was
prepared by simple wet ball milling of sulphur and PANI at room tem-
perature with no heat treatment step (catergorised here as NHT). As
seen in Fig. 9d, the cell with S/PANI exhibited a slightly better discharge
capacity than the cell with S/PANI-NHT, clearly indicating that heat
treatment of S composites gave better electrochemical performance.
This could be attributed to the cross-linking reactions between the
conducting polymer and sulphur occurring during the heat treatment,
so sulphur could have been stored in composites not only by physical
Fig. 8. CV curves of a lithium cell with S/PANI, S/PANI/Al2O3 and S/PANI/Mg0.6Ni0.4O com-
posite cathodes; cycling rate 0.05 mV/s.
adsorption but by chemical bonding, as was shown by Zhao et al. for S
ternary composite with PANI [19].

It can be seen from Fig. 9d that the initial discharge capacity of the S/
PANI/Al2O3 cathode is 1392 mA h g−1 and it retained a capacity of
612 mA h g−1 after 100 cycles.

The S/PANI/Mg0.6Ni0.4O composite delivered a capacity of
1448 mA h g−1 at the initial cycle, and 1220 mA h g−1 at the following
cycle, indicating a high sulphur utilization (about 89.5%). The cell with
this cathode retained ca. 48% of the initial value after 100 cycles,
exhibiting about 772 mA h g−1.

Electrochemical impedance spectroscopy (EIS) was employed to in-
vestigate the effect of the Mg0.6Ni0.4O and Al2O3 additives on the elec-
trochemical behaviour of the S/PANI composite cathode. Fig. 10 shows
the EIS spectra of fresh lithium cells with and without the oxide
additives. Equivalent circuit analysis for each composite was conducted,
and shown to be in agreement with Zhang et al. Ref. [12], as shown in
Fig. 10 in the inset. In this model, R1 is the internal resistance of the
tested battery, R2 and R3 represent the passivation film and charge–dis-
charge transfer, Q1 and Q2 are the constant phase elements responsible
for the double layer capacitance andW is theWarburg resistance relat-
ed to the lithiumdiffusion process. Thefitted impedance parameters are
listed in the Table 3. It can be seen that for all the composites theNyquist
plots represent the Randles-like equivalent circuit behaviour, and com-
prise of depressed semicircles in the high-to-medium frequency region
due to the charge transfer resistance, followed with an inclined linear
region (the so-called Warburg impedance) at low frequency due to
the ion diffusion impedance within the cathode [28,30]. It can be seen
that the charge transfer semicircles (R2 + R3) for both composites
with the metal oxide additives (98.15 Ω and 88.23 Ω respectively for
S/PANI/Al2O3 and S/PANI/Mg0.6Ni0.4O) were much smaller than the
no-additive S/PANI system (208.06Ω), with the Mg0.6Ni0.4O composite
exhibiting the lowest charge transfer resistance.

4. Conclusions

Sulphur/polyaniline compositeswere prepared by a simple ballmill-
ing with Al2O3 and Mg0.6Ni0.4O as metal oxide additives followed by
heat treatment. Addition of Mg0.6Ni0.4O led to a reduction in polariza-
tion (charge transfer impedance) and improved performance. For the
ternary composite S/PANI/Mg0.6Ni0.4O/, a specific capacity of
1448mAhg−1was delivered in the initial discharge and a reversible ca-
pacity of ~900mAh g−1was obtained after 10 cycles. It was shown that
the addition of Mg0.6Ni0.4O to S/PANI composite improved the compos-
ite morphology upon cycling, kinetics and electrochemical performance
of the cell. The addition of Al2O3 also improved the S/PANI composite's
electrochemical performance, delivering an initial discharge capacity
of 1392 mA h g−1 with the retained capacity of 612 mA h g−1 after
100 cycles, which was lower than for the Mg0.6Ni0.4O additive.

The results indicate that the metal oxide nano-composite additives
enhanced the electrochemical performance of the S electrodes. The
composites with metal oxide additives had a more homogenous mor-
phology comparedwith the initial S/PANI cathode. However, the alumi-
na additive had a lesser enhancement effect on the sulphur/polyaniline
composite compared with Mg0.6Ni0.4O additives.
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Fig. 9.Charge–discharge profiles of lithium cellswith a) S/PANI, b) S/PANI/Al2O3 and c) S/PANI/Mg0.6Ni0.4O composites cathodes at 0.1 C; d) cyclability of lithiumcellswith S/PANI, S/PANI-
NHT, S/PANI/Al2O3 and S/PANI/Mg0.6Ni0.4O composites cathodes at 0.1 C.
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