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Cuprous sulfide (Cu,S) is attractive electrode material for lithium-ion battery because of its high capacity
and energy density. Interestingly, the cycling stability of cuprous sulfide is poor in the carbonate-based
electrolytes used in lithium ion battery industry but excellent in ether-based electrolyte. In this study, we
have compared the electrochemical performance of commercially available cuprous sulfide in various
kinds of carbonate-based electrolytes. Our results show that the specific capacity of Cu,S electrode fades
quickly in cyclic carbonate-based electrolytes, but a much better electrochemical performance in linear
carbonate-based electrolytes. In linear carbonate-based electrolyte (1M LiPFg in EMC), it exhibits a
specific discharge capacity of 242.8 mAh g~ after 50 cycles with coulombic efficiency of 99.6%. Our study
suggests that the poor cycling performance of Cu,S in cyclic carbonate-based electrolytes is mainly due to
the higher reactivity of cyclic carbonates with polysulfides on the surface of the electrode than linear
carbonates, which was confirmed for the first time by our experiment studies and theoretical calculation.
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1. Introduction

Lithium-ion batteries have gained tremendous attentions as
energy storage devices due to their high energy density, high
operating voltage and longer cycle life [1-4]. However, the
application of large-scale lithium-ion batteries in HEVs is
significantly hindered by several major technological barriers,
including insufficient cycle life, poor charge/discharge rate
capability, and intrinsically poor safety [5,6].

Recently, transition-metal chalcogenides especially sulfides are
widely studied because of their excellent chemical and physical
properties [7-10]. Among these sulfides, cuprous sulfide (Cu,S) has
a higher theoretical specific capacity (about 335 mAhg~!) with a
flat discharge platform and better electronic conductivity
(104 Scm™!) compared with commercialized LisTisO;, anode
[1,11]. Compared with the commonly-used graphitic carbon anode,
Cu,S exhibits a flat lithium insertion/extraction voltage platform at
approximately 1.70 V (vs. Li/Li*), which is higher than the operating
voltage of graphitic anodes, thus, the formation of SEI layers and
lithium dendrites can be effectively reduced [12]. Moreover, the
volumetric capacity of Cu,S is much higher than graphite
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(1876 Ah/L vs 830Ah/L) [13]. Finally, cuprous sulfide is easily
accessible and inexpensive, which makes it very attractive for
commercialization. However, Cu,S suffers from a rapid capacity
decay during cycling [2,14,15], which is attributed to the high
solubility (in organic solvent electrolytes) of the polysulfide ions
formed during the charge/discharge processes. The dissolution of
the polysulfides resulted in low active material utilization, low
coulombic efficiency and poor cycle life of Cu,S electrodes, thus the
composition and polarity of the electrolyte can affect the cycling
stability of Cu,S or CuS dramatically [7,16,17]. For example, Cu,S
electrode exhibited a good cycling performance with capacity
retained at about 200mAhg~! after 150 cycles and coulombic
efficiency of 98.4% in 1,3-dioxolane (DOL)/1,2-dimethoxyethane
(DME) (1M LiTFSI) electrolyte, on the other hand, its capacities
rapidly dropped to OmAhg~! after five cycles in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1 M LiPFg) electrolyte
[7]. These results demonstrated that the conventional
carbonate-based electrolyte is not suitable for the battery system
of cuprous sulfide, however the exact reason of the poor cycling
stability in carbonate-based electrolyte is not fully understood yet.

In this work, we chose dimethyl carbonate (DMC), ethyl methyl
carbonate (EMC), propylene carbonate (PC), vinylene carbonate
(VC), fluoroethylene carbonate (FEC), and ethylene carbonate (EC)
as the electrolytes to study the electrochemical performance of the
Cu,S electrode. The effect of linear carbonates (DMC, EMC) on Cu,S
performance is compared to that of cyclic carbonates (PC, VC, FEC,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2015.06.109&domain=pdf
mailto:jbzhao@xmu.edu.cn
http://dx.doi.org/10.1016/j.electacta.2015.06.109
http://dx.doi.org/10.1016/j.electacta.2015.06.109
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta

1080 C. Shi et al./Electrochimica Acta 174 (2015) 1079-1087

EC). Our study showed that the molecular structure of the
carbonate electrolytes has a great influence on the cycle
performance of Cu,S electrodes.

2. Experimental
2.1. Preparation

Cu,S (Aldrich, 99.5%) and LisTisO4, (Battery, Shenzhen, China)
were used without further treatment. The liquid electrolytes were
made of LiPFg (1 M) dissolved in the solvent of DMC, EMC, FEC, PC,
VC and EC, respectively, prepared in argon-filled glove box. All the
solvents and lithium salt, purchased from Zhangjiagang Guotai
Huarong Chemical New Material Co., Ltd., were of battery grade in
purity and used as received. The electrode slurry was prepared
with N-methyl pyrrolidinone (NMP) as solvent and polyvinylidene
fluoride (PVDF) as binder, and the mass ratio of solid materials was:
70 wt% active materials, 15 wt% carbon black and 15 wt% PVDF. The
working electrode was prepared by casting the slurry onto copper
foil with the mass loading of 1.435mg/cm? of Cu,S. The
CR2016-type coin cells were assembled by sandwiching a
separator between the as-prepared electrode and Li metal foil
with 100 pL electrolyte.

2.2. Characterization

The structures of the active material powder and the composite
electrode were characterized by field emission scanning electron
microscope (SEM, S-4800, Hitachi, Japan) and X-ray diffraction
(XRD, MiniFlex600 X'pert, Rigaku, Japan). XRD measurements
were performed by using the Cu Ko radiation and a graphite
monochromator with steps of 0.02° and an integration time of 20s.
The operating voltage and current were 40kV and 15mA,
respectively. The X-ray photoelectron spectroscopy (XPS) analysis

was performed with a QUANTUM 2000 spectrometer using
focused monochromatized Al Ka radiation (1486.6eV). The pass
energy was 60 eV for the survey spectra and 20 eV for the paticular
elements.

2.3. Electrochemical measurements

Galvanostatic charge/discharge experiments were performed at
different current densities between 1.0V and 3.0V (vs Li/Li*) using
a CT2001A cell testing instrument (LAND Electronic Co.,Wuhan,
China). The cyclic voltammetry was performed by using a coin cell
on the CHI1030C Electrochemical Work-station (Chenghua,
Shanghai, China) with a voltage sweep rate of 0.1 mVs~! for
5 cycles.

2.4. Calculation procedure

All the calculations reported in this paper were performed
using the Gaussian 09 computational package [18]. The HOMO and
LUMO energies of ionic solvents were calculated with respect to
the vacuum level using the density-functional theory (DFT). The
Kohn-Sham equation was calculated with the B3PW91 functional
and 6-311G+(d, p) basis sets. The functional included a
three-parameter adiabatic connection exchange term [19]: a linear
combination of the exact Hartree-Fock exchange, Slater exchange
[20], and B88 gradient corrected exchange [21]. Frequency
analyses were done with the same basis sets as those for the
geometry optimization and Gibbs free energies are calculated at
298.15K to examine the reaction path.

3. Results and Discussion

The SEM images of commercial cuprous sulfide powder and the
prepared Cu,S cathode are presented in Fig. 1 (a, b), respectively. As
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Fig. 1. SEM images of (a) commercial Cu,S powder (b) Cu,S cathode (c) X-ray diffraction patterns of commercial Cu,S powder.
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shown in Fig. 1a, the cuprous sulfide powder shows irregular
particle shape and wide size distribution. After milling with
acetylene black, the cuprous sulfide has a better uniformity in
particle size distribution (Fig. 1b), which could result in a good
electrochemical performance [22]. Besides, the image (Fig. 1b)
shows that Cu,S particles are uniformly dispersed in
homogenous matrix composed of binder (PVDF) and conducting
agent (acetylene black).

The XRD pattern as shown in Fig. 1c can be indexed to
orthorhombic Cu,S phase (JCPDS Card No. 003-1071). Trace
amounts of CuS (JCPDS 006-0464) and Cu (JCPDS 085-1326),
however, were observed.

To evaluate the performance of Cu,S cathode indifferent
electrolyte systems we studied the charge/discharge profiles of
the Cu,S electrodes with 1 M LiPFg dissolved in different solvents at
room temperature. Fig. 2a shows the charge/discharge curves of
the Cu,S electrodes in the different electrolytes. During the first
discharge, the Cu,S electrodes show a quite similar discharge
behavior in all electrolytes with two flat discharge plateaus at
around 2.0V and 1.6V (Fig. 2a), respectively. The ideal discharge
characteristics of Cu,S would exhibit only one defined discharge
plateau at 1.7V [7], the presence of two discharge plateaus for the
commercial copper sulfides indicates the existence of CuS. The
content of CuS is about 7.0wt% and more information about
evaluating the CuS content is shown in the supporting information
(Fig. S1). The specific capacities of Cu,S electrodes in VC-based,
FEC-based, and DMC-based electrolytes are about 400 mAhg~’,
370mAhg~!, and 353 mAhg~, respectively. These numbers are
slightly higher than the theoretical capacity of Cu,S (335 mAhg™1),
further indicating the presence of CuS (560mAhg~'). The much
higher capacity of Cu,S in VC-based electrolyte may be due to a
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side reaction as reported [23,24]. The voltage plateaus can be
explained by a two-step discharge mechanism [7,25]: the upper
plateau is from the formation of polymorphic Cu,_,S and the lower
one, Li,S. The reactions can be summarized as follow:

CuS +Li — 0.5Cu,S +0.5Li,S (2.0-2.2 V) 1)

0.5Cu,S +Li — Cu+0.5Li,S (1.6-1.7 V) 2)

As aresult of this mechanism, there are two defined plateaus for
the first charging process. From the charge profiles of Cu,S
electrodes as shown in Fig. 2a, a two-step behavior is observed in
all electrolytes, which is consistent well with the mechanism.
Fig. 2b presents the cycling performances of the Cu,S electrodes in
different electrolytes. As can be seen, the Cu,S electrodes in the
linear carbonate-based electrolytes exhibit better cycle stabilities
with smaller capacity fading rates than those in cyclic
carbonate-based electrolytes. The coulombic efficiencies related
to the electrochemical reversibility in different electrolytes are
shown in Fig. 2¢ and 2d. As Fig. 2¢ shown, the initial coulombic
efficiency of the Cu,S electrode is 92.6% in the DMC-based
electrolyte and 95.2% in the EMC-based electrolyte, and both
increase quickly to about 100% in the subsequent charge/discharge
cyclings. On the contrary, the initial coulombic efficiencies of Cu,S
in cyclic carbonate-based electrolytes are all much lower than that
in linear carbonate-based electrolytes (Fig. 2d). Based on these
data, electrolytes with linear carbonates should be better for Cu,S
electrodes (More electrochemical data has shown in the Fig. S2,
and the related capacity retention is presented in Table S1 as well).

The phase changes of the active electrode material during
cycling were examined by ex-situ XRD, as shown in Fig. 3 (taken the
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Fig. 2. (a) Discharge-charge profiles of the Cu,S electrode at first cycle in different electrolytes, (b) cycle performance of the Cu,S electrode in different electrolytes, (c) (d) the
coulombic efficiency of the Cu,S electrode in different electrolytes. All the experiments were tested between 1.0 and 3.0V vs. Li/Li* at a rate of 0.5C (1C=335mAg,

0.21mAcm™2).
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Table 1
The redox potentials of Cu,S electrode in different electrolytes measured by cyclic
voltammetry in the first cycle.

Solvent Oxidation peak/V Reduction peak/V
DMC 1.90, 2.15 2.32 2.00, 1.62
EMC 1.90, 2.09 2.35 2.08, 1.58
FEC 1.93,2.23 243 1.84, 1.58
PC 191, 2.19 242 2.00, 1.58
VC 192, 2.20 2.47 2.00, 1.42
EC 1.90, 2.24 2.38 2.05, 1.53

electrodes cycled in EC-based and DMC-based electrolytes as
examples). Both electrodes show that during the lithiation
processes, Cu,S peak gradually disappears, and Li,S and Cu peaks
appear; during the delithiation processes, Li;S and Cu peaks
disappear and Cu,S peak regenerates. These data agrees well with
the above proposed reaction mechanism.

To further understand the electrochemical reactions of Cu,S
electrodes, these electrodes in different electrolytes were
investigated by cyclic voltammogram (CV) mearsurements, as
shown in Fig. 4. All cyclic voltammogram curves are composed of
more than two couples of oxidation-reduction peaks,which are
attritubed to the electrochemical reactions of Cu,S electrodes as
shown in the Table 1. All the CVs show two well-defined reduction
peaks at the voltage of around 2.0 and 1.6V, and two oxidation
peaks at around 2.1 and 1.9 V. The reduction peaks at 2.0 Vand 1.6 V
during the discharge processes are attributed to the insertion of
lithium as shown in the above reaction (1) and (2). The oxidation
peaks at 2.1V and 1.9V are accounted for the inverse lithiation
reactions of CuS and Cu,S, respectively. The transient oxidation
peak at 2.3V is due to the poor contact between Li,S particles and
electrolyte [26], which gradually disappears with cycling.

In order to investigate the oxidation peak at 2.3V, the cycled
electrode was taken out and reassembled into a new cell with fresh
DMC-based electrolyte in an argon-filled glove box. It is surprising
that the disappeared voltage platform reappears immediately,
then disappears slowly with the increased cycle numbers (as
shown in Fig. 5). It can be concluded that the transient voltage peak
at 2.3V is primarily related to the side reaction occurred at the
interface between the active material and the electrolyte. More
detailed investigation is needed to analyze its origin.

The peaks with weak intensities in CV curves of Cu,S in the
cyclic carbonate-based electrolyte are similar to those in the linear
carbonate-based electrolyte in the first cycle. However, the
reduction and oxidation peaks in the cyclic carbonate-based
electrolyte fade quickly since the second cycle. It is highly
consistent with the charge/discharge curves. These results have
further confirmed that the linear carbonate are better electrolytes
for Cu,S electrodes, compared to the cyclic carbonate.

To further investigate the negative impact of cyclic carbonate-
based electrolyte on Cu,S cycling performance, galvanostatic
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Fig. 5. Voltage profiles of the reassembling cell with the used Cu,S electrode and
fresh DMC-based (1 M LiPFg) electrolyte.

charge/discharge measurements were carried out (as shown in
Fig. $3). The most commonly used linear carbonate (DMC, EMC)
and cyclic carbonate (EC) are chosen as electrolytes. We find that
even a small portion of EC in electrolyte, the capacities of Cu,S fade
rapidly, which further confirms that the cyclic carbonate-based
electrolyte is detrimental to the cycle performance of Cu,S
electrodes.

To explain the poor cycling performance of Cu,S electrodes in
cyclic carbonate-based electrolytes, theoretical calculations on the
bond length and bond order of Sg (Fig. 6) and the most possible
reaction routes in the linear carbonate-based and cyclic carbonate-
based electrolytes (Scheme 1) were performed. As far as we know,
among the polysulfide ions formed during the cycling process for
lithium-sulfur batteries, S42~ is the stablest form as an intermedi-
ate product [27]. It can be clearly seen from Fig. 6 that the bonds of
S(2)-S(3) and S(6)-S(7) have the longest bond lengths and lowest
bond orders, which means they are the most unstable bonds and
most likely to involve in cleavage reaction during cycling process.
Thus the major forms of polysulfide ions should be S42~ and S,
Based on the calculated results, two possible reaction routes of
S4%~ and S,°~ were further investigated (shown in Scheme 1).
Reactions (a) and (c) are based on nucleophilic attack reactions,
which can be catalyzed by alkali metals, hydroxides, and
carbonates [28]. Reactions (b) and (d) are based on nucleophilic
attack, similarly to the methylation of DMC [29]. In lithium/sulfur
battery system, a similar reaction is proposed based on GC-MS and
NMR analysis [30], and X-ray spectroscopic studies [31]. Our
theoretical results agree well with these experimental foundings.

The detailed information of geometry optimization and Gibbs
free energies was listed in Table 2. From these data, we can draw a
conclusion that nucleophilic attack reaction on linear carbonate-
based electrolyteis more difficult due to the increase of the Gibbs

Fig. 6. The bond length and bond order of Sg.
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Table 2
Gibbs free energies of the solvents and the changes of the Gibbs free energies for the proposed reactions.
Species EC DMC S42 1 2 AG® AG®
G(Hartree/Particle) —342.35 —343.55 —1592.68 —1935.09 —1935.67 —0.05 0.56
Sy~ 3 4 AG® AGW
—796.20 —1138.57 —1139.05 -0.12 0.58

*1hartree/partical = 2624.20 kj/mol; AG® = —-124.70 k]/mol; AG'® = —314.90 k]/mol.

free energies of reaction (b) and (d). This is consistent with other theory, the cyclic carbonate molecules can easily obtain electrons
calculation results as shown in Table 3. The LUMO energies of the through an electrophilic reaction. At the same time, the total
cyclic carbonate molecules are lower, compared with those of energy of the cyclic carbonate molecules is higher than that of
linear carbonate molecules [5,32]. Based on the molecular orbital linear carbonate molecules, thus the cyclic carbonate molecules

Table 3
Structures, molecular orbitals of organic solvents and their energies.

DMC EMC FEC PC \'/o EC
° ° 3 2 ?
9 3 P ? ‘
Structure 3 03 °,9 o/ e e, o o ®
2 o @ ° ) v
Felet 2 284 e s <
HOMO :# . ‘jJ) > 4
S 139" 3 = ?
Enomo(eV) .7.8187 -7.7477 -7.9771 -7.0138 -8.0620
-~ 2 >
) 'y &
R EER
7
Ewwmo(eV) 1.1279 1.1902 0.5135 1.0313 -0.0528 0.9355

AE;7 (eV) 6.6908 6.5575 8.3359 6.9459 6.961 7.1265
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Fig. 7. The electrochemical performance of the cycled electrodes (after 10 cycles) in
EC-based electrolyte (1M LiPFg) with DMSO washing in new ether-based
electrolyte.

are more unstable. All these results indicate that the electrolyte
composed of cyclic structure (FEC, PC, VC and EC, etc) may
react with nucleophilic anions readily, which results in poor
electrochemical performance of Cu,S.

To gain more insight into the rapid capacity decay of Cu,S in
cyclic-carbonate electrolytes, we designed experiments to clarify
which is the major contributor: high polarity of cyclic carbonate or
surface reaction on the electrode. The first experiment we
designed was to rinsing the cycled electrode surface with DMSO.
As shown in the Fig. 7, the specific capacity of the cycled electrodes
(after 10 cycles), followed with rinsing of DMSO, can be recovered,
indicating that the products generated from side reaction at the
interface greatly hinders the lithiation/delithiation process of Cu,S
electrodes.

Cyclic carbonates generally have higher polarity than linear
carbonate, thus it is possible that the polysulfides might have
higher solubilities in cyclic carbonates, the dissolution and
migration away from electrode of polysulfide will cause capacity
decay. To investigate this possibility, we assembled a new cell with
commercialized Li4TisO, as working electrodes, lithium as anode
and EC-based electrolyte (after cycled in Cu,S cell until the capacity
is zero), and tested by galvanostatic charge/discharge
measurements. As shown in Fig. 8, the electrochemical
performance of the LisTisO;, electrode is not affected by the
cycled EC electrolyte. Therefore, we believe that the surface side
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Fig. 9. The XPS spectra of the pristine electrode and the cycled electrode after first
cycling in EC and DMC-based electrolytes (1 M LiPFg).

reaction between cyclic carbonate and polysulfides, not its
polarity, is the major cause of rapid capacity decay.

XPS investigations of the electrodes in EC and DMC based
electrolytes after the first charging process also demonstrated the
surface chemical differences, as shown in Fig. 9. The S2p peak of
the electrode charged in DMC-based electrolyte is similar to that of
un-charged electrode with peak located at around 162eV.
However, for the electrode charged in EC-based electrolyte, the
S2p peak shifts to a higher bound energy (163.4 eV), which may be
assigned to C-S from the production of the proposed reactions
between S42~or S,2~ anion and cyclic carbonates [33,34]. The SEI
structure of the electrode is yet to be studied, but the generated
chemicals with C-S bonds are unambiguously disastrous to Cu,S
cycling performance.

The related SEM images of Cu,S electrodes under different
measurement conditions also indicate that some side reactions
happen on the interface of the Cu,S electrodes in EC-based
electrolyte. As shown in Fig. 10, the morphology of the electrode in
EC-based electrolyte is different from the original Cu,S electrode
and a transparent film is formed after the charge/discharge
process. However, the morphology of the electrode in DMC-based
electrolyte remains smooth surfaces and similar as the original
Cu,S electrode.
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Fig. 8. The electrochemical performance of the commercial LisTisO> electrode in the EC-based electrolyte (after cycled in Cu,S cell until the capacity is zero) (a) the

discharge-charge profiles, (b) the cycle performance at first cycle.
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Fig.10. SEM images of Cu,S electrode surface obtained (a) before cycling, (b) after ten cycles in DMC-based electrolyte (1 M LiPFg), (c) after ten cycles in EC-based electrolyte

(1M LiPFe).

4. Conclusions

The effects of the carbonate-based electrolyte on cuprous
sulfide electrodes have been investigated in our study. It was found
that the linear carbonate-based electrolytes can enable a much
better cycling performance of Cu,S than the cyclic carbonate-based
electrolytes. The copper sulfide electrodes exhibit a discharge
capacity of 200mAhg™! after 50 cycles both for the DMC-based
and EMC-based electrolytes. On the other hand, the capacities of
the electrode in FEC-based, PC-based, VC-based, and EC-based
electrolyte all decrease rapidly to 0mAhg~! after 10 cycles. Based
on the results from the paper, it would be fair to conclude that the
cyclic carbonates have a higher tendency to react with polysulfides
on the surface of the active materials than linear carbonates. The
reaction leads to a surface film, which then blocks subsequent
lithium insertion and extraction from the material, resulting in
poor cycle performance.
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