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a b s t r a c t

2-Phenylimidazole (PID), which is structurally different from previously reported compounds, has been
studied as a film-forming additive for graphite anode in PC-based electrolyte for lithium-ion batteries.
A 1.0 mol l−1 LiPF6/PC: DMC (1:1, v/v) electrolyte containing 3 wt.% 2-phenylimidazole was capable of
vailable online 20 August 2008

eywords:
ithium-ion batteries
ycleability
-Phenylimidazole

suppressing the co-intercalation of PC and inhibiting the decomposition of electrolytes during the first
lithium intercalation. The cyclic voltammogram shows that the reduction potential of PID is about 1.65 V
vs. Li/Li+, forming a favorable solid electrolyte interface (SEI) on the graphite electrode. The morphologies
and the chemical composition of the graphite electrode surface were characterized by SEM and XPS. The
results show that a stable SEI film was formed on the surface of graphite by the addition of PID, which
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accounts for the excellent

. Introduction

Organic solvents, especially ethylene carbonate (EC) and propy-
ene carbonate (PC), have been studied for use in lithium-ion
atteries [1,2]. Due to the formation of a stable solid electrolyte

nterface (SEI) with favorable characteristics, EC-based electrolytes
ave been used extensively in commercial lithium-ion batteries.
owever, EC-based electrolyte cannot be used at low tempera-

ures owing to its high melting point (39 ◦C). Compared to EC,
C seems much more attractive due to its much lower melting
oint (−49.2 ◦C), higher ionic conductivity and low price. However,
he decomposition of PC and the following co-intercalation of PC

olecules into graphite give rise to exfoliation of the graphene lay-
rs [3–6]. In the past, many attempts have been made to improve
he compatibility of PC-based electrolyte with graphite anodes,
uch as coating [7–9] and addition of additives such as allyl ethyl
arbonate [5], acrylonitrile [6], tetrachloroethylene [10], ethylene
ulfites [11], vinylene carbonate (VC) [12], propylene sulfite [13],

hloroethylene carbonate [14], silanes [15,16], and triethyl ortho-
ormate [17]. However, there is no report on the possible action of
midazole derivatives.
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ability of the graphite electrode in PC-based electrolyte.
© 2008 Elsevier B.V. All rights reserved.

In this report, we show that 2-phenylimidazole (PID) is a novel
lectrolyte additive that is effective in suppressing exfoliation of
raphite. After adding 3% (w/w) PID to the PC-based electrolyte,
he graphitic anode performs very well.

. Experimental

2-Phenylimidazole (PID, Aldrich, 98%) was used as received
ithout further purification. The electrolyte was 1 mol l−1 LiPF6
issolved in a 1:1 (v/v) mixture of propylene carbonate (PC) and
imethyl carbonate (DMC). CMS (artificial graphite, average diame-
er 15 �m) was obtained from Shan-shan Co. Ltd. (Shanghai, China).
he electrolyte was mixed in a glove box under a dry argon atmo-
phere. The anode was prepared by mixing the CMS, polyvinylidene
uoride (PVDF) and carbon black in a ratio of 85:10:5 (w/w/w).
he mixture was coated on a copper foil, and then heated 12 h in
vacuum oven at 120 ◦C. Electrochemical performance of the elec-

rodes was tested with coin-type model cells with lithium foil as
he counter and reference electrode, and Celgard 2400 as the sepa-
ator. Scanning electron microscopy (SEM, Philips XL300) was used
o observe the surface morphology of the CMS electrode. The chem-
cal components of the CMS electrode surface were measured using

PS (PerkinElmer PHI-5000C). The discharge and charge test was
alvanostatically measured by a Land CT2001A tester in the volt-
ge range of 0–2.0 V at a current density of 0.8 mA cm−2. Cyclic
oltammograms were measured by a CHI604C electrochemical
orkstation between 2 and 0 V at a scan rate of 0.05 mV s−1.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:wuyp@fudan.edu.cn
mailto:Teuns.VanRee@univen.ac.za
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ig. 1. First discharge–charge curves of the CMS electrode in 1 M LiPF6/PC: DMC
1:1, v/v) without additive (dash line) and with 3 wt.% PID (solid line).

. Results and discussion

The discharge–charge voltage curves of the Li||CMS cell in
mol l−1 LiPF6 solution of PC/DMC (1:1, v/v) with and without
ID during the first cycle are shown in Fig. 1. For the cell with-
ut PID, there is a long plateau at about 0.7 V vs. Li/Li+ in the first
ischarge curve, which indicates that decomposition of PC and the
o-intercalation of the PC-solvated lithium ion into the graphene
ayer occur [5–7]. Apparently, the lithium ion intercalation into the
raphene layer is very rare. However, for the cell containing 3 wt.%
ID, the discharge curve in the potential range of 1.6–1.2 V vs. Li/Li+

ecreases slowly, which corresponds to the reduction of PID on the
raphite surface, resulting in the formation of a passivating film.
urthermore, the formation of the SEI is effective enough to enable
eversible lithium ion intercalation and deintercalation. The dis-
harge curve below 0.2 V is ascribed to the intercalation of lithium
on into graphite, which reveals that the co-intercalation of PC has
een suppressed by PID.

The cyclic voltammograms of CMS electrode in 1 mol l−1

iPF6/PC: DMC (1:1, v/v) with and without 3% (w/w) PID are shown
n Fig. 2. Propylene carbonate-based electrolytes without the addi-
ion of PID are incompatible with the CMS electrode, due to the
ecomposition and the co-intercalation of PC molecules into the
raphene layers, eventually giving rise to the exfoliation of the

raphite. After three cycles of cyclic voltammetry, there is no cur-
ent response of lithium ion intercalation and deintercalation into
nd from the CMS electrode. This is consistent with earlier reports
3–17]. In contrast, the results are totally different for the elec-
rolyte containing 3 wt.% PID. During the first three CV cycles the

t
d
r
a
C

Fig. 2. Cyclic voltammograms of the CMS electrode in 1 mol l−1 LiPF6/PC: DM
ig. 3. Cycling performance of CMS at 0.8 mA cm−2 in 1 mol l−1 LiPF6/PC: DMC (1:1,
/v) with 3 wt.% PID addition.

urrent response representative of lithium ion intercalation and
eintercalation into and from the CMS electrode does not decrease
ignificantly. The CV in the first cycle also shows that the reduction
eak at 0.7 V ascribed to the co-intercalation of PC into graphite

s greatly reduced and a new peak appears at 1.65 V ascribed to
he decomposition of PID on the CMS electrode. In the second and
hird cycle, the peaks at 1.65 and 0.7 V are not visible anymore,
ndicating that the film-forming process is by and large finished
n the first cycle and the co-intercalation of PC into graphite is
ffectively suppressed. Compared with other additives, since PID
oes not have an unsaturated vinylene group, during the first
ycle it does not form solely as the SEI film. As a result, the CV
eak at around 0.5 V corresponding to decomposition or reduc-
ion of PC still appears in the first scan, which contributes to
he partially effective composition of SEI films. This is also con-
istent with the data from Fig. 1. In the case of other additives
uch VC, the action of PC is completely prevented in the first CV
can.

To observe the effect of the addition of PID on the CMS electrode
n PC-based electrolyte, the cycle performance of the Li||CMS cell in
M LiPF6 solution of PC/DMC (1:1, v/v) with PID addition was car-

ied out in the voltage range of 2.0–0 V at 0.8 mA cm−2 (see Fig. 3).
he reversible capacity in the first cycle is about 220 mAh g−1, lower
han the discharge capacity, which may be due to the irreversible

ecomposition of PC on the CMS surface. After four cycles, the
eversible capacity of the CMS electrode arrives at a steady value of
bout 300 mAh g−1, suggesting that the SEI film on the surface of
MS has become stable and compact. This phenomenon is in agree-

C (1:1, v/v) electrolyte: (a) without additive and (b) with 3 wt.% PID.
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Fig. 4. SEM images of CMS electrode (a) before cycling and (b) after electroche

ent with the results of other researchers [1,5,18]. After 25 cycles,
he loss of specific capacity is very small, which indicates that the
ddition of PID could prevent the decomposition of PC and sup-
ress the intercalation of PC-solvated ion into the graphene layer

f the CMS electrode, leading to the reversible insertion of lithium
on into graphite.

To gain some useful information on the morphology of the CMS
urface, scanning electron micrographs of the CMS electrode are
hown in Fig. 4. It can be seen clearly that the original CMS has a ball-

P
f
t
c
g

Fig. 5. XPS of CMS electrode after cycling in 1 mol l−1 LiPF6/PC: DMC (1:1, v
cycles discharged to 0 V in 1 mol l−1 LiPF6/PC: DMC (1:1, v/v) with 3 wt.% PID.

haped structure. For the CMS electrode having cycled in 1 mol l−1

iPF6/PC: DMC (1:1, v/v) electrolyte containing 3 wt.% PID, the sur-
aces of the CMS spheres are covered by a plate-like film, which
grees with the result of other researchers [7,19]. It is believed that

ID has decomposed during the first insertion of lithium ion and
ormed a stable SEI film on the surface of the CMS electrode. Addi-
ion of 3 wt.% PID suppressed effectively the decomposition and
o-intercalation of PC, and hence prevented the exfoliation of the
raphene layer.

/v) with and without 3 wt.% PID: (a) C1s, (b) P2p3, (c) F1s and (d) N1s.



7 wer S

e
t
o
L
o
t
h
w
t
C
i
c
n
t
r
s

a
w
b
v

4

e
t
d
t
s
P
i
c

p
3

A

o
F
N

R

[

[
[
[

[
[

60 B. Wang et al. / Journal of Po

The XPS spectra of the CMS electrode after cycling in PC-based
lectrolyte with and without PID are shown in Fig. 5. Compared
o the PC-based electrolyte without the additive, the surface film
f the CMS electrode with PID contains much more ROCO2Li and
i2CO3, which are considered the main decomposition products
f PC on the surface of graphite [2]. Meanwhile, in the XPS spec-
ra of P2p3 and F1s, we found that the components of the SEI film
ave less P and F, which shows that the decomposition of LiPF6
as prevented by the addition of PID. Furthermore, we found that

he amount of nitrogen is as high as 2.49% on the surface of the
MS after cycling in the electrolyte with the additive, which clearly

ndicates that the additive was reduced and became a part of the
hemical components of the SEI film. As to the detailed mecha-
ism, further study is needed. However, from the data in Fig. 5(d),
he reduction or breaking of the C–N bond is one of the main
eactions since the peak corresponding to N–N bonding is very
trong.

These results obtained from XPS and SEM indicate that the
ddition of PID is helpful to form a stable and favorable SEI film,
hich accounts for the excellent cycleability of the graphite in PC-

ased electrolyte. The results are consistent with those of the cyclic
oltammetry and constant current charge–discharge study.

. Conclusions

A new film-forming additive (2-phenylimidazole, PID) was
xplored for lithium-ion batteries in PC-based electrolyte when
he graphite electrodes are used as anode material. Both the
ischarge–charge measurements and cyclic voltammograms show

hat the PC decomposition and graphite exfoliation were greatly
uppressed after the addition of PID. The reduction reaction of
ID occurs at 1.65 V, much higher than the potential of PC co-
ntercalation, and forms a stable and favorable SEI film after the first
ycling. Therefore, the CMS electrode shows good electrochemical

[

[
[
[

ources 189 (2009) 757–760

erformance in 1 mol−1 LiPF6/PC: DMC (1:1, v/v) electrolyte with
wt.% PID.
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