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Lithium malonate (LM) was coated on the surface of a natural graphite (NG) electrode, which was then
tested as the negative electrode in the electrolytes of 0.9 M LiPF6/EC–PC–DMC (1/1/3, w/w/w) and 1.0 M
LiBF4/EC–PC–DMC (1/1/3, w/w/w) under a current density of 0.075 mA cm−2. LM was also used as an
additive to the electrolyte of 1.0 M LiPF6/EC–DMC–DEC (1/1/1, v/v/v) and tested on a bare graphite elec-
trode. It was found that both the surface coating and the additive approach were effective in improving
ithium malonate
dditive
urface coating
ithium-ion battery
oulomb efficiency

first charge–discharge capacity and coulomb efficiency. Electrochemical impedance spectra showed that
the decreased interfacial impedance was coupled with improved coulomb efficiency of the cells using
coated graphite electrodes. Cyclic voltammograms (CVs) on fresh bare and coated natural graphite elec-
trodes confirmed that all the improvement in the half-cell performance was due to the suppression of
the solvent decomposition through the surface modification with LM. The CV data also showed that the
carbonate electrolyte with LM as the additive was not stable against oxidation, which resulted in lower

ith co
capacity of the full cell w

. Introduction

Worldwide environmental concerns have initiated the shift
rom conventional combustion engine-powered vehicles to elec-
ric vehicles (EVs), hybrid-electric vehicles (HEVs), and plug-in
ybrid-electric vehicles (PHEVs). As a result, rechargeable lithium-

on batteries have been actively sought for these applications
ecause of their high voltage and high energy density as com-
ared with other rechargeable battery systems such as lead acid,
ickel–cadmium, nickel–metal hydride, etc. From the practical
oint of view, these batteries must meet safety requirements and
ave long lives (>10 years). To a larger extent, these factors are
etermined by the quality of the solid electrolyte interface (SEI)
ormed on the surface of graphite electrodes, since graphite has
een used as the standard anode electrode in commercial lithium-

on batteries. It is generally recognized that the SEI forms during

he initial several cycles as a result of the decomposition of the
lectrolytes and that its formation is affected by the electrolyte
omposition, surface morphology of the graphite, etc. [1,2]. The
erfect SEI should be thin and stable enough to prevent electron
unneling while allowing lithium transport and preventing further
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mmercial graphite and LiCoO2 electrodes.
© 2010 Elsevier B.V. All rights reserved.

electrolyte decomposition. However, it has been reported that the
SEI layer on graphite/carbon electrodes grows with cycling and
storage, which deteriorates the battery performance and shortens
its life [3–6]. The SEI formation process causes initial irreversible
capacity loss, and the constant crack/repair mechanism of the
SEI then leads to continued capacity loss, both of which result
in decreased energy density of the batteries. Therefore, designing
desirable interfaces/interphases (SEI) that will cause minimal ini-
tial irreversible capacity loss and prevent gradual capacity loss over
time is a major scientific challenge that must be met to achieve
truly innovative breakthroughs in future chemical energy storage
devices.

Different approaches have been used to limit the initial irre-
versible capacity as low as possible [7–23]. Since the initial
irreversible capacity loss is closely related to the surface area of
the graphite [2], much effort has been expended in attempts to
modify the surface of graphite, such as coating with ionic con-
ducting polymers [8,14], zirconia [9,12], carbon [10,16,19], Li2CO3
[11], oxalatoborate [17], alkali [18], and mild oxidation [13]. Sacri-
ficial additives such as CO2 [20], SO2 [21], and vinylene carbonate
[22,23] have also been used to improve the surface properties.
In this study we investigated the effect of simple organic lithium

salt, lithium malonate (LM), on the performance of the graphite
electrode, especially the initial irreversible capacity and coulomb
efficiency. Different techniques such as cyclic voltammetry, charge
and discharge, and electrochemical impedance spectroscopy were
used for this study.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sunx@ornl.gov
dx.doi.org/10.1016/j.jpowsour.2010.01.024
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. Experimental

Lithium foil, lithium hydroxide, malonic acid, 1-methyl-2-
yrolidinone, methanol, carbon black, and polyvinylidene fluoride
ere all obtained from Aldrich and were used as supplied. Natural

raphite from Pred Materials and copper foil from Storm cop-
er component Co. were used as obtained. Deionized H2O was
btained via the use of a Millipore ion-exchange resin deionizer.
ithium hexafluorophosphate (LiPF6) and lithium tetrafluoroborate
LiBF4) from Aldrich were dried under vacuum at 80 ◦C for 12 h.
thylene carbonate (EC), propylene carbonate (PC, anhydrous),
imethyl carbonate (DMC, anhydrous), and diethyl carbonate (DEC,
nhydrous) were obtained from Aldrich and were stored over 4 A
olecular sieves before use. The water content in the carbonate
ixture was below 10 ppm as determined by Karl Fisher’s titration.

he electrolytes selected for study were 1.0 M LiBF4/EC–PC–DMC
1/1/3, w/w/w), 0.9 M LiPF6/EC–PC–DMC (1/1/3, w/w/w), and 1.0 M
iPF6/EC–DMC–DEC (1/1/1, v/v/v).

Lithium malonate (LM) was synthesized by neutralizing malonic
cid with lithium hydroxide. The graphite (95 wt%) was coated onto
opper foil by using polyvinylidene fluoride (PVdF) as binder and
-methyl-2-pyrolidinone (NMP) as solvent. The casted graphite
lectrode was treated with a dilute solution of 0.02 M LM in
ethanol/H2O. The graphite electrode was dipped into the solu-

ion and immediately removed. After drying in the oven at 100 ◦C,
he electrode was treated again and finally dried and pressed under
hydrolytic pressure of 1 t for 1 min. The graphite electrodes were
ll cut into discs with areas of 2.27 cm2 and further dried under
acuum at 110 ◦C for 20 h.

Lithium/graphite coin cells were assembled inside an argon-
lled glove box with Celgard 2320 as separator. A Maccor Series
000 tester was used for cell cycling. The cells were cycled between
.0 and 0.01 V under a current density of 0.15 or 0.075 mA cm−2.
ull cells using a commercial graphite electrode with a rated capac-
ty of 1.6 mAh cm−2 and a LiCoO2 electrode with a rated capacity
f 1.5 mAh cm−2 from Pred Materials were assembled and tested
etween 3.0 and 4.2 V under different current densities. Cyclic
oltammetry (CV) was performed by using either platinum or
raphite as the working electrode and lithium metal as both the
ounter and the reference electrodes. The scan rate was set at
mV s−1. The cell impedance spectra were measured via a Gamry

nstrument in the frequency range of 3 × 105 to 1 × 10−3 Hz with
erturbation amplitude of 5 mV. The morphological features of the
raphite electrode before and after surface coating were observed
sing scanning electron microscopy (SEM) (JOEL JSM 6060).

. Results and discussion

.1. Surface coating of graphite electrodes

The electrode was coated by the dipping method, that is, merg-
ng the graphite electrode into the dilute solution of 0.02 M LM in
he mixture of methanol/H2O (3/7, v/v), removing it, and then dry-
ng it in an oven at 100 ◦C. The process was repeated twice, and
nally the electrode was pressed under a load of 1 t for 1 min and
ried under vacuum at 110 ◦C for 24 h.

To check the effectiveness of the above-described coating pro-
ess, one graphite electrode was loaded onto the surface of the SEM
older by copper tape. An SEM image of the electrode was taken,
fter which LM was coated on its surface via the above coating

rotocol. After the electrode was dried at 110 ◦C under vacuum,
second image was taken. Fig. 1a and b shows the SEM images

f the graphite electrodes before and after coating, respectively.
efore the coating, the sporadic spots on the surface of the graphite
lectrode can be observed clearly (Fig. 1a). However, after coating
Fig. 1. SEM images of the natural graphite electrodes: (a) before and (b) after surface
coating with LM.

such features cannot be observed under the same magnification
(Fig. 1b). Instead, the surface appears very smooth. This finding
indicates that the surface is indeed modified by the coating pro-
cess, which is also evidenced by the following half-cell tests and CV
measurements.

3.2. Initial charge–discharge behavior of modified natural
graphite

The galvanostatic first discharge–charge cycles for the bare and
LM-modified natural graphite electrodes were carried out under
the current density of 0.075 mA cm−2 in the potential range of 0.01
and 2 V vs. Li/Li+. Fig. 2a shows the first discharge–charge cycles
for bare and surface-treated natural graphite electrodes under
the current density of 0.075 mA cm−2 in 0.9 M LiPF6/EC–PC–DMC
(1/1/3 wt%) electrolyte. The initial discharge capacity of the bare
NG is 383 mAh g−1 and the charge capacity is 320 mAh g−1, which
results in a coulomb efficiency of 83.6% for the first cycle. The
LM-coated NG delivers 376 mAh g−1 of discharge capacity and
321 mAh g−1 of charge capacity with a coulomb efficiency of 85.4%.
Fig. 2b shows the first discharge–charge cycles for bare and surface-
treated natural graphite electrodes under the current density of
0.075 mA cm−2 in 1.0 M LiBF4/EC–PC–DMC (1/1/3 wt%) electrolyte.

−1
The initial discharge capacity of the bare NG is 369 mAh g and
the charge capacity is 272 mAh g−1, which results in a coulomb
efficiency of 73.7% for the first cycle. The LM-coated NG deliv-
ers 359 mAh g−1 of discharge capacity and 291 mAh g−1 of charge
capacity with a coulomb efficiency of 81.1%. Even though there is
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solution is more pronounced than that in LiPF6-based solution, indi-
cating that lithium salt has influenced the interfacial reactions [5].
After surface coating with LM, the peaks related to the irreversible
reaction are reduced (Fig. 4a and b), indicating that the solvated
lithium intercalation reaction is depressed [24], which results in
ig. 2. Initial charge–discharge curves for bare natural graphite and LM-coated
raphite electrodes in electrolytes of (a) 0.9 M LiPF6/EC–PC–DMC (1/1/3, w/w/w)
nd (b) 1.0 M LiBF4/EC–PC–DMC (1/1/3, w/w/w), both tested under a current density
f 0.075 mA cm−2.

difference in the capacity and coulomb efficiency of LiPF6 and
iBF4 solutions, one common feature is noted in the intercalation
urve for the LM-modified NG electrode: that is, the shorter plateau
round 0.75 V, which is related to the solvent decomposition. These
esults clearly indicate that the surfaces coated with LM indeed
lock some reaction sites, which results in reduced irreversible
apacity and improved coulomb efficiency.

To better evaluate the salt effect on the initial irreversible capac-
ty and coulomb efficiency, LM was also added to the standard
lectrolyte of 1.0 M LiPF6/EC–DMC–DEC (1/1/1, v/v/v) with differ-
nt concentrations such as 0.1, 0.2, and 0.3 wt%, which is relative
o the total weight of the electrolyte. However, after more than
week, only the electrolyte with 0.1 wt% LM was dissolved com-
letely. For simplicity this electrolyte was used for the cell test.
s shown in Fig. 3, the initial discharge capacity of the bare NG is
37 mAh g−1 and the charge capacity is 307 mAh g−1, which results

n a coulomb efficiency of 91.1% for the first cycle. On the other

ig. 3. Initial charge–discharge curves for bare natural graphite electrodes in 1.0 M
iPF6/EC–DMC–DEC (1/1/1, v/v/v) electrolyte, with and without LM as additive,
ested under a current density of 0.15 mA cm−2.
ources 195 (2010) 4266–4271

hand, the cell with 0.1 wt% LM as an additive delivers 353 mAh g−1

of discharge capacity and 331 mAh g−1 of charge capacity with a
coulomb efficiency of 93.8%. This improvement in both the first
charge–discharge capacities and the coulomb efficiency is due to
the suppressive effect of the salts on solvent decomposition [15],
which is evidenced by the initial lower voltage profile during the
first lithium intercalation [18] and also supported by the cyclic
voltammetry data shown later.

All the tests done in this study using a bare NG electrode yielded
plateaus around 0.75 V that are much shorter than those reported
in the literature [11,14,17,24]. This finding might be attributable to
the difference in graphite sources and its surface properties.

3.3. Cyclic voltammograms

To illustrate how the modification of the NG electrode sur-
faces with LM affects their performance, cyclic voltammetry was
performed on fresh bare and LM-modified NGs. Fig. 4a and b
shows the CV comparisons of NGs using 0.9 M LiPF6/EC–PC–DMC
(1/1/3, w/w/w) and 1.0 M LiBF4/EC–PC–DMC (1/1/3, w/w/w) as
electrolytes, respectively. As shown in the figures, there is a reduc-
tion peak in the voltage range of 0.2–0.8 V during the cathodic
scan in all the CVs of the bare NG. The peak does not appear in
the anodic scan, indicating that irreversible reactions are taking
place in this potential range. This peak is in the same potential
range as the plateau in Fig. 2, confirming that irreversible reactions
have occurred during the initial intercalation process. SEI forma-
tion and cointercalation of solvated lithium cation [14,24] are likely
causes for this phenomenon. The reduction peak in the LiBF4-based
Fig. 4. Cyclic voltammograms for bare natural graphite and LM-coated
graphite electrodes in different electrolytes (scan rate of 1 mV s−1): (a) 0.9 M
LiPF6/EC–PC–DMC (1/1/3, w/w/w) and (b) 1.0 M LiBF4/EC–PC–DMC (1/1/3, w/w/w).
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interfacial resistance remains 1.0 � while the charge-transfer resis-
tance is decreased from 12.5 to 5.5 � (Fig. 8). It is noted that
the decreased interfacial resistance after treatment is always cou-
pled with a large improvement in coulomb efficiency. The exact
ig. 5. Cyclic voltammograms for bare natural graphites in 1.0 M
iPF6/EC–DMC–DEC (1/1/1, v/v/v) electrolyte, with and without LM as additive
scan rate of 1 mV s−1).

ncreased deintercalation capacity and coulomb efficiency (as dis-
ussed in the previous section).

Fig. 5 shows the CV comparison of NGs in 1.0 M
iPF6/EC–DMC–DEC (1/1/1, v/v/v) electrolyte, with and with-
ut additive LM. Remarkably different from the results of electrode
urface coating, the additive in the electrolyte almost totally
liminates the irreversible reduction peak. This result is same as
hat reported by Choi et al. [15], who used Li2CO3 as additive to
he electrolyte of 1.0 M LiPF6/EC–DEC (1/1, v/v), which resulted
n almost no solvent decomposition on graphite electrode. It is
elieved that the additive salt [15] is deposited on the surface
f the electrode surface before reaching the voltage for solvent
ecomposition, which results in reduced irreversible capacity and

mproved coulomb efficiency. Based on the same bulk impedances,
s shown in the following section, and the CV differences between
sing LM as an additive and direct LM coating, it can be concluded
hat the surface concentration of LM achieved via the additive
pproach is much higher than that of LM from the direct coating
pproach.

To check whether the presence of LM in the carbonate has
ltered the electrochemical window, CVs of the solutions of 1.0 M
iPF6/EC–DEC (1/1, v/v) with and without 0.1 wt% LM have been
arried out on platinum electrodes in the voltage range of −0.5
o 5.5 V with lithium as both counter and reference electrodes. As
hown in Fig. 6a, the behaviors of lithium deposition/stripping on
he Pt electrode are almost the same as those of lithium inter-
alation/deintercalation on the graphite electrode: that is, the
urrent density of the additive-containing solution is much lower
han that of the standard solution. However, on the oxidation
ide, as shown in Fig. 6b, the opposite trend is observed: that
s, the current density of the additive solution is much higher
han that of the standard solution, indicating that the additive
n the carbonate solution has been oxidized during the anodic
can.

.4. Impedance spectroscopy

Impedance spectroscopy has been used by various authors

25–31] to analyze cell performance. In order to further under-
tand the cell performance shown in Figs. 2 and 3, their impedance
pectra are recorded after two full cycles, which are shown in
igs. 7 and 8, respectively. Generally the impedance spectra of these
ells are composed of two merged semicircles and a straight slop-
urces 195 (2010) 4266–4271 4269

ing line. The intersection of the impedance spectra with the x-axis
at the high-frequency end is the bulk resistance (Rb) of the cell,
which reflects electrical conductivity of the electrolyte, separator,
and electrodes. The semicircle at high frequency is the resistance
of the surface layer i.e., the SEI film formed on the surface of
the electrodes (RSEI). The semicircle at medium frequencies is the
Faradic charge-transfer resistance (Rct). The slope is the Warburg
impedance, which is related to the semi-infinite diffusion of lithium
ion in the solid electrodes.

The parameters of Rb, RSEI, and Rct from the impedance spectra
of Figs. 7 and 8 are obtained via fitting. To facilitate the compar-
ison of each pair, only RSEI and Rct are considered here. For the
surface-coating approach, when 0.9 M LiPF6/EC–PC–DMC (1/1/3,
w/w/w) is used as electrolyte, the interfacial resistance is increased
from 3.0 to 6.0 � while the charge-transfer resistance remains 9 �
(Fig. 7a). When 1.0 M LiBF4/EC–PC–DMC (1/1/3, w/w/w) is used
as electrolyte, the interfacial resistance is decreased from 7.5 to
5.5 � while the charge-transfer resistance is also decreased from
12.0 to 10.0 � (Fig. 7b). For the test using LM as additive, the
Fig. 6. (a) Electrochemical window of the solution 1.0 M LiPF6/EC–DMC–DEC with
and without 0.1 wt% LM (working electrode is Pt; counter and reference electrodes
are lithium foil; scan rate is 1 mV s−1). (b) CV segment in the voltage range of
1.0–5.5 V.
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Fig. 9. Cycle performance of the bare natural graphite and LM-coated graphite elec-
trodes in 1.0 M LiBF4/EC–PC–DMC (1/1/3, w/w/w) tested under a current density of
0.075 mA cm−2.
Fig. 7. Impedance spectra of the half-cells in Fig. 1 recorded after two cycles.

eason for this correlation is not clear; however, it is consistent
ith the published data on using Li2CO3 as a suppressant in the

arbonate electrolyte [15]. Further experiments are needed to clar-
fy these correlations, and the results will be published in the
uture.

.5. Cycling tests

Fig. 9 shows the half-cell cycling data (after the first two
ormation cycles) of the bare NG and LM-coated NG in the elec-
rolyte of 1.0 M LiBF4/EC–PC–DMC (1/1/3, w/w/w), which have been
ested under the current density of 0.075 mA cm−2. With continual

ycling, the capacities of both cells decrease and the cell with the
urface-coating electrode appears to decrease at a slower pace. It
s clear from this cycling test and previous initial-cycle data that
he surface LM coating can decrease the initial solvent decompo-

Fig. 8. Impedance spectra of the half-cell in Fig. 2 recorded after two cycles.

Fig. 10. (a) Initial charge–discharge curves and (b) the cycle performance of the
full cell, with graphite and LiCoO2 electrodes, and using 1.0 M LiPF6/EC–DMC–DEC
(1/1/1, v/v/v) electrolyte, with and without LM as additive, tested under different
current densities.
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ition, which results in reduced initial irreversible capacity and
mproved coulomb efficiency. However, this coating cannot pre-
ent the decrease in capacity with repeated cycling. This implies
hat the simple LM salt coating might be inadequate to completely
revent solvent decomposition with cycling and that additive com-
onents such as elastic polymers might be needed to improve
trength and function. Further investigation in this area is under
ay.

Considering the unstable feature of the LM-containing solution
n oxidation (Fig. 6), full cells using a commercial graphite elec-
rode with a rated capacity of 1.6 mAh cm−2 and a LiCoO2 electrode
ith a rated capacity of 1.5 mAh cm−2 (both from Pred Materi-

ls) were assembled. Fig. 10a shows the initial charge–discharge
urves of the full cell using 1.0 M LiPF6/EC–DMC–DEC (1/1/1, v/v/v)
lectrolyte, without and with LM as additive. These cells were
ested under the current density of 0.15 mA cm−2, which is equiv-
lent to the C/10 rate. The initial charge–discharge capacities of
he reference cell are 1.56 and 1.36 mAh cm−2, while the initial
harge–discharge capacities of the cell using the additive are 1.51
nd 1.29 mAh cm−2, respectively. The lower capacity of the cell
sing LM as an additive is clearly related to its oxidation stabil-

ty at the cathode, and it is also reflected in the cycle performance
n Fig. 10b, which was tested under higher current density of
.75 mA cm−2 (C/2).

. Conclusion

In summary, these preliminary results have demonstrated that
he initial irreversible capacity of the graphite electrode can be
ecreased by coating the electrode surface with lithium malonate
LM). The decrease in irreversible capacity and improvement in
oulomb efficiency are caused by suppression of solvent decompo-
ition, which is confirmed by cyclic voltammetry and ac impedance
pectroscopy. The improvement in capacity and coulomb effi-
iency is coupled with the low interfacial resistance of the cell
sing the modified graphite electrode. However, the simple elec-
rode surface coating with LM could not prevent the decrease in
alf-cell capacity with continual cycling, even though it showed a
lower rate of decrease than that of the cell without surface coat-
ng. This finding suggests that other components such as elastic
onductive polymers might be required to improve the strength
nd function when the surface-coating approach is used. The CV
f the carbonate solution containing LM as an additive showed

hat it was not stable against oxidation, which resulted in lower
apacity in full-cell testing with commercial graphite and LiCoO2
lectrodes. Thus, LM is not suitable for use as an additive to the elec-
rolyte but rather as a coating agent on the surface of the graphite
lectrode.
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[
[
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