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a  b  s  t  r  a  c  t

Lithium  bis(trifluoromethane  sulfonyl)  imide  (LiTFSI)  salt  are  potentially  a good  alternative  to  LiPF6 since
it could  both  improve  the  chemical  and  thermal  stability  as  salt  for electrolyte.  This  work  presents  a  sys-
tematic  comparative  study  between  LiPF6 and  LiTFSI  in  a mixture  of  EC/DMC  on the  basis  of  some  of  their
physicochemical  properties.  Transport  properties  (viscosity  and  conductivity)  are  compared  at  various
temperatures  from  −20 to  80 ◦C. Using  Walden  rule, we  have  demonstrated  that  LiTFSI  1  M in EC/DMC  is
more ionic  than  LiPF6 1 M in the  same  binary  solvent.  Moreover,  the  electrochemical  storage  properties  of
an activated  carbon  electrode  were  investigated  in  EC/DMC  mixture  containing  LiTFSI  or  LiPF6. The  spe-
cific  capacitance  Cs of  activated  carbon  was  determined  from  the  Galvanostatic  charge–discharge  curve
between  2 and  3.7 V, at low  current  densities.  The  capacitance  values  were  found  to be 100  and  90  F g−1

respectively  for LiTFSI  and  LiPF6 electrolytes  at 2 mA  g−1. On  the  basis  of  the  physicochemical  and  electro-
chemical  measurements,  we  have  correlated  the  improvement  of  the specific  capacitance  with  activated

carbon to  the  increase  of  the  ionicity  of  the  LiTFSI  salt  in EC/DMC  binary  system.  The  drawback  concern-
ing  the  corrosion  of  aluminium  collectors  was  resolved  by adding  a  few  percentage  of LiPF6 (1%)  in the
binary  electrolyte.  Finally,  we  have  studied  the electrochemical  behavior  of  intercalation–deintercalation
of  lithium  in  the  graphite  electrode  with  EC/DMC  +  LiTFSI  as  electrolyte.  Results  of  this  study  indicate  that
the  realization  of  asymmetric  graphite/activated  carbon  supercapacitors  with  LiFTSI  based  electrolyte  is
possible.
. Introduction

Advanced electrochemical systems with high performances are
ow required for energy storage and electric vehicle applications.
or such systems the development of new electrolyte with high
onductivity, stability and safety constitute a considerable chal-
enge. For Li-ion systems (batteries, or hybrid supercapacitors)
1–3] mixture of alkylcarbonates with lithium salts are widely used
ue to their practical operating temperature ranges and their high

onic conductivities [4].
The selection of salts to be dissolved in alkylcarbonates as sol-

ents is decisive in providing highly conductive electrolytes. These
alts are often chosen among salts of very strong acids or superacids
uch as LiClO4, LiBF4, LiAsF6, LiPF6, or CF3SO3Li [2,5–7].  Never-
heless, some of them are sometimes dangerous and unstable in
ontact with highly reactive lithium metal and have a limited

tability toward oxidation which restricts the selection of cath-
de materials. These lithium salts are the result of an acid–base
quilibrium with the corresponding Lewis acid, influenced by the
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electron-donating ability of the solvent and the polarizing nature
of Li+. Nevertheless, chemical toxicity (LiAsF6) and explosion haz-
ards (LiClO4), make these salts unsuitable for a use on a large
scale. Special attention has therefore been paid to new lithium
salts possessing the previous requirements, i.e., thermal and elec-
trochemical stability.

Usually, electrolyte for a Li-ion battery is composed of lithium
hexafluorophosphate (LiPF6) salt dissolved in a mixture of cyclic
carbonates like ethylene carbonate (EC) or propylene carbonate
(PC) and linear esters such as dimethyl carbonate (DMC), diethyl
carbonate (DEC). LiPF6 has been used as the salt in Li-ion bat-
teries for more than a decade because of its unique balance of
properties such as good ionic conductivity and ability to passivate
aluminium current collector. However, LiPF6 is thermally unsta-
ble and decomposes in LiF and PF5 that can trigger detrimental
reactions on the electrode surfaces [3,4]. In addition, LiPF6 and PF5
react with residual water to form HF [6].  Lithium imide salts are
potential alternatives to LiPF6 since they can improve both chem-
ical and thermal stability of the electrolytes. Particularly, lithium

bis(trifluoromethane sulfonyl) imide (LiTFSI) salt, is well known to
be more stable and safe compared to LiPF6 salt [8]. However, LiTFSI
salt is suspected to be corrosive toward Aluminium collector and
several studies were focused on this phenomenon [9–12].

dx.doi.org/10.1016/j.jpowsour.2011.07.071
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:meriem.anouti@univ-tours.fr
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until 80 ◦C, proving that there is no decomposition of LiPF6 in this
controlled atmosphere. The conductivity of the mixture with LiPF6
is higher than the one with LiTFSI in the all range of temperature
744 M. Dahbi et al. / Journal of Po

Li-ion supercapacitor hybrid systems combining graphite neg-
tive electrode and activated carbon (AC) positive electrode have
een recently proposed [1,13].  Such system combines the capac-

tive storage of the AC and the intercalation–deintercalation of
ithium in the graphite electrode, leading to an increase of the
perating voltage [1].  From this point of view, understanding
he comportment of AC electrode in alkyl carbonate + lithium
alt is crucial. Recently Beguin et al. have reported an oper-
ting voltage (up to 4 V) and a high specific energy (up to
04 Wh  kg−1) of this hybrid supercapacitor with EC/DMC 1 M
iPF6 as electrolyte. The authors announced a specific capac-
tance for the positive AC electrode in EC/DMC 1 M LiPF6
f 86 F g−1 [1].

The goal of this study is to establish a systematic comparative
tudy between LiPF6 and LiTFSI salts in a mixture of EC/DMC on the
asis of their physicochemical properties and their electrochem-

cal behavior when associated with activated carbons or graphite
lectrodes.

. Experimental

.1. Reagents

Ethylene carbonate (EC) (>99%), dimethyl carbonate (DMC)
>99%), and vinylene carbonate (VC) (>97%), lithium hexafluo-
ophosphate (LiPF6) lithium bis(trifluoromethane sulfone)imide:
iN(SO2CF3)2; (LiTFSI) salts were purchased from Aldrich and used
ithout further purification. Electrolyte solutions were prepared in

 glove-box filled with argon the residual water was measured by
sing a Metrohom Karl–Fisher titrator and was found to be below
0 ppm.

. Measurements

 Ionic conductivities were obtained with a Crison (GLP 31) digital
multi-frequency conductimeter. The cell constant of conducti-
metric electrode was determined by using a solution of LiPF6
1 M in EC/PC/3DMC (� = 12 mS  cm−1 at 25 ◦C, (incertainly: 1%) and
the temperature control was ensured by a thermostated bath of
PC (�T ± 0.2 ◦C). Conductivities were measure over temperature
range from 20 ◦C to 80 ◦C in glove box. From −17 ◦C to 20 ◦C mea-
surements have been done in thermostated cell and under Argon
flow.

 Viscosities measurements were conducted using a TA AR1000
stress rheometer over a temperature range from 20 to 90 ◦C. The
liquid viscosities were determined using conical plan geometry.
Typically, the liquid sample volume is 0.5 cm3.

 Electrochemical measurement.  Galvanostatic charge–discharge
experiments and cyclic voltametry were performed using a Ver-
satile Multichannel Potentiostat (Biologic S.A) piloted by an
Ec Lab V9.97 interface. Charge–discharge cycling tests were
conducted by using two-electrode configuration. The electro-
chemical cell was build with a Teflon® Swagelok® system.
Graphite or activated carbon disc electrodes coated respectively
on copper and aluminium current collector (diameter Ø = 1 cm)
were used as working electrode and a Li foil as counter elec-
trode. The potential of the working electrode was  recorded with
regard to the potential of the Lithium counter electrode. Porous
polypropylene membrane (thickness h = 25 �m and pore diame-

ter Ø = 0.2–0.5 �m)  filled with the electrolyte solution was used
as separator. Electrode materials was supplied by Batscap Corpo-
ration and used as received after being dried under vacuum for at
least 3 days at 80 ◦C.
Fig. 1. Variation of conductivities for LiTFSI 1 M in EC/DMC solutions versus weight
fraction of EC in solvent mixtures at 298 K.

4. Results and discussion

4.1. Transport properties

4.1.1. Conductivity
Conductivity of the electrolyte plays a key role since internal

resistance of the electrochemical system is mostly due to the elec-
trical resistivity of the electrolyte solution. In order to optimize
the conductivity of ternary mixture EC/DMC/1 M LiTFSI, we have
first optimized the ratio of the two  co-solvents in the electrolyte.
Fig. 1 shows the variation of the conductivity of EC/DMC + 1 M LiTFSI
with different ratios of EC at 25 ◦C. As it can be seen, the conduc-
tivity increases with the raise of weight fraction of EC reaching a
maximum for wEC = 0.4 for EC. At this maximum, the conductiv-
ity is � = 9.4 mS  cm−1, by comparison at the same concentration
and temperature, this value is 10.7 mS  cm−1 for EC/DMC LiPF6 1 M
electrolyte. The variation of conductivities versus temperature for
EC/DMC with both lithium salts is performed in the glove box.
Results are presented in Fig. 2, and it clearly indicates that there is
no inflection of the conductivities curve for LiPF6 based electrolyte
Fig. 2. Variation of conductivities of equimolar mixtures of EC/DMC containing 1 M
of:  �, LiPF6; or �, LiTFSI as function of temperature.
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Fig. 4. Variation of viscosities of equimolar mixtures of EC/DMC, �; containing 1 M

in EC/DMC. However, a Vogel–Tamman–Fulcher (VTF) behavior
ig. 3. Flow curves for equimolar mixtures of EC/DMC containing 1 M of: �, LiPF6;
r  �, LiTFSI at 293.15 K.

nvestigated. The maximum conductivity in the case of LiPF6 elec-
rolyte is higher by about 30% when compared to LiTFSI electrolytes
t 30 ◦C. This difference is less marked at low temperature (−20 ◦C,
�  = 10%).

.1.2. Viscosity
Viscosities of the electrolytes are measured by a steady-state

ow mode. Typical Newtonian behavior is observed for the liq-
id sample as indicated by the linear evolution of the shear stress
ersus the shear rate as shown in Fig. 3. Viscosity does not vary
ith shear stress or shear rate; viscosity is constant with time of

hearing; and stress in fluid immediately falls to zero when shear
s stopped.

A  series of works described by Matsuda et al. [14] explored the
hysical properties such as viscosity in mixture of solvents. Using
C/DME as a model system, they investigated the effect of the sol-
ent composition on the viscosity, and correlated these variations
ith ionic conductivity. They found that the viscosity varied with

olvent composition by following an almost linear relation [15]

s = �1
(1−x2)�2

x2 (1)

here �s, �i, and xi are the viscosity of the mixture or the pure sol-
ent components (�1(EC) = 1.85 cP at 40 ◦C and �2(DMC) = 0.78 cP at
5 ◦C) and xi is the volume fraction of the individual solvent com-
onent, respectively. From Fig. 4, the viscosity of a binary system
C/DMC (1/1) (� = 0.88 cP at 25 ◦C) presents negative deviation from
inear relation (2)

EC/DMC = √
�EC

√
�DMC = 1.20 cP (2)

After the addition of the [Li+X−] (X = PF6 or TFSI) salt to the
C/DMC mixture, the viscosity of the resulting electrolyte increases
rom 0.88 cP to 3.9 cP (LiTFI) and 5.1 cP (LiPF6) at 25 ◦C (Fig. 4). When
ncreases temperature, viscosities of both electrolytes decrease

onotonically. The relatively high viscosities of LiPF6 mixture can
e attributed to the more solvation of spherical PF6 anions by
olvent molecules. In the case of LiTFSI, lower Van Der Waals inter-
ctions occurs and could be probably due to specific repulsion
etween perfluorinated carbon groups in TFSI with non binding
lectron of oxygen atom of alkylcarbonate [16,17]. Fig. 5 shows
he interdependence of conductivity and viscosity as a function of

he temperature. This interdependence is usually evaluated trough
he Walden plot (the product (��) versus T)· As shown in Fig. 5,
he Walden product is nearly temperature independent for LiTFSI,
lthough there is a slight increase with temperature for LiPF6. Gen-
of:  �, LiPF6; or �, LiTFSI as function of temperature.

erally speaking, the increase of �� values at a fixed temperature
indicates an increase of salt dissociation [18]. Fig. 5 shows that in
the all range of temperature, the highest �� values were obtained
for EC/DMC + 1 M LiPF6 and are attributed to the higher dissoci-
ation of LiPF6 compared to LiTFSI in such binary solvent. When
the conductivity is completely offset by the viscosity, the Walden
product is constant as a function of the temperature. The strong sol-
vation in the case of LiPF6 increase the viscosity despite its greater
dissociation compared to LiTFSI and lowers the Walden product.
Nevertheless, LiPF6 appears less ionic in the classification of Walden
(due to its solvation) compared to LITFSI. Thereby, we  can conclude
that the dissociation of ions is the dominant factor comparatively
to the solvation in the electrolyte in combined conductivity and
viscosity parameters.

4.1.3. Fitting Procedure
For the both studied electrolytes, the variations of the conduc-

tivity and the viscosity with temperature follow a non-Arhenius
behavior as shown in Figs. 6 and 7 for LiX (X = PF6 and TFSI) 1 M
Fig. 5. Walden behavior and interdependence of conductivity and viscosity as a
function of temperature for LiTFSI 1 M in EC/DMC and LiPF6 1 M in EC/DMC solutions.
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Table 1
VTF equation parameters for the viscosity as a function of temperature from 293 to
363 K at atmospheric pressure along with the standard deviation ı.

System �0/mPa s B1/K T0/K ı/mPa s

Viscosity
EC + DMC 0.118 232.59 174.70 0.02
EC  + DMC  + LiPF6 0.503 299.07 160.24 0.03
EC  + DMC  + LiTFSI 0.559 132.68 221.34 0.01

System �0/mS  cm−1 B2/K T0/K ı/mS  cm−1

Conductivity
EC + DMC  + LiPF6 97.348 289.79 162.86 0.2
ig. 6. Arrhenius and VTF variations of conductivity of mixtures of EC/DMC (1/1)
ontaining 1 M of: �, LiPF6; or �, LiTFSI as function of temperature.

ccording to Eqs. (1) and (2) for viscosities and conductivities are
btained.

 = �0 exp
[

B1

(T − T0)

]
(3)

 = �0 exp
[ −B2

(T − T0)

]
(4)

In the VTF equation, Bi is the (pseudo) activation energy, �0 is the
re-exponential factor, T0 is the theoretical glass transition tem-
erature and T is the absolute temperature. For both electrolytes,
he T0 is determined by fitting the temperature-dependent conduc-
ivity data to the VTF equation for the best linearity relationship
s shows in the inserted graph of Figs. 6 and 7. Bi is determined
rom the linear slope. The deduced values of T0 and Bi are listed in
able 1.

From Table 1, it can be found that T0 (T0 is the theoretical
lass transition temperature, as fitting parameter of VTF), which
ndirectly reflects the “fragility” [19,20] of the electrolyte systems.
ragility is a novel concept applicable to the study of the behav-

or of glass-forming liquids. In a simplified picture, fragility is
ssociated with the profile of the potential energy surface and
ncreases with the mean amplitude and variance of the activa-
ion barriers. Several approaches have been made to quantify

ig. 7. Arrhenius and VTF variations of conductivity (a) and viscosity (b) of mixtures
f  EC/DMC (1/1) containing 1 M of: �, LiPF6; or �, LiTFSI as function of temperature.
EC  + DMC  + LiTFSI 50.976 138.66 220.46 0.1

fragility in glassy state physics for example (ii) fragility (F) as the
ratio when T0 and Tg are the “ideal” glass transition tempera-
ture and the glass transition temperature, respectively. In other
word, conductivities increase very rapidly with temperature when
the temperature measurements range is quite far away from T0
(or Tg).

For LiTFSI in EC/DMC mixture, owing to the relative “strong”
interaction between the anion (TFSI−) and cations (Li+), the lower
temperature makes the ionic motion and coulombic interactions
more difficult, which results in the reduction of the ionic conduc-
tivity of the electrolytes. This phenomenon is accentuated with
LiPF6.

4.1.4. Ionicity and Walden rule
The Walden rule [21,22] relates the ionicity represented by

the equivalent conductivity � to the fluidity �−1 of the medium
through which the ions move. One way of assessing the ionic-
ity of the electrolyte is to use this Walden diagram. Fig. 8 shows
the variation of ln(�)  versus ln(1/�) at different temperatures for
EC/DMC + 1 M lithium salts. The ideal line is obtained on the basis of
the ions mobility (determined only by the viscosity of the medium),
and number of ions present in the equivalent volume (indicated by
salt composition); i.e., all ions contribute equally [23]. The posi-
tion of the ideal line is established using aqueous KCl solutions at
high dilution. We  observe in the insert in Fig. 8 that LiTFSI 1 M in
EC/DMC is more ionic in the Walden classification, than LiPF6 1 M

in the same binary solvent.

Fig. 8. Walden plots for the EC/DMC (1/1) containing 1 M of: LiPF6 or LiTFSI.
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ig. 9. Cyclic voltammograms of Al electrode in 1.0 M LiTFSI, 1.0 M LiPF6, and 1.0 M
iTFSI containing 1%, 5%, and 10% of LiPF6 in a mixture of EC/DMC (v/v).

.2. Electrochemical aspects

.2.1. Comparative anodic behavior of aluminium in LiTFSI and
iPF6 based electrolyte

Aluminium is commonly used as current collector for positive
lectrode in lithium-ion and EDLC storage systems. The native pas-
ive Al2O3 layer existing on the metal surface provides protection
gainst corrosion. It is well known that depending on the nature
n the electrolyte anions, this passive layer can be broken lead-
ng to the corrosion of the Al current collector at high potential. In
rder to investigate Al behavior in the LiTFSI-based electrolytes,
he corrosion behavior of Al was first studied in the LiTFSI and
iPF6 based electrolytes. Then, the impact of LiPF6 as additive on Al
assivation was investigated by addition of controlled amount of
iPF6 into pure LiTFSI based electrolyte. Fig. 9 compares the cyclic
oltammograms of Al electrode in 1.0 M LiTFSI, 1.0 M LiPF6, and
.0 M LiTFSI containing 1%, 5%, and 10% of LiPF6 in a mixture of
C/DMC (v/v) in the same condition. In the LiTFSI-based solutions,
he voltammogram in the first cycle show a hysteresis loop initiated
t about 3.7 V vs. Li/Li+, with a large irreversible oxidative current
eak (up to 2.5 mA  cm−2) at about 4.05 V vs Li/Li+. In the case of
iPF6 (1.0 M)  in EC/DMC as expected the initiation potentials of the
ysteresis loop move significantly to more anodic side while the
eak current sharply decreases. The same behavior is obtained for
iPF6 added from 1% to 10% in 1.0 M LiTFSI based electrolyte. These
esults suggest that Al passivation would be achieved in the LiTFSI-
ased electrolytes with small amount of LiPF6 as additive. Fluorides

ons (F−) obtained from the equilibrium equation of decomposition
f PF6

− ion (PF6
− → PF5 + F−) are responsible to the formation of

 passivated layer (fluoroaluminates) on the aluminium collector
12].

.3. Characterization with half cells

.3.1. Half cell with a activated carbon as electrode
Keeping in mind that EC/DMC lithium based electrolytes could

e appropriate for asymmetric supercapacitors combining graphite
egative electrode for lithium insertion–desinsertion process and

ctivated carbon as positive electrode, cyclic voltametry and gal-
anostatic charge–discharge studies were performed in order to
valuate the capacitive behavior of the activated carbon electrode
n LiTFSI and LiPF6 based electrolytes in a half cell configuration and
urces 196 (2011) 9743– 9750 9747

symmetric AC supercapacitor. Fig. 10a shows the cyclic voltammo-
grams of AC obtained at different scan rate between 2 and 3.7 V vs
Li/Li+ in an half cell configuration and Li foil as counter electrode
with EC/DMC/1 M LiTFSI as electrolyte. Since the goal of the study is
to compare the capacitive behavior of LiPF6 and LiTFSI electrolytes
on AC electrodes, the electrochemical window was controlled care-
fully. Thus, the lower limit of the potential window was  fixed at 2 V
vs Li/Li+ to avoid electrolyte decomposition on the carbon positive
electrode [1],  and its higher limit was  first kept at 3.7 V to avoid any
current collector corrosion [11,12] especially with LiTFSI. The volta-
metric response of the single electrode exhibits a pure capacitive
behavior with rectangular-shaped profiles. Particularly, the rect-
angular shape appears to be maintained even at a high rate cycling
(20 mV  s−1, Fig. 10,  black curve) indicating a good rate capability
of LiTFSI based electrolyte as well as the classical LiPF6 electrolyte
(Fig. 10).

The specific capacitance Cs of the single electrode was deter-
mined from the Galvanostatic charge–discharge curve between 2
and 3.7 V (Fig. 10b) by using Cs = I × �t/�V × m,  where m is the
weight of the active mass of the CA electrode (4.4 mg), I is the
applied current during the galvanostatic discharge, and �t/dV  was
calculated from calculated the slope of E–t discharge curve.

Calculated capacitances in LiTFSI and LiPF6 EC/DMC electrolytes
at different applied current densities are shown in Fig. 11a. At low
current densities, the capacitance value was found to be 100 and
90 F g−1 respectively for LiTFSI and LiPF6 electrolyte. On the basis of
these results one can say that the best capacitances in LiTFSI based
electrolyte could be due to the more ionicity of the LiTFSI salt in
EC/DMC binary system which was pointed up by the Walden theory
in previous section (Section 4.1). Indeed the low solvation TFSI ions
favour a better approach near the surface of the external Helmoltz
plan, probably due to the more iconicity of LiTFSI salt in EC/DMC
mixture according to results obtained from the Walden rule (see
Section 4.1.4)

Additionally, capacitance values were rather close to those
announced in TEABF4 EC/DMC electrolyte by Egashira et al. [24].
Furthermore, the data of Fig. 11a clearly indicate a decrease of
the specific capacitance for both electrolytes when increasing the
discharge rate. However, the capacitance drop was  slightly more
pronounced in the case of LiTFSI as the capacitance loss was eval-
uated to be 20% between 2 and 10 mA g−1 while the capacitance
percentage loss was  about 10% for LiPF6 electrolyte. One could think
that the anion size and by consequence its low diffusivity could be
the limiting parameters at fast discharge rate. Indeed, the TFSI−

anion possesses highest hydrodynamic radius [25] which probably
affects the kinetic of charge accumulation in the porous structure
of the active material.

Fig. 11b shows the evolution of the capacitance of the AC with
the temperature at galvanostatic discharge current of 2 A g−1. The
specific capacitance increases linearly for both electrolytes when
increasing temperature between −10 ◦C and 60 ◦C. Beyond this later
value, Cs reaches a plateau at 97 F g−1 for LiPF6 based electrolyte,
while it still increases for the LiTFSI one and reaches 112 F g−1 at
80 ◦C. So, on the basis of these results, we can suggest that LiTFSI
should be more appropriate at intermediate temperature beyond
60 ◦C. This observation was already evoked by several authors and
explained by a degradation of the LiPF6 with the generation of HF
[26].

4.3.2. Half cell with a graphite electrode
Fig. 12 shows the cyclic voltammograms of Li/Gr half cells

in EC/DMC (1 M LiTFSI) electrolyte systems at low scan rate

v = 5 �V s−1. Three quasi-reversible redox transfers (designated in
Fig. 13 as “1”, “2” and “3”), each characterized by several cathodic
and anodic peaks. During the first cathodic potential scan, a large
reduction band (see insert in Fig. 12) is observed between 0.7 V and
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Fig. 10. (a) Cyclic voltammograms at v = 5 (mV  s−1) of AC in half cell (AC/Li) in LiTFSI 1 M,  LiPF6 1 M and LiTFSI 1 M + 5% LiPF6 in EC/DMC (1/1). (b) Cyclic voltammograms at
v c) Galv
c

1
b
i
p
a
L
t
w
o
0

F
c

 = 2, 5, 10 and 20 (mV  s−1) of AC in half cell (AC/Li) in LiTFSI 1 M in EC/DMC (1/1). (
arbon  in half cell (AC/Li) using LiTFSI 1 M or LiPF6 1 M in EC/DMC (1/1).

. 1 V which can be attributed to the formation of SEI layer, and a
road peak from 0.25 V to 0 V, which could correspond to the Li+

nsertion process. During the reverse anodic process (Fig. 13), two
eaks around 0.2 V and 0.25 V (with two shoulders around 0.12 V
nd 0.17 V) are present, which can be ascribed to the extraction to
i+ from the graphite electrode (more easy at second stage than

he first one). The anodic r current during the second scan is quite
ell defined with the visualization of three stages of intercalation

f lithium in the graphite (1d to 3d), the reduction peak between
.7 V and 1.1 V disappeared, and three well defined anodic peaks
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ig. 11. Comparative capacities in galvanostatic discharge of activated carbon in a half cel
urrent (a) versus current density, (b) versus temperature.
anostatic charge–discharge curve between 2 and 3.6 V (i = 5 A g−1) of the activated

appear (1d to 3d) rises obviously, which signified the increase of
cycle efficiency. As described by Levi et al. [27]

The first redox transfer can be ascribed to the transition from
phase VIII to IV (peak 1):

LiC72 + Li � 2LiC36
The second redox transfer corresponds to the co-existence of
phases III and II (peak 2):

4LiC27 + 5Li � 9LiC12
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ig. 12. cyclic voltammograms of Li/Gr half cells in EC/DMC (1 M LiTFSI) electrolyte
ystems at scan rate v = 5 �V s−1.

he third redox transfer describes the equilibrium between phases
I and I (peak 3):

iC12 + Li � 2LiC6

he region of potentials between the first (1) and second (2) redox
ransfer is characterized by a broad plateau of comparatively low
urrent values and contains two additional small peaks which are
ttributed to intermediate intercalation stage.

The charge ratio between the reduction and oxidation pro-
ess tends to indicate an increase of the intercalation and
e-intercalation process. By comparison with behavior of same
yclic voltammograms of Li/Gr half cells for LiPF6 based electrolyte,
he third stage of insertion appear more difficult [27].

The charge/discharge profiles for the LiTFSI and LiPF6-based cell
re presented in Fig. 14.  The columbic efficiency for the LiTFSI-based
ell at the first cycle is 97.3%, which is slightly higher than that

6.6% for the LiPF6-based one, and both of the cells nearly reach
00% efficiency at the second cycle, suggesting that stable elec-
rolyte/electrode interface has been achieved in both the LiTFSI
nd LiPF6-based electrolytes. Specific capacities of the LiTFSI-based
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ig. 13. Li+ insertion process by cyclic cyclic voltammograms from 0.3 to 0 V/Li of
i/Gr half cells in EC/DMC (1 M LiTFSI) electrolyte systems at scan rate v = 5 �V s−1.

[
[

Fig. 14. Cyclability for first cycle at C/10 of graphite/Li Li-ion half cells using 1.0 M
LiTFSI and LiPF6 in a mixture of EC/DMC (1:1, v/v).

cell in first cycle is higher than this of the LiPF6-based one, which
could be attributed to the lower viscosities of the LiTFSI-based
electrolytes, and lower resistance of the SEI layer formed in the
LiTFSI-based electrolytes. The data suggest that the LiTFSI salt has
good performance in EC/DMC compared to LiPF6 salt.

5. Conclusion

Transport properties (viscosity and conductivity) of both the
LiTFSI− and LiPF6

− based electrolytes in EC/DMC (1/1, v/v) are com-
pared at various temperatures from −20 to 80 ◦C. Using Walden rule
we have demonstrated that LiTFSI 1 M in EC/DMC is more ionic than
LiPF6 1 M in the same binary solvent. On the basis of the physico-
chemical and electrochemical measurements, we have correlated
the improvement of the specific capacitance of activated carbon
to the increase of the ionicity of the LiTFSI salt in EC/DMC binary
system. The drawback concerning the corrosion of aluminium col-
lectors in neat LiTFSI salt in EC/DMC was resolved by adding a few
percentage of LiPF6 (1%) in the binary electrolyte. Finally Under the
same conditions, the performances of both activated carbon/Li and
graphite/Li cells are better for LiTFSI than for LiPF6. All these promis-
ing performances suggest that LiTFSI in EC/DMC is a promising
electrolyte salt for AC/Gr hybrid supercapacitors.
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