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a  b  s  t  r  a  c  t

The  lithium  metal–Li+ interface  was  investigated  in N-methyl-N-propylpyrrolidinium  bis(trifluoro-
methanesulphonyl)imide  room  temperature  ionic  liquid,  using  impedance  simulation,  experimental
electrochemical  impedance  spectroscopy  (EIS)  and  scanning  electron  microscopy  (SEM).  The  electrolyte
contained  vinylene  carbonate  as  the  solid  electrolyte  interphase  (SEI) forming  additive.  The  Warburg
coefficient  value  obtained  from  impedance  plot  deconvolution  (AW >  10  �  s−1/2)  and  SEM  lithium  sur-
eywords:
ithium
lectrode kinetics
onic liquid

face  image  suggest  the  SEI  layer  formation.  Therefore,  the charge  transfer  process  on  lithium  reduction
and  oxidation  takes  place  at  the  solid  Li|SEI  interface.  Simulation  studies  show  that  the  typical  shape  of
impedance  plots  for  the  Li|Li+ system  (reported  in  the  literature)  suggests  the  exchange  current  density
below 10−2 A  cm−2. The  exchange  current  density  of  Li|SEI|Li+ in  the  ionic  liquid  electrolyte,  obtained  from
impedance  spectra  and  Tafel  plot  is between  4.5  × 10−4 A  cm−2 and  3.0  ×  10−4 A  cm−2 (Li+ concentration
of 0.7  mol  dm−3).
. Introduction

Lithium reacts spontaneously and irreversibly with organic and
norganic liquid substances with the formation of a surface deposit
f the reaction products [1].  The formed layer may  passivate lithium
nd hence protects it against further corrosion. Due to its reactiv-
ty in contact with electrolytes, metallic lithium has been replaced
y graphite as the anode material in Li-ion batteries [2].  However,

n laboratory tests of a cathode or anode, lithium-metal is com-
only used as both counter and reference electrodes. Moreover,
etallic lithium may  be used as a powerful reducing agent or as

he anode in primary batteries. The importance of the passiva-
ion layer formed at lithium (nowadays called the solid electrolyte
nterface, SEI) for proper work of a lithium electrode was under-
tood long ago [3] and SEI structure has been studied extensively
1,4–10].  Recently, room temperature ionic liquids (RTILs) have
een studied as non-flammable electrolytes for Li-ion batteries
11,12]. Consequently, it is of great importance to study both kinet-
cs and thermodynamics of the lithium/lithium(I) couple in ionic
iquid electrolytes. Literature data concerning the role of passiva-
ion on the kinetics and thermodynamics of lithium oxidation to

he Li+ cation and the reverse reduction process [13–24] includ-
ng studies in RTILs [25–27],  are somewhat controversial. Some
uthors ignore the presence of the passive layer and interpret
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experimental results on the electrochemistry of the Li/Li+ couple
solely from the point of view of the charge transfer process, while
some attribute Li/Li+ couple properties mainly to the layer [20]. The
general aim of the present paper was  to investigate the role of SEI
on kinetic parameters of lithium oxidation and Li+ deposition in
N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulphonyl)
imide ([MePrPyrr][NTf2]).

2. Experimental

2.1. Materials

Lithium foil (0.75 mm thick, Aldrich), poly(acrylonitryle) (PAN,
MW = 150 000, Aldrich), dimethylformamide (DMF, Aldrich),
vinylene carbonate (VC, Aldrich) and lithium bis(trifluoro-
methanesulphonyl)imide (LiNTf2, Fluka) were used as received.
N-Methyl-N-propylpyrrolidinium bis(trifluoromethanesulphonyl)
imide ([MePrPyrr][NTf2]) was prepared according to the liter-
ature [28], by reacting N-methylpyrrolidinium (Aldrich) with
propylbromide (Aldrich) followed by metathesis with lithium
bis(trifluoromethanesulphonyl)imide. Liquid electrolyte was
obtained by dissolution of solid LiNTf2 in liquid MePrPyrrNTf2
(0.7 M solution of LiNTf2 in MePrPyrrNTf2). Electrolytes contained
VC as a SEI forming additive (10 wt.%) and were prepared in a

dry argon atmosphere in a glove box. Polymer electrolytes were
prepared by the casting technique. First, the polymer was swollen
in DMF  (50 ◦C). After 24 h the polymer solution was mixed with
electrolyte (0.7 M LiNTf2 in MePrPyrrNTf2). The viscous solution

dx.doi.org/10.1016/j.jpowsour.2011.08.109
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. Simulation of impedance spectra for the Li/Li+ system (without the SEI
layer), accordingto equivalent circuit (A). Data calculated for electrolyte resistance
Rel = 30 �,  Warburg constant AW = 2 � s−1/2, capacitance Cdl = 1 × 10−6 F and differ-
A. Lewandowski et al. / Journal o

f polymer in a mixture of the solvent and ionic liquid was cast
nto a glass plate. After weighing, the plate was transferred into

 desiccator where the solvent was slowly evaporated under a
tream of dry argon, first at room temperature, then at 60 ◦C and
nally at reduced pressure. After evaporation of the solvent, the
late with the polymer–electrolyte foil was weighed again and the
omposition of the electrolyte was determined from the mass bal-
nce. The polymer electrolyte composition: 31 wt.% polymer and
9 wt.% electrolyte (PAN 31 wt.%, LiNTf2 9.5 wt.%, MePrPyrrNTf2
9.5 wt.%).

.2. Procedures and measurements

The Li/electrolyte/Li cells were assembled in a dry argon atmo-
phere in a glove box. Two lithium foils were separated by the glass
icro-fibre GF/A separator (Whatmann) or polymer electrolyte

soaked with VC), placed in an adapted 0.5′′ Swagelok® connecting
ube. The surface area of Li electrodes was 0.79 cm2. Electrochemi-
al properties of the cells were characterized using electrochemical
mpedance spectroscopy (EIS) and galvanostatic charge–discharge
ests. Interface resistance at the electrode/electrolyte interface was

easured with an ac impedance analyzer (Atlas-Sollich System,
oland). The cycling measurements were done with the use of the
Autolab System (Eco Chemie, the Netherlands). Deconvolution of

pectra was performed with the Z-view software (Scribner Asso-
iates Inc., USA). The glassy carbon electrode was initially (before
he j = f(E) measurements) covered with lithium (1 mA,  10 min).
he Li/electrolyte/Li cells were polarized with a constant current
1 mA  cm−2) for 45 min  and for the next 45 min  at the opposite
irection, in order to convert liquid VC into a solid SEI layer. Cyclic
oltammetry measurements on a glassy carbon working electrode
0.0707 cm2) were performed with a platinum foil counter elec-
rode (1 cm2). The reference electrode consisted of a silver wire
mmersed in a solution of AgNTf2 and cryptand 222 in the sol-
ent under study (Ag|Ag+ 0.01 M,  222 0.1 M). Solutions of silver
ons complexed by the cryptand (Ag+222) were stable in contrast to
hose without the ligand. Potentials were then recalculated versus
he lithium reference measured in the system: Ag|Ag+ 0.01 M,
22 0.1 M||0.7 M LiNTf2, MePrPyrrNTf2, VC|Li. Scanning electron
icroscopy (SEM) of the lithium electrode was performed with the

escan Vega 5153 apparatus.

. Results and discussion

.1. Impedance simulation

Simulation of impedance plots was performed for two equiv-
lent circuits (Figs. 1A and 2A) and the selected electrolyte
onductivity as well as Li+ diffusion constant, for different charge
ransfer resistance (exchange current density).

.1.1. Electrolyte resistance
For electrolytes of low conductivity (� ≈ 1.5–2 mS  cm−2), the

ypical separator thickness of ca. 0.5 mm,  and the lithium elec-
rode surface of ca. 1 cm2, the resistance is Rel = (�−1/(l/A)) ≈ 30 �.
onductivity of lithium salts in cyclic carbonates is considerably
igher (order of 10–14 mS  cm−1 [29]) and consequently, electrolyte
esistance is much lower (ca. 3 �).

.1.2. Li+ diffusion impedance
The Warburg impedance ZW is a reciprocal of the frequency

quare root
√

ω:
W = AW√
ω

− i
AW√

ω
(1)

here i is the imaginary unit (i = √−1).
ent charge transfer resistances (B): Rct = 2.6 � (jo = 10−2 A cm−2) and (C) Rct = 260 �
(jo = 10−4 A cm−2).

The proportionality constant AW depends on the depolarizer
concentration c and diffusion constant D:

AW ≈ RT

F2A
√

2

(
1√
Dc

)
= 1.88 × 10−7

(
1√
Dc

)
˝√

s
(2)

where T, R and F are temperature, gas constant and Faraday
constant, respectively, when D is expressed in cm2 s−1 and c in
mol  cm−3.

The typical value of the Li+ diffusion coefficient in molec-
ular solvents is of the order of 10−6 cm2 s−1 (D(LiClO4 in
PC) = 3.99 × 10−6 cm2 s−1 [18], D(Li+ in DMC) = 1.1 × 10−6 cm2 s−1

[22], D(Li+ in THF) = 8.7 × 10−6 cm2 s−1 [24]) which leads to the
value of AW = 0.19 � s−1/2 ≈ 0.2 � s−1/2 (for [Li+] = 1 M =
10−3 mol  cm−3). However, in the case of ionic liquids the dif-
fusion coefficient is typically two  orders of magnitude lower
(D(Li+ in ILs) ≈ 10−8 cm2 s−1 [11,26,27,30]),  which leads to AW
values of the order of 2 � s−1/2. Therefore, the reduction of the Li+

cation from the liquid electrolyte (10−6 cm2 s−1 < D < 10−8 cm2 s−1)
at the Li|Li+ interphase, results in the AW parameter between
0.2 � s−1/2 and 2 � s−1/2 (for the electrode surface of 1 cm2). On the
other hand, if the SEI layer is formed, the reduction process takes
place at a solid|solid interphase: Li|SEI|Li+. Diffusion coefficient
of the Li+ cation in the solid state is much lower in comparison
to that characteristic of the liquid phase. To our knowledge

there is no consistent set of data on the Li+ diffusion coefficient
in SEI in the literature. Moreover, SEI structure and composi-
tion depend on the electrolyte and are dynamic during electrode
charging/discharging [8].  Even data for Li+ diffusion in well-defined
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Fig. 2. Simulation of impedance spectra for the Li/Li+ system (with the
SEI  layer), according to equivalent circuit (A). Data calculated for elec-
trolyte resistance Rel = 30 �,  Warburg constant AW = 20 � s−1/2, capacitances:
Cdl = 1 × 10−6 F, CSEI = 1 × 10−6 F and different charge transfer resistances (B):
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Fig. 3. Impedance spectra of the symmetrical, two  electrode Li|0.7 M
ct = 2.6 � (jo = 10 A cm ) and (C) Rct = 260 � (jo = 10 A cm ). Resistance of the
EI  layer: RSEI = 50 �.

aterials are not consistent. For example, D(Li) in graphite, mea-
ured with different methods, is contained within a broad range of
0−6–10−14 cm2 s−1 [31–33].  The corresponding data for lithium
iffusion in LiFePO4 are 10−11 cm2 s−1 < D(Li) < 10−15 cm2 s−1

34,35] and 10−11 cm2 s−1 < D(Li) < 10−12 cm2 s−1 in LiCoO2 [36].
ypical solid-state diffusion coefficients of 10−10 cm2 s−1 and
0−11 cm2 s−1 (middle of the range) lead to the corresponding AW
alues of 20 � s−1/2 and 60 � s−1/2, respectively.

.1.3. Charge transfer resistance
In the literature the kinetics of the charge transfer reaction is

escribed by exchange current density, jo, rate constant ko or cor-
esponding resistance Rct, which are mutually related according to
qs. (3) and (4):

o = RT

F

1
Rct

(3)

nd

o = Fko[Li+] (4)

ypical values of jo, obtained from voltammetry, are between
0−2 A cm−2 and 10−4 A cm−2, which leads to charge transfer resis-
ances of 2.6 and 260 � (for electrode surface of 1 cm2).
.1.4. Nyquist plot simulation
Fig. 1 shows simulation of the impedance spectrum (frequen-

ies in the range of 105–0.01 Hz) for the Li|Li+ system (without SEI
LiNTf2 + MePrPyrrNTf2 + 10 wt.% VC|Li cell; (©) immediately after assembling
and (�) after galvanostatic charging/discharging (1 mA). Lithium electrodes area:
0.79 cm2 and electrolyte volume: 0.09 cm3.

formation), approximated by the simple equivalent circuit (Fig. 1A),
consisting of electrolyte (Rel) and charge transfer (Rct) resistances
as well as Warburg impedance (ZW) due to Li+ diffusion. Data
for the Li|Li+ system were calculated for electrolyte resistance
Rel = 30 �,  Warburg constant AW = 2 � s−1/2 and different charge
transfer resistances (B): Rct = 2.6 � and (C) Rct = 260 � (capacitance
of the double layer was  10−6 F). It can be seen that in the case of
fast kinetics (jo = 10−2 A cm−2, Rct = 2.6 �),  the impedance spectrum
consists of a half-semicircle followed by a line, while the corre-
sponding curve for slower rates (jo = 10−4 A cm−2, Rct = 260 �) is a
semicircle. To our knowledge, the first type of impedance spectrum
(Fig. 1B) has not been reported for the Li|Li+ system. Fig. 2 shows
the simulation of the corresponding impedance plot for a system,
where formation of SEI was taken into account (Li|SEI|Li+ system).
The equivalent circuit consists of two  RC systems, one representing
the SEI layer, the other the charge transfer process (Fig. 2A). Resis-
tance of the SEI layer was  approximated by value of ca. 50 � and
capacitance of both SEI and the double layer by 10−6 F. The shape
of both curves, calculated for the same electrolyte resistance and
Warburg constant (Rel = 30 �,  AW = 20 � s−1/2) and different kinetic
parameters (Rct = 2.6 � or 260 �)  is a semicircle. In the case of the
faster kinetics (jo = 10−2 A cm−2, Rct = 2.6 �)  the semicircle is fol-
lowed by a straight line (Fig. 2B). Again, impedance spectra reported
in the literature consist of a semicircle without a straight line at
lower frequencies or with a short line [4,15–17,21,29,37–44]. All
this indicates that impedance data point to relatively slow kinetics
(jo 	 10−2 A cm−2).

3.2. Experimental studies of the Li|Li+ couple

Fig. 3 shows impedance spectra of the symmetrical, two  elec-
trode Li|0.7 M LiNTf2 in the MePrPyrrNTf2 + 10 wt.% VC|Li cell just
after its assembling and after galvanostatic charging/discharging
(1 mA cm−2, 45 min  each step, electrode surface 0.79 cm2). It can
be seen that impedance spectra consist of flat semicircles, followed
by a line due to the diffusion of lithium ions. The semicircle may
be deconvoluted into two separate semicircles, representing the
SEI layer and charge transfer resistances. The cell just after its
assembling is characterized by relatively high impedance due to
metallic-lithium corrosion in the electrolyte, with the formation
of a resistive layer. During charging and discharging processes the
SEI layer is electrochemically formed which results in a significant
impedance decrease. The shape of both curves is similar to that
shown in Fig. 2C.

3.2.1. Diffusion impedance
The value of Warburg coefficient, AW, obtained from impedance
plot deconvolution, is ca. 70 � s−1/2 for the fresh cell and 17 � s−1/2

after charging/discharging. This may  suggest that the diffusion
coefficient is lower than 10−10 cm2 s−1, and hence, indicates the
formation of a solid electrolyte|electrode interphase. Changes of
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Fig. 4. SEM images of the metallic-lithium anode: (A) a pristine electrode (B) after
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Fig. 5. The Tafel plot for the GC|0.7 M LiNTf2 and MePrPyrrNTf2 + 10 wt.% VC sys-
tem. Working electrode: glassy carbon (GC, 0.0707 cm2) and counter electrode: Pt
th charge/discharge cycles and (C) EDX analysis of the cycled anode. Polymer elec-
rolyte composition (before cycling): LiNTf2 (8.9 wt.%), MePrPyrrNTf2 (55.7 wt.%),
AN  (29.2 wt.%), and VC (6.2 wt.%).

ithium surface after electrochemical charging/discharging are sug-

ested by scanning electron microscopy. Fig. 4 shows SEM images
f (A) a pristine metal–lithium electrode after contact with the
olymer electrolyte based on ionic liquid (4 h) and (B) after its
lectrochemical cycling (5 cycles). The SEM image was  taken with
(1  cm2). Scan rate: 1 mV s−1.

electrodes working with the polymer electrolyte, in order to avoid
traces of separator threads on the electrode surface. It can be seen
in Fig. 4B that during electrochemical charging/discharging the flat
lithium foil was  covered with aggregates. This is not unexpected as
processes of SEI formation lead to a coverage of the anode in mul-
tilayer surface films which are comprised of organic and inorganic
(lithium salts) molecules [5] with non-smooth or nano-rough sur-
face [7,45].  The thickness of SEI is small and hence investigation of
its composition is limited to a few techniques, each with its limita-
tions [7].  Fig. 4C shows EDX analysis of the cycled anode, indicating
composition of the surface layer (Li, C, O, N, F). Inorganic salts are
composed of Li, F and O (Li2CO3, Li2O, LiF, etc.) while the organic
phase generally consists of C, O and N [5].

3.2.2. Charge transfer kinetics
Deconvolution of impedance data for the system with elec-

trochemically formed SEI (shown graphically in Fig. 3) leads to
Rel, RSEI and Rct values. The electrolyte resistance is Rel = 31 �.
The corresponding value for the thin SEI layer formed at the
lithium electrode, is almost identical (RSEI = 30 �).  This indicates
very low specific conductivity of the SEI. The resistance of the
charge transfer process is Rct = 68 �.  The charge transfer resis-
tance is equivalent to exchange current density (at 298 K) of
jo = 0.026 V/(68 � × 0.79 cm2) = 4.8 × 10−4 A cm−2. A similar value
of jo = 3.0 × 10−4 A cm−2 was detected from the Tafel plot (Fig. 5).
It is difficult to calculate concentration independent rate constant
ko, as the charge transfer process occurs at the interface between
two  solid SEI|Li phases and not at the electrolyte|Li+(electrolyte)
interface.

Kinetic data obtained in this work for the lithium reduction
in MePrPyrrNTf2 may  be compared with literature data derived
with the use of EIS and voltammetric techniques in a range
of classical electrolytes in molecular solvents, ionic liquids and
polymer electrolytes. However, the comparison may be difficult
due to the variety of electrode materials, the chemical charac-
ter of solvents and anions, and different experimental conditions.
Different electrodes were used: lithium amalgam [13], metallic-
lithium [4,15–17,20,29],  platinum [18,19,24,26],  graphite [46,47],
tungsten [22,25], stainless steel [36] and nickel [23,26,27].  Exper-

imental methods were based on the Tafel plot [13,15,17],  EIS
curve deconvolution [29], the analysis of cyclic voltammetry
curves (Allen–Hückling equation [18,19,23] or numerical simula-
tion [24,26,27])  and voltammetry on a rotating disc electrode [48].
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ithium salts were based on different anions (Cl−, ClO4
−, PF6

−,
sF6

−, BF4
−, CF3SO3

−, N(CF3SO2)2
−). Moreover, kinetic character-

stics of the Li+ reduction are reported as concentration dependent
ct, jo values or the concentration independent rate constant ko.
he latter parameter obtained for Li+ reduction in molecular liq-
ids is ko(DMSO, Hg(Li) electrode) = 2.9 × 10−5 cm s−1 [13] and
o(THF) = 1 × 10−4 cm s−1 [24]. In the case of a number of ionic liq-
ids the rate constant is of the order of 1 × 10−5 cm s−1 [26,27].
ore papers report the concentration dependent jo value, which

s in the broad range of 10−2–10−4 A cm−2 [17–19,48] at concen-
rations typically of 1–0.1 mol  dm−3. Generally, the experimental
IS curves (Fig. 3) have different shape in comparison to simu-
ated impedance spectra, calculated according to equivalent circuit

ithout SEI layer (Fig. 1) in contrast to those with SEI (Fig. 2).
his strongly suggests SEI formation. In addition, experimental EIS
urves resembles rather simulated curve shown in Fig. 2C, which
ndicates rather low kinetics (jo at the order of 10−4 A cm−2).

. Conclusions

The Warburg coefficient value obtained from impedance plot
econvolution (AW > 10 � s−1/2) and SEM lithium surface image
uggest SEI layer formation. Therefore, the charge transfer process
n lithium reduction and oxidation takes place at the solid Li|SEI
nterphase and not at the Li|electrolyte surface. Simulation studies
how that the typical shape of impedance plots for the Li|Li+ system
reported in the literature) suggest the exchange current density

uch lower than 10−2 A cm−2. The exchange current density of
he Li|SEI|Li+ system in the ionic liquid electrolyte, obtained from
mpedance spectra and the Tafel plot is between 4.5 × 10−4 A cm−2

nd 3.0 × 10−4 A cm−2 (Li+ concentration of 0.7 mol  dm−3).
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