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Abstract 

Electrochemical intercalation of unsolvated lithium into pitch carbon libres Pl00 and natural graphite IX, has been carriedout in LiClO.- 
ethylene carbonate eiectrolyte. The reversible electrochemical capacity for a current equal to 7 pA/mg is 260 mAh/g for PM0 carbon f&es 
and about 350 mAh/g for UF, graphite, respectively. During the first discharge (reduction) an electrochemical capacity greater than cht 
theoretical value (372 mAh/g) corresponding to LiC, is obtained. This excess of capacity can be related to the formation of a passivating 
layer on the carbon surface. Analysis of this layer by means of transmission electron microscopy (electron diffraction. electron energy loss 
spect-r-,opy. and imaging) and Fourier-transform infrared spectroscopy has shown that this layer is composed of lithium CarboMte Li&Os 
and alkylcarbonates of lithium ROCO,Li. Formation of LizCOj occurs at potentials in the l-O.8 V range versus Li + /Li. and formation of 
lithium alkylcarbonates then follows at potentials below 0.8 V. We then attributed the voltage plateau at 0.9 V versus Li + /Li hervcd in the 
electrochemical waves to the reduction of ethylene carbonate into Li,CO,. Transmission electron spectroscopy revealed the presence of 
lithium chloride in the electrolyte which appears as small rods. 
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1. Introduction 

During the past years, tremendous efforts have been ded- 
icated to the development of secondary ‘lithium-ion’ batter- 
ies, In this technology a positive electrode made of transition 
metal oxides (LifliO,, LiJMnzOd. LiXCo02, Li,V,O,) is 
associated with a carbon anode in an organic electrolyte 
[ 1.21. The use of intercalation compounds of lithium into 
carbon [ 31 allows to overcome the limitations ofreversibility 
observed with electrodes made from lithium metal [ 41. 

By associating these intercalation compounds with highly 
oxidizing lamellar oxides one may obtain batteries with 
energy densities up to three times higher than those of Nil 
Cd cells and being able to achieve more than 1000 charge/ 
discharge cycles [ 21. 

The stoichiometry of these lithium intercalation com- 
pounds is strongly dependent on the nature of the carbon used 
[ $61 and the composition of the electrolyte [ 3,7]. 

When propylene carbonate (PC) based electrolytes are 
used, direct intercalation of lithium into graphite will not 
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occur [ 81. In this case, the degradation of the graphite elec- 
trode is supposed to be a consequence of (i) its exfoliation 
related to the decomposition of PC (CH&H=CH, gaseous 
evolution between the grapbene sheets) and (ii) a likely 
electrical insulation of the isolated exfoliated parts of the 
electrode [g-lo]. 

In the case of ethylene carbonate (EC) based electrolytes, 
no exfoliation occurs and unsolvated lithium intercalation is 
observed leading to formation of the LiC, compound similar 
to that prepared by a direct reaction of metallic lithium onto 
graphite [ 11,121. Previous s&dies [3,13-U ] have shown 
that during the first discharge a part of the reduction current 
is consumed by the electrolytic reduction at the surface of 
carbon with formation of a passivating layer. The nature of 
this layer has been studied by means of Fourier-transform 
infrared spectroscopy (Fl’-IR) and it is shown that the use 
of additives may modify significantly its properties and in 
some cases (CO,) improve the performances of the cattin 
electrode [ 14.161. 

In this study we investigated the electrochemical properties 
of two types of carbon which appear to be suitable for prac- 
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tical applications. The passivating surface layer has been 
studied by associating transmission elec;ron microscopy 
(TEM) and FT-IR analysis. 

2. Experimental 

Two types of carbon materials were used: Pitch carbon 
fibres PI 00 (Amoco) and natural graphite UF, (Le Carbone 
Lorraine). Their characteristics (specific BET area, coher- 
ence lengths L, along c-axis and interplanar spacing &*) are 
given in Table 1. Samples of PI00 fibres are outgassed under 
vacuum at 700 “C and thoses of UF, graphite at 430 “C. In 
order to remove their protective film higher temperatures 
were used for PI00 fibres. Lithium perchlorate LiClO, 
(Aldrich. purity 95%) and EC (Fluka. purity > 99%) powder 
were outgassed under dynamic vacuum at 150 and 20 “C, 
respectively. Intercalation was performed in a two-electrode 
cell with lithium foil acting simultaneously as the counter 
and the reference electrodes. The working electrode is made 
of either milled PlOO fibres or UF, graphite powder both 
being mixed with polyvinylidene difluoride (PVDF) as the 
binder (10% w/w or 3% w/w for infrared (IR) and TEM 
studies). The electrolyte used was a solution of LiClO, in EC 
( 1.5 M EC) in which thr water content was lower than 50 
ppm. A multi-channel microprocessor-controlled Mac Pile 
potentiostat/galvanostat was used for the electrochemical 
experiments. The potentials referred to an Li + /Li electrode. 
X-ray diffraction (XRD) studies were carried out using a 
rotating anode ( RIGAKU RU-200 B, MO Ka radiation) cou- 
pled with a curved detector (INEL CPS 120). The coherence 
lengths L, were calculated from the half-height width of the 
(004) reflections, using the Scherrer’s relation. The BET 
areas were measured on a Micrometric ASAP 2300 equip- 
ment using a mixture of 70% of heIium and 3G% of nitrogen 
as the analysis gas. 

TEM studies electron energy loss spectroscopy (EELS) 
and small angle electron diffraction (SAED) were conducted 
on a CM 20 Philips microscope equipped with a parallel EEL 
spectrometer ( Gatan 666). samples previously ground were 
deposited on copper grid,; covered with a holey amorphous 
carbon layer. A low temperature sample holder was used in 
order to limit the effect< of hasting of the electron beam on 
the samples. 

The atomic concentration ratio O/C of oxygen and carbon 
is determined by the following equation [ 17,181 

O/C = locr& a,A E) lIcao( a,A E) (1) 

T&e I 
ChPrecterisrics of the two types of carbon materials used 

r, 
(nm) 

9 
>100 

surface alea 
Cm%) 

16 
10 

&a 
(nm) 

0.338 
0.335 

where 0 and Care the number of atoms of oxygen and carbon 
per unit area, respectively; 1, ((Y, AE) and I= (01, AE) are 
the core loss intensities integrated up to an energy of width 
AE starting at the edge onset, u. ( cy, AE) and uc ((Y, A E) 
are the partial ionization cross sections integrated over the 
acceptance angle (Y and A E is an energy region. 

A typical value for AE in the energy region lies within 50- 
100 eV. The accuracy of atomic concentration ratio is lower 
than 10%. 

FT-IR studies were performed with a Fourier-transform 
spectrometer (Perkin-Elmer 2000). The following tech- 
niques were used to record the sample spectra: 

(i) Diffuse reflection with a Hat-rick HVC accessoryallow- 
ing to obtain spectra of samples mixed with KCI (3% w/w) 
under evacuated atmosphere (IO-* mbar) and at various 
temperatures between 20 and 60°C. Recording spectra under 
vacuum needs the use of an IR CaF, window which, in turn, 
reduces the intensity of the signal for frequencies lower than 
900 cm-‘. The sample spectra obtained by this technique are 
presented in this work as the result of the substraction of the 
original spectrum and that of a KC1 reference. The absorbance 
is plotted as log (RJR,) where R, is the monobeam reflec- 
tance of the sample and R, is the diffuse reflectance of KCl. 
It should be noticed that the diffuse reflection method is not 
really quantitative but it allows to follow the evolution of the 
reflection. 

(ii) Transmission in dry air atmosphere through a pastille 
made of a few milligrams of sample materials mixed with 
KBr. In this case, the quantitative Lambert-Beer law isappli- 
cable in a first approach. 

3. Results and discussion 

3.1. Electrochemical studies 

Fig. I shows the five first charge/discharge cycles under 
galvanostatic conditions (7 FA/mg) for an electrode made 
of ground PlOO fibres and PVDF ( 10% w/w). The initial 
open-circuit potential of the sample, placed in the electrolyte. 
is about 3 V versus Li+/Li. For the first discharge (Fig. 
1 (a) ), the only voltage plateau which appears at about 0.9 V 
is attributed to the reduction of the electrolyte with formation 
of a passivating layer [ 3,191. The discharged capacity 
recorded at this first cycle exceeds largely the theoretical 
value corresponding to LiC,. This excess of current con- 
sumed is due to the formation of the passivating layer and 
also, in our case, to a possible reduction of the PVDF binder. 
A slight irreversible capacity is observed in the second cycle. 
For the third cycle. the reversible capacity corresponds to 
70% (260 mAh/g) of the theoretical value as shown in Fig. 
l(b). 

Fig. 2 displays the four first cycles obtained with a UF,- 
PVDF electrode in the same sample conditions as in Fig. 1. 
A strong diminution of the discharged capacity between the 
first and the second cycles is observed for the PI0 fibres. 
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Fig. I. Charge and dischsrge curves of the composite ekctmde PKtO-PVDF 
(10% w/w) in EC-LEIO, : I.5 M EC) with a specific cutrent equal to 7 
pA/ mg. T- 20 ‘C. 
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Fig. 2. Chslrge xind dischqe curves of the cw cktluda UFcwwr 
( 10% w/w) in EC-LiClO. ( 1.5 M EC) with a spdic cumn? 
flf mg. T- 20 ‘c. 

For the first cycle (Fig. 2(a)), the discharged capacity is the passivating layer is not completely achieved at the end of 
greater than the theoretical value of Li&, but the values the pseudo-plateau but continues at lower potentials. This 
recorded for the next cycles (between 2 and 0.01 V) are close suggests that the formation of the passivating layer occurs at 
to this value (350 mAh/g), see Fig. 2(b). least in two steps. 

In the case of the uF,-PVDF electrode, the electrochem- 
ical curves exhibit several plateaus corresponding to the for- 
mation of lithium graphite intercalation compounds of 
various stages [ 3,111. For the PlOO fibre electrode, voltage 
plateaus are less noticeable and appear mainly in the oxidation 
process. The voltage and the reversible capacity differ when 
graphite or carbon fibres are used as the host. The different 
behaviours between these carbonaceous materials are related 
to their structural organization. In particular, the structure of 
carbon fibres includes tbe turbostratic disorder which influ- 
ences the electrochemical performance [ 31. Yazami et al. 
[ 201 who used several carbon fibres of different origins found 
that the reversible capacity increases with their crystallinity. 
In both cases, a great part of tbe discharged current during 
the first reduction is used for the formation of the passivating 
layer. Tbe irreversible capacity (difference between the 
capacity in the reduction process and that in the oxidation 
one) of the PlOO-PVDF and uF~-PVDF electrodes between 
2 and 0.01 V is equal to 3% and 367 mAh/g, respectively. 
It should be noticed that the partial irreversible capacity cal- 
culated along the pseudo-potential plateau at 0.9 V (between 
1 and 0.75 V) is 81 mAh/g. Similar behaviour are obtained 
for the UFa electrode. It is then obvious that the formation of 

Then, we studied tbe surface layer obtained at a pctteotial 
of 0.8 V (first plateau) and for iower potential values around 
0.01 V (intercalation domain). 

3.2. TEM studies 

TFM observations of the graphite used, after a complete 
first charge/discharge cycle (between 2 and 0.01 V). show 
that the carbon surface is covered with a thin spongy layer. 
For example, Fig. 3 shows the TEM micmgrapb of the UF, 
electrodebefore (Fig_3(a)) andafterafirstcbarge/dkbarge 
cycle (Fig. 3(b) ) in EC-LiCQ. This pas&Wing layer 
allows the lithium ions to intercalate into graphite but blocks 
therefore the solvent molecules avoiding tbeii co-intercak 
tion [3,16.21]. 

Fig. 4 gives tbe ED diagram of graphite covered by tk 
passivating layer shown in Fig. 3. Diffraction spots cbsmed 
are characteristic of the hexagonal structure of uninterca&d 
graphite. Diffraction rings correspond to a poly-crystalline 
phase and their indexation is in agreement with the mono- 
clinic structure of Li,CO,. 

The diffraction patterns obtained do not allow to identify 
other phases such as lithium akylcarbonates. This may be 
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Fig. 3. TEM micmgraph of the UF, ektmde (a) before and (b) afier a first 
charge/discharge cycle in EC-LEIO, (1.5 M EC), T= 20 “C. 

Fig. 4. Electmo diffmction fsattem of graphite covered by the passivnting 
layer presented in Fig. 3(b). 

d&e to the. fact that these alkylcarbonates are either in an 
amorphous state or that they are produced in too little quan- 
tities suitable to observe diffraction. 

In order to characterize these phases, EELS has been per- 
formed on an UF.,-PVDF electrode (97-35 w/w) reduced 
to 0.01 V and then oxidized up to 2 V. In ali cases. analysis 
was done on different particles of the passivating layer placed 

above the holes of the grid in order to avoid parasitic signals 
due to the amorphous carbon of the grid and to the graphite 
of the electrode. 

Fig. 5 (a)-( ;) presents the energy loss spectra at the K- 
edge of carbon for three different selected parts of the passi- 
vating layer. Each spectrum exhibits two peaks at 289 and 
299 eV related to the electronic transitions of the ( 1 s) atomic 
carbon orbitals towards the vacant antibonding molecular T* 
and (f * orbitals corresponding respectively to the C=O and 
C-O bonds. 

This fine structure at the K-edge level (ELNES) is char- 
acteristic for that of a carbonate as supported by the EEL 
spectrum of Li2C03 presented in Fig. 6(a). The atomic O/C 
ratio determined for the three spectra in Fig. 5(a)-(c) are 
2.8, 1.5 and 1, respectively. 

The EEL spectrum in Fig. 5(d) is typical for the Li+ 
cation, with an ionization edge of about 60 eV. Such a spec- 
trum is comparable with that of L&CO3 at the lithium K-edge 
shown in Fig. 6( b;. 

Therefore, the spectrum shown in Fig. 5(a) which is very 
similar to that of Li&O~ can be attributed to this phase. This 
conclusion is supported by the presence of the diffraction 
rings present in the ED diagram in Fig. 4 and is typical of 
LizC09. 

The spectra in Fig. 5(b) and (c) can be attributed to the 
lithium alkylcarbonates (ROCO,Li). In these spectra, the 
peak at 299 eV is huger and more intense than that presented 
in Fig. 5(a). This is probably related to a modification of the 
chemical environment of the carbon atom induced by the R 
group of ROCO,Li. 

A similar study was performed on a UF,-PVDF (3% w/ 
w) electrode but reduced only to 0.8 V and then oxidized to 
2v. 

In this case, EEL analysis indicates only the presence of 
Li,COJ with a spectrum identical to that of Fig. 5(a). Then, 
the voltage plateau at 0.9 V is attributed to the formation of 
Li,COs the reduction of EC into alkylcarbonates occurring 
in a second step at potentials below 0.8 V. Similar experi- 
ments carried out with PlOO fibres led to the same con- 
clusions. 

In addition to the reduction products of EC, an other phase 
was detected which appears as remote cylindrical particles, 
see the TEM micrograph presented in Fig. 7. The ED pattern 
of these particles shown in Fig. 8 is characteristic for f.c.c. 
LiCI. The presence of LiCl crystallites was previously 
reported during their reduction in PC-LiCIO,, electrolyte at 
the lithium and aluminium-lithium surface [ 221. LiCIO, is 
thermodynamically unstable in the presence of carbon or 
lithium electrode and may be reduced to LiCI. 

3.3. FT-IR spectroscopy study 

Previous works based on IT-IR already i,::,estigated the 
chemical nature of the reduction products of solvent mixtures 
containing EC and formed at the surface of electrodes of 
lithium or carbon [ 14.16,23]. 
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Fig. 5. EEL spectra of products observed when the composite ekctmde UF,-PVDF (3% w/w) is mduced to 0.01 V and then oxidii up to 2 V inEc_LicIo, 
( I 5 M EC): (a)-_(c) am r&+&d to different O/C atomic mttos. and (d) corresponds IO lithium K-edge. 

In order to confirm our data obtained by TEM analysis. an 
IT-IR study has been conducted. 

Fig. 9(a) shows an FT-IR spectrum obtained by diffuse 
reflexion on a PlOO fibres-PVDF (3% w/w) electrode 
after a complete first galvanostatic charge/discharge cycle 
between 0.01 and 2 V. The electrode material is mixed with 
3 wt.% KCI. The peaks present at 1520 and 1440 (tc0, 2-) 
are characteristic for LizCOo [23,24] while the peaks at 
2958to2853 (tCH), 1668cm-’ (u&=0) and 1330cm-’ 
(u,C=O) are attributed to lithium alkyicarbonates 
(RocO,Li) [ 24,251. In the same way, the peaks correspond- 
ing to the deformation of the C-O bonds are masked by the 
intense bands of LiClO, around 1100 cm- ‘. 

‘The peak at 1778 cm- ’ is characteristic for the solvent EC 
which remains adsorbed on the surface of the electrode. The 
peak at 2000-21OOcm- ’ is not yet clearly identified. It could 
be related to the C-F vibration. present for PVDF or for its 
possible reduction products. We found that lithium alkylcar- 
bonates are unstable upon heating and may decompose in the 
presence of Hz0 giving R-OH compounds and L&CO3 [ 161. 
It is possible that the detected L&CO3 is also due to the 
secondary reaction of ROC!O&i with trace amounts of water. 
After exposing the electrode in air for several hours, we found 
that the transformation of ROCO*Li into Li2C03 is slow and 

therefore, it can be reasonably concluded that this detected 
Li2C03 is mainly provided during the EC reduction process. 

In the case of a PlOO fibre+PVDF electrode (3% w/w) 
reduced to only 0.8 V and then oxidized to 2 V, the IT-IR 
spectrum presented in Fig. 9(b) exhibits only the peaks cor- 
responding to Li,CO, ( 15 10, 1440 and 867 cm-‘) and to 
LiClO.,(l112.1088and625cm-‘). 

Peaks corresponding to lithium alkylcarhonates are never 
observed. 

A similar behaviour is observed when using VF, as the 
electrode. However, because of the smaller specific area of 
UF, comparing with that of milled PlOO, the relative quantity 
of passivating layer at the tJF4 surface is smaller than at the 
PlOO surface. Consequently, interpretation of the IR data is 
facilitated with the PI00 based system. 

Results of the FT-IR study confirm those given by TEM 
indicating that reduction products of the &zctrolytes are 
l&CO, and lithium alkylcarbonates. EELS study gives two 
vahtes for the atomic O/C ratio (1.5 and 1) for these 
alkylcarbonates. 

According to these data, we can propose the following 
reduction mechanism for EC. ‘lhe first reduction step of the 
EC molecule occurs at about 0.8 V (middle value in the 
potential plateau) and corresponds to the formation of 
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Fig. 6. EEL spectrum of Li2COj used as standard. 

Fig. 7. TEM micmgmph of lithium chloride. 

Li2C03 (atomic ratio O/C = 3), The second step, below 0.8 
V, corresponds to the formation of an EC anion radical which 
is then reorganized into different lithium alkylcarhonates (01 
C = 1.5 and 1) , as presented in the following scheme: 

(i) first step 

EC+2e- +2Li+ -,Li2CO~+CH1=CH7 (gas) O/C=3 

(2) 

4”” 

Fig. 8. ED pattern of Lit3 particles shown in Fig. 7. 

(ii) second step 

EC+e-+Li++(EC-‘,Li+) (3) 

2(EC-‘, Li+) +( -CH*-0-COzLi), 

+CH,=CH, (gas) O/C= 1.5 (4) 

2(EC-‘, Li’)+(-CH2-CH2-OCOsLi)2 O/C=1 

(5) 

These results present similarities with those involving the 
reduction of PC which seems to occur in several steps leading 
to the formation of L&CO3 and various lithium alkylcarbon- 
ates [ 16,261. 

4. Conclusions 

Electrochemical cycling on PI00 carbon fibres and UF., 
natural graphite in EC-LiClO, electrolyte confirms that the 
shape of the curves is strongly dependent on the nature of 
carbon used. Reversible capacity of PlOO fibres is limited to 
about 70% of the theoretical value of LiC6 whereas the use 
of UP, graphite allows to reach almost this LiC6 value. 

During the first discharge, an electrolyte reduction occurs 
with formation of a thin layer at the carbon surface. Both for 
UP4 and Plot) Bbres eIectrodes, EEL and Ff-fR spectrosco- 
pies have shown that this layer is constituted of LirCOs and 
different lithium alkylcarbonates (ROCO*Li). This reduc- 
tion seems to occur in two steps: the first step leads to the 
formation of Li2COa at potential above 0.8 V, followed at 
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Fig. 9. FT-IR spectra of the composite electrode PlOO-PVDF (3% w/w) 
(a) after a charge/discharge cycle in EC-LiClO, ( 1.5 M EC) in the diffuse 
reflection mode (b) after a reduction to 0.8 V followed by an oxidation up 
to 2 V in the transmission mode. 

lower potential by a second step with the formation of lithium 
alkylcarbonates formulated: 

( -CH2-0-CO,Li), 

and 

( - CH2 - CH2 - 0C02Li), 

Remote particles of LiCl are also identified and are attrib- 
uted to LiClO, reduction. Although. the surface chemistry of 
the Li-carbon electrode in EC based electrolyte confirms 
previous studies in which EC is used as the co-solvent, our 

studies have the particularity to use EC as a single solvent 
and therefore, allow a better understanding of the EC-LiClO, 
reduction mechanisms. 
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