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Abstract 

In order to elucidate the mechamsm of surface film formanon on graphite negauve electrodes of recha,geable lithium-urn batteries. 
topographical changes of the basal plane of a highly oriented pyrolytic graph,te were observed in a few electrolyte ,~olutlons under polanzatmn 
by electrochemical scanning tunnehng microscopy. In I M L,C1Oa/ethylene carbonate (EC) + diethyl carbonate, a hill-hke ~tructure of - I 
nm hmght appeared on the yurface of highly oriented pyrolytic graphite at 0.95 V versus L i / L  ~, and then changed at 0 75 V to wregular 
shaped blister-like features with a maximum height of - 20 nm. In I M L1ClO4/EC + dlmethoxyethane, heml,~phencal blisters of - 20 nm 
height appeared at 0.O0 V. These morphology changes, hill and blister formation, were attributed to the intercalatmn of solvated LI " runs into 
graphite interlayers and to the accumulation of ,t~ decomposed products, respectively. On the other hand, only rapid e,dohatlon and rupturing 
of graphite layers were observed in 1 M LiClO4/propylene carbonate I PC), which was consJdeled to be respons,ble for ceaseless solvent 
decomposition when graphite electrodes are charged in PC-based .~olutmns. From the observed topographical changes, it was concluded that 
the intercalauon of solvated L1 + ions is a necessary step for stable surface film formation on graph,te. @ 1907 Elsevier Science S A. 
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1. Introduction 

Graphite materials have been extensively studied for use 
as the negative electrodes in rechargeable lithium batteries 
[ 1-5]. It is generally accepted that the solvent decomposes 
to form a lithium-ion conductive surface film on graphite 
during the initial stage of charging [6-11 ]. The film sup- 
presses further solvent decomposition, whereas lithium ,ons 
are intercalated through the surface film. The performance of 

graphite electrodes therefore should be affected by the nature 
of the surface film. Nevertheless, the mechanism of the film 
formation as well as its composition and morphology have 
not been fully clarified yet. 

In previous studies [12,13], we observed topographical 
changes of highly oriented pyrolytic graphite ( HOPG ) basal 

plane in I M LiCIO4/ethylene carbonate (EC)+d ie thy l  
carbonate IDECI by electrochemical scanning tunneling 
microscopy ( STM ) and elucidated the mechanism of surface 
film formation on graphite. When the sample potential was 
stepped to 1.1 V versus Li/Li  +, a surface feature raised by 
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1 nm with an atomically fiat surface, which we call "hill- 
like structure', appeared in the vicinity of a cleaving defect 
step, on the basal plane of HOPG. The hill spread out wtth 
time, and graphite layers on the hill slowly exfoliated. We 
attributed these topographical changes to the mtercalation of 
solvated lithium ion, and inferred that this process is an initial 
step of surface film formation [ 131. However, we could not 
observe STM images corresponding to subsequent processes 
of surface film formation because STM images became 
unclear at potentials more negative than 1.1 V under the 
previous experimental conditions. In this work, we present 
morphology changes taking place in EC-based solutions at 
potentials more negative than 1. I V. In addlnon, morphology 
changes in propylene carbonate ( PC ) solution are examined 
for comparison. 

2. Experimental 

An electrochemical STM cell used for cyclic voltammetry 
and STM observation was described previously [ 131 HOPG 
( Le Carbone Lorrain, PGCCL) was cleaved with an adhesive 
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tape to obtain a flat basal plane and used as the working 
electrode. Only the basal plane (0.20 cm 2) was brought into 
contact with the electrolyte solution. The electrolyte solution 
was 1 M LiCIO4 dissolved in EC + DEC ( 1 : 1 by volume ), 
E C + d i m e t h o x y  ethane (DME)  (1:1 by volume) ,  or PC 
(Mitsubishi Chemical, Battery Grade) .  The counter and ref- 
erence electrodes were platinum wire and lithium metal, 
respectively. Potential was measured and referred to as volts 
versus L i /L i  +. 

Electrochemical STM images were obtained with an 
SPI3600 system ( Seiko Instruments) using an apiezone wax- 
coated P t / I r  tip in the constant current mode. The potential 
of the tip electrode was fixed at 3.0 V. Initially the potential 
of the working electrode was kept at 2.8 V, where no reaction 
occurred. The potential was stepped to a lower potential for 
a given time, and then stepped back to 2.8 V, where STM 
images of  the HOPG surface were obtained to visualize the 
surface reaction that occurred during the potential step. The 
step potential was successively lowered by 50 mV from 2.8 
V. All measurements were carried out at room temperature 
in an argon-filled glove box. 

3. Results and discussion 

3.1. Cyclic voltammetry 

Fig. 1 shows cyclic voltammograms at a scan rate of 5 mV 
s - J  of  freshly cleaved HOPG basal plane in EC + DEC, 
EC + D M E ,  and PC containing 1 M LiCIO4. In each case 
several cathodic peaks appeared in the 0.5-1.0 V range on 
the first cathodic sweep, which are related to solvent decom- 
position and surface film formation processes. The number 
of  cathodic peaks ranges from three to six depending on the 
kind of  solvent, which implies that solvent decomposition 
and surface film formation processes are not a simple reac- 
tion. The first reduction peak rose at 1.0, 1.1, and 1.0 V in 
the EC + DEC, EC + DME, and PC solutions, respectively. 
The magnitude of the cathodic wave in EC + DME was larger 
than that in EC + DEC on the first cathodic sweep. While the 
cathodic peaks fully disappeared on the second sweep in 
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E C + D E C ,  the surface was not fully deactivated in 
EC + DME. This fact indicates that EC + DEC is more pref- 
erable for graphite electrodes than EC + DME with respect 
to stable passivating film formation. In the case of PC, a large 
reduction wave was observed even on the second sweep, 
which shows that protective film was not easily formed in 
PC. This result is consistent with the fact that solvent keeps 
decomposing at ~ 1 V when graphite electrodes are charged 
in PC-based solutions [ 14,15 ]. 

3.2. STM observation in EC-based solutions 

The step potential was successively lowered by 50 mV 
from 2.8 V in 1 M L i C I O J E C + D E C .  The surface mor- 
phology remained unchanged at potentials more positive than 
0.95 V. A typical image in this potential range is shown in 
Fig. 2 (a ) ,  which was obtained after a potential step to 1.1 V 
for I min. The frame size of  the image is 2 Ixm × 2 Ixm. 
Several cleaving defects, steps, running nearly parallel to one 
another were observed in this figure. 

When the potential was stepped to 0.95 V, a morphology 
change was observed. Fig. 2 (b)  shows a surface morphology 
of  nearly the same area as Fig. 2 (a )  after the potential was 
stepped to 0.95 V for 1 min. A hill-like structure of  ~ 1 nm 
height appeared in the vicinity of a step edge in the upper left 
part of  the image. The top surface of the hill was atomically 
flat. In our previous studies [12,13],  we observed similar 
hills of ~ 1 nm height at 1.1 V in 1 M LiCIO4/EC + DEC. 
From the height change we concluded that the hill was formed 
by the intercalation of  solvated lithium ions into graphite 
interlayers, which supported a solvent co-intercalation model 
for surface film formation that was proposed by Besenhard 
et al. [ 16]. The hill observed in Fig. 2 (b)  is considered to be 
the same kind of structure; however, it appeared at a potential 
somewhat lower than that in the previous studies [ 12,13]. In 
the previous studies, the morphology change with an elapse 
of time was observed keeping the electrode at a given poten- 
tial in 1 M L i C I O J E C  + DEC, and the hill was formed at 1.1 
V. The small current at 1.1 V in Fig. l ( a )  implies that the 
kinetics of  hill formation was very slow at this potential. Thus, 
the hill may not have appeared during a short reaction time 
of 1 rain until 0.95 V in this study. 
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Fig  1. C y c l i c  v o l t a m m o g r a m s  o f  H O P G  basa l  p l a n e  ( 0 . 2 0  c m  2) in 1 M L I C I O  4 d i s s o l v e d  in: ( a I E C  + D E C  I : 1 b y  v o l u m e  ); I b ) E C  + D M E  ( 1 : 1 b y  v o l u m e  ), 
and  ( c )  PC:  v = 5  m V  s ~. 
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Fig. 2 STM images of HOPG basal plane ~urface after the potential was kept at: ( a ) 1.1 ; (b) 0.95. and (c) 0.75 V for 1 min m 1 M LtCIO4/EC + DEC. The 
frame size of each image is 2 txm X 2 i~m. 

An atomic scale STM image on the hill top was identical 
to that of the surrounding area. Both images showed every 
other atom of the individual carbon atoms as bright spots 
spaced by ~ 0.25 nm, which are typical STM images of  
graphite basal plane [ 17,18 ]. This fact confirms that the hill 
was an interior structure formed under the surface. These 
images also suggested the AB stacking order of  graphite 
layers just  below the hill top, which shows that solvated Li + 
ions did not reside just  below the top surface of  the hill. 

The solvent co-intercalation model states that the surface 
film is formed by the intercalation of  solvated Li + ions fol- 
lowed by its decomposit ion to form an immobile product 
remaining between the graphite layers [ 16]. Topographical 

changes corresponding to the decomposit ion process are 
expected to appear at more negative potentials, and hence the 
potential was further lowered. An image obtained after a 
potential step to 0.75 V for 1 min is shown in Fig. 2 (c ) .  The 
morphology was completely changed; irregular-shaped blis- 
ter-like features appeared instead of  the hill. The maximum 
height of  the blisters was ~ 20 nm, which was much larger 
than that of  the hill ( ~ 1 nm) in Fig. 2 (b ) .  Although we 
cannot identify the origin of  the blisters from the STM image, 
they seem to have been formed under the surface by accu- 
mulation of something or by gas evolution, which may be 
caused by the decomposit ion process of  the solvated Li ÷ ion 
according to the solvent co-intercalation model. At more neg- 
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Fig 3 S T M  nnage~, o f  H O P G  basal  p lane  s u r t a c e  o b t a i n e d  at 2 8 V a f l c r  the 

po ten t ia l  wa,, kepl  at (ab  I 1 ,rod ( b )  0 9  V t o t  3 rain m 1 M LJCIOa /  

EC + D M E  The  f r a m e  size ~f feach  n n a g e  i~ 2 g m  × 2 b~m 

ative potentials, the blisters are expected to grow to be a 
complete passivating layer; however, we could not obtain 
clear images at potentials more negative than 0.75 V, perhaps 
because of revere surface roughening or the formation of an 
electronically insulating surface layer. 

The surface topographical change was observed in another 
EC-based solution, 1 M L i C I O 4 / E C + D M E ,  in a similar 
manner. The surface morphology remained unchanged at 
potentials more positive than 1.0 V. Fig. 3 (a) shows a typical 
STM image, which was obtained alter the potential was 
stepped to 1 I V for 3 min. Several steps were observed in 
thn,,, figure. After the potential was stepped to 0.9 V for 3 min, 

a few hemispherical blisters appeared in the image 
( Fig. 3 ( b ) ). The lateral dimension and the maximum height 
of the blisters were 300-500 nm and ~ 20 nm, respectively. 
No hill formation was formed in this case. Although the shape 
of these blisters is different from that observed in EC + DEC, 
it is considered that they were also formed by the decompo- 
sition of the solvated Li + ion. Close examination of  the image 
revealed that step edges remained on the top surfaces of  the 
blisters. This indicates that the blisters were interior structures 
formed by subsurface processes, which support our specula- 
tion that the blisters were formed under the surface by accu- 
mulation of decomposed products of  the co-intercalated 
solvent or by gas evolution accompanied by decomposition. 

3.3. STM observation in 1 M LiCLO4/PC 

It is widely known that in a PC-based electrolyte solution, 
the solvent keeps decomposing at about 1.0 V and lithium is 
hardly intercalated into graphite [14,15].  Hence, solvent 
decomposition and surface film formation processes in PC- 
based solutions should greatly differ from those in EC-based 
solutions. Thus we observed the morphology change of the 
surface in a PC solution for comparison. The potential was 
successively lowered by 50 mV from 2.8 V in 1 M L i C I O J  
PC. No morphology change was observed at potentials more 
positive than 0.95 V. Fig. 4 (a )  shows a typical image in this 
potential range, which was obtained after the potential was 
stepped to 1.1 V for 30 s. The frame size is 800 nm × 800 
nm. Five terraces ( A - E )  separated four clear steps were 
observed in Fig. 4 (a ) .  Alter  the potential was stepped to 
0.95 V for 30 s (Fig. 4 (b )  ), the lower part of terrace B was 
exfoliated and turned over to cover part of terrace A. The 
exfoliation proceeded further as the potential was lowered; 
however, neither hill nor blister formation was observed. 
Fig. 4 (c )  shows an image obtained after the potential was 
stepped to 0.7 V for 30 s. In Fig. 4 ( c ) ,  the surface became 
rough, indicating that graphite layers of the original terrace 
and step structure were ruptured significantly. 

As shown in Fig. 4, neither hill-like structure nor blister 
was formed in 1 M LiCIO4/PC, and instead exfoliation and 
rupturing of graphite layers proceeded. In addition, the rate 
of  exfoliation was much faster than that observed in the 
E C + D E C  solution in the previous study [13].  Since the 
exfoliation was caused by some mechanical interlayer stress, 
it is reasonable to consider that graphite layers were exfoliated 
as soon as a solvated lithium ion intercalated into an inter- 
layer. Whether hills and blisters are formed or not should 
therefore depend on the magnitude of  interlayer stress caused 
by the intercalation of sotvated Li + ions, that is, to what 
extent the graphite host withstands the stress. When the stress 
is not so severe, solvated Li + ions can stay securely between 
graphite layers and be subject to subsequent decomposition, 
resulting in stable passivating layer formation. Since the exfo- 
liation of graphite layers leads to regeneration of highly reac- 
tive edge planes, the intercalation of solvated Li + ions may 
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Fig. 4. STM lmage~ of HOPG basal plane surface after the potential was ~tepped to at (a) 1 1 V: ( b l 0 ~)5 V, and ( c ) 0.7 V for 30 s in l M LICIO4/PC The 
frame size of each unage is 800 nm × 800 nm. 

be an necessary step for stable surface film formation on 

graphite. 
At the present stage, we do not know the reason why PC- 

solvated Li + ions cause such a severe stress. Three possible 
origins may be inferred: the size of  solvated Li + ions, the 
electronic properties of resulting graphite intercalation com- 
pounds,  and the chemical  stability of the solvent itself. Fur- 
ther work is needed to clarify the stability of so lven t -  
co-intercalated graphite host. 

4 .  C o n c l u s i o n s  

In situ electrochemical STM observation of  the basal plane 
of HOPG in EC + DEC, EC + DME, and PC solutions con- 

taining l M LiC]O4 was performed to clarify solvent decom- 

position and surface film formation processes. In the 

EC-based solutions, peculiar  features, hills and blisters, 

appeared on the basal plane surface during the initial stage of 

charging. The observed morphology changes,  hill and blister 

formation,  were attributed to the intercalation of solvated Li + 

ions into graphite interlayers and to the accumula t ion  of its 

decomposed products, respectively, and supported the sol- 
vent co-intercalat ion model for surface film formation.  

On the other hand, neither hill nor  blister tbrmat ion was 

observed in the PC solution, and instead rapid exfoliation and 

rupturing of graphite layers occurred. Since the exfoliation 

of graphite layers leads to regeneration of highly reactive 
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edge  planes,  stable protect ive  film cannot  be fo rmed  in such 

solutions.  It was  conc luded  that the intercalat ion o f  solvated 

Li + ions is a necessary  step for  stable surface film format ion  

on graphite.  
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