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Abstract 

A thin-film carbon anode was prepared by a repeat deposition process from a commercial graphite dispersion, Archeson Aquadag ~', which 
produced non-turbostratic films. Electronic conductivity measured with an aligned four-point set-up is lower than that of pure graphite. Cychc 
voltammetry studies show that these thin films present the usual intercalation stages of lithium in graphite. © 1997 Published by Elsewer 
Science S.A. 
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1. Introduction 

Carbon anodes store energy by forming a lithium-graphite 
intercalation compound (L i -GIC) ,  Li,C6 ( 0 < x  < 1 ) [ 1-5] 
The attainable values of  x for reversible intercalation are 
determined by the purity and crystallinity of  the carbon, the 
nature of the electrolyte [6,7] and the experimental condi- 
tions used [8]. Graphitic carbon materials intercalate elec- 
trochemically Li ions from suitable electrolytes [9,10] up to 
a value of x =  1 and show a marked staging phenomenon 
[ 11,12 ] whereas, in more disordered, turbostratic [ 13 ] or in 
completely amorphous carbons, the staging is suppressed 
[ 14] andx  remains below 0.7. 

In previous work [ 15] we reported that a thin-film carbon 
anode can be fabricated by a deposition process from a com- 
mercial graphite dispersion. Graphite multilayer thin films 
(GMTF)  prepared by repeated substrate induced coagulation 
were identified as a thoroughly porous network of agglom- 
erated well-crystallized graphite particles. Despite the appar- 
ent disorder of smaller particles, however, it is noted that 
larger particles are preferentially aligned, parallel to the sub- 
strate surface, forming a lamellar substructure ( Fig. 1 ). We 
believe that this phenomenon is due principally to the 
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multilayer deposition process. The film thickness determined 
by scanning electron microscopy (SEM),  revealed that a 
typical ten-layer deposit has a thickness of approximately 
800 nm. 

The intercalation behaviour of graphite is particularly 
influenced by electrolyte-surface interactions [16,17], 
which cause surface-bound passivation layers protecting the 
bulk of the electrode from further electrolyte attack. Porous 
thin films, whose bulk is negligible compared with its surface 
encounter a more severe attack than thick and compact elec- 
trodes. Hence, we are hesitating about the application of 
GMTFs in liquid electrolytes. Application of this material in 
more sophisticated battery set-ups, e.g. in inorganic solid- 
state microbatteries, however, seems to be appropriate. 

In this work, cychc voltammetry and conductivity studies 
on GMTFs are presented. Monitoring the electronic conduc- 
tivity is a fundamental step in the development of thin-film 
devices for two important reasons: first, thin-film configura- 
tions use frequently materials whose electronic bulk conduc- 
tivity is poor, but they possess other material properties being 
profitable to their application. Second, the electronic conduc- 
tivity measurements provide a non-invasive analysis method, 
which is very sensitive to surface contamination, in particular 
to that occurring in deposits from multicomponent solutions. 

GMTFs should facilitate electrochemical intercalation 
because of the presence of many grain boundaries, pores and 
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Fig 1. SEM graph (10 kV, ×400001 of a 10 GMTF, cross sectmn on a 
glass slide 

partly disordered particle distribution. As the basic material 
is graphite, the typical staging phenomenon during electro- 
chemical Li intercalation should be observed. Reversible 
( de- ) intercalation as well as irreversible solvent co-intercala- 
tion can be easily demonstrated using slow-scan cyclic 
voltammetry. 

used to determine the electronic conductivity as a function of 
temperature. Subsequent to the deposition process, all sam- 
ples were made and passed through a hot fan drying step and 
stored for a few days in an argon-filled glove box. Due to 
their conductivity behaviour we consider these as wet sam- 
ples, whereas dried GMTFs  are prepared easily by heating at 
270 °C under vacuum for at least 48 h. Temperature scans 
were carried out under dynamic vacuum in a home-made 
temperature-controlled Dewar cell, which was assembled for 
each measurement in an atmosphere-controlled argon glove 
box. Laplume 's  [18] aligned four-point set-up and his 
approximation of the three-dimensional potential distribution 
in thin films were used to obtain the conductivity of GMTFs.  

The cyclic voltammetry experiments were performed in a 
closed button cell-type configuration, in which a stainless- 
steel disc supported GMTF and a bulk lithium counter elec- 
trode were superposed. This sandwich was separated by 
electrolyte supplying Whatman G F / C  glassfiber layers 
(Whatman International, Maidstone, UK) .  1 M LiCIO4 in 
propylene carbonate ( PC ) /e thylene  carbonate ( EC ) ( 50 /50  
by volume) was used as the electrolyte. The salt was dried 
under secondary vacuum. PC as well as EC were distilled 
under vacuum. The vol tammogramms at 0.01 m V / s  were 
recorded by an EG&G PAR potentiostat /galvanostat  Model 
273 against an L i / L i  + reference electrode. All electrochem- 
ical measurements were undertaken in a purified argon 
atmosphere. 

2. Experimental 

The detailed fabrication process of GMTFs has been pre- 
sented in Ref. [ 15 ]. For convenience, each GMTF was named 
after the number of deposits, for instance 10 GMTF represents 
a ten-layer GMTF. GMTFs deposited on glass slides were 

3. Results and discussion 

The fabrication process of  GMTFs  involves a variety of  
different reactants such as water, surfactants, gelatine and 
electrolytes. These compounds should be considered as pos- 
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Fig. 2 Logarithm of electronic conducu,,~ty vs. inverse temperature for a 10 GMTF. 
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Fig 3. First voltammetric cycle (0 01 mV s - 1) of a 10 GMTF. 

[20,21]. Lithium intercalation starts at about 0.25 V and is 
represented by a very broad but structured reduction peak. 
Three distinct shoulders are visible at 0.185, 0.133 and 0.093 
V. The first one corresponds to the transition between a 
slightly randomly intercalation state to stage 4. The second 
and third shoulders correspond to the transition from stages 
4 to 3 and 3 to 2, respectively. The main peak at 0.06 V 
corresponds to the transition from stage 2 to 1 resulting in the 
formation of LiC6. During the oxydation process two peaks 
and two shoulders can be seen corresponding to the de-inter- 
calation of lithium stage by stage. This voltammetric cycle 
represents, perhaps the clearest demonstration of the inter- 
calation stages of lithium in graphite [ 22,23 ]. 

The results obtained from analysis of mesocarbon micro- 
beads (MCMB) by Mabuchi et al. [24] confirm this assign- 
ment: these authors found a good agreement between the peak 
assignments of their cyclic voltammogram and the identifi- 
cation of the stage by X-ray diffractometry. 

4. Conclus ions  

Graphite multilayer thin films present a metal-like conduc- 
tivity and a resistivity higher than bulk graphite. The cyclic 
voltammetry study shows that these thin films exhibit a typ- 
ical pure graphite behaviour. The use of these thin films as a 
negative electrode in microbatteries is in progress. 

sible contamination, which inevitably will influence the con- 
ductivity behaviour. In Fig. 2, the electronic conductivities 
taken during a temperature cycle of a dried 10 GMTF are 
shown. The curve illustrates a metal-like conductivity behav- 
iour without any incongruities. Water contamination can be 
traced immediately by the appearence of a broad irreversible 
peak between - 4  and 25 °C. The room temperature (25 °C) 
resistivity (pz5=3.3× 10 -2 1~ m) is considerably higher 
compared with that of bulk graphite (p25 = 4.0 × 10- 3 ~ m) 
(intraplane [ 19] ). This is due to the inhomogenous nature 
of the thin film, whose overall resistivity is governed by the 
grain boundary interconnection resistances. As the interplane 
resistivity (&5 = 0.6 1~ m) is about four decades higher than 
that of the intraplane resistivity, it can be assumed that a 
considerable portion of the GMTFs' overall resistivity is 
caused by particles whose graphitic planes are perpendicu- 
larly orientated towards the current lines. In fact, the observed 
room temperature conductivity of 0"25 = 3.02 c m -  ~ is suffi- 
cient for application in thin-film set-ups. 

The first voltammetric cycle (0.01 mV s-~ ) of 10 GMTF 
is illustrated in Fig. 3 (0 V <  U<0.4  V). 

During the reduction process the cathodic current appeared 
from approximately 1.2 to 0.0 V. Besides a slightly elevated 
value of the current we did not observe any irreversible 
cathodic solvent co-intercalation peak between 0.5 and 1 V 
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