
This article was downloaded by: [University of Haifa Library]
On: 16 August 2012, At: 12:24
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

IR Study of Ozone Modified
Graphite Matrix
Nadejda A. Asrian a d , Galina N. Bondarenko b d ,
Galina I. Yemelianova c d , Liubov Ye Gorlenko c d

, Oleg I. Adrov b d , Roberto Marassi b d , Vera A.
Nalimova a d & Dmitry E. Sklovsky a d
a Department of Chemistry and Physics of High
Pressures, Moscow State University, Moscow, 119899,
Russia
b Topchiev Institute of Petrochemical Synthesis,
Russian Academy of Sciences, Leninsky pr., 29,
Moscow, Russia
c Department of Chemistry, Laboratory of Catalysis
and Gas Electrochemistry, Moscow State University,
Moscow, 119899, Russia
d Department of Chemistry, University of Camerino,
via S. Agostino 2, 62032, Camerino, Italy

Version of record first published: 24 Sep 2006

To cite this article: Nadejda A. Asrian, Galina N. Bondarenko, Galina I. Yemelianova,
Liubov Ye Gorlenko, Oleg I. Adrov, Roberto Marassi, Vera A. Nalimova & Dmitry E.
Sklovsky (2000): IR Study of Ozone Modified Graphite Matrix, Molecular Crystals and
Liquid Crystals Science and Technology. Section A. Molecular Crystals and Liquid
Crystals, 340:1, 331-336

http://www.tandfonline.com/loi/gmcl19


To link to this article:  http://dx.doi.org/10.1080/10587250008025488

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
2:

24
 1

6 
A

ug
us

t 2
01

2 

http://dx.doi.org/10.1080/10587250008025488
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crw.  ond Liy. Cr.y.ri., 2000, Vol. 340, pp. 331-336 
Reprints available directly from the publiaher 
Photocopying permitted by license only 

0 2000 OPA (Overseas Publishers Association) N.V 
Published by license under the 

Gurdon and Breach Science Publishers imprint. 
Printed in Malaysia 

IR Study of Ozone Modified Graphite Matrix 
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DMITRY E. SKLOVSKYa 
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sity, Moscow, 119899, Russia, bTopchiev Institute of Petrochemical Synthesis, 

Russian Academy of Sciences, Leninsky p, 29, Mri.sc~)w, Russia, ‘Department of 
Chemistv, LabosatoT oj Cutulysis and Gas Ele[,trochemistry, Moscow State 
University, Moscow, I I  9899, Russia and dDepartment of Chemistry, University 

of Camerino, viu S.Agostino 2, 62032 Camerino, Italy 

The oxidation of graphite powder was reported to enhance the capacity of graphite anodes in  

Li-ion batteries. Here we present IR-spectroscopic study of the graphite powder modified via 
oxidation by ozone with the subsequent LiOH or butyl-Li treatment compared to the results 
obtained by “wet” acid oxidation. Ozone treatment leads to the formation of ozonides, 
C-0-0-C, carboxylic and epoxy groups on graphite surface. Subsequent treatment of ozone 
modified graphite with LiOH eliminates the majority of C-0 containing groups and yields 
only a few COOLi surface groups. Treatment of ozonated graphite with butyllithium appears 
to be more efficient. 

Keywords: ozone; oxidation; graphitc; surface; IR-spectroscopy; solid electrolyte interface; 
lithium ion batteries 

INTRODUCTION 

Secondary lithium battcrics or thcir dcrivativcs (lithium-ion battcries) arc bcing 

intcnsivcly studicd owing to the considerable challcngc they present for 

applications - high electromotive force, high cnergy dcnsity (two-three timcs 

grcatcr than that of  any convcntional secondary battcrics like Ni-mctalhydride, 

Ni-Cd), long cycle life, excellent high-temperature pcrformancc and safcty. 
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since no metallic Li is used. In thc search for clcctrodc matcrials for usc in 

rechargeable lithium batterics, the weU known ability of different forms of 

carbon to intercakate lithium metal is very useful. Improving of ckctrodc 

charactcristics requires maximizing rcvcrsiblc capacity (QH) at minimum 

irrevcrsible capacity (em) loss due to the formation of Solid Elcctrolytc 

Interface (SEI). Mild burn-off was reported to improve pcrformancc in L/Li,C 

cclls”’: QK was incrcascd by 10-30%, Qm was generally dccrcascd and Li,C,, 

dcgradation was much lowcr. Chemical oxidation of graphite powder by the 

strong oxidizing agents ammonium peroxysulfate and hot concentrated nitric 

acid increases the reversible capacity during cycling from 370 to 430 mAh/g, 

whereas QW is reduced”’. Thc oxidation of the graphitc results in the formation 

of a widc variety of surfacc functional groups. Thcsc groups contain carbon- 

oxygen bonds which arc covalcntly attachcd to thc graphite surface. Thcsc 

groups can be uscd to form the so-called CB SEI (chemically bonded SEI). 

During the first intercalation proccss, thcsc acid groups arc convcrtcd into 

surface Li-carboxylic salt and surface 0-Li groups. Thcsc groups in presence o f  

EC-, DEC-, DMC-, or P C - b a d  clcctrolytcs arc convertcd into LizCO3-based 

SEI. It is bclicved that this SEI is chemically bonded to the surfacc with - 
COOLi and -0Li groups”’. 

Thc cnhanccd capacity obscwcd may be attributed not only to the 

formation of CB SEI, but also to thc accommodation of cxtra lithium in cavitics 

o r  nanovoids produced during “wet” chemical oxidation’?’. To avoid thc 

formation of these wc proposed to use ozonc as an oxidizcr sincc it was shown 

to hc a mild oxidizing agcnt (2-076 of ozone in OJO? mixture, room 

tcrnpcraturc) when uscd for thc modification of activated carbons ‘’I. 

Hcrc u’c rcport a cornparativc spcctroscopic study of oxidized graphitc 

powdcr by ozonc and “wct” chcmical oxidation. The modifications in graphite 

matrix during thc oxidation and subsequent treatment with LiOH or butyl-Li arc 

cxamincd by IR spcctroscopy. 
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IR STUDY OF OZONE MODIFIED GRAPHITE MATRIX 333 

EXPERIMENTAL 

The oxidation of graphite powder (Alfa, 325 mcsh) was carried out by four 

different methods according to thc following proccdurcs: 

HNOl trcatmcnt - 200 mg of  graphitc was trcatcd with 2.6 ml of 16N nitric 

acid at 120'C for 3 h followed by washing with distilled water to pH 7 of 

thc Ntcrcd solution and dricd in 10 * Torr vacuum for 40 min at 50-60°C; 

HzSOJHNO3 method - a chargc of 200 mg of  graphitc was oxidized in the 

mixture of 1 ml of 96% HzS04 and 0.13 ml of 16N H N 0 3  at room 

tcmpcrature. After 40 min the mixture was dilutcd by distilled watcr; 

H2S04/KMn04 method - 200 mg of graphite powder was addcd to 1 ml of 

Y6% HzS04; 30 mg of powdered KMn04 was then addcd to thc mixturc in 

small portions while the mixture was continuously stured. The reaction was 

quenched afkr 30 min by pouring the mixture into distilled water. Thc 

suspcnsion was then treated with 3% H202 solution to  reduce thc residual 

pcrmanganatc and manganesc dioxide to  colorless soluble mangancsc 

sulfatc, washcd and dried. 

Ozone oxidation was carricd out in gas-flow rcactor with 0 3 / 0 2  gas mixturc 

(2 - 6% of ozonc) passing through the fluidizcd bcd of graphite powder at 

room tcmpcrature. Thc dctails of this tcchniquc can be found elsew9heref". 

Oxidized samples were treatcd with 100°C Li hydroxidc (3M LiOH aq. 

solution, 2 hours12') or with butyl-Li solution in cyclohcxanc (room tempcrature, 

20 hours). 

IR spectra of pristinc, oxidizcd and oxidizcd/lithiated samples were 

rncasurcd using a Spccord-M-82 spectrophotomctcr (Karl Zciss) in 400-4000 

cm ' rcgion. AU samplcs wcrc wcightcd, rnillcd in nujol to rnakc a suspcnsion 

and placed into the hermetic transparcnt ccll. Thc conccntration of oxygcn 

containing groups was calculated from Lambcrt's and Bccr's laws from 

cxpcrimentally observed extinction. For the cxtinction cocfficicnt thc value of 

spccific extinction of di-n-oxy-phcnolic cthcr of tcrcphthalic acid was uscd. 
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3 34 NADEJDA A. ASRIAN et ul 

RESULTS AND DISCUSSION 

Figure 1 presents IR spectra obtained from graphite powder trcatcd by 

H2S04/KMn04 (Fig. Ib) and powder which was subscquently trcatcd with a 

LiOH solution (Fig. 1'). An IR spectrum obtained from untreated graphite 

powder is presented for comparison (Fig. 1'). Spectrum lb shows mainly two 

bands that may be attributed to carbonyl bonds vibrations. The most intensive 

band at 1650 cm-' may be attributed t o  C=O groups conjugated with the 

electronic system of graphite; the second one - at 1715 cm.' denotes C=O bonds 

not conjugated with any n-electron system. Subsequent LiOH treatment (Fig 1') 

eliminates these COOH groups (1650 cm-' and 1715 cm-' bands disappear) and 

new bands at 1515 cm-' and 1540 cm-' may be attributed to COO ions. The 

results obtained for hot nitric acid and HzS04/HN03 treatment showed 

qualitatively similar results. 

IR spectra of  the graphite powder treated with ozone (4.7% in 03/02 

mixture) are presented in Figure 2h. Wide bands observed in thc region 1250- 

1100 cm~' ,  are commonly attributed to vibrational modes of  single C-0 bonds in 

ozonides, ethers, esters and other compounds containing single C - 0  bonds and 

thc bands in 1720-'-1620 cm-' region are due to C=O bonds vibrations. Thc 

variation of ozonc concentration in 0 3 / 0 2  flow does not change thc shape of IR 

spectra and affects only the overall intensity of the bands. For all samples 

treated with ozone, the relative intensity of the bands in 1250-1100 cm region 

is substantially higher than the intensity of the bands in a longer W ~ V C  rcgion. 

Accordingly, the calculated conccntration of the groups containing single C-0  

bonds is nearly twice as large as that of groups with doublc C=O bonds. This 

suggests that along with COO groups (which have cqual amount o f  single and 

doublc C - 0  bonds), ozone modified sample contains somc other oxygen 

containing groups with single C-0  bonds. These may be ozonidcs, C-0-0-C or 

epoxy groupsi4'. The wide multi-component band in 1250-1040 cm ' region 

represents these kind of functional groups. 
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LiOH treatment (Fig. 2‘) 

almost completely eliminates 

the bands in 1250-1100 cm-’ 

region, whereas the band at 

1720 cm” (C=O) becomes 

even more intensive. At the 

same time we do not observe 

any bands in 1500-1600 CIII’’ 

region, typical for C=O bonds 

in carboxylic ions. This 

suggests that LiOH treatment 

of ozonated graphite is rather 

inefficient for the formation of 
chemically bonded COOLi or 

-0Li surface groups and leads 

to the destruction of C-0 

groups yielding no (or a few) 

COO- ions. 

Butyl-lithium, being a 

stronger nucleophilic agent 

than LiOH should more 

efficiently convert various 

single C-0 bonds into -0Li 

groups. The ozonated graphite 

powder treated with n-butyl- 

lithium preserved in IR 

1800 I800 1400 1200 1000 

v, cm-’ 

Figure 1. IR spectra for H2SOs/KMn04 
modification. (a) untreated graphite; (b) 
oxidized; (c) oxidized and LiOH 
treated; (d) oxidized and treated with 
but yl-lithium 

c_ 

8 .  

I 
I800 1600 1400 1200 1000 

v, cm-’ 

Figure 2. IR spectra for ozone (4.7% 03/02) 
modification. (a) untreated graphite; (b) 
oxidized; (c) oxidized and LiOH 
treated; (d) oxidized and treated with 
but yl-lithium 

spectrum wide and intensive bands in 1100-1250 cm-’ region ( G O ) ,  but having 

a substantially different character compared to untreated ozonated graphite. 

Since C=O bonds in COOLi groups readily react with butyl-lithium excess 

yielding -COLi groups, almost no bands are observed in 1500-1600 cm-’ region. 
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336 NADEJDA A. ASRIAN et ul. 

Several well defined pcaks, observed in the spectra of butyl-Li modified 

graphite in 580-670 cm-’ region (not shown in figure) may be attributed to 

covalent 0-Li (orkand C-Li) bonding. 

There is another advantage of butyl-Li treatmcnt worth to be mentioned - 
the rcaction is carried out in non-aqueous media, thus enabling to avoid any 

hydrolysis and watcr adsorption by carbonaccous anode material. 

CONCLUSION 

The mild oxidation of graphitc powder for lithium-ion batteries anodes 

application was carried out with ozone in 03/02 flow at room temperature. Thc 

oxidation leads to the formation of the variety of oxygen-containing groups on 

graphite surfacc. These are ozonides, C-0-0-C, carboxylic and cpoxy groups. 

Subscquent trcatmcnt of thus modified graphitc with LiOH (in order to form 

CB SEI) eliminates the majority of C-0  containing groups and yields only a fcw 

COOLi surfacc groups. Trcatmcnt of ozonatcd graphite with butyl-lithium lcads 

to the formation of mainly -COLi groups, whercas a “wet” chemical oxidation 

with subsequent trcatrnent with LiOH produces mainly -COOLi groups on 

graphitc surface. Electrochemical investigations of ozoneibutyl-lithium modified 

clectrodcs in Li/Li,Cb cells are underway. 
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