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Abstract. A general theory, whlch takes lnco account the
evaporatf.on, transport and coadeneatíon of the lntercalate out-
slde the graphite and the dlffuslon and ataglng lnside the
graph{te, ls presented for the kfnetlcg of lntercalatlon of
graphlte. The theory has been applfed to a nuober of fnterca-
lates ( lnc ludlng Br,  ICl ,  K,  Rb, Cs,  FeC13, NlC12, CuC12, p i lCl2,
llNO3, AsP5 and SbF5) ac varlous reryeratuies

I Introduction

Intc¡calation rc¿ctiors oay bc bcllc¡ u¡dcrrtood ,f tbc
proccss of i¡tcrcllation b suM¡vidcd i¡&o i¡dividu¡t ¡c¡ctio¡
stcps. lf thi¡ is donc, tbc i¡d¡vidull stcps car bc r¡¡llzcd to
dctcrmiDc thcir i¡fluc¡cc o¡ thc ¡c¡ction lirctica.

2 Reectlon Stcpe

Thc iote¡c¡l¡tion proca¡¡ c¡¡ bc b¡olc¡ up into scvcrel
stcps. ¡ny of wbich c¡o bc ¡atc cootrolling dcpcndiag oa tbc
rcrctioD cooditions. Il gcncnl, ¡ rcactio¡ may bc coDtro¡lcd by
¡ rc¡ct¡on ¡¡ !n i|ttcrflcc or by tbc trlDrport bctwec¡ iutc¡fa-
ccs. ln tbc particul¡¡ c¡sc of intcrc¡latio¡ thc ovcr¡lt rc¿clion
oay bc brokcn up into scverrl stcps:

l. cvolutiou of ¡ l¡lnsportablc spccics, i¡ thc c¡sc
wbc¡c thc rcscrvoir of thc intcrc¡latc is ¡ scparatc
pbasc from thc t¡rDsport mcdium:

2. t¡aDsport of tbc intdca¡atc to thc su¡facc of tbc
samplc;

3. ¡dsorptioD of thc iatc¡cal¡tc onto tbc surf¡cc of tbc
samplc from thc transport DcdiuE;

4. inscrtio¡ of thc interc¡laüe ilto tbc sample;
5. diffusion of tbc iDtcr$¡¡tc tbrougb thc samplc;
6. tbc .stagiog ¡c¡ctio¡ occurriug at tbo intc¡f¡cc bc-

twccn tbc initi¡l strgc ¡nd tbc pristinc gs¡phitc. or
bctwcc¡ on st¡gc ¡nd tbc prcviour strga

Wc h¡vc c¡lcuhled thc tirlc nccdcd for tbcsc süeps for t"bc
followilg iDtcrcrl¡tca: bromiac, iodinc mo¡ocl¡loridc. ritric tci4
potlssium, ¡ubidium, ccaium, i¡o¡(III) chtoridc, ¡iclct(Il)
cbloride, coppcr(Il) cbloridc. palladiun(II) cbloridc. ¡rsc¡ic
pcutafluoridc rnd a¡tinony pcntnfluofidc. Tbc assumptiol was
Erdc th¡t tbc two-bulb mctbod w¡¡ u¡cd fo¡ intcrctlatioq with
30 co scparatioD bct$,en tbc i¡tc¡ca¡.tc r6crvoir and tbc gra-
phitc samplc. lnd with thc wholc a)atcm !t tbc samc üampcra-
lurc. Tbc samplc was arsumcd to b¡vc tbc dioc¡sio¡s of 4
mm x 12 mm x 0.5 mE. Bromi¡a ioditc monocilori& ¡¡d
nrt¡ic acid wc¡c ¡ssumcd to bc i[tcrc¡tltcd i¡ onc ¡tmospbcrc
of litrogcn; tbc allali mct¡ls ¿Dd potnfluoridcs wc¡c ¡ssumcd
to bc intcrc¡l¡¡cd i¡ v¡cUum; tho mct¡l h¡li'¡.s wcrc ¡ssuDcd to
bc intcscalctcd i¡ chloriuc at tbc oquilibriu¡D dissociation p¡cr-
tufe

Tbc timc trcccss¡ty for r givcn rcactio¡ stcp clD bc calcu-
latcd from lnowlcdge of thc physicrl propcrtics of lbc intc¡c¡-
¡¡tcs. T¡c bcat d vaporiz.ation (or sublim¡tion) is tbc principlc
fector ir dclornbi{ tbc cvaporatiou ¡Dd condcnsrtio! rates,
vhile thc peSlncc'o? ¡u ¡mbicnt g¡s most ztlcétcd thc r¡tc of
itansport of tbc i¡tc¡c¡l¡tc from tbc intc¡críatc rcsc¡voi¡ to tbc

s¡mplc" It w¡s ¡ssumcd t¡¿t if su¡face rc¡ctions cristc4 tbc
tinc nccdcd for tbc surfacc rcactioD was ncgligiblc" Estimatcs
for tbc in-plaoc diffusion cocfficicnts wcrc bsscd oa au cmpiri-
c¡l corrc¡sl¡on of lbc diffusio¡ cocfficic¡t witü tbc mcltiog
point [],2). lf tls iute¡c¡lats spccics w¡s o¡dc¡cd ¡t tbc rc-
¡ctiotr tempcr¡turc thc diffusion cocfficic¡t w¡s estimatcd as tl¡c
¡clf-diffusion cocfficic¡t i¡ a soli4 if thc i¡tc¡c¡latc was ¡ot
ordc¡c4 tbc diffusion cocfficic¡t *rss estimltcd as tbc sctf-
diffusion cocfficicat io a liquid. Tbc st¡ging rclction wrs as-
suocd to brvc ¡¡ Ar¡bc¡iug tcmpc¡lturc dcpca&acc, usiog tlc
slmc rctivltion .ncrgy as thc diffusion cocfficic¡t and a pre-
muttiplicr dctc¡mi¡cd from thc staging rcacüon ratc i¡ bromiDc-
graphitc compoundr.

3 Rel¡tive Significence of the Reaction Steps

Figurc I comp!¡es tbc ¡cl¡tivc siguificancc of tbc diffcrent
¡c¡ction stcps in tbc ovcralt rcaction timc. Since a widc rangc
of tcmpcrrturcs was co¡sidcrcd, t!. timcs for ¡o individual stco
v¡ry ovcr s€vcr¡l ordc¡s of magnitudc bctwec¡ thc diffc¡ent inl
tcrcalatc spccics. To compare rbc rct¡tivc importancc of tlrc
i¡dividu¡l rclctioD stcps for thc diffe¡c¡t iDtercshtca, tbc re¡c-
t¡o¡ timc for rD irtcrcat¡tc w¡s tolatcd and tbc amouDt of timc
rc¡rtivc to thc tot¡l tinc was ploüc¿

B¡omi¡c ¡¡d iodínc mo¡ocbloridc i¡tctc¡l¡tc ¡s ordc¡cd
st¡ucturc¡ !¡d co¡¡cqucntly c¡hibit stow diffusio¡ tb¡ough tbc
samplc, witb thc rcsutt .t!¡t diffusiou co¡trot is crpcctcd.

Tbc c¡lculetio¡¡ fo¡ tbc all¡¡li mct¡ls iodicaüc tb¡t ¡o sin-
g¡c rclctio¡ stcp is clc¡tly ratc controlling. Tbc i¡dic¡tio¡ of
r mirtu¡c of coltrolling step¡ is supportcd by rcportr o! tlc
Linctics of altrli mct¡l intcrcalatiou AronsoD ¡nd Salz¡uo [3J
i¡dicatcd th¡t t¡c &sorption of ccsium from graphitc intcrc¡la-
tiou compounds is controllcd by thc cvaporalioD ¡aüc of ccsium
from 'hc surf¡cc of tbc graphita Pflugcr ct al. [4] i¡dicated
th¡t tbc intcrc¿latio¡ of alk¡ti hct¡ls crDr¡ot bc dcsc¡ibcd adc-
quatcly by a singlc rclctio¡ mechanism. Hamwi ct al. [51
suggcsGd tbt thc kinctics of intcrcalation of potassium could
bc dcscribcd by at cmpirical law of tbc form L , r cxp(bt),
\rybc¡c t is is tbc timc, ¡ is ¡ ro¡DllizatioD constsnt. L is tbc
Foctr¡üon lcngth of tha i¡tcrcalat¡a a¡d b is tbc slopc of thc
tirc dcfi¡cd by plottilg l¡ L vc¡sus tin¿

Tbc calcul¿tions for thc mctat h¡lidcs indic¡tc t¡lt th.
cv¡poratioa ¡Dd condcDs¡tion of tbc idcrcalatc on tbc samplc is
Dost lilcly to bc tbc limiting rc¡ctioD stcps, which is ia Lccp_
ing with thc low v¡por p¡cssurc at rhc ¡c¡ction tcmpc¡stura It
mry bc possiblc to sct up tic ¡c¡ctio¡ so that tbc mct¡l b¡lidc
rs complcrcd with c¡ccss balogca. to fo¡m ¡ morc volatilc ha-
lidc- If tbc b¿tidc complcr dccomposcs at thc samplc su¡frccr
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l!. nct t¡ansport ¡atc of thc mct¡l b¡lidc clo bc
iocrc¡sod t6, 7, 81. Sucb a comptcriog rc¡ctioD is ¡ot llkc¡
i¡to ¡ccoult iD this spprorimstio¡ of tbc tnhsport stcp.
No¡¡ctbclcss. Fland¡oi¡ [9] iDvcatigaücd t¡c i¡tc¡calatio¡ of
nickcl cbloridc a¡d coocludcd from tbc Li¡ctic¡ ¡¡d tbc ¡ctiv¡-
tion crcrgy th¡t thc rc¡ction controlling stcp was citbcr
cvapo¡ation or co¡dc¡srtioD. Tbc s¡mc conclusio¡ wr¡ rc¡chcd
by Dowcll ¡nd B¡dorrcl [l0l in I study of thc intcrc¡t¡tio¡ of
prll¡diun chlo¡ido ¡¡ gnphit¿

Nitric rcid, arscnic pcntrfluori& ¡nd autinony peatafluor-
idc form a spocbl group. For tbcsc coEpou¡ds tüc ¡cüvc i¡-
tcrc¡lrtln¡ ¡gcDt ir formcd by tbc dis¡oci¡tioo ot tb. i¡itirl i¡¡-
tcrc¡ht. Figurc I i¡dic¡tcs tb¡t ¡ll tb¡cc ¡bould bc üffu¡io¡
co¡trollcd. Howcvcr, tbc aorlysis igaorcc tüc po$¡b¡tity of ¡
su¡facc ¡c¡ction otbcr t!¡¡ ¡d¡orption, ¡¡d is lbcrcforc probably
not ¡ppropri¡üc for thcso coopouodr witb m¡rtcd dfusocirtio¡"
Erpcrincntdly it ¡ccm¡ tü¡t lo¡ tbéc coDpoua& ¡ surf¡cc rc-
action may bc tüc l¡EitiDg r!ap. Forsmr¡ i¡dicatcd thlt ¡ sur-
f¡cc rc¡ctio¡ mry bc tüc controlling stcp in tlc intcrcal¡tio¡ of
nitric ¡cid [ltl: Hoolcy [l2l obecrvcd tbt thc inlc¡c¡l¡tio¡
ratc of rrsc¡ic pcutafluoridc is marlcdly diffsc¡t bctx/cc! t!É
first i¡tcrc¡l¡tion ratc a¡d thlt obtrincd by dcrorbiag tbc arnplc
and subscquc¡tly rc-intcrcalatilg.

Thc cffcct of varying tbc tcmpcr.tu¡c of tbc systcm, or
baving thc iatcrc¡l¡tc rcscrvoi¡ !¡d samplc ¡t diffcrc¡t tcmp"rt-
tu¡cs i¡ indicaücd ia Figurc 2. This figurc iilust¡ltr. thc
cbangc iu tbc rcl¡tivc importrncc of rc¡ction rltcs for tbc i¡tcr-
calatio¡ of cc¡ium" Rcactios t¡Bca wcrc c¡lcutatcd for intc¡c¡-
t¡tc rcscrvoi¡ trcmpcraturcs of 250,300, ¡¡d 350cC. witb
rcscrvoir-s¡Eplc tcmpcr¡turc diffcrc¡ccs of 0,50 r¡d l0OcC
for cacb rcscrvoir tcmpc¡rtura _ Tb. primary cffcct of
incrcasing tbc rcsc¡voi¡ tcmpcntuy' is to E¡ke tbc diffusiou
stcp dominatc tlc rc¡ctio¡- This is duc to thc frct thrt t!. ¡c-
tiv¡tioti.r¿¡Grg'.'for diffu¡io¡,/i¡ sm¡tlcr th¿n tlc bc¡t of
vaporiz¡tioo. As tbc tcmFralurc inc¡cascd tbc vapor prcssurc

Thc frrctio¡ of timc ¡ccdcd fo¡ c¿ch ¡e¡ctio¡ stcp for va¡ious intc¡crlatc apccics.
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Reservlor - Sauple Te¡perature Dlfference (oC)

Tbc f¡action of tioc ¡ccdcd for tbc domi¡¡ut rc¡ction stcps ia tDG i¡tcrc¡latio¡ of ccsium in grtpbitc
witb 0. 50 ¡nd t00cC tcepcrrturc differencc¡ bctwcc¡ tbc ccsium rcsc¡vo'ir ¡nd tbc graphitc samptc.
(¡) Cc¡ium rcsctvoir at 250oC (b) Ccsiun rgsc¡voi¡ rt 30ocC (c) C.csium rcscrvoi¡ ¡l ¡JooC.

of cesium i¡crc¡scs morc rapidly tban docs tbc diffusioa lbtc.
so that tbc timc for cvapor¡tioD bccomcs short comparcd to tbc
titnc nccdcd for diffusio¡ into thc samptc.

Thc principlc factors io dctcrmining tbc intcrcrlatioD ¡atc
appcar lo bc tbc diffusio¡ raG of rhc intcrcal¡tc witbi¡ tbc
samplc and 'hc vapor prcssurc of tbc intcrcalata Low vapor
prcssu¡G of thc intcrca¡¡tc imply slow cvolutio¡ timcs of tbc
intc¡calatc from tlc rescrvoir. Surfacc rc¡cliorú mly also bc
ntc-li¡¡iting, but r¡c vcry difficult to cstimaüc ¡ prio¡i
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