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Analysis of the (001) x-ray diffractograms of well staged graphite-FeC13, stages n=2,3,4,5 
and graphite-ZnC12, stages n=4,5 compounds reveals important structural information con- 
cerning these compounds. The I ,  separation between intercalated layers is observed. The 
FWHM for analysed intercalated specimen were found not to  be significantly different from 
the values for pristine graphite. Connections of results from the (001) x-ray diffraction with 
the Ic values for the reflection with maximum intensity may be used as a rapid method for 
stage identification. 

I. In t roduc t ion  

Using x-ra.y diffraction techniques it  is possible to 

obtain the stage index n of Graphite Intercalated Com- 

pounds (GIC)['] which is defined as the nurnber of car- 

bon layers between two intercalated layers. Information 

concerning sample homogeneity anù stage fidelitmy[2] can 

be obtained from the positions and linewidths of (001) 

diffraction profiles. The in-plane ordering and inter- 

calate stacking can be identified13] from the (likO) re- 

flections. Using (001) integrated intensitiesL4] one can 

obtain information about the inner structure of a mul- 

tilayer intercalant (ex. AlC13, FeC13) and a qualitative 

analysis of these integrated intensities can be used to 

characterize the separation c0 + 2 4  between the inter- 

calated layer and the two adjacent carbon layers. 

In this work, we present the GIC structure factor 

and scattered intensity calculations. We also report the 

following, from (001) x-ray experimental data in GIC- 

FeC13, ZnClz: (a) the repeat distance I,; (b) the extent 

of stage fidelity through the intensity of maximaidenti- 

fied with secondary stages; (c) the sample homogeneity 

as determined by the half-widths of the reflections and 

(d) a simple procedure to  identify the stage index n of 

any GIC from scattered integrated intensity data. 

11. GIC S t r u c t u r e  fac tor  calculatioiis 

Contributions of s atoms in the unit cell to the struc- 

ture factor F(hk1) is given by: 

where 6 is the reciproca1 lattice vector, 6 denotes the 

coordinates of the j-th atom in the unit cell. f j  is the 

scattering factor if the j-th atom, given by: 

where Bj is the Debye-Waller temperature factor, X de- 

notes the incident wavelength and f! is the scattering 

factor for the atom at rest. 

Considering only reflections in the basal planes, we 

can evaluate contributions to the structure factor of the 
intercalated atoms and also those contributions due the 

carbon atoms. 

Fig.1 shows a simplified model of a GIC structure. 

Taking the system origin on the intercalated layer, 
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( r j ) i  = O and considering the same scattering factor 

fi for the intercalated atoms, we liave: 

where Ni is tlie number of intercahnt atoms per unit 

cell . 

Figure 1. Simplified model of a GIC Structure. S repre- 
sents tlie intercalated layer and tlie heavy line denotes tlie 
carbon layer. d ,  is the separation between an intercalant 
and adjacent carbon layers. The co and I, parameters are, 
respectively, the separation between two graphite and inter- 
calated layers. 

This is the contribution of intercalant atorns, which 

are supposed to be monoatomic, to the total structure 

factor. The contribution due to carbon atoms is 

where N, is the number of carbon atoms per unit cell, 

rr:  = co/I,. co = 3.35A is the separation between two 

graphite layers and I, is the intercalant repeat distance, 

along c-axis. The parameter I ,  is related with tlie stage 

n ,  as: 

where di is tlie separation between an intercalated layer 

and tlie atijacent carbon layer. Experimentally, I ,  can 

be measured from the positions of diffraction pealts, us- 

ing Bragg's law, 

where 8, is the diffraction angle. Taking 5 = Ni/Nc as 

the intercalated density in the unit cell, tlie GIC struc- 

ture factor is given by: 

Tlie reflection intensities are proportional to 

I[ F(001) l i 2  . In practice, some corrections are neces- 

sary to reduce the integrated intensities to  1 )  F(001) ) I 2  
due to tlie combir~ed Lorentz and polarization effects, 

CL, x-ray beam absorption by the sample, CA and a 

scale factor S. Hence, we obtain 

( 1  F(001) I /= [ s I (oo~) / c~c 'A]~ '~  . (a) 

Eq. (8) obviously does not give information about 

tlie atomic ordering in the intercalating layer. However, 

one can get qualitative information about (001) reflec- 

tions related with the intensities for any intercalated 

specimen (mono or multi-layered) and also about the 

stage n by neglecting fi in the Eq. (7). This approxi- 

mation is valicl when the intercalant species lias small 

atomic number or for cases where ATi is small compareci 
with N,. 

Using only Lorentz and polarization corrections[" liri 

Eq. (8)' we have the following approsimate espression 

for the scattercd intensities: 

where C/ = nxl/I,. 

Talting 1 as a continuum variable, the above equa- 

tion mearis that for a given wavelerigth A, the relative 

intensities for any GIC, for a given stage n, is related 

with a single plot of versus y. Hence, if we Iaow 

the y-values for each (001) reflection and the I, parame- 

ter, we can find out the maximum relative intensity and 

compare it to the most intense (001) diffraction maxi- 

mum obtained by experimental data. 

111. Experimental 

Sainples were prepared usiilg EIiglily Oriented Py- 

rolytic Graphite (HOPG) as a host material. The 

graphite specimens were cut to  typical dimensions 

5.0 x 6.0 x 0.4 mm3. The GIC-FeC13, ZnCl2 samples 

used in this work were prepared using the conventional 

two zone phase growth method[6]. The stage for each 

sample was determined by measuring the (001) X-ra.y 

diffraction peaks from a conventional B - 28 scan, at 

room temperature. CuKa radiation ( A  = 1.542A) frorn 

a Phillips P W  1380/60 generator was usecl and a Na(1) 
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scintillation detector was selected to provide discrimi- Gic - ZnCI, 
nation of the incident X-ray energy. 

Gic - FeCI, 

STAGE 3 
OM I,= 16.21 t 0.01 A 

l i  

60 5b 40 30 20 10 O 

DIFFRACTION ANGLE 28 (DEGREES) 

Figure 2. Stage characterization using X-ray cliffraction for 
stages n = 2, 3,  4 and 5 grapliite-FeCI3 compounds. The 
intercalated repeat distance Ir and stage index are given on 
the right. Reflections due to aclmixed stages are indicated 
by (*). Tlie HOPG diffractogram is included for compar- 
ision. The diffractograms were taken with a CuI<,, X-ray 
source and a Na(1) detector. 

STAGE 4 1 Ir=L0.561O.03 

DIFFRACTION ANGLE 2 0  ( MGREES ) 

Figiire 3. X-rap stage characterization for stages n = 4 and 5 
for grapliite-ZnC12 compounds. Reflections cliie to admixecl 
stages are indicated by (*). Tlie stage and the separation 
between two intercalated layers are indicated on the right. 

Fig. 2 and Fig. 3 show the  recordecl diffraction pat- 

terns for GIC-FeCI3 and GIC-ZnCI2 samples, respec- 

tively. Also shown in the figures are values for the corre- 

sponding intercalant repeated distance Ic, from Bragg's 

law analysis. We noted the appearance of some small 

secondary maxima (labeled by ali asterisk in Fig. 2 

and Fig. 3) for graphite-FeC13 stages 4 and 5, and for 

grnphite-ZnCla stages 4 and 5 compounds, indicating 

the presence of admixed stage in those samples. How- 

ever, these secondary maxima are not significant (5.0%, 

a t  maximum) compared to  the primary peaks. At this 

level, we can consider the samples as having a goocl 

stage homogeneity. 

IV. Discuss ion  

Metx ancl ~ o h l w e i n [ ~ ]  have shown that ,  other than 

the absence of secondary peaks, a random spacing be- 

tween intercalated layers shifts the posit,ions of the 
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diffraction peaks and increases the Full Width at Half 

Maximum (FWHM) of tliese peaks relative to tlie single 

stage material. 

In Fig. 4, we Iiave plottecl the FWHM for EIOPG 

anel for the intercalated sa.mples usecl in this worl;, in 

units of A(sinO/l) versus s i d / l .  Tlie figure revcals 

that the FWI-IR4 of tlie reflections for intercalation 

compoundsis not significantly different from t.hose for 

BOPG. Comparing tlie results, we concliicle that tlie 

samples, not only are well-sta.gec1 (witli tlie exceptions 

of FeCls stage 4 and Z11C12 sta.ge 4 a.nd 5 graphite com- 

pounds) but alço have little statistical disorcler a.fter 

intercalation. 

Figure 4. Plot of tlie Fii11 Widtli at Half R/Iaximum (FWHM) 
of the (001) reflections in iiiiits of A(sin 8/1)  versus sin 811 
for I-IOPC;, ancl grapliite-FeC13, ZnCJz compoiinds. 

Small observed cliffereiices rclative to EIOPG are 

mainly due to minor variations in the structure of tlie 

host material upon intercalatioii. 

In tlie Fig. 5 ancl Fig. G we have plottcd tlie re- 

sults of Eq. (c)) for the various samples. We have 

used tlie scaterring factor .f, froin referencer7], to esti- 

mate q(y). We also sliow tthe relative intensities I(001) 

for graphzte-FeC13 aiid grapkzte-ZnCI? obtained from 

cliffraction pealts. 

With regard to GIC - FeCls, tlie tlieoretical curve 

for q(y), in Fig. 5, shows that for n = 2,3,4 and 5 tlie 

intensity maximafrom (001) reflections are (004), (005), 

(006) and (007), respectively. 011 the other. hand, for 

GIC- ZnC12, it is founcl tliat for n = 4 anel 5, reflections 

corresponcl to (006) ancl (007), respectively 

If tlie most intensive (001) diffraction peak is as- 

sumed to be (O,O,n+m), wliere 11 is the stage index and 

rn is an integer, we lmve tliat for a given stage inclex 

n ,  the subsicliary maxima for increasiiig values of 20 

will 13e (n+in)-folcl. Here in is cleterinined empirically 

as being the nearest integer which is approximated by 

(d, -co)/co, wliere d, is tlie sandwich tliickness (the dis- 

tance sepa.rating two carbon layers between whicli, tlie 

intercalant is s a n d ~ i c h e d ) [ ~ - ~ ] .  Values for m=2 ha.ve 

been founcl for both, FeC13 and ZnC12, intercahnts. 

For graphite-FeC13 and grnphite-ZnC12 compounds, 

their respective most intense (001) diffraction peak oc- 

curs for 1 = n+2. This i1 va.lue agrees with our esperi- 

menta.1 results, using calculated values for I,, sllown in 

Fig. 2 and Fig. 3. The good agreement between theo- 

retical ancl experimental values shows that it is correct 

to neglect J f i  in Eq. (7). We argue this fact based on 

stoichiometric calculations. For ZnC12, a stage 3 inter- 
PI calated componnd, yields tlie formitla C16.5ZnC15,1. 011 

tlie other hand, for I+C13, tlie stoichiometry of sucli an 
[9-101 . intercalatecl procluct is C12..5FeC13 and C26FeC13 in 

the seconcl ancl third stages, respectively. Consequently, 

tlie highel the stage index, the sinaller the ratio of Ni 

to N,. As this ratio decreases, tlie contribution of [fi 

to t,he GIC st,ructure factor given in Eq. (7) becomes 

less important. 

Furtherniore, the validity of this approximation lias 

already been shown for GIC-I<,-Cs, sta.ge 2[3]. Neglect- 

ing (f; in Eq. (7) also sliows that Eq. (9) can be valid 

for monoatomic as well as poliatomic intercalant,~. 

Tlierefore, tlie method above can be used as a rapid 

and simple method for stage iclentification of graphite 

intercalation compoiinds. 

V. Conclusions 

(a) We liave obtained information ahout the repeat 

distance I, between two intercalated layers, tlie stage 

11 and tlie liomogneity of GIC-FeC13 and GIC-ZnC12. 

It must be stressecl that for the first time GIC-ZnClâ 

stages n = 4 ancl 5 were prepared; (h) All structural 

information in this work was analysed from angular 

positions, linewidths and integrated intensities of (001) 

diffraction pealcs, cleterminecl by X-ray diffraction tecli- 

niques; (c) A more complete determination concerning 

structural inforination for compounds presented in this 

work, can be obtained using the (hkl)  refiection lines, 

from which we can obtain experimentally the interca- 

lation clensit,ies ancl in-plane lattice parameters. In re- 

lation to graphzte-ZnC12, very litlle has been published 

so far along these lines. 
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Figure 5. Plots for relative X-ray iritensities ~ ~ i ~ ( y )  versus y .  

The dots denote measiired (001) intensities foi GIC-FeCI3, 
stages n = 2,3,4 and 5. 
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Y- 

Figure 6. Plots for relative X-ray peak intensity vil(y) ver- 
sus y, for stages n=4 and 5 grapliite-ZnC12 compounds. TIie 
dot,s represent experimental (001) intensity data. 
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