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The uitramicrostructure of certain graphite-intercalate residue compounds known to exhibit 
ordering has been investigated using high-resolution transmission electron microscopy and electron 
dii?raction. Some novel ternary graphite-intercalates formed as a result of interactions between 
existing intercalates and other guest species have also been investigated. The superlattice patterns 
associated with the ordering of the intercalating species are readily interpretable, and it has been 
possible to obtain direct lattice images of the {lOiO} graphite (0.21 nm) of the jlO0) intercalated 
FeCl, (0.52 nm) and of {lOiO} intercalated potassium (0.36 nm). It is shown that potassium acts as an 
effective reducing agent, and, in the graphite-ferric chloride-potassium system, free iron and 
potassium chloride are formed. The catalytic activity of this ternary intercalate is probably asso- 
ciated with highly dispersed free iron. 

1. 

It is now generally agreed (9) that, upon 
appropriate undersaturation such as vapour 

A number of atomic and molecular species 
in various electronic states can be accom- 
modated between the layers of materials with 

pressure reduction, and even when the pressure 

lamellar structures such as graphite (I), the 

of intercalant is ultimately zero, a certain 

transition metal dichalcogenides (2), and 
certain sheet silicates (3) thus causing the 
crystal to swell. These changes are readily 
detectable by X-ray diffraction methods which 
yield space-averaged structural information. 
Despite the fact that intercalates are often 
suitabIe for high-resolution electron micro- 
scopy and selected area electron diffraction 
techniques, comparatively little work has 
been carried out to elucidate the structures 
of these materials. For example, of the 40 or 
so known intercalates of graphite, electron 
diffraction studies have been reported for 
only a few: graphite-potassium (4) graphite- 
halogen (5,6), graphite-ferric chloride (7) and 
graphite-molybdenum pentachloride (8). 

proportion of the guest species remains 
between the layers, thus forming a stable 

In view of the recent interest shown in the 

residue compound. It is thought (10) that the 
intercalating species is trapped by lattice 

catalytic potentialities of certain ternary 

imperfections to form isolated islands. De- 
tailed structural information on such com- 
pounds, however, is difficult to 

1 With our instrument (Philips EM 300) areas with 
diameters as small as 10 pm could be analysed. 

o 
conventional single crystal X-ray diffraction 
techniques since the data are collected from 
a relatively large volume of material and thus 
only an averaged structure is obtained. The 
availability of microbeamr (or selected area) 
electron diffraction techniques and high-, 
resolution electron microscopy, which can 
resolve particular lattice planes of the crystal, 
however, avoids some of the inherent di% 
culties of interpreting the X-ray patterns and 
permits the limit of the technique a projection 
of the structure of the layer planes to be in- 
ferreddirectlyfromelectron-diffractione%ects, 
provided due cognisance is taken of multiple 
and inelastic scattering processes. 
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FIG. 1A. Phase-contrast high-resolution image of two of the three {lOiO} lattices of graphite separated by 0.21 nm. 
The corresponding diffraction pattern is shown in the inset. 
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FIG. 1B. Schematic representation of the three-beam tilted illumination arrangement employed to obtain 
Fig. IA. C. Schematic representation of the fringe pattern configuration shown in Fig. 1A. (The fringes delineate 
the unit meshes of graphite.) 
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graphite intercalates (II), such as graphite- 
ferric chloride-potassium, we undertook a 
detailed study of this material. It was felt that 
a better understanding of the structure of this 
material would be obtained by carrying out, 
in addition, a reexamination of the struc- 
tures of graphite-potassium, graphite-ferric 
chloride, and graphite-bromine and to investi- 
gate the nature and structure of other possible 
ternary compounds such as graphite-potas- 
sium-bromine. 

2. M ateriaks 

The graphite crystals employed in the 
investiga.tion were naturally occurring speci- 
mens (obtained from Ticonderoga, N.Y.) 
which had been subjected to stringent puri- 
tication procedures (12). Samples suitable for 
transmission electron microscopy (less than 
100 nm thick) were obtained by repeated 
cleavage using adhesive tape which was subse- 
quently dissolved in chloroform. Such cleaved 
single crystals invariably oriented with their 

basal planes paratlel to the support grid, 
thus making it impossible to image the inter- 
layer lattice. Such images could be obtained, 
however, by using powdered natural graphite 
(Type SPI Union Carbide) which tends to 
assume a random orientation on the support 
grid and it was found that certain crysta~iites 
were suitably oriented to permit imaging ofthe 
interlayer lattice. The lattice images were 
obtained usimg a Philips EM 300 electron 
microscope. 

The intercalates were prepared as fohows. 
(a) Graphiteyferric CYhride. Anhydrous 

ferric chloride and graphite were heated 
together in a sealed tube containing a small 
pressure (~0.5 Torr) of chlorine gas at 573 K 
for 3 days and the intercalate was freed from 
any excess ferric chloride by washing with 
dilute hydrochloric acid. 

(b) Graphite-bromine. Graphite was tx- 
posed to bromine vapour in a sealed evacu- 
ated tube at room temperature for 3 days. 

(c) Gru~~ite-~otas~i~~. Graphite was ex- 
posed to potassium vapour in a sealed evac- 
uated tube at 573 K for 24 hr. 

FIG. 2. Phase contrast high-resolution image of the interlayer lattice of graphite with regular spacing of0.34 rvn. 
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FIG. 3A. Selected area electron diffraction pattern characteristic of graphite-ferric chloride intercalate. 

FIG. 3B. Phase contrast high resolution image of the {loo} lattices of graphite-ferric chloride intercalate with 
spacings of 0.52 nm, using axial illumination. 
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FIG. 

circles 
3C. Schematic representation of a possible configuration of the image observed in Fig. 3B. The iargi: 

reoresent chlorine atoms, above (open) and below (closed) the plane of iron atoms (sma2 closed cirdes). 
The broken lines represent the graphite lattice. 

(,d) Graphite-potassium-bromine. Graphite- 
bromine was exposed to potassium vapour 
in a sealed evacuated tube at 573 K for 24.hr. 

(e) Graphite-ferric chloride-potassium. 
Graphite-ferric chloride was exposed to 
potassium vapour in a sealed evacuated tube 
at 573 K for 24 hr. 

esults and Discussion 

3.1. Unreacted Graphite 
Cleaved samples produced characteristic 

srngle crystal graphite hexagonal spot diffrac- 
tion patterns. (Fig. 1A inset). We were able 
to obtain a phase-contrast high-resolution 
image of two of the three jlOiQ) planes 
separated by 0.21 nm (Fig. IA). This is in 
excellent agreement with the accepted X-ray 
value of 0.213 nm. Three-beam tilted illumi- 
nation was employed as shown in Fig. LB. A 
possible configuration of the fringe pattern is 
shown schematically in Fig. 1C. (The fringes 
delineate the unit meshes of graphite.) 

Lnterlayer lattice images with regular spac- 
ings of 0.34 nm are readily obtained with the 
powdered graphite (Fig. 2). 

3.2. Graphite-Ferric Chloride 
Graphite-ferric chloride was the Sirs: 

graphite intercalate to be studied by eiectron 
diffraction (7), and most of the difiraction 
patterns obtained in our investigation (Fig. 
3A) were found to be identical to those inter- 
preted earlier by Cowley and Ibers (7)* They 
pointed out, and our investigation confirms 
their findings, that the patterns might seerm 
at first sight to result from diffraction fropn a 
mixture of graphite and ferric chloride with 
the respective a axes of the two hexagonal 
lattices rotated by 30” with respect to one 
another around the common c axis. The 
appearance in these diffraction patterns of the 
forbidden (100) ferric chloride reflections, 
however, suggests that there is disorder 
normal to the layer plane, i.e., the normai 
ferric chloride stacking sequence is absent 
resulting in an extension of (100) re~e~t~~ns 
into finite rods in reciprocal space and their 
consequent appearance in the diffraction 
pattern. Lattice images can be obtained from 
these (100) reflections (using axiat ii!umi- 
nation) and the first such image of an inter- 
calate is shown in Fig. 3B with the requisite 
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FIG. 4A. Complex, selected area electron diffraction pattern of graphite-ferric chloride intercalate produced 
by multiple diffraction effects and slight departure of the intercalating species from sixfold point symmetry. 

. 

. 
FIG. 4B. Schematic representation of multiple 

diffraction effects shown in Fig. 4A. Each graphite 
reflection (e) acts as a primary beam and produces 
further ferric chloride diffraction effects. 

spacing of 0.52 nm. Figure 3C represents a 
possible configuration for these images. 

Occasionally, extremely complex diffrac- 
tion patterns were obtained (Fig. 4A) resulting 
from two additional factors namely, multiple 
diffraction and a slight departure of numerous 

ferric chloride layers from sixfold point 
symmetry. Each graphite reflection acts as a 
primary beam, producing around it further 
ferric chloride patterns identical with the one 
shown in Fig. 3A. This is illustrated schemati- 
cally in Fig. 4B. The slight departure from 
sixfold symmetry leads to the appearance of 
Moire fringes with spacings of approximately 
I5 nm (Fig. 4C). 

3.3 Graphife-Bromine 

The structure of residual graphite-bromine 
has also been studied previously by electron 
diffraction (5) and identical results were 
obtained in our investigation. The diffraction 
pattern (Fig. 5) shows the usual graphite 
reflections together with intricate arrays of 
superlattice reflections and modulated streaks. 
Such effects indicate that bromine exists 
within the layers with a well-defined two 
dimensional structure which has a precise 
orientation relative to the adjacent graphite 
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FIG. 4C. Moire fringes with spacings of approximately 15 nm caused by the departure of the ferric chioridc 
intercalating species from sixfold point symmetry. 

FIG. 5. Selected area electron diffraction pattern characteristic of graphite-bromine intercalate showing :hr, 
uscai graphite reflections together with intricate arrays of superlattice reflections. 
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FIG. 6A. Selected area electron diffraction pattern of graphite-potassium intercalate showing that the potassium 
is ordered with a superlattice cell equal to (3~7)“~ of graphite. B. Schematic representation of possible arrangement 
of potassium on the graphite lattice which would produce a (3~2)“~ superlattice. 

layers. The pattern is made up of three sets structure and the modulated streaks observed 
of reflections related to one another by in the diffraction pattern are due to the pres- 
rotation of 120” about the incident electron ence of random alterations of the chain 
beam. Eeles and Turnbull (5) have interpreted directions between two possible configurations 
the results in terms of a bromine chain (See Fig. 11 of Ref. (5)). 
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FIG. 7. Phase contrast high resolution image of graphite-potassium intercalate showing potassium contained 
in a hexagonal island and revealing the {IOiO} lattice planes of potassium with a spacing of 0.36 m-n. 

3.4. Criqdzite-potassium 
Graphite-potassium is probably the most 

we&known graphite-metal intercalate. The 
electron diffraction pattern of this material 
(Fig. 6A) indicates that the potassium is 
ordered with respect to the graphite lattice 
and the potassium superlattice has a hexa- 
gonal unit cell with an a dimension equal to 
(3a)“Z of graphite, i.e., a = 0.426 nm. Potas- 
sium arranged on the graphite lattice as shown 
in Fig. 6B would produce such a superlattice. 
The potassium is occasionally contained in 
hexagonal islands with oriented edges which 
exhibit strong Moire effects (4). The (lOi0) 
lattice planes of potassium with a spacing 
of 0.36 nm is also revealed (Fig. 7) in neigh- 
bouring regions of the crystal but it is apparent 
that there are orientational differences between 
isolated potassium islands. 

When graphite is saturated with potassium, 
each interlayer space contains the metal in an 
ordered arrangement but such a compound 

is unstable in vacuum and loses potassium 
readily to form the residue compound under 
discussion. A lattice image of the interlayer 
region of powdered graphite (SPl)-potassium 
(Fig. 8A) reveals that the intercalated potas- 
sium is located at random between the layers 
since some layer spacings are identicai to the 
normal graphite value (0.34 nm), whereas 
other layer spaces contain intercalated potas- 
sium and the layers have swelled to accom- 
modate the additional atoms. The corres- 
ponding diffraction pattern (Fig. 8 
streaking of the (0001) reflections indicative of 
this random intercaiation. 

3.5. Graphite-Potassium-Bromine 
The possibility of forming an intercaiate 

from more than one intercatating species 
had not been exploited until recently (II). 
When a graphite-bromine intercalate is 
treated with potassium we find that the 
diffraction pattern of the resulting intercalare 
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I 3~. SA. Phase contrast high-resolution lattice image of the interlayer region of graphite-potassium shou ring 
tha t the intercalated potassium is located at random between the layers. Regions containing potassi ium 
w educe lighter layer images in the micrograph. B. Selected area electron diffraction pattern containing the 
are a shown in Fig. 8A. Streaking of the (0001) reflections indicates random distribution of intercalating speci ies. 
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FIG. 9A. selected area electron diffraction pattern of graphite-potassium-bromine. The pzliern consists of 
raphite reflections and reflections due to potassium bromide in certain preferred orientations. &. Electron 
Gcrograph of graphite-potassium-bromine revealing the presence of cubic crystals of potassium bromide 
rowing expitaxially on the graphite surface. 
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FIG. 10. Complex selected area electron diffraction pattern obtained from graphite-ferric chloride-potassium 
intercalate showing evidence for the presence of potassium chloride and free iron. 

(Fig. 9A) consists of reflections arising from the Even though its diffraction pattern is compli- 
graphite itself and other reflections from cated (Fig. IO), it shows evidence for the 
potassium bromide in certain preferred orien- presence of potassuim chloride and free 
tations. The electron micrographs obtained iron. The presence of free iron has been 
of this material, however, revealed the pres- confirmed by IvEssbauer spectroscopy (13). 
ence of cubic crystals of potassium bromide We conclude, therefore, that potassiumreduces 
which had grown epitaxially on the graphite ferric chloride to free iron and forms potassium 
surface (Fig. 9B). It would appear that the chloride. The catalytic activity of this material 
resulting compound is not an intercalate and is due, in all probability, to the presence of 
the potassium has extracted the bromine from this free iron dispersed on the exterior surface 
the interlayer spaces to form potassium of graphite thus affording a large and acces- 
bromide on the surface. sible iron surface for catalysis. 

3.6. Graphite-Ferric Chloride-Potassium 
The ternary compound of potassium with 
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