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XPS valence band spectrum of diamond and graphite
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INTRODUCTION

During the 1979 Chemfcal Systems Laboratory (CSL) Scientific
Conference on Obscuration, attention was drawn to the fact that
intercalated graphite of density approximately two can be exfoliated
by sudden application of heat, to produce graphite whose density {is
about 0.004 g/cm3 which {s only three times larger than that of air.
Particles of 10 through 35, size when dispersed in air will remain
suspended for a long time and being composed of graphite, could be
used as a battlefield obscurant. Graphite particles will be effec-
tive absorbers over a wide range of the electromagnetic spectrum
from the ultraviolet to the microwave region embracing visible,
infrared, and far infrared regions. This study reports on inter-
calated graphite before and after exfollation. X-ray photoelectron
spectroscopy has bheen applied to study the electronic states
involved in the electrical conduction of the materfal. The XPS of
the core levels gives information on chemical interaction iIn the
material. X-ray diffraction has heen used to study the changes in
the lattice spacing both along the c-axis and in the plane of the
hexagons. Optical reflectivity has been studied from 0.5 eV to 6.3
eV in the near visible region. '

Most of the study has been performed on 35y and 120y unexfoli-
ated and exfoliated graphite complex. Four specimens were provided
by Dr. J. Maire of Le Carbone, Lorraine, Gennevillier, France. The
complex is a proprietory commercial product of the Le Carhone Co.,
which 1s produced by the action of sulfuric and nitric acid; how-
ever, further detalls of the process are lacking. It appears that
the exfoliation is achieved by the sudden application of heat to the
complex.

In this laboratory, it has been possible to produce the exfoli-
ated material from the complex by putting it 1into a furnace at
1000°C. Also, graphite intercalated with molecules of AlCl3, AlBr3,
and FeCl3 obtained from Alpha products, Danvers, MA has been exfoli-
ated in the same way. However, the density of the exfoliated speci-
men from Alpha products i{s not as low as that of the Le Carbone Co.

FEXPERIMENTAL RESULTS
XPS Studies

X-ray photoelectron spectroscopy has been applied to study the
valence and core levels of intercalated graphite both of the exfoli-
ated specimen and of the complex before exfoliation. The valence
band has been compared with that of diamond dust. Diamond being a
large band gap 1insulator, has a density of states that reaches zevro



at about 5 eV of binding energy (ref 1). In comparison to diamond,
ordinary graphite shows the valence band extending to zero of the
binding energy scale (fig. 1) although a well pronounced Fermi
level, as exhibited by a metal, 1is not evident. All {intercalated
complexes showed increased density of state in the conduction band
(figs. 1,2) due to the effect of intercalation. The AlCl3 and AlBr3
intercalates showed prominent structure in the valence band with
peaks at 6 eV and 8 eV. These sharp peaks are direct contributions
of the 3p and 4p levels of chlorine and bromine, respectively, and
these levels are likely to be localized since the specimen had only
1 to 4% atomic concentration of the halogens. Exfoliation ceused
the valence band spectrum to become somewhat fuzzy so that the
structure was reduced, but the extension to zero binding energy was
not affected. The core levels of carbon showed no large shift due
to intercalation or exfoliation.

Elemental analysis carried out with XPS techniques showed that
in the 120y, specimen the atomic ratio of sulfur to carbon 1s about
3:100, while that in 35p is 6:100. After exfoliation the ratio
drops 1in both specimens by a factor of ten, which means that during
heatin; most of the sulfur escapes from the specimen with some oxi-
dized sulfur remaining. From: the XPS study it can be concluded that
exfoliation does not cause any reduction of electrical conduction.
Therefore, exfoliated graphite should be a good obscurant over a
large part of the spectrum.

X-ray Diffraction

In the X-ray diffraction work, the peak positions, peak shapes,
and small angle scattering of Le Carbone intercalated graphite, both
unexfoliated and exfoliated, have been studied and compared with
pure Asbury graphite. From overall comparisons of diffraction pat-
terns with Asbury graphite, it appears that the intercalation com-
pounds possess an essentially undisturbed graphtie structure, and
that the intercalated molecules interact very weakly with the carbon
lattice and fit easily 1into the open structure of graphite. A
alight (0.3%) contraction along the c-axis has been observed.
Usually expansion i{s expected (ref 2). The reported contraction
disappears 1in the exfoliated specimen. No such contraction or
expansion within experimental uncertainty was observed in the inter-
calated graphite 1in the plane perpendicular to the c-axis. Very
definite low-angle scattering (20 < 3°) {s shown by the exfoliated
sample. This most probable arises from the porosity associated with
the expansion.

Because of the tendency of the flakes to orient when packed in
the plate~geometry X-ray sample holder, neutron diffraction measure-



ments were also performed. Three samples were atudied: 35y
complex, 35y exfoliated, and Asbury graphite. The results are {n
agreement with the X-ray diffraction measurements; however, a few
additional features were revealed. High~angle side asymmetry
observed with X-rays for the (002) reflection in all samples |{s
apparently an instrumental effect. With neutrons, only the complex
showns asymmetry, and this disappears after exfoliation. Further-
more, the asymmetry 1s of a complicated nature, consistent neither
with simple strain nor crystallite-size effects. The (002) asym-
metry suggests a nonuniform sample, part of which exhibits a
slightly increased c-axis spacing, while the remainder is still nor-
mal graphite. 1In contrast to this, the (004) d-spacing for the com-
plex shows a slight contractlon - consistent with the X-ray results.

No new peaks or any significant changes 1in relative (00¢2)
intensity (neutron data) were observed so that definite intercala-

tion gstages do not seem to be present.

Optical Reflectivity

The optical reflectivity of the unexfoliated and exfoliated
graphite was compared with that of ordinary graphite in the range
between 0.5 eV to 6.3 eV (ref 3). No difference was ohserved.

Electron Microscopy

Scanning electvon micrographs were taken of both the complex as
obtained from Le Carhone and the complex after exfoliation in this
laboratory. Photographs 321 and 323 (fig. 2) show particles of the
complex at low (X 260) and high (X 1500) magnification. Particle
sizes average about 50u and the layered structure of graphite is
clearly evident. Photographs 202 and 203 (fig. 3) show particles
after exfoliation at low (X 150) and high magnification (X 1400).
The graphite layers are now expanded into a cell~like pattern which
explains the low density. Additional photographs indicate a cell
wall thickness of about 0O.ly or less. Small spheres of graphite
having a O.ly wall thickness and a density of 0.004 g/cm3 would have
a radius of about 10y. Observed cell spacings are not at all
uniform but are distributed over the range of 1 to 10y, Additional
improvements in the method of preparing the exfoliated material that
would either reduce the cell wall thickness or produce a lower den-
sity of cells would result in a material whose density would
approach more nearly that of air.



CONCLUSTIONS
The present study leads to the following conclusions:

l. C-axis spacing shows slight decrease rather than increase in
the Le Carbone specimen.

2. Exfoliation doe- not adversely affect the electronic density
of states near the Fermi level. Thus, the exfoliated graphite is
likely to be as good an obscurant as graphite.
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