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Abstract: A series of Expanded Graphite (EG) with different Expanding Volume (EV) were prepared by
the two-step chemical intercalation, and the microstructures and morphologies of the EG particles and
their precursors were obtained by X-Ray Diffraction (XRD), Scanning Electron Microscope (SEM) and a
stereoscopic microscope, respectively. The extinction behaviour of EG for 1. 064 pm laser was measured
by a static test, and then the average mass extinction coefficient was calculated and its dependence on EV
was obtained and subsequently analyzed by the extinction theory. The results show that EG particles with
different EV, especially with an EV of 600 mL « g ', may be prepared by controlling the synthesis
conditions of the precursors, namely graphite intercalation compounds. The average interlayer spacing
(dy,) of the precursor for EG becomes larger than that of Natural Graphite (NG) due to the two-step
intercalation, and the EV of the EG whose precursor’s d,, rises from 0. 3590nm up to 0. 3711nm,

increases from 267 mL ¢ g=' to 600 mL * g~ '. The average mass extinction coefficient of EG depends

1 1

near-linearly on its EV, and rises from 0.20 m* « g~' up to 0. 48 m* « g~' while the EV increases from
233 mL ¢ g ! up to 600 mL * g ' in the static test. The phenomenon of nonselective scattering occurs
when an incident 1. 064 pm laser reaches to EG particles, and then the larger is the surface area of an EG

particle owing to a higher EV, the stronger is its scattering power to 1. 064 pum laser. Meanwhile, much
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deeper pores and cavities appear with the EV increasing, and may work as equivalent black bodies to

improve EG absorption of the incident laser.

Key words: Expanded graphite; Extinction; Laser; Two-step chemical intercalation; Expanding volume;
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0 Introduction
( EG),

exfoliated graphite, is a promising material for many

Expanded Graphite also termed as

applications including gasket, electrodes, thermal

fire-resistant composites and conductive

: Gt agll2]
resin composites

insulator,
etc. Such material also exhibits
excellent adsorption performance for the spilled oil in

B4 etc. Recently,

water, heavy oils or other organics
EG

graphene

attention as a helpful precursor for

It is also reported that EG has good

attracts
[5-6]

millimeter
12-13]

extinction performance in infrared”,

[10] [11]

and laser wavebands"

wave ', microwave
EG, a kind of modified graphite, is usually
prepared from Graphite Intercalation Compounds

(GIC) by rapid heating (usually up to 600~1000C),

and GIC is synthesized by the insertion of a wide range

of atoms, molecules and ions between layers of
graphite host materials™"'". After expansion, EG
consists of high-aspect-ratio vermicular graphitic

particles, and has a larger interlayer spacing with a
than flake

Therefore, much more pores, galleries and exposed

layered structure natural graphite.

layers occur in EG particles, and may interact with
some incident electromagnetic waves''".
Expanding Volume (EV),

volume and exfoliation volume, is a common parameter

or called expanded

to describe the expanding extent of the resulting
EG[IS.IS] s
density, extinction coefficient and so on. ZHAO Ji-jin et
al. have concluded that a high EV is benefit to infrared
The

extinction coefficients of certain EG particles for 1. 06 pm

and it has something to do with EG packing

and millimeter wave extinction behavior of EG®%),

laser have been calculated or measured *"*,

In spite of the prior work mentioned above, the
extinction behavior of EG has not been previously
studied with focused on how the laser extinction
performance depends on the EV of EG. Therefore,
based on our former work """ some EG particles
with several different EV were synthesized in this
work, and their extinction behavior for 1. 064 pm laser

were quantitatively studied, which is instructive to

obtain the EG with an excellent laser extinction
capability.

1 Material and methods

1.1 Materials

The Natural Graphite (NG) used as host material

for preparing EG was purchased from Pengsong
Graphite Factory in Pingdu city of China, and it has a
purity of 99. 9% and an average size of 300 ym. The
other reagents used in the experiment, such as sulfuric
acid (H,SO, ), potassium permanganate ( KMnO, ),
perchloric acid (HCIO, ) and acetic acid (CH; COOH)
are all analytical grade.
1.2 Synthesis of GIC

GIC, the precursor for EG, was synthesized by

[17-18]

the following procedures . As a first step, 5 g of
pure natural flake graphite, 10~ 30 mL of HCIO, (70
~72%), and 0. 5~2 g of KMnO, were added into a
three-necked flask. The mixture was heated and kept
stirring at 25°C for about 50 minutes. After reacting
sufficiently, the resulting product was washed with
and subsequently dried

then pre-GIC was

distilled water three times,
under vacuum at 40C, and
obtained.

In the second step, 10~30 mL of CH;COOH and
10~30 mL of HCIO, were poured into the flask where
there was 5 g of pre-GIC, and then 0. 8 ~1. 2 g of
KMnO, was added too. We obtained GIC after the
procedures of heating, stirring, washing, and drying,
as mentioned above.

Therefore, a series of GIC were synthesized
according to controlling the usage ratio of raw graphite
to intercalator and oxidant.

1.3 Synthesis of EG from GIC

Each sample of GIC (2 ~ 3g) synthesized under
different reaction conditions, was put into a certain
crucible, respectively. And then the crucibles were
placed in a vertical muffle furnace preheated above
800 C for 20 ~ 30s. After that, EG samples with
different EV were prepared successively.

1.4 Characterization and measurement

Micro morphology images of NG, pre-GIC, GIC
and EG particles were obtained on a JEOL JSM-6700F
The whole
morphology of an EG particle was obtained on an
XTL-3400 (X20~3100).

Expanding volume or bulk density was determined by

Scanning Electron Microscope ( SEM).

stereoscopic microscope
expanding the precursor and measuring the volume
which a given mass of EG occupies in a measuring
2] The XRD patterns of
analyzed on a Shimadzu XRD-7000 diffractometer
(CuKa radiation, A=0. 154 18 nm; 60 kV, 80 mA;

scanning range 20 = 20 ~ 80°; scanning rate 4°/min;

cylinder samples were

0414001~ 2



LI Xiao-xia, et al: Preparation and Extinction Behaviour of Expanded Graphite to 1. 064 Micrometer Laser

anodic voltage 60 kV and current 80 mA).

Small YAG a%lﬂg?a}gfe ,:|‘>Lasef power-| |Display
pulse laser attenuator level detector| | device

I

Schematic arrangement of a static testing way

Loading substrate

Fig. 1
The extinction behavior of the obtained EG was
characterized by testing its laser transmission and
extinction coefficient by a static testing way "*'!, which
is the easiest way to collect and suspend particles on a
transparent substrate while smoke chamber trials are
costly and time consuming. The schematic arrangement
for the static test is illustrated in Fig. 1, where a
transparent adhesive substrate (18cm X 18cm) was
placed in line between a small Yttrium Aluminum
Garnet ( YAG) laser ( Power,
frequency were 20mJ, 15ns and 1Hz, respectively.)
and a round GCO-303004 adjustable attenuator which
was followed by a LE-3 laser power-level detector. In
addition, 10040. 1 mg of EG was evenly dispersed and

adhered to the substrate as a specimen.

pulse width and

The transmission through the specimen or the
reference blank was measured on 18 sites of a loading
substrate at a time. In term of a blank substrate, the
value shown on the display was recorded 18 times and
then produced an average value in order to reduce
measurement errors. This average value was referred
as the reference blank transmission E,. When the
substrate was loaded with EG with a certain EV, the
value shown on the display was similarly recorded 18
times and then achieved an average value E too, which
was referred as the transmission of a certain EG

sample.

2 Results and discussion

2.1 Morphologies of NG, pre-GIC and GIC

The SEM micrographs of NG, pre-GIC and the
resulting GIC are shown in Fig. 2. The SEM images
demonstrate clearly the morphological variation of
graphite before and after intercalation. The NG layers
shown in Fig. 2 (a) are tightly in contact with each
other, and the interlayer spacing is very small, and
that of pre-GIC becomes a little larger owing to the
first step oxidation and intercalation ( Fig. 2 (b)),
Meanwhile, as shown in Fig, 2(c¢) ~ (f), much more
and larger interlayer spacing appear in the GIC as the
precursor for EG with an EV of 267, 383, 510 and 600
mL « g ', respectively. It is obvious that the precursor
for EG with a higher EV often has much more and

larger interlayer spacing.

(b) Pre-GIC

(¢) GIC (EV=267 mL-g™")

T TR T O AR A M e
() GIC (EV=510 mL-g ") (f) GIC (EV=600 mL-g )
Fig. 2 SEM images of NG, pre-GIC and GICs

2.2 XRD patterns of NG, pre-GIC and GIC

The XRD patterns of NG, pre-GIC and GIC are
presented in Fig. 3, and the 20 of (00/) peaks and the
d-spacing (d,,,) values are listed in Table 1. It can be
seen that the average interlayer spacing of the pre-GIC
dyy, 15 0. 3556 nm for the (002) peak at 20=25. 02°,
and this value is somewhat higher than that for NG
whose d,,, value is 0. 3358 nm at 20=26. 52°. As the
EV of EG particles increases from 267 to 600 mL -
g ', the d,, value of the precursor GIC for the (002)
peak rises from 0. 359 0 nm up to 0. 371 1 nm while 20
drops from 24. 78° to 23. 96°.

- 2

N
INU

34 Pre-GIC
3 4GIC(EV=267 mL/g)

3 4 GIC(EV=383 mL/g)

Intensity/(a.u.)

3 45 GIC(EV=510 mL/g)

3456 GIC(EV=600 mL/g)

20 30 40 50 60 70 30
20/(°)

Fig. 3 XRD patterns of NG, pre-GIC and GICs

According to the Bragg equation, the higher is the
interlayer spacing, the lower is the value of 20.
Therefore, the pre-GIC obtained by the intercalation of
HCIO, into NG in step 1 leads to an increase of
interlayer spacing along c-axis, and the GIC obtained
by the intercalation of CH; COOH into pre-GIC in step
2 leads to a higher d-spacing (d,, ) value. The

increased interlayer distance for the GIC may be helpful

0414001~ 3
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for the intercalation of much more atoms, molecules
and ions. So the GIC with a higher d-spacing (d,,)
value will become expanded enough and get EG with a
higher EV because of the decomposition of more

intercalation compounds during the thermal shock.

Table 1 Values of 20 and d-spacing (dyy;) from XRD
patterns of NG, pre-GIC and GICs

Sample Peak number  20/(%) d/nm
NG 1 26.52  0.3358
2 54.64  0.167 8
1 25.02  0.3556
PreGIC 2 28.04  0.317 9
3 51.44 0.177 5
4 56. 36 0.163 1
1 24.78 0.359 0
GIC 2 28.24  0.3157
(EV=267 mL g ") 3 50.88  0.179 2
4 56.32  0.163 2
1 24.48 0.363 3
GIC 2 28.00  0.318 4
(EV=383mL g ') 3 50.24  0.184 1
4 54.12 0.169 3
1 24.28  0.366 3
GIC 2 28.16 0.316 6
(EV=510 mL - g ) 3 49.84  0.182 8
4 52.32 0.174 7
5 54.04  0.169 6
1 23.96 0.371 1
2 28.12  0.317 1
GIC 3 47.76 0.190 2
(EV=600 mL g ') 4 49.12  0.1853
5 51.88 0.176 1
6 53.96 0.169 8

2.3 Morphologies of EG with different EV

For the whole view of an EG particle, the
stereoscopic images of EG with different EV are shown
in Fig. 4.
length of several millimeters, and a diameter of about
The EG particle with a
higher EV is much longer than that with a lower one.

o

It can be seen that an EG particle has a

hundreds of micrometers.

(b) EV=383mL-g !

"(d) EV=600mL-g !

(c) EV=510mL-g '

Fig. 4 Stereoscopic microscope images of EG particles

SEM images of EG with different EV are shown in
Fig. 5. It is obvious that EG has a cellular structure
(an accordion-like structure) and consists of cell walls
and voids. As shown in the upper-right corner of Fig.
5, much more and deeper pores appear with the

increase of EV.

L
(c) EV=510mL-g ! (d) EV=600mL-g !
Fig.5 SEM images of EG with different EVs
2.4 Laser extinction behavior of EG

the

average value of the reference blank transmission E, is

After the static testing shown in Fig. 1,

0.91 mJ. And those of the sample transmission E for

EG with a certain EV or bulk density, are also

obtained. Therefore, the transmittance ¢ of EG
particles to the incident light, as shown in Eq. (1),
can be achieved from the ratio of each sample
transmission E to the average reference blank
transmission E,. The data are listed in table 1.
fzgﬁoxmo % (D

As seen in Table 2, the EG with an EV of 600 mL «
g ' is prepared by two-step chemical intercalation in
this work, and the maximum of EV is higher than

450 mL + g7!
k[lO.ZZ]

or 550 mL <« g ' reported in prior

wor . When an incident 1. 064 pm laser traverses
EG particles suspended on a transparent substrate, the
beam transmittance r drops away with the increasing of
EV. and the value of 7 falls down from 53. 85% to
23.08% while that of EV rises from 233 mL » g ' to
600 mL « g .

The mass extinction coefficient of particles, oy
defined as extinction section per unit mass, is an
intrinsic physical parameter to character the shielding
property of passive interfering materials. A high value
of oy often corresponds to a good extinction
performance. The relation between ¢ and ¢y can be
formulated by Lambert-Beer law shown in Eq. (2)

(2)

where C, (g * m *) is the mass concentration of particles

r=exp(—ouC,.L)

along the line of sight, and L (m) is the path-length.
The quantity C,L (g * m °) is the column density,

namely, the particle mass per unit area in light path.

0414001~ 4
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Table 2 Transmittance ¢ of EG particles with
different EV or bulk density p

EG EV/(mL.g ") p/(mgemL ") E/m] /%

1 233 4.29 0.49  53.85
2 267 3.75 0.44  48.35
3 300 3.33 0.41  45.05
4 330 3.03 0.39 42.86
5 366 2.73 0.36  39.56
6 395 2.53 0.33  36.26
7 410 2.44 0.31 34.06
8 430 2.33 0.30  32.97
9 450 2.22 0.28 30.77
10 480 2.08 0.27 29.67
11 510 1. 96 0.26  28.57
12 550 1.82 0.24  26.37
13 568 1.76 0.23 25.27
14 600 1.67 0.21 23.08

% Footnote: E, is 0. 91 m].

Based on Eqgs. (1) and (2), the gy becomes
oM = 1 lni: 1 lng
c.L  C,L E
provides a

This equation

(3

convenient and
compatible set of units with beam. Values of sy and
EV. and the ¢y-EV curve are represented in Fig. 6,
which demonstrate that the values of gy near-linearly
depend on those of EV, and gy increases near-linearly
from 0.200 6 m* »+ g ' t0 0.475 1 m’ » g ' while EV
rises from 233 mL + g 'up to 600 mL « g~ '.

The values of oy obtained from the static testing
method are smaller than that gotten in a smoke
chamber ™). One reason is that the EG in this work
may have different extinction performance from that
measured in the prior work due to their different
sources "1, The other is that the distribution of EG
particles along the line of sight is different each other.
Under static testing conditions, only a single EG
particle or a thin layer of them adheres to the adhesive
substrate and interacts with an incident laser, while
many EG particles in a laser path can do so in a smoke
chamber. The static testing results may describe the
extinction behavior of an EG particle with a certain

expanding state,
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Fig. 6 Dependence of mass extinction coefficient on EV
The extinction coefficient is defined in terms of the
beam attenuation of electromagnetic radiation due to
scattering and absorption as the beam traverses a
medium. Beam attenuation depends on the complex
refractive index, size, shape, orientation and
concentration of particles, as well as the wavelength
and polarization of incident radiation. In this test, the
size and shape of an EG particle are different each other

owing to different EV, as shown in Fig. 4 and Fig. 5.
As a special kind of graphite, EG is somewhat

conductive and has a good electromagnetic scattering

power. Scattering factor p, can be expressed as
follows ¥
pw=n+da + Ken 4

where a is section radius, K is scattering area index
and depends on electro size a/A(A is the wavelength of
an incident electromagnetic wave), n is the number of
scattering bodies.

For a scattering body, when the value of a is close
or equal to that of A, K reaches the maximum and a
strong scattering called Mie scattering occurs. If the
value of a is much greater than that of A, K may be
regarded as a constant, and nonselective scattering
happens, where g, is directly proportional with the area
na’ and the number n of scattering bodies. It is
demonstrable that more and larger geometry sections
are good for a high scattering power.

From the stereoscopic images (in Fig. 4) of an EG
particle with different EV, it can be seen that the size
of an EG particle is much greater than 1. 064 um (the
wavelength of an incident laser) , and then nonselective
scattering occurs. Therefore, the larger is the surface
area of an EG particle due to a higher EV, the greater
is the scattering factor p,, and the stronger is the
scattering power of EG particles.

EG exhibits good absorption for oil as well as
electromagnetic waves due to its cellular structure.
The void (or cell) can be viewed as a small cavity
whose size is approximate to a few microns (in Fig. 5)
which is fit with infrared wavelength. Based on Cavity
Theory, the cavity absorptivity a in infrared region,
can be expressed in Eq. (5)
owe

AR

where p is the reflectivity of cavity walls, r is the

(5

a:1

aperture radius of a cavity, and L is the cavity depth.

The higher is the value of L/, the higher is the
cavity absorptivity. Therefore, deeper pores and voids
which may work as equivalent black bodies are good for
improving the electromagnetic wave absorptivity of
EG. It can be seen in the upper-right corner of Fig. 5
that EG with a higher EV usually has much deeper
pores and galleries than that with a lower EV.

0414001~ 5
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4 Conclusions
EV.

may be

A series of EG particles with different
especially with an EV of 600 mL « g ',
prepared by the two-step chemical intercalation by
controlling the synthesis conditions of the precursor
GIC. The average interlayer spacing (d,, ) of the pre-
GIC and GIC becomes larger and larger than that of NG
due to the intercalation of HCIO, into NG in stepl and
CH, COOH into pre-GIC in Step 2.

The average mass extinction coefficient of EG is
near-linearly dependent on EV, which means that EG
high EV have
The

scattering occurs when an incident 1. 064 um laser

with a good laser extinction

performance. phenomenon of nonselective

reaches EG particles for the physical dimension of an

EG particle is much greater than 1. 064 ym. And the

larger is the surface area of an EG particle owing to a

higher EV, the stronger is its scattering power to

1.064 pm laser. Meanwhile, much deeper pores and

cavities appear with the EV increase, and may work as

equivalent black bodies to improve EG absorption of the
incident laser.

The preparation and application of EG particles
with higher EV and better laser extinction behavior
may be researched in the further work.
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