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Composite materials (CM) have been obtained by chemical deposition of metal on
graphite surface. It has been shown that TEG-nanoscaled transition metal CM can be
prepared both by long-term salt decomposition on TEG surface and simultaneous reduction
in hydrogen flow and by preliminary salt decomposition to metal oxide by thermal shock
at high temperature. The application of "thermal shock”™ regime at the salt decomposition
stage and metal oxide formation has been shown to result in metal particle formation
possessing the size ten fold smaller than that in a case of "direct reduction”. The metal
particle size distribution obeys Gauss law and practically does not depend on metal
component content.

IlyTeM XUMHUUECKOTO OCAKAEHUA MeTajja Ha MOBEPXHOCTh IrpaduTa MOJyYeHbl KOMIIOSUT-
uele marepuanbl (KM). ITokasamo, uro KM, comep:kaiue Tepmopacinuperusiii rpapur (TPT)
¥ HAHOYACTHIIHI IIePEXO0JHOTO MEeTAaJja, MOKHO IOJYUUTh KaK IyTeM AJUTEJTHHOTO DPasjioiKe-
HuA conu Ha moBepxHocTu TPI' ¢ OogZHOBpEMEHHBIM BOCCTAHOBJIEHHMEM B TOKe BOJOPOZA, TaK
¥ TyTeM NPeIBapUTENLHOTO Pas3jOoKeHUs COJIM O OKCHAA MeTajljla B PeKMMe BBICOKOTEMIIe-
parypHOro Tepmoyaapa. IlokasaHo, 4YTO IpUMeHeHHUEe PeKMMa TepMoyAapa Ha CTaAuM PasJio-
JKeHHMS COJMM W O00pasoBaHMSA OKCHOA MeTaJlJla IIO3BOJSET IOJYUUTh YACTUIILI MeTajljaa Ha
MOPAJOK MEHBIIEro pasMepa, 4eM B cJydae I[IPAMOTO BOCCTAHOBJeHus . Ilpm sTOM pacmpe-
IeJeHWe dYaCTHUIl MeTajlla II0 pPa3Mepy COOTBETCTBYeT 3aKOoHYy laycca M mIpaKTUUYeCKH He

© 2004 — Institute for Single Crystals

3aBUCHUT OT COIEepKaHUd MeTaJlJINYeCKOro0O KOMIIOHEHTA.

Nanostructured materials are an impor-
tant group of physicochemical systems
where it is possible to observe a lot of phe-
nomena interesting by nature and important
from practical point of view. The nanos-
tructured state is able to provide a funda-
mentally new level of properties both con-
structional and functional materials. In
order to obtain stable reproducible compos-
ites with a set of predetermined physico-
chemical characteristics, the main attention
is given to study of functional correlations
between chemical composition, technology,
and structure of the obtained material [1].
Graphite-transition metal composite mate-
rial (CM) is one kind of nanocomposite ma-
terials. Different types of carbon materials,
such as nanotubes, fullerens, activated coal,
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disperse natural graphite as well as thermo-
exfoliated graphite (TEG) can be used as
graphite matrix. The creation of CM on the
base of thermoexfoliated graphite has been
shown to be of good prospects [2]. There are
different methods of metal fixing on the
surface of graphite materials. According to
the data presented in [3], application of the
chemical deposition of metals on graphite
matrix permits to obtain composite materi-
als containing nanoscale metal particles on
the surface of graphite support. The influ-
ence of the CM preparation method and the
graphite support type on the distribution
character of metal component and CM phase
composition has been studied in [4, 5]. Ex-
perimental data on the influence of the
metal salt type on the regularities of metal
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particles formation (50 to 70 nm size) on
the graphite support surface have been pre-
sented in [3]. Obviously, the application of
different salt types and temperature-time
regimes at the heat treatment of the salt-
impregnated graphite material must also af-
fect the distribution character of metal par-
ticles on TEG surface.

The main goal of this research was to
investigate the influence of the tempera-
ture-time regimes of salt thermolysis and
metal reduction on the graphite surface on
topological and structure-phase charac-
teristics of CM.

Thermoexfoliated graphite (TEG), i.e.
graphite intercalated and heated to high
temperature in a thermal shock regime [6],
was used as carbon support to obtain CMs.
The thermoexfoliated graphite is a porous
material and possesses a high specific sur-
face area. This satisfies the metal particles
fixing conditions. Namely, the porous
structure favors essentially the process of
graphite support impregnation by metal salt
solution. Besides, there are oxygen-contain-
ing groups at TEG surface, which proceed
as active centers in nucleation and metal
particles formation [3].

Nanocomposite materials have been pre-
pared by chemical deposition of metal salts
from aqueous solutions followed by thermal
decomposition of salt under formation of
the metal or metal oxide using the proce-
dure described in [4]. This method is multi-
stage process including graphite impregna-
tion by salt solution; drying; thermal de-
composition of salt with metal oxide
formation on the surface of graphite sup-
port; and oxide reduction to pure metal.
Thermodynamic and chemical conditions of
each stage realization could obviously influ-
ence the morphology and topology of the
obtained CMs.

TEG-Ni and TEG-Co samples with differ-
ent metal content have been obtained. Ni
and Co acetates have been used to prepare
these CMs. The following different tempera-
ture-time regimes have been applied at the
heat treatment stage of of the salt-impreg-
nated graphite material: (i) the "direct re-
duction” regime including the metal salt de-
composition and concurrent reduction of the
salt-impregnated graphite material in a hy-
drogen flow at 350°C for 5 h; and (ii) the
"thermal shock”™ regime including a rapid
salt decomposition in the salt-impregnated
graphite at 800°C during 12 s. This treat-
ment results in formation of highly dis-
persed metal oxides. The further reduction
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Fig. 1. X-ray diffraction patterns for composite
materials: a — TEG-Ni (30 mass % Ni);

b — TEG- Co (4 mass % Co);

¢ — TEG-Co (25 mass % Co).

of metal oxide to the metal was performed
in a hydrogen flow at 350°C for 5 h. The
X-ray diffractometry (XRD) and electron
microscopy (EM) were used to determine the
phase composition and topology of the syn-
thesized CMs. These investigations were per-
formed using DRON-4-07 X-ray diffractometer
(filtered Co K, radiation), JSM-840 (Japan)
and EMB-100AK electron microscopes.

Let the "direct reduction™ regime be con-
sidered. The TEG-Ni CM (30 mass % Ni) was
obtained by NiAc, decomposition and concur-
rent reduction in hydrogen flow at T = 350°C
for 5 h. Fig. la displays the XRD pattern
obtained for TEG-Ni CM. Graphite and Ni
reflections are present in this pattern. Ni
reflections are intense enough. The metal
particle size has been determined from the
analysis of the coherent scattering regions
(CSR). That size is L = 50 nm (Table).
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The EM investigations of the synthesized
CMs were performed to study the topology
and particle size distribution. Fig. 2a,b pre-
sents TEM images of TEG-Ni CM. As it is
seen from these Figures, the metal particles
are formed both on TEG surface and in
pores. The particles of different shape are
present. Large particles (250 nm size) are
of triangular, rhombic, and hexagonal
shape. This evidences the particles of such
size possess crystal structure. The small
particles are shapeless. The particles size
distribution has been determined using the
electron microscopy data (Fig. 3). As it is
seen from Figs. 2a,b and 3, Ni particle size
varies within wide limits. The particles of
10 to 90 nm size form the dominant part at
the presented image. Besides, Ni particles
from 120 to 430 nm size are also present.

d
Fig. 2. TEM images of CM: a), b) TEG-Ni; ¢c) TEG-Co (4 mass % Co); d) TEG-Co (25 mass % Co).

Fig. 4a presents the data of TEG-Ni CM
studies using scanning electron microscopy
(SEM). The analysis of the obtained images
evidences the presence both of small parti-
cles and particles accumulations (conglom-
erates) of 55 to 950 nm size. These con-
glomerates are shapeless, possess a loose
structure and inhomogeneous size. As it is
seen from Fig. 4a, the metal particles are
uniformly distributed over the whole graph-
ite surface. Thus, the application of the di-
rect reduction at T = 350°C for 5 h results
in formation on graphite surface of crystal-
line metal particles.

The investigations of TEG-Co CMs were
performed in order to reveal the influence
of both the preliminary thermal shock and
the salt concentration on the metal particle
distribution character on TEG surface. Figs.

Table. The mean sizes of metal particles in TEG-transition metal CMs determined by different

methods
Samples Regime L, nm (CSR) | L, nm TEM | L, nm (SEM)
TEG-Ni (30 mass %) Direct reduction 62 (10-340) (53-950)
TEG-Co (25 mass %) | High-temperature thermal shock 46 (2.5-75) (53-650)
TEG-Co (4 mass%) High-temperature thermal shock (6-70) (59-180)
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Fig. 3. Particle size distribution determined
using the electron microscopy data.

1b,c display XRD patterns for TEG-Co CMs
containing 4 and 25 mass % Co. Considera-
tion of the obtained X-ray data evidences
that the metal particles in these CMs are in
fine-crystalline and quasi-amorphous state.
Only graphite reflections are present in the
XRD pattern for TEG-Co CM containing
4 % Co. The reflections corresponding to
graphite and fcec Co are present at the dif-
fraction pattern for TEG-Co CM containing
25 % Co. Co reflections are characterized
by a broad pedestal. This evidences a large
amount of nanoscale metal particles in this
material. From the analysis of CSR, the
mean size of Co particles has been deter-
mined to be not larger than 46 nm.

Fig. 2c presents a TEM image of TEG-Co
CM containing 4 mass % Co. Co particles
of 6 to 70 nm in size are observed over the
whole sample area. The particles are shape-
less and uniformly distributed in the bulk
material. There are, however, metal particle
aggregates near the fractures of graphite
planes. Fig. 2d displays TEM image of a
TEG-Co sample containing 25 % Co. Co
particles agglomerations are observed on
graphite surface. The size of Co particles
ranges from 5 to 75 nm. From the data of
X-ray studies, it can be concluded that
metal formations consist of one or two crys-
tallites. The formations of >100 nm size are
conglomerates consisting of such "fine-crys-
talline” particles, but these particles are not
accreted. The particles are also shapeless (as
in a case of TEG-Co CM containing 4 % Co).

The size distribution of Co particles (see
Fig. 3b) has been determined from electron
microscopy data. The size distribution curve
(for TEG-Co CM containing 4 % Co) exhib-
its a narrow maximum near 40 nm. 76 %
of the total amount of particles are of
(40£10) nm size. As to the TEG-Co CM with
Co content 25 % (mass), the Co size distri-
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Fig. 4. SEM images of CM:
a) TEG-Ni; b) TEG-Co (4 mass % Co);
¢) TEG-Co (25 mass % Co).

bution curve exhibits a broad maximum
near 20 nm (see Fig. 3b). 56 % of Co parti-
cles possess mean size of (20£15) nm. Thus,
if the high-temperature thermal shock is
used at the stage of metal oxide formation
(just this regime has been used to prepare
TEG-Co specimens), the size distribution
curve exhibits a maximum, being inde-
pendent on metal content. Such distribution
could be approximated by the Gauss func-
tion. However, the maximum is sharp at
low metal content, while at higher metal
content, it is broadened and shifted to the
larger metal particle sizes. Such values of
Co particle sizes in TEG-Co CM agree with
the data obtained by scanning electron mi-
croscopy (Fig. 4b). According to these data,
metal particle size varies from 55 to
650 nm. So, metal particles in TEG-Co CM
are smaller than in TEG-Ni CM. The mean
sizes of metal particles in TEG-transition
metal CMs determined by different methods
are listed in Table. Thus, application of
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thermal shock at the stage of salt decompo-
sition and metal oxide formation leads to
the comminution of metal particles in CM.
To conclude, the possibility to obtain
TEG-nanoscaled transition metal CM both
by long-term salt decomposition on TEG
surface and simultaneous reduction in a hy-
drogen flow and by preliminary salt decom-
position to metal oxide by high-temperature
thermal shock has been shown. The "direct
reduction” regime has been shown to pro-
vide the formation of metal particles of 10
to 340 nm in size. In this case, 70 % of the
particles are of 10 to 90 nm size. 30 % of
the particles possess the sizes varying from
90 to 340 nm. The application of "thermal
shock™ regime at the stage of salt decompo-
sition and metal oxide formation has been
shown to result in metal particle formation
possessing the size by one decimal order
smaller than that in the case of "direct re-

duction”. Here, metal particle size distribu-
tion obeys Gauss law and practically does
not depend on the metal component content.
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HaHOKOMIO3UTH — TEPMOPO3IMMPEHU
rpadir-nepexigHuil MeTaJ

T.A.Jlens, JI.JIO.Mayyi, M.I'.Babuu,
B.C.Eonanw, JI.M.Kanimanuyx

IInaxom ximiuHOrO OCaJKeHHA MeTaJy Ha MOBEPXHIO rpadiTy oAep:KaHO KOMIIO3UTHI
marepianu (KM). Iloxasano, mo KM, arki wmictare Tepmoposmupenuii rpadir (TPT) Ta
HAHOYACTUHKY II€PeXiHOTrO MeTaly, MOKHA OHEepIKaTHU SK IJISAXOM TPUBAJIOTO DPO3KIALY
cousi Ha moBepxHi TPI' 3 ogHOUYacHUM BiJHOBJIEHHSM y IIOTOIli BOAHIO, TaK i IIJIAXOM IIOIe-
PeJHBOTO PO3KJIAAy COJII MO OKCHUAY MeTaJly B PEKHMi BHCOKOTEMIIEPATYPHOTO TEPMOYAapy.
ITokasaHo, IO 3acCTOCYBaHHS PEKUMY TepMOyAapy Ha cTafii pos3KJay COJIi Ta yTBOPEHHSA
OKCHUIY METAJIy [O3BOJISIE OJEpPyKaTH YACTUHKYW MeTaJy Ha IOPSAJ0K MEHIIOro Po3Mipy, Hix y

BUNAAKY INPAMOrO BiJHOBJIEHHA .

IIpu mpomMy pO3mOAIT YACTHHOK MeTajJy 3a po3MipoM

BigmoBimae 3akoHy I'aycca i mpakTW4YHO He 3aJIe}KUTh BiJf BMiCTy MeTaJeBOrO0 KOMIIOHEHTY.
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