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Electrical and thermal conductivity of graphite-Co(Ni) composites on the basis of two
different types of thermoexfoliated graphite, TEG(1) and TEG(2) have been studied. The
distinctions in electric resistivity (p,) between compacted TEG(1) and TEG(2) can be
explained by a better compressibility of TEG(2) powders resulting in lowered contact
resistance R, between the TEG(2) particles. Co or Ni deposition onto TEG surface (up to
metal content of 30 to 50 % mass.) has been found to result in an increased electric
resistivity of compacted TEG-metal samples and weakened temperature dependence p(T).
These p changes are associated likely to increased R, between TEG particles due to
introduced metal. The fixation of metal (Co, Ni) particles on the TEG(2) surface does not
influence essentially the thermal conductivity (}\c) of compacted TEG(2)-Co(Ni) samples. In
TEG(2) and TEG(2)-Co(Ni) samples, thermal conductivity exhibits a complex temperature
dependence: 7»6 increases slowly under heating in 300 to 700 K temperature range while a
sharp A, rise is observed under cooling from 250 to 150 K.

UccienoBaHbl 9JIEKTPO- U TEILJIONPOBOJHOCTH KOMIIO3UI[MOHHBIX MATEPUATIOB TrpaduT-
Co(Ni) Ha ocHOBe pasJMUYHBIX THUIIOB TepmopacmmpenHoro rpabmura — TPI(1) u TPI(2).
Pasnuuna B BeIWUYMHE YAEILHOTO dJ€KTPOCOIPOTHUBIEHHUA P, KOMIAKTHUPOBAHHBEIX 00pa3IoB
TPI'(1) u TPI'(2) moryT GbITH 00'BbsCHEHHI Jydlieil nmpeccyemoctbio TPI(2), uTo mpuBOIAUT K
YMEHBIIEeHUI0 KOHTAKTHOTO dJeKTpoconpoTusienus R, mexay wactumamu TPI(2). O6mapy-
skeHo, urTo HaHecenme uactui, Co mam Ni ma mosepxmocts TPI' (comep:xkanme MeTasga —
30-50 macc %) TPUBOAUT K YBEJIHWUEHUIO 3J€KTPOCOIPOTUBJICHMUSI KOMIIAKTUPOBAHHBIX 00-
pasnoB TPI'-merann m ocnabienuio TemmneparypHoii 3aBucumoctu P(T). OTu u3MeHeHUS P
MOT'yT OBITH CBABAHEI C yBeJIMUYeHHEM KOHTAKTHOIO BJIEKTPOCONPOTHBIeHu: R, Mexay uacTu-
mamu TPI' 3a cuer BHeceHHOTo Merasia. 3akperienune vactur; meranna (Co, Ni) ma mosepx-
Hoct TPI'(2) He BINAET CYIIECTBEHHO Ha BEJIWUYHHY TEIJONPOBOZHOCTH A, KOMIAKTHPOBAH-
uerx ob6pasios TPI'(2)-Co(Ni). B ob6pasmax TPI'(2) u TPI'(2)-Co(Ni) TenyonpoBOgHOCTE CIO0MK-
HBIM 00pasoM BaBHCHT OT TeMIepaTypel: A, MeJJIeHHO BO3PACTAaeT IpPKM HATPEBAHUU B
uaTepBase temneparyp 300-700 K u HabGaromaercsa pe3Koe YBeJIHWUYEHUE TeIlJIONIPOBOJHOCTU
npu oxJaxkgeHuu oopasios ot 250 mo 150 K.
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Recently, a strong trend is observed to
apply carbon materials and carbon-carbon
composites in various industry fields, be-
cause these materials exhibit a unique com-
bination of characteristics such as low den-
sity, high electric conductivity, thermal and
corrosion stability as well as electrocatalytic
activity. Besides, the highly developed sur-
face of carbon materials makes it possible to
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fix readily different chemical substances
thereon. The development of metal-graphite
composite materials (CM) showing unique
physical and chemical properties or unique
combinations thereof is due to several rea-
sons. First, the coating of graphite materi-
als by refractory metals or their carbides
and nitrides makes it possible to extend es-
sentially the temperature range in which
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the materials can be used. Second, the em-
ployment of metal-carbon composites as
catalysts in different chemical reactions
provides numerous advantages as compared
to other catalyst types due to chemical in-
ertness, recoverability of metal after remov-
ing the support, low cost, and possibility to
increase catalytic activity due to interaction
between the metal and support [1, 2].
Third, the employment of metal-graphite
composites as electrodes in lithium batteries
and accumulators seems to be extremely
promising, since those will allow a substan-
tial increase of capacity and number of re-
charges [3, 4].

Thermoexfoliated graphite (TEG) is the
most promising support for development of
graphite-metal CM due to its high specific
surface (50 to 60 m2/g), and porous struc-
ture. The use of TEG as a matrix allows to
produce the compacted materials by cold
pressing without binder with density of 0.2
to 2.0 g/cm3. TEG-based materials are
ecologically pure, thermally and chemically
stable, possess high antifriction and me-
chanical properties. The aim of this paper is
to investigate electrical and thermal con-
ductivity of composite materials graphite-
metal (Co, Ni) as functions of structural
state of TEG and metal type.

In order to determine the influence of
graphite matrix on physical properties of
compacted graphite-metal materials, the fol-
lowing types of graphite were used: thermo-
exfoliated graphite obtained by thermal
shock of oxidized natural graphite (TEG(1))
[6]; thermoexfoliated graphite obtained by
re-oxidizing of TEG(1) with sulfuric acid

and repeated thermal shock at 900°C
(TEG,(2)); and thermoexfoliated graphite
obtained by re-oxidizing of TEG(1) with ni-
tric acid and repeated thermal shock at
900°C (TEG,(2)). The bulk density of TEG
powders was 5 to 6 kg/m3, and specific sur-
face was about 30 to 50 m2/g. The chemical
deposition of salt from an aqueous solution
following by thermal decomposition of the
salt to metal has been applied to prepare
the graphite-metal CM [6]. The samples of
compacted CM TEG and TEG-metal were
prepared in press moulds using a hydraulic
press and had the density of 1.7 to
2.7 g/cm3. The electric resistance (p,) in di-
rection perpendicular to the compaction one
was measured using the four-probe method.
The thermal conductivity (A,) in CM along
the compaction direction was measured
using a dynamic A-calorimeter, i.e. with the
heater and cooler temperature increasing
continuously due to the constant increase of
heating power. The temperature interval of
investigation was ranged from 150 to
673 K. The heating rate was 3 K/min.

As electron microscopy studies had
shown [7], the repeated oxidation and ther-
moexfoliation of TEG(1) result in an addi-
tional structural disintegration of graphite
particles. The size of macro-pores in TEG(2)
was 1.5 to 2 um, being essentially smaller
than that in initial TEG(1). Besides, the
facet surface of graphite macro-planes be-
comes "wavelike” and "rough” due to inten-
sive exhausting of oxidant at thermal
shock. High porosity of TEG(1) and TEG(2),
their high imperfection and chemical activ-
ity result in an effective impregnation of

Table. Characteristics of compacted composite materials TEG(1), TEG(2) and TEG-metal

Sample Metal cor})tent, Density3d, P, porosity Py Qm Pr7/Pogs | ey W/m-K
mass % g/cm T=293 K T =323 K
TEG(1) - 1.87 0.20 5.5.1076 1.60 6.0
TEG(2) - 1.98 0.11 1.47.10°6 1.67 -
TEG,(2) - 2.05 0.08 1.45.10°% 1.48 -
TEG(2) - 1.68 0.25 - - 1.34
TEG,(2) - 1.74 0.22 - - 1.17
TEG(1)-Co 25 2.01 0.27 1.13-10°3 1.26 -
TEG(1)-Ni 30 1.99 0.31 7.44.1076 1.36 -
TEG,(2)-Co 45 2.42 0.24 2.17.107° 1.28 -
TEG (2)-Ni 40 2.71 0.20 1.56-1079 1.24 -
TEG,(2)-Co 45 2.15 0.32 - - 0.73
TEG(2)-Ni 40 2.35 0.31 - - 1.07
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Fig. 1. Temperature dependence of electrical

resistivity p, for compacted TEG samples:
TEG(1) (1), TEG,(2) (2), TEG/(2) (3).

these materials with the salt solutions and
preparation of TEG-metal CM with high
content (30 to 50 mass %) of metal parti-
cles. According to electron microscopy stud-
ies [7], the sizes of metal particles are as
follows: 150 nm in TEG(1)-Co, 250 nm in
TEG,(2)-Co, 100 nm in TEG(1)-Ni, and
500 nm in TEG,(2).

In order to reveal the influence of re-
peated oxidation and thermoexfoliation of
TEG(1) on electrical properties of TEG-
metal CM, we have studied the temperature
dependence of electrical resistivity p, for
compacted samples of pure TEG(1),
TEG,(2), and TEG,(2) and the electrical re-
sistivity of CM with Co, Ni based on these
TEG. Table presents the characteristics
(composition, density, and porosity) of the
samples studied. The porosity of compacted
samples was determined as described in [8].
The results of electrical resistivity examina-
tions are presented in Figs. 1, 2 and in
Table. As it is seen from Fig. 1, the electri-
cal resistivity decreases as temperature
rises for all compacted samples of TEG(1),
TEG,(2) and TEG,(2). The p;;/p390 ratio for
TEG(1) amounts 1.6, for TEG,(2), 1.48, and
for compacted TEG,(2), 1.67. However, the
electrical resistivity values for compacted
TEG(2) is in 3 to 4 times lower in compari-
son with compacted TEG(1).

For compacted samples, the contact resis-
tance of particles R, plays an important part.
In general, the electrical resistivity of com-
pacted TEG sample, R, can be presented as

R=R,+r,

k (1)
where contact resistance R, depends on the
contact area, pressure on the contact, and
quality of contacting surfaces; r is the re-
sistance of material the particles are made.

548

Pa-10° Q-m
p77/p293=1 .28

25} Mw

20
P/Pag;=1.24
1’5 B p77/p293:1.26 3

p,/p..,=1.36
1’0 | Py 293I

1 1 1 1 2
50 100 150 200 250 T,K

Fig. 2. Temperature dependence of electrical
resistivity p, for compacted TEG-metal sam-
ples of different densities (d, g/cm®):
TEG(1)-Co, d=2.26 (1), TEG(1)-Ni, d=1.99 (2);
TEG(2)-Ni, d=2.70 (3), TEG,(2)-Co, d=2.43 (4).

The temperature dependence of compacted
sample resistivity is defined by increase of
the true contact area between the particles
under heating due to thermal expansion of
graphite particles and by temperature de-
pendence of r. The resistivity r is defined
by the electric resistance of individual TEG
particles and depends on concentration of
charge carriers (n + p) and mean free path
of charge carriers L,; at scattering on pho-
nons, defects, boundaries of crystallites,
etc:

m*Vg 1 (2)
T (n+p Ly

where m” is the effective mass of charge
carriers, Vy is the charge carrier speed at
Fermi level. The charge carrier concentra-
tion in TEG increases as the temperature
rises and at the prevailing scattering of
charge carriers on crystallite boundaries, r
decreases under heating.

The differences in electrical resistivity
for compacted TEG(1) and TEG(2) can be
explained by a better compressibility of
TEG(2) powders that results in lowered con-
tact resistance R,.

Fig. 2 presents the temperature depend-
ence of electrical resistivity p, for com-
pacted samples TEG-Co and TEG-Ni. The
metal fixing on TEG particles results in an
increased electrical resistivity of compacted
TEG-metal samples. As it is seen, the tem-
perature dependences of TEG-metal electri-
cal resistivity are similar to temperature
dependence p,(T) for pure compacted
TEG(1), TEG(2), but there are differences
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Fig. 3. Temperature dependence of thermal
conductivity A, for compacted TEG(2) and
TEG(2)-metal samples: TEG/(2) (1); TEG,(2)
(2); TEG,(2)-Co (3) TEG,(2)-Ni (4).

in the electrical resistivity values. In con-
trast to pure compacted TEG(1) and TEG(2),
compacted TEG(1)-Co(Ni) samples are char-
acterized by lower electrical resistivity as
compared to compacted TEG(2)-Co(Ni). In
our opinion, the increase of electrical resis-
tivity and changes in temperature depend-
ence p(T) are caused by increasing contact
resistance R, due to influence of metal par-
ticles.

Table and Figs. 3, 4 present the results
of thermal conductivity investigations for
compacted TEG(1), TEG(2) and TEG(2)-
Co(Ni) materials. As it is seen from the Fig-
ures, the repeated oxidation and thermoex-
foliation of TEG(1) result in an increased
thermal conductivity in compacted samples
TEG(2) as compared to TEG(1) ones. The
fixation of metal particles on TEG(2) does
not influence the A, for compacted TEG(2)-
Co(Ni) samples. Both TEG(2) and TEG(2)-
Co(Ni) exhibit a complicated temperature
dependence of thermal conductivity: A, in-
creases slowly under heating in the tem-
perature range 300 to 700 K while a sharp
A. increase is observed under cooling from
250 to 150 K.

To describe thermal conductivity of com-
pacted TEG and TEG-metal composite mate-
rials and its temperature dependence, we
must take into account many factors. First,
since the compacted samples were used for
measurements, one should take into account
the contact thermal resistance influence on
the total thermal conductivity:

1 3
}"~}‘TEG'R_ct’ ®
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Fig. 4. Temperature dependence of thermal
conductivity A for compacted TEG(1) samples
of different densities (d, g/cm3): 2.01 (1),
1.87 (2), 1.6 (3).

where Appg is the thermal conductivity of
TEG particles, R,, is thermal resistance be-
tween particles. Second, in composite TEG-
metal materials, metal particles also influ-
ence the total thermal conductivity of com-
posite. At last, as the all investigated
samples are the compacted and porous mate-
rials, it is necessary to consider the thermal
conductivity of CM in the frame of Maxwell
theory [9]:

hep =M1 = P)/(1 +P/2), @)

where A, is the effective thermal conductiv-
ity; A, thermal conductivity of solid skele-
ton; P, porosity of the compacted sample.
The lower thermal conductivity of com-
pacted TEG(2) and TEG(2)-Co(Ni) samples
(1-2 WT/m-K) as compared to compacted
TEG(1) may be explained by smaller TEG(2)
particles and larger number of contacts be-
tween TEG-TEG and TEG-metal particles.
Thus, it has been found that fixation of Co
or Ni particles on TEG particle surface
(metal content 30 to 50 % mass) results in
an increased electrical resistivity p, of com-
pacted TEG-metal samples and weakens its
temperature dependence p,(T). These
changes in electrical resistivity are likely to
be caused by increased contact resistance
due to decrease in the contacting area of
particles in TEG-metal composites. It has
been shown that the thermal conductivity of
compacted TEG(2)-Co(Ni) samples is 1 to
2 W/m-K in the temperature range 250—
700 K and increases sharply under cooling
below 250 K.
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ExexTpo- Ta TenIonmpoBiHICT, KOMIO3UIiHHUX
MartepiaJjiB rpagir-merad

O.1.Cmenvmax, J.JI.Boéuenkxo, B.I.Mayyii

HocaigskeHi enekTpo- Ta TemaompoBiAHicTh KOMmosuniiinux Mmarepianis rpadit-Co(Ni) na
OoCHOBi pisHMX TumiB Tepmoposiupenoro rpadpiry — TPI'(1) ta TPI'(2). BigmimnocTi y
BeJUYUHI IHTOMOTO eJIeKTPOOIopy p, KommakToBaHux 3paskis TPI'(1) ra TPI'(2) moacmeno
kpamoo spatuictio TPI(2) mo mpecyBaHHs, IO IPU3BOAUTL A0 3MEHINIEHHSA KOHTAKTHOTO
erexrpoonopy R, mix uwacrkamm TPI(2). 3maiimeno, mo mamecenHa uactok Co abo Ni mHa
nosepxuio TPT (Bmict merany — 30-50 mac %) npusBOAUTEH A0 36iJbIIEHHS €JIEKTDPOOIOPY
KoMmmakToBaHux 3paskiB TPI'-meran i mocaabienHio TemmeparypHoi 3sasesxkHocTi p(7). IIi
3MiHM 0 MOMKYTb OyTH MOB’A3aHi i3 36iMBIIEHHAM KOHTAKTHOTO eJIeKTPoomopy R, Mimx uacT-
kamu TPT 3a paxyHOK BHeceHOro merany. 3akpimiaenusa gactox merany (Co, Ni) mHa mosepxHi
TPI'(2) He BHmIMBAE CYTTEBO HA BEIMUYMHY TeIJOIPOBIZHOCTI A, KOMIAKTOBAHMX B3PasKiB
TPT'(2)-Co(Ni). ¥V spaskax TPI'(2) ta TPI'(2)-Co(Ni) remmonmpoBimHicTh CKJIAJHUM YUHOM
3aJIeKUTH BiJ TeMIepaTypu: A, IOBiTBHO 3pocTae IpM HarpiBaHHI B iHTepBami TemmepaTyp
300—-700K i cmocrepiraerbcsa piske 301JbIIEHHS TEIJIOIPOBIAHOCTI IPK OXOJIOMKEHHI 3pasKiB

3 250 mo 150 K.
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