Functional Materials 14, No.3 (2007)

Thermomagnetic studies of thermoexfoliated
graphite-transition metal composites

L.L.Vovchenko, M.G.Babich, M.l .Zakharenko,
A.I.Brusilovets, L.M.Kapitanchuk

T.Shevchenko National Kyiv University,
) 64 Volodymyrska St., 01033 Kyiv, Ukraine
"Eu.Paton Institute for Electric Welding, National Academy
of Sciences of Ukraine, 3 Bozhenko St., 01006 Kyiv, Ukraine

Received January 30, 2007

Thermal stability and magnetic susceptibility of thermoexfoliated graphite-metal (TEG-
Me) composites have been investigated in the temperature range 300-850 K. The TEG-Me
(Co, Ni) composites have been produced by the metal cation reduction in aqueous medium
with sodium tetrahydroborate. The structure and phase composition of the products was
characterized using X-ray diffraction, scanning electron microscopy, Auger electron spec-
troscopy and secondary ion mass spectrometry. The results of these investigations show
that the metal in the green composites must exist in the bound state as Me—B and Me—H.
The gradual heating (up to 850 K) or annealing (at 825 K) of the TEG-Me composites
results in the appearance of ferromagnetic properties. Thermal cycling of TEG-Me compos-
ites results in a decreased magnetic susceptibility due to oxidation of metallic particles.

IIpoBemeHbl uccefOBaHUS TEPMUUECKOM CTAOMJIBLHOCTH WM MATHUTHON BOCIPUUMYMNBOCTU
KOMIOBUTOB TepMopacmupeHHblit rpadur-metann (TPI-Me) B TeMIepaTypHOM WHTEepBaje
300-850 K. Kommosurelr TPI'-Me(Co, Ni) npurorosieHsl MEeTOLOM BOCCTAHOBJIEHUA KATHOHOB
MeTaJjljia B BOLHOM pacTBope Terparuapoboparom HaTpus. CTpyKTypHO-()A30BEIII COCTAB KOM-
HOBUTOB OIIPEIENANCA IIPA MCIIOJb30BAHUU METOJOB PEHTT€HOBCKON AU(MpPaKIUM, CKAHUPYIO-
meil sJeKTPOHHOM MuKpockonuu, OiKe- M BTOPUUYHOM HMOHHOI Macc-cmnekTpomerpun. Ilomay-
YeHHBbIE Pe3yJbTAThl dTUX HCCJIEJOBAHUI YKa3BIBAIOT, UTO METAJJ B CBEKEIPUTOTOBIEHHBIX
KOMIIOBHTAX HAXOJUTCH, BEPOATHO, B CBA3aHHOM cocrosiuuu B Buge Me—B u Me—H. Ilocre-
nennoe marpesanme (go 850 K) mu6o orxur (mpu 825 K) xommosutros TPI'-Me mpusoaut K
BO3BHUKHOBEHNIO (heppOMAarHUTHBIX cBoiicTB. TepmornukiaupoBanue oopasmos TPI'-Me mpuso-
OIUT K YMEHbIICHWIO MArHUTHOU BOCIPUUMYMUBOCTH, YTO BBHIBBAHO OKHCJIEHHEM METaJJIHYEC-
KHX YaCTHII.

© 2007 — Institute for Single Crystals

Fixation of metal nanoparticles on differ-
ent substrates is a very promising method
in development of novel materials since it
provides an unconventional combination of
functional properties. The use of graphite
materials as a support for production of
graphite-transition metal composites is of
good prospects due to the low density, resis-
tance against aggressive environmental ac-
tions and easy production technology of
those composites [1, 2]. The chemical depo-
sition from aqueous salt solutions followed
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by thermolysis is used widely to produce
supported metal nanoparticles. The fixation
of magnetic transition metal (e.g., Fe, Co
or Ni) particles on graphite surface [3] re-
sults in appearance of ferromagnetic prop-
erties in graphite-transition metal compos-
ites. The aim of this work was to investi-
gate the phase composition, morphology,
and thermal stability of thermoexfoliated
graphite-transition metal (TEG-Me) materi-
als and also the distribution of metal parti-
cles on graphite surface.
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Graphite-metal composites were prepared
by the metal cation reduction in aqueous
solutions with sodium boron hydride
(NaBH,). This method is used widely to ob-
tain the metals in nanodispersed state [4,
5]. We have used thermoexfoliated graphite
(TEG) [6] and metal chlorides (CoCl, or
NiCl,) to obtain TEG-Co and TEG-Ni compos-
ites. The structure and phase composition of
the synthesized TEG-Me composites were
studied using the X-ray diffraction (DRON-
4-07 X-ray diffractometer, filtered CoK,
emission), scanning electron microscopy
(SEM) (JEOL JSM-840 instrument equipped
with a Link Analytical X-ray microanalysis
system), the Auger electron spectroscopy
(AES) (LAS-2000 Riber spectrometer), and
secondary ion mass spectrometry (SIMS).
Temperature dependences of magnetic sus-
ceptibility ¥(T) were studied using the Fara-
day technique within 300-850 K tempera-
ture range.

Fig. 1 shows SEM micrographs of TEG-
Me composites. The surface of graphite par-
ticles is coated with spherical particles of
about 0.2 pm size and flaky agglomerates

(average size of about 2—10 um). The metal
component distribution in composites is in-
homogeneous.

The XRD patterns of the as-prepared
TEG-Co(Ni) powders show only trace reflec-
tions from pure metal (Co, Ni). Only graph-
ite reflections have been observed, (Fig. 2).
This could be conditioned either by low Me
content in TEG or, alternatively, by small
size of Me particles (less than 10 nm), or
else the metal is present in bound state as
Me—B and Me—H.

The presence of metal particles was con-
firmed by the results of the Auger-spectros-
copy data for the composites (Fig. 3). Along
with Co, an essential amount of B was
found to be presented in these powders, that
is confirmed also by the SIMS data.

The Co*, B*, H- and O~ yields for the
as-prepared TEG-Co composites were found
to be much higher than those for CI= and
Co™. The signals of other ions were insig-
nificant. These results indicate that the
graphite-Co composites contain Co, B and
much lower amounts of CoO and CoCls.

To evaluates the composite thermal sta-
bility, the graphite-Me powders were sub-
jected to gradual heating up to 850 K and
to annealing at 825 K for 1.5 h. Heating up
to 850 K as well as annealing at 825 K
have been found to cause phase transforma-
tions in the powders. Analysis of the XRD
data indicates that heating of the TEG-Me
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Fig. 1. XRD patterns of TEG-Me composites.
(a) TEG-Co: (1) as-prepared (compacted), (2)
after gradual heating to 850 K (powder), (3)
annealed at 825 K for 1.5 h (compacted); (b)
TEG-Ni: (1) as-prepared (compacted), (2) after
gradual heating to 850 K (powder); (3) an-
nealed at 825 K for 1.5 h (compacted).

composites to 825-850 K (Fig. 1, scans 2, 3)
results in gradual formation of rather large
metal particles, the diffraction peaks corre-
sponding to the metallic phase arise in dif-
fraction patterns for annealed TEG-Me sam-
ples. This seems to be related with the fact
that TEG-Me composites include small
amounts of Me—H and Me—B solid solutions
that decompose under heat treatment into
Me and H and Me and B, respectively. Be-
sides, Me nanoparticles on the graphite sur-
face in the TEG-Me powders agglomerate
during heating and form larger particles.
An additional information concerning the
phase transformations in the synthesized
composites has been obtained from ther-
momagnetic measurements. The as-prepared
TEG-Co composites exhibit weak magnetiza-
tion slightly decreasing with temperature
(Fig. 4a, curve 1). Surprisingly, a sharp rise
of magnetic susceptibility was observed for
these samples starting from 640 K during
gradual heating to 850 K. Such magnetic
behavior could be caused by the presence of
a substantial amount of boron and by the
breaking of Co-B and Co—H bonds upon heat-
ing (as a result, Co-rich particles are
formed possessing higher magnetization as
compared to that of the as-prepared mate-
rial particles). An alternative reason,
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Fig. 2. SEM images of TEG particles, impregnated by metal chloride solution and reduced by
sodium boron hydride solution into TEG-Me: — different parts of TEG-Co particle (a, b); — different
parts of TEG-Ni particle (¢, d); a, ¢ — x1000; b, d — x4000.

namely, the agglomeration of fine Co parti-
cles, seems to be less significant, since the
mean size of supported particles in the as-
prepared material is about 100 nm.

In the case of TEG-Ni composite, the
magnetization of the as-prepared material is
much lower and almost independent of tem-
perature (Fig. ba, curve I). The heating of
this composite up to 850 K results in ap-
pearance of ferromagnetism observed under
cooling similar to pure nickel (curve 2) with
the Curie point about 630 K. The origin of
such behavior is thought to be similar to
that for TEG-Co composites. Thermomag-
netic behavior of TEG-Me composites stud-
ied here differs from that of TEG-Co(Ni)
CMs synthesized by metal salt thermolysis
as reported in [7]. This transformation is
also confirmed by the X-ray study results of
heat-treated TEG-Ni samples (Fig. 1, dia-
gram 2): the reflections corresponding to
metallic Ni phase have been observed. The
annealing of as-prepared TEG-Me compos-
ites at 825 K for 1.5 h causes an increase
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Fig. 3. AES depth profiles of the as-prepared

TEG-CO composite, ion-etching rate of
5 A/min: 1, B; 2, O; 3, BO; 4, Co.

of ferromagnetic properties in these com-
posites (Figs. 4b and 5b). After first heat-
ing-cooling cycle of TEG-Me, we performed
the repeated heating-cooling cycles and
measured the magnetic susceptibility during
these cycles. The gradual magnetic suscepti-
bility decrease of TEG-Me samples was
found during the thermocycling. In our
opinion, the decrease of magnetic suscepti-
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Fig. 4. Magnetic susceptibility as a function Fig. 5. Magnetic susceptibility as a function
of temperature for graphite-Co composites: of temperature for graphite-Ni composites:
(a), as-prepared TEG-Co (I, 2) (1st heating- (a), as-prepared TEG-Ni (1, 2) (1st heating-
cooling cycle ), (3, 4) — TEG-Co after heat- cooling cycle), (3, 4) — TEG-Ni after heating
ing up to 850 K (2nd cycle), respectively, (b), up to 850 K, (2nd cycle), respectively, (b),
TEG-Co annealed at 825 K. TEG-Ni annealed at 825 K.
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TepMOMATHITHI JOCIIAKeHHI KOMIIO3UTIB
TEePMOPO3MMPEeHU rpadiT-nepexitauii MmeTaua

JI.JI.Boéwenro, M.I''Babuu, M.I.3axapenko,
A.I.Bpycunoéeys, JI.M.Kanimanuyk

ITpoBeneno mocuigskeHHA TepMiuHOI cTabibHOCTI Ta MarHiTHOI CHPUUHATIMBOCTL KOMIIO-
3uTiB Tepmoposmupenuil rpadir-meran (TPI'-Me) y TemnepatypHomy intepBasi 300—-850 K.
Komnosuru TPI'-Me(Co, Ni) BurorosieHo MeTomoM BiHOBIEHHA KATiOHIB MeTasy y BOLHOMY
posuuHi Terparigpo6oparom HaTpio. CrpykTypHO-(ha30Buil CKJIaL KOMIIOSUTIB BU3HAUABCS 34
IOIIOMOTI'0I0 METOJIiB PEHTIeHiBChbKOI mudpakriiii, ckaHymuol egeKTpoHHOI Mikpockomii, Oxe-
Ta BTOPUMHHOI ioHHOI Mac-cuekTpomerpii. PesyapraTu mux mociaigkeHbr BKasyiOTh HA Te, IO
MEeTaJl y CBiKOBUI'OTOBJIEHMX KOMIIO3MTAX B3HAXOAUTLCS, MMOBIpHO, y 3B’sA3aHOMY CTaHi y
purasai Me-B ta Me-H. ITocrymose marpiBamusa (o 850 K) a6o Bigman (mpu 825 K) xommo-
sutiB TPI'-Me npusBoguTh 40 BUHUKHEHHS (DEPOMATHITHHUX BJacTUBOCTE. TepMOIuKIIOBaH-
s 3paskis TPI'-Me mpusBoaguTh 40 3MEHIIEHHS MATHITHOI CIPUNUHATIUBOCTI, IO CIIPUYU-
HAETHCA OKMCHEHHSM METAJIYHUX YACTUHOK.
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