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We present the results of the RAPET (reaction under autogenic pressure at elevated temperatures) dissociation
of CoZr(acac)(O'Prk at 700°C in a closed Swagelok cell under an applied magnetic field of 10 T. It produces

a mixture of carbon-coated and noncoated metastablg Aa@oparticles, bare metallic Co nanoparticles,

and bare carbon. The same reaction in the absence of a magnetic field produces spherical Co, and ZrO
particles in sizes ranging from 11 to 16 nm and exhibiting, at room temperature, metastable phases: fcc for
cobalt and a tetragonal phase for zirconia. The metastable phases of Co arat&Zranifested because of

a carbon shell of~4 nm thickness anchored to their surfaces. The effect of an applied magnetic field to
synthesize morphologically different, but structurally the same, products is the key topic of the present paper.

Introduction to the formation of carbon-coated Zr@nd Co nanoparticles.
) ) ) ] The application of the magnetic field of 10 T leads to the
Zirconia (ZrQy) is a remarkable material that has attracted a formation of carbon-coated metastable Zi®5%) and non-
great deal of attention from scientists, technologists, and coated zrG (95%) nanoparticles, as well as separated carbon
industrial users. Zirconia has three crystal structures, namely, syryctures. By selected area energy-dispersive X-ray analysis
monoclinic, tetragonal, and cubic. The physical and chemical (SAEDS), a trace amount of Ce-6 Wt %) was found in 95%
properties of zirconia are closely related to its different crystal of the zrQ, which was not covered by carbon. It is interesting
phases and determine its application in indusffjle mechan- 1 ynderstand the reason for the removal of the carbon shell
ical, chemical, and catalytic properties of zirconia can be fom the surface of Zr@ nanoparticles. We have recently
improved by using nanocrystalline instead of conventional reported on the effect of a magnetic field on a RAPET of MoO-
micron-sized zirconia. Various groups have employed a range (opme),.2 The decomposition of molybdenum oxymethoxide in

of wet-chemistry methods to synthesize-rO; catalyst:~° a magnetic field has led to the fabrication of Mo@noparticles
Howg—rver, compllcated apparatus, complex process controls, andyq separated carbon particle3he magnetic field-guided
special conditions are required for these approaches. formation of long carbon filaments (sausages) is also rep8rted.

RAPET (Reaction underAutogenic Pressure atElevated The RAPET product of the present reaction (applied magnetic
Temperatures), which uses a single precursor process, hagield) is characterized by structural, morphological, and magnetic
recently been designed for the fabrication of nanomaterials. A properties and is compared with the reaction that was carried
simple, one-step, solvent- and catalyst-free RAPET reaction, out without a magnetic field. The changes in the morphology
which does not use any stabilizing agent, was developed toare attributed to the effect of the applied magnetic field.
fabricate metastable fcc Co and tetragonal Zpbases. The
RAPET synthesis of these metastable structures was reported=xperimental Section
in our previous publicatiof The stabilization of metastable fcc

cobalt and the tetragonal phase of zirconia can be seen due to The fqbrlcatlon OT Co and err.lanclnpa.rtlcles separately
an in situ formed carbon shell 64 nm thickness. The current coated with carbon via RAPET reaction is discussed elsewhere.

investigation, centered on the decomposition of a G@Zac)- The obtained composite was termed a carbon-coated cobalt/
(O'Pr)g in a closed cell at 700C, was conducted under the zirconia nanocomposite (CCZN) samplg. '!'he same proce<_1|ure
application of a high magnetic field of 10 T. To the best of our was carried out qnder a §tat|c magnetic field of 10 T, which
knowledge, there are no previous reports on the effect of was generated usmgahehum-free _superconducn_ng magnet. The
applying a magnetic field on the rejection of ferromagnetic Sc\:\:zgc?flc;'r(l:?rqaWﬁZtS?/\t/rllgrg]?hga);g?j?er?ltn;?%r?eeurﬁe?orlngtti::nfitglz
carbon from the surface of cobalt particles. This article shows gnet, 9 9

g was the smallest. A ceramic oven containing the Swagelok cell
how the magnetic field affects the morphology of the products _. . -
of this reaction, which in the absence of a magnetic field leads filled with 0.5 g of COZ.E(Z.’IC&C)(OIPOS was placed between
the poles of the magnetic field. The oven was heated and cooled

at the same rates used for the reaction without a magnetic field.

:ggrr_rﬁ:ﬁol?ﬁii\?gr S"’i‘t“thor- E-mail: gedanken@mail.biu.ac.il. The total yield of product material was about 63% of the total
£SLU. v weight of CoZg(acac)(O'Pr) introduced in the cell (the yield
8 Nagoya University. is the final weight of the product relative to the weight of the
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starting material). This is termed a zirconieobalt prepared
under magnetic field (ZCPMF) sample. The yields obtained in
the reaction carried out with and without the magnetic field were
approximately the same.

We termed this new method for the synthesis of various
nanomaterials RAPETRgaction undeAutogenicPressure at
ElevatedTemperatures). Using this method, we have prepared
uniform, monodispersed carbon spherdfasanosized Si coated
carbon sphere¥, and core-shell structures of metals/metal
oxides with carbon from various alkoxidés.The present
RAPET method for the synthesis of nanomaterials requires
simple equipment, comparatively low temperature, and a short
reaction time, and it produces pure products.

Characterization

The ZCPMF composite is characterized by various tech-
niques. (X-ray diffraction (XRD) patterns were collected by
using a Bruker AXS D* Advance powder X-ray diffractometer
(Cu Ko radiation, wavelength 1.5406 A). The morphologies
and nanostructure of the as-synthesized products were furthe
characterized with a JEM-1200EX transmission electron mi-
croscopy (TEM) model and a JEOL-2010 high-resolution TEM ==
(HR-TEM) model using accelerating voltages of 80 and 200
kV, respectively. SAEDS (selected-area energy-dispersive X-ray
analysis) of one individual particle was conducted using a JEOL-
2010 HR-TEM model and energy-dispersive X-ray analysis
(EDX) by using an X-ray microanalyzer (Oxford Scientific),
both attached to a JSM-840 scanning electron microscope
(SEM). Samples for TEM and HR-TEM were prepared by
ultrasonically dispersing the products into absolute ethanol,
placing a drop of this suspension onto a copper grid coated with
an amorphous carbon film, and then drying in air. A Scion image
software program was used to measure the mean particle s £ AN 3
of ZrO, n_anoparticles. The elemental analysis of the samples Figure 1. Pictures of (a) LR-TEM of ZCPMF sample; (b) HR-TEM
was carried out by an Eager 200 C, H, N, S analyzer. The ot 7cpmE sample; (c) HR-TEM of ZCPMF sample; (d) the masked
Olympus BX41 (Jobin Yvon Horiba) Raman spectrometer was fast Fourier transform (FFT) image (I) and its inverse FFT (Il) depicted
employed, using the 514.5 nm line of an Ar laser as the from (c) (CCZ particle) and the masked fast Fourier transform (FFT)
excitation source to analyze the nature of the carbon present inimage (lll) and its inverse FFT (IV) depicted from (c) (ZNC particle);
the ZCPMF material. The magnetic measurements of ZCPMF (&) noncoated carbon sheets/layers shown at HR; and (f) statistical
material were performed on a Vibrating Sample Magnetometer particle size analysis of the histogram obtained from the TEM in (a).
(VSM-Oxford-3001).
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found from the LR-TEM picture using a Scion image software
Results and Discussion program. In contrast, all the Co/Zg(articles were found to
be carbon coated in the CCZN sample. This indicates that the

Elemental (C, H, N, S) and energy-dispersive X-ray analysis carhon shell is removed from the products, which are prepared
(EDX) are briefly described here since they are almost the same,,qer a magnetic field.

as that reported in the previous artiél&€he measured element 0
percentage of carbon in the ZCPMF product is 9.129.0261 _The HR-TEM of (marked by an arrow) a carbon-coated (5%)
zirconia particle is depicted in Figure 1c. The picture provides

I i 0,
9), while the percentage of hydrogen is 0.06%. The PeSeNCe  idence for the existence of the tetragonal Zrre. It

of zirconium, cobalt, carbon, and oxygen in the ZCPMF material X
was examined by EDX measurement. The EDX spectrum was lustrates the perfect arrangemen'; of the atomic layers and the
also used to obtain a quantitative estimate of the Zr and Co. lack of defects. The measured distance between these (101)
For the light elements such as oxygen and carbon, only a rc)ughlattlce planes is 0.299 nm, whlch is very close to the distance
estimate could be obtained. In the ZCPMF product the weight between the planes reported in the literature (0.295 nm) for the
ratio of Zr:Co is 3.5:1, while the calculated ratio in the starting tétragonal phase of the ZsQPDF: 79-1770). Since such
materials is 3.1:1. carbon-coated particles are5% in the ZCPMF product, we
The morphology of the ZCPMF sample was studied by low- termed them carbon coated zirconia (CCZ) particles. The other
resolution TEM (LR-TEM), and the structure was studied by particle shown in Figure 1c (double-sided arrow) is not covered
HR-TEM and XRD measurements. The LR-TEM picture shown With carbon, and different interlayer spacings, 0.256 nm, are
in Figure 1a illustrates that most of the particles are not measured. These spacings are related to the (002) lattice planes
surrounded by any contrasting material; i.e., they are noncoated of metastable tetragonal zirconia. As already explainedh%
Only after a very careful observation is it found that (Figure of the ZrG; particles are not carbon coated, and we termed them
1b) very few spherical particles are coated with a nanolayer of zirconia noncoated by carbon (ZNC) particles. The question that
a material having a different contrast. The ratio of these carbon- arises is if both particles in Figure 1c are zirconia, then why
coated particles to noncoated particles is 5:95. This ratio wasone of them is coated with carbon while the other is not? To
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Figure 2. SAEDS analysis of CCZ particle (a) and ZNC particle (b).

further substantiate our identification of the ZNC and CCZ which did not reach the TEM grid, but were detected by EDX.
particles, SAEDS measurements were performed. That is why the weight percentage of Co measured by bulk
The typical SAEDS presented in Figure 2a for a CCZ particle EDX and SAEDS is not the same. We conclude that the RAPET
shows the presence of Zr, O, C, and Cu. From this observation,dissociation of CoZi(acac)(O'Pr) at 700°C under an applied
it is clear that the particles that are coated with carbon (CCZ) magnetic field of 10 T yielded Co, Zrparticles possessing
are of pure Zr@, lacking the presence of cobalt. However, the trace cobalt, and Zrgparticles. From XRD measurements, the
typical SAEDS presented in Figure 2b shows the presence of apresence of Zr@and Co is observed in their metastable phases,
small amount of Co and large amounts of Zr, O, C, and Cu for namely, tetragonal for zirconia and fcc for cobalt (see XRD
the ZNC particle. The weight percent of cobalt with 2r{3 paragraph). Figure 1d represents the masked fast Fourier
~6:94. We have focused a 25 nm electron beam on the centertransform (FFT) image (I) and its inverse FFT (l) depicted from
of the several particles to understand the composition. It was Figure 1c of CCZ particle and the masked fast Fourier transform
observed that most of the particles are Zn@h and have a (FFT) image (lll) and its inverse FFT (IV) depicted from Figure
trace amount of cobalt. This proves that there are two types of 1c of ZNC patrticle.
zirconia particles present in the nanocomposite: carbon-coated Disordered and ordered carbon layers were formed during
particles that do not contain cobalt and uncoated particles thatthe magnetic rejection of carbon from the cobalt surfaces, as
have a trace amount of cobalt. It is logical that the particles detected by Raman spectroscopy (see below). The interlayer
possessing a small amount of cobalt are responsible forspacing of the carbon layers i80.35 nm, very close to the
removing/rejecting the carbon from the surface of the zirconia distance between the graphitic layers (Figure 1e). A statistical
during the application of the magnetic field. We have not analysis of the histogram obtained from the TEM picture (Figure
detected any particles rich with cobalt in the SAEDS analysis. 1a) shows that the mean size of the core of Zn@noparticles
The bulk EDX analysis of the ZCPMF product shows that the is 13.6 £ 0.3 nm. The histogram reveals (Figure 1f) a size
weight percentages of Co and Zr are 22% and 78%, respectively.distribution of the particles in the range of-206 nm.
However, by SAEDS analysis for the ZCPMF sample, the = The mechanism that is proposed for the effect of the applied
weight percent of Co with Zr is 6% and 94%. There is clearly magnetic field is as follows. The magnetic field affects the
some more cobalt that is not detected in the SAEDS. This loss morphology of the present reaction product, which in the
of cobalt can be explained as follows. Some of the bare absence of a magnetic field leads to the formation of carbon-
ferromagnetic Co particles might have formed agglomerates, coated ZrQ and Co nanoparticleslt is believed that the small
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Figure 3. Raman spectrum of ZCPMF sample.

2-Theta-Scale
Figure 4. Powder XRD patterns of (a) CCZN sample and (b) ZCPMF

sample.
amount of cobalt atoms in CCZ (ZgQetragonal)/C), observed (a)
in the SAEDS, is responsible for the rejection of carbon from 30
the particle’s surface. Cobalt is well known as a catalyst for 20 -
the growth of carbon around it, and indeed, in the absence of a o 10 -
magnetic field a carbon shell is formedround the Zr@Co E ' 9 i
core. Under a magnetic field about 95% of the Zy@rticles -20p00 10000 '18 ’ 10000 20900

possess cobalt, and no carbon coating is obtained. The reason 3
for the removal of the carbon shell from the surface of ZrO Magnetic field (G)
nanopatrticles is the rejection due to magnetic forces between

the trace amount of Co and the approaching carbon particles. “(:b)

A similar rejection process has occurred in the Maperi-

ments® However, the difference there is in the amount and 5 /
nature of the core. The core in the previous case was 100% é’ . .

MoO,, while in the current studies the same rejection is caused 9 5000 -1000 ( 1000 2000
by 6% cobalt. This is due to the ferromagnetic (Co) versus

paramagnetic (Mog) nature of the relative cores. The RAPET 45

of 1,3,5-trimethylbenzene ¢8l3(CHs)s also showed the mag- Magnetic fleld (G)

netic field effects on the product morphology, which without Figure 5. Magnetization vs magnetic field curves for ZCPMF
the magnetic field leads to the formation of uniform, monodis- Sample: (a) complete hysteresis loop and (b) same plot enlarged for
persed, high-purity carbon spherules (CSs) without using acoercwlty Hc) and remanent magnetizatiokl§) observation.

catalyst!® The magnetic field induced the interaction between
the stable radicals and caused the growth of the carbon body t
form long (up to 32um) carbon filaments/sausages.

Whether magnetic carbon exiStsor not, the suggested

further confirm our arguments regarding the magnetic rejection
%etween ferromagnetic cobalt and carbon.

The remaining question is why are the Zn@articles formed
i in the metastable tetragonal phase even without the carbon shell?
structure of the ferromagnetic carbon (equal number b&sp The tetragonal phase is unchanged even after aging for a long
sp’ hybridized carbon atoms) was studied by Ovchinnikov et (ime (a few months) at ambient conditions, as evidenced from
al. and Shamovsky/. Since the ZCPMF product contains a the xRD patterns in Figure 4. Our explanation is the particle-
9.12% element of carbon, Raman spectroscopic measurementsj,e effect: the as-formed ZeQarticles are~10-16 nm, as
were performed to understand the nature of the carbon. Thegpserved by TEM measurements. The critical size is 6 nm, as
micro-Raman spectrum of ZCPMF sample is shown in Figure reported in the literatur® for the stabilization of a 100%
3. The two characteristic bands of carbon were detected at 134%etragonal phase of zircont&.More recently, Shukla et al.
cm* (D- band) and 1598 cnt (G-band). The intensity of the  demonstrated the aggregation tendéhcf ~45 nm zirconia,
G-band, associated with graphitic carbon, is larger than the which is responsible for the stabilizing metastable tetragonal
intensity of the D-band® The intensity ratio of the D- and  phase, within large~4500-600 nm) undoped zirconia particles.
G-bands idp/lc = 0.8 for the ZCPMF sample. According to  We therefore attribute the stability of the tetragonal phase to
our assumption, the precursor is completely dissociated at 700the size effect. This is reinforced by the presence of a trace
°C to carbon and hydrogen atoms. We speculate that perhapsamount of cobalt, which might effect the stabilization of the
the carbon formed upon this dissociation is ferromagnetic, and metastable tetragonal phase of zirconia.
its strong interaction with the ferromagnetic Co or even  The XRD patterns of the CCZN and ZCPMF samples are
paramagnetic Mo@leads to its rejection from the surface of presented in Figure 4. The major peaks and their intensities at
the substrate. Upon cooling, the ZCPMF product fabricated in 29 values of 30.24, 50.25, 60.24, and 62.88rrespond to the
a magnetic field at 700C/3 h causes the formation of Co and reflection lines of the metastable tetragonal phase of zirconia.
ZrO, with a trace amount of Co particles, which solidifies first, These values are in good agreement with the diffraction peaks,
to reject any approaching ferromagnetic carbon moiety. The 5% peak intensity, and cell parameters of crystalline Z(BDF
of the zirconia particles that lack the cobalt presence are carbonNo. 79-1770). The peak widths for the metastable tetragonal
coated. The 95% zirconia particles that contain traces of cobalt phase of zirconia, at full width at half-maxima (fwhm), are wide,
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indicating a small crystallite size<14 nm) for both cases. The (3) Orlik, S. N.; Struzhko, V. L.; Mironyuk, T. V.; Tel'biz, G. MKinet.
indicated diffraction lines at@values of 44.2 and 51.47re Ca“(*"{)zg?e‘f 44, 68PZ- A o Marinova T G Corcia 3. 8

H H H eranov, P.; Atahasova, G.; Marinova, 1.; Gomez-Garcia, J.; sanz,
assigned to the crystalline face centered cubic phase qf cobaltj_; Caballero, M. A.: Morales, J. J.. Cordon, A. M.. Gonzalez-Elipe, A, R.
(PDF No. 15-806). Almost the same XRD patterns, with no catal. Lett.2003 90, 195.
characteristic peaks of carbon, were observed for the CCZN  (5) Hattink, B. J.; Labarta, A.; del Muro M. G.; Batlle, X.; Sanchez,
and ZCPMF samples, and this might be due to the amorphousF; Varela, M.Phys. Re. B 2003 67, 033402. o
nature of carbon. XRD measurements for CCZN and ZCPMF _ (6) Ohnuma, S.; Lee, H. J.; Kobayashi, N.; Fujimori, H.; Masumoto,

. i, . T. IEEE Trans. Magn2001, 37, 2251.

samples after a few months at ambient conditions did not detect

;i . - S o 7) Pol, S.V.; Pol, V. G.; Seisenbaeva, G.; Kessler, V. G.; Gedanken,
any change in the diffraction peaks, thus confirming the stability A éh)em. Mater2004 16, 1793.

of metastable phases. (8) Pol, S. V.; Pol, V. G.; Kessler, V. G.; Seisenbaeva, G. A.; Sung,
The magnetic properties of the ZCPMF sample were inves- M.; Asai, S.; Gedanken, Al. Phys. Chem 004 108 6322.

tigated by magnetic susceptibility measurements, as OUt"nedzoof)nP%I%g/é G.; Pol, S. V.; Gedanken, A.; Sung, M.; Asai,Garbon

in the Experimental Section. The magnetization vs magnetic ' ) -

field curvg for the ZCPMF sample sk?ows a ferromagﬁgétic v (10) Pol, V: G Motiei, M., Gedanken,A.; Calderon-Moreno, J.

oshimura, M.Carbon2004 42, 111.

behavior (Figure 5). The values for the saturation magnetization  (11) pol, v. G.; Pol, S. V.; Gedanken, A.: Goffer, ¥. Mater. Chem.

(My), coercivity Hc), and remanent magnetizatiolld are 20 2004 14, 966.

emu g’l’ 70 Oe, and 2.5 emu—é’ respectively, for the ZCPMF (12) Pol, S. V.; Pol, V. G.; Gedanken, 8&hem—Eur. J.2004 10, 4467.

sample. Taking into account the weight of the cobalt present  (13) Makarova, T. L. Sundqvist, B.; Hohne, R.; Esquinazi, P.; Ko-

- . - elevich, Y.; Scharff, P.; Davydov, V. A.; Kashevarova, L. S.; Rakhmanina,
throughout the material (by EDX), the saturation magnetization 2. V. Nature 2001, 413 716Yy

is 91 emu g* in the ZCPMF sample. (14) Ovchinnikov, A. A.; Shamovsky, |. LTHEOCHEM--J. Mol.
Struct.1991 83, 133.
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