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Spherical Co and ZrO2 particles in the size range of 11-16 nm, exhibiting at room
temperature metastable phases, fcc for cobalt and tetragonal for zirconia, were synthesized,
by the reaction under autogenic pressure at elevated temperature (RAPET) technique. The
tetragonal phase in ZrO2 was obtained without doping the ZrO2 with trivalent impurities.
Using high-resolution transmission electron microscopy and selected area energy-dispersive
X-ray analysis it is manifested that a carbon shell of ∼4 nm thickness is formed on the
surface of Co and ZrO2 nanocrystallites. This carbon shell is responsible for stabilizing the
high-temperature metastable phases at room temperature. These two products were obtained
by the dissociation of CoZr2(acac)2(OiPr)8 at 700 °C under its autogenic pressure.

Introduction

Zirconia (ZrO2) is a well-known ceramic material that
exhibits tetragonal-to-monoclinic martenstic phase trans-
formation. This phase transformation is of technological
importance as it contributes to the toughening of the
ceramics.1 The tetragonal-to-monoclinic phase trans-
formation is accompanied by volume expansion and can
be triggered by hydrostatic and shear stresses.2 Zirconia
is used as a dispersed phase in oxide (alumina)3 as well
as non-oxide (carbides, borides, and nitrides)4 ceramics
to increase their fracture toughness, strength, and
hardness. This stress-induced transformation has also
been shown to increase the plasticity from the shape
deformation and accommodation strains, which are
associated with the transformation.5 The tetragonal
zirconia phase also has a higher ionic conductivity6 and
is used in solid oxide fuel cells (SOFC). Increase in the
wear and corrosion resistance of nanostructured ceramic
coatings as a result of stress-induced phase transforma-
tion has also been reported.7 Besides this, tetragonal
ZrO2 also find application as catalyst/catalyst support
for various gas-phase reactions.8,9 Hence, synthesizing
ZrO2 particles with metastable tetragonal crystal struc-

ture is important. Doping zirconia with trivalent im-
purities has been a traditional approach for stabilizing
the metastable tetragonal phase.10 Particle size has also
been observed to have its own effect on the stability of
the metastable tetragonal phase in nanocrystalline
zirconia.11 The critical size was found to be 6 nm,12 for
the stabilization of 100% tetragonal phase. Shukla et
al. demonstrated that, at room temperature, the stabil-
ity of the metastable tetragonal phase within the
submicron-sized ZrO2 particles strongly depends on the
aggregation13 tendency of ZrO2 nanocrystallites. The
metastable face-centered cubic (fcc) phase of cobalt was
also previously detected by Liu14 et al. inside carbon
nanotubes.

Reduction of oxides and oxidation of small metal
particles in metal-supported catalysts is of interest from
both practical and theoretical viewpoints.15 Various
groups have employed a range of wet-chemistry methods
to synthesize Co-ZrO2 catalyst. This included synthesis,
characterization of cobalt supported on ZrO2 catalysts,
and their activity for the reduction15,16 of NO with C3H6
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in the presence of excess O2. Orlik et al. have reported
the role of the bifunctionality of Co-ZrO2-based oxide
systems in NO reduction with lower hydrocarbons.17

Grams et al. performed temperature-programmed stud-
ies on carbon deposits18 formed on ZrO2-supported cobalt
catalysts. The effect of the size distribution19 of cobalt
particles in Co/ZrO2 system catalyst for the Fischer-
Tropsch synthesis is reported by Chernavskii et al.
Stefanov et al. also reported on the characterization20

of Co-ZrO2 de-NOX thin film catalysts prepared by
magnetron sputtering. The ac electrical response21 is
studied in Co-ZrO2 granular thin films composed of
well-defined nanometric Co particles embedded in an
insulating ZrO2 matrix. Co-Zr-O nanogranular thin
films22 with improved high-frequency, soft magnetic
properties is also reported by Ohnuma et al. The effect
of microstructure, grain size, and rare earth doping on
the electrorheological performance of nanosized ZrO2
particles was studied and it was concluded that tet-
ragonal ZrO2 possess higher electrorheological activity23

than monoclinic ZrO2. However, complicated apparatus,
complex process control, and special conditions are
required for these approaches.

The major objective of the present report is to discuss
a new process that uses a single-precursor, one-step
reaction under autogenic pressure at elevated temper-
ature (RAPET) without external catalyst and without
a stabilizing agent to fabricate metastable fcc Co and
tetragonal ZrO2 phases. The reaction, which is the
subject of this paper, is the dissociation of CoZr2(acac)2-
(OiPr)8 at 700 °C. Two main products result from the
thermal dissociation of the precursor. They are two
spherical particles: the first is a core-shell structure
with Co as the core and carbon as the shell, and the
second product is a core-shell structure where meta-
stable tetragonal ZrO2 particles are surrounded by a
carbon shell. The products of the reaction were charac-
terized by powder XRD, elemental (C, H, N, S) analysis,
EDS, SAEDS, TEM, HR-TEM, Raman spectroscopy, and
magnetic measurements.

Experimental Section

1. Synthesis and Gas-Phase Behavior of Precursor
Compounds. Zr2(OnPr)2(OiPr)6(iPrOH)2 (1) was obtained in
practically quantitative yield by recrystallization of “Zr(OnPr)4”
(purchased from Aldrich) in 2-propanol according to ref 24.
CoZr2(acac)2(OiPr)8 (2) was obtained with quantitative yields
by refluxing stoichiometric amounts of Co(acac)2 (purchased
from Aldrich and purified by sublimation in vacuo at 142-

145 °C) and Zr2(OiPr)8(iPrOH)2 (purchased from Aldrich and
used without further purification) in toluene with subsequent
evaporation to dryness and recrystallization from n-hexane,
according to ref 24.

Both 1 and 2 are highly volatile and can be sublimed under
mild conditions (140-150 °C/0.01 mmHg), 1 with decomposi-
tion, while 2 without noticeable decomposition under these
conditions. The mass spectrum of 2 (JEOL JMS-SX/SX-102A
mass spectrometer applying electron beam ionization at U )
70 eV with direct probe introduction) contains, along with the
fragmentation series of the molecular ion (with such ions as
[M - acac - CH3]+ at m/z ) 795, [M - 2OR]+ at m/z ) 791,
and [M - acac - OR]+ at m/z ) 751), the fragmentation series
corresponding to dissociation of the initial molecule into
homometallic components such as Co(acac)2 (m/z ) 257), Zr-
(acac)2(OiPr)2 [starting with the Zr(acac)2(OiPr)+ ion at m/z )
347], and Zr(OiPr)4 [m/z) 326 with [Zr(OiPr)4 - CH3]+ at m/z
) 311 (100%) as the most intensive ion].

2. Fabrication of Co and ZrO2 Nanoparticles Sepa-
rately Coated with Carbon via RAPET Reactions. The
fabrication of the metastable Co/C and metastable ZrO2/C
nanoparticles is carried out by introducing the CoZr2(acac)2-
(OiPr)8, i.e., CoZr2(CH3COCHCOCH3)2(OC3H7-i)8, precursor in
a 2 mL closed vessel cell. The cell is assembled from stainless
steel Swagelok parts. A 1/2 in. union part is plugged from both
sides by standard caps. For these syntheses, 0.5 g of the above
precursor is introduced in the cell at room temperature under
nitrogen (nitrogen-filled glovebox). The filled cell is closed
tightly by the other cap and then placed inside an iron pipe
in the middle of a furnace. The temperature is raised at a
heating rate of 10 °C/min. The closed vessel cell is heated at
700 °C for 3 h. The reaction took place under the autogenic
pressure of the precursor. The cell is gradually cooled (∼5 h)
to room temperature and opened, and a black powder is
obtained. The total yield of product material is about 55% of
the total weight of CoZr2(acac)2(OiPr)8 introduced in the cell.
(The yield is the final weight of the product relative to the
weight of the starting material.) The obtained two products
are termed as carbon-coated cobalt (CCC) and carbon-coated
zirconia (CCZ). Since these two different products are obtained
in the same reaction from a single precursor, the composite is
termed a carbon-coated cobalt/zirconia nanocomposite (CCZN)
sample. We termed this new method for the synthesis of
various nanomaterials as “reaction under autogenic pressure
at elevated temperatures” (RAPET). Using this method re-
cently we have prepared uniform, monodispersed carbon
spherules25 and nanosized Si-coated carbon spheres.26 The
present RAPET method for the synthesis of nanomaterials
requires simple equipment, comparatively low temperature,
and a short reaction time, and it produces core-shell morphol-
ogy as a clean product.
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Figure 1. EDX of the CCZN product.
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3. Characterization. The CCZN composite was character-
ized by various structural, morphological, and magnetic tech-
niques. XRD patterns were collected by using a Bruker AXS
D* Advance powder X-ray diffractometer (Cu KR radiation,
wavelength 1.5406 Å). The morphologies and nanostructure
of the as-synthesized products were further characterized with
a JEM-1200EX TEM and a JEOL-2010 HRTEM using an
accelerating voltage of 80 and 200 kV, respectively. SAEDS
(selected area energy dispersive X-ray analysis) of one indi-
vidual particle was conducted using a JEOL-2010 HRTEM
model and EDX was done using an X-ray microanalyzer
(Oxford Scientific), both attached to a JSM-840 scanning
electron microscope (SEM). Samples for TEM and HRTEM
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 size of the core of ZrO2 or Co
nanoparticles. The elemental analysis of the samples was
carried out by an Eager 200 C, H, N, S analyzer. An Olympus
BX41 (Jobin Yvon Horiba) Raman spectrometer was employed,
using the 514.5 nm line of an Ar laser as the excitation source
to analyze the nature of the carbon present in the CCZN
material. Magnetic measurements of the CCZN material were
performed on a vibrating sample magnetometer (VSM-Oxford-
3001).

Results and Discussion

1. Elemental (C, H, N, S) Analysis, Energy-
Dispersive X-ray Analysis (EDX), and X-ray Dif-
fraction (XRD) Measurements. The content of carbon
and hydrogen in the product/carbonaceous material was
determined by an elemental analysis measurement. We
have calculated the element (wt) percent in the CoZr2-
(acac)2(OiPr)8 and compared it with elemental analysis
data of the CCZN product. The calculated percent of
carbon in CoZr2(acac)2(OiPr)8 is 44.76% (in 0.5 g of
precursor) while the percentage of hydrogen is 7.68%.
The respective measured element percentage of carbon
in the CCZN product is 9.73% (in 0.275 g of product),
while the percentage of hydrogen is 0.08%. It is observed
that the products show a drastic loss of carbon and
hydrogen. It is suggested that the weight loss of carbon
and hydrogen is due to the formation of hydrocarbons,
which exit the cell as the result of the release of pressure
while opening the Swagelok cell.

The presence of zirconium, cobalt, carbon, and oxygen
in the CCZN material was examined by EDX measure-
ment (Figure 1). The EDX spectrum was also used to
obtain a quantitative estimate of the Zr and Co. For the
light elements such as oxygen and carbon, only a rough
estimate could be obtained. In the CCZN product the
percentage (wt) of Zr and Co are 73% and 27%, respec-
tively.

The XRD pattern of the CCZN sample is presented
in Figure 2. The major peaks and their intensities at
2θ values of 30.24°, 50.25°, 60.24°, and 62.89° cor-
respond to the reflection lines of the metastable tet-
ragonal phase of zirconia. These values are in good
agreement with the diffraction peaks, peak intensity,
and cell parameters of crystalline ZrO2 (PDF No. 79-
1770). The peak widths, for the metastable tetragonal
phase of zirconia, at half-peak height, are wide, indicat-
ing the small crystallite sizes (∼11-16 nm). The dif-
fraction lines indicated by stars are assigned to the
crystalline face-centered cubic phase of cobalt (PDF No.
15-806). It is well-known that the transformation from
the fcc to the stable hexagonal phase usually occurs27

at 417 °C, while in the current reaction even at 700 °C
the metastable phase is retained. This is because the
change from the fcc to the hexagonal phase would
require space, and it is hindered by the carbon coating.
The same phenomenon was reported for Co encapsu-
lated in carbon nanotubes.14 No characteristic peaks of
carbon were observed in the CCZN sample, and this
might be due to its amorphous nature. Further evidence
for its amorphous nature is given by the Raman
spectroscopy measurements (Figure 5). The high stabil-
ity of metastable fcc cobalt and tetragonal zirconia is
related to the in situ formed protective carbon shell. It
is demonstrated for example when the samples are aged
in air atmosphere at room temperature. XRD measure-
ments after a few months at ambient conditions did not
detect any changes in the diffraction peaks.

2. Electron Microscopy Studies (LR-TEM, HR-
TEM, and SAEDS). The morphology and structure of
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Figure 2. Powder XRD pattern of a CCZN sample.
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Figure 3. Images from the (a) LR-TEM of a CCZN sample, (b) HR-TEM of a CCZN sample (bar indicates 20 nm), (c) HR-TEM of a CCC
particle and its masked fast Fourier transform (FFT) image (bar indicates 5 nm), (d) HR-TEM of a CCZ particle (bar indicates 5 nm), (e)
core of a CCZ particle shown at high resolution, (f) electron diffraction of part e, and (g) particle-size histogram obtained from the TEM
picture (part a), using Scion image software program.
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a CCZN sample were studied by LR-TEM and HR-TEM
measurements. Figure 3a depicts spherical particles
coated with a nanolayer of a material having a different
contrast. The analysis of the HR-TEM results shows
that the product is composed of two different particles,
namely carbon-coated cobalt (CCC) and carbon-coated
zirconia (CCZ). In both the cases Co and zirconia
nanoparticles form the cores and are homogeneously
embedded in a carbon shell, having a core-shell struc-
ture (Figure 3b). The diameter of these cores is ∼13 nm
and the outer carbon shell is ∼4 nm (Figure 3, parts c,
marked by double sided arrow, and d). The stabilization
of Co or ZrO2 cores is due to the carbon shell, which is
not allowing a change of the metastable phases.

A similar RAPET reaction was carried out at 700 °C,
by introducing Zr2(OnPr)2(OiPr)6(iPrOH)2 precursor in
a 2 mL closed vessel cell. It leads to the formation of
separate zirconia and carbon particles without core-
shell structures. The formed nanosized zirconia shows
mostly monoclinic and very small tetragonal phase. This
proves that only after a uniform layer of carbon is
formed on the surface of zirconia is stabilization of the
metastable phase realized. The separate growth of
zirconia and carbon in this case is typical of decomposi-
tion of metal alkoxides not substituted by acetylaceto-
nate ligands, which is characterized by lower volatility
and hindered nucleation that leads to bigger particles
and nonuniform growth through the gas-phase trans-
port.28 Another explanation for the absence of a carbon
shell in the decomposition of Zr2(OnPr)2(OiPr)6(iPrOH)2
is the lack of Co. We believe that although the CCZ
(ZrO2(tetragonal)/C) is composed mostly of zirconia, a

small amount of cobalt atoms (observed in the SAEDX)
exist in the zirconia core. Cobalt is well-known as a
catalyst for the growth of carbon around it.

The assignment of “core” to Co and ZrO2 and “shell”
to carbon is based on the SAEDS and HR-TEM tech-
niques presented below. We assume that the dissocia-
tion of CoZr2(acac)2(OiPr)8 at such high temperature as
700 °C leads primarily to formation of highly volatile
homometallic acetylacetonato-alkoxides of zirconium
and of cobalt, in analogy to the dissociation caused by
the electron beam impact in the mass spectrometric
experiment. Further destruction in the gas phase results
in uniform multicenter nucleation and rapid simulta-
neous growth of highly crystalline, almost spherical
particles of the high-energy phases of ZrO2 and of
metallic Co (due to reduction by the organic residues).
Lowering of the gas phase concentration of metal-
organic precursors results subsequently in catalytic
thermal decomposition of the purely organic components
on the surface of nanoparticles, resulting in the core-
shell structure. The reaction mechanism for the particle
growth involves in this case, supposedly, the reactions
of ether and â-elimination, which are typical for transi-
tion-metal metal-organic decomposition.28 In the case
of RAPET of the tetraethyl orthosilicate (TEOS), we
could account for the solidification of the carbon26 as
the spherical core, both thermodynamically and kineti-
cally, as the thermolysis in that latter case was proceed-
ing most likely via radical mechanisms more typical for
the organosilicon compounds. The HR-TEM of a CCC
particle depicted in Figure 3c provides further evidence
for the identification of the Co core. It illustrates the
perfect arrangements of the atomic layers and the lack
of defects. The measured distance between these (111)
lattice planes is 0.21 nm, which is very close to the
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Figure 4. SAEDS of a carbon-coated zirconia particle.

RAPET of CoZr2(acac)2(OiPr)8 Chem. Mater., Vol. 16, No. 9, 2004 1797



distance between the planes reported in the literature
(0.204 nm) for the face-centered cubic lattice of the Co
(PDF: 15-806).

The HR-TEM of a CCZ particle depicted in Figure 3d
provides evidence for the existence of the tetragonal
ZrO2 core (marked by an arrow). It illustrates the perfect
arrangements of the atomic layers and the lack of
defects. The measured distance between these (101)
lattice planes is 0.294 nm (Figure 3e), which is very close
to the distance between the planes reported in the
literature (0.295 nm) for the tetragonal phase of the
ZrO2 (PDF: 79-1770). The disordered and ordered
carbon layers (Figure 3c,d) were detected in the HR-
TEM image. Carbon has a tendency to form a very
uniform shell of ∼4 nm on the surface of Co or ZrO2
nanoparticles. Interlayer spacing in the coated carbon
is ∼0.35 nm, very close to the distance between graphitic
layers. Figure 3f presents the selected area electron
diffraction for the CCZ particle depicted in Figure 3e.
The obtained electron diffraction data matches with
various planes (shown by an arrow) of tetragonal
zirconia. More evidence for the amorphous nature of
carbon is the lack of electron diffraction or fast Fourier
transform (FFT) images. On the contrary, Co and ZrO2
produce electron diffraction or FFT. A statistical analy-
sis of the histogram obtained from the TEM picture
(Figure 3a) shows that the mean size of the core of ZrO2
or Co nanoparticles is 13.3 ( 0.1 nm. The histogram
reveals (Figure 3e) a narrow size distribution of par-
ticles, which according to the TEM are monodispersed.

To further substantiate our identification of the core-
shell structure, SAEDS measurements were performed.
A 25 nm electron beam was focused on the center of a
CCZ particle and confirmed zirconia as a core. The
typical SAEDS presented in Figure 4 shows the pres-
ence of a small amount of Co and large amounts of Zr,
O, C, and Cu. The carbon and Cu peaks are always
originating from the TEM grid. Since the particle size
of zirconia is ∼12 nm, the electron beam overlaps an
adjacent Co particle. This is the reason that Co is also
detected.

3. Raman Spectroscopy and Magnetic Measure-
ments. Raman spectroscopy measurements were per-
formed to understand the nature of the carbon coating
in the CCZN sample. The micro-Raman spectrum of the
CCZN sample is shown in Figure 5. The two character-
istic bands of carbon were detected at 1341 cm-1 (D-
band) and 1596 cm-1 (G-band).29 The intensity of the
G-band, associated with graphitic carbon, is smaller
than the intensity of the D-band. The intensity ratio of
the D- and G-bands is ID/IG ) 1.2 for the CCZN sample.
It is suggested that the existence of the nongraphitic
layers is due to the execution of the RAPET reaction at
700 °C, which is not high enough to permit improvement
of the local order of the deposited carbon.

The magnetic properties were investigated by mag-
netic susceptibility measurements as outlined in the
Experimental Section. The magnetization vs magnetic
field curve for the CCZN sample shows a ferromag-
netic14 behavior (Figure 6). The saturation magnetiza-

tions Ms and coercivity are 18 emu g-1and ∼70 Oe,
respectively, for the CCZN sample. Taking into account
the weight of cobalt present in the entire material (from
EDAX), the saturation magnetization of CCZN sample
works out to more than 60 emu g-1.

Conclusions

In conclusion, the novel one-step RAPET of CoZr2-
(acac)2(OiPr)8 at 700 °C, in the absence of catalyst, led
to the formation of core-shell composites. Metastable
phases of separate Co and ZrO2 particles that are coated
with carbon are identified. For the first time, using
RAPET technique and without doping any trivalent
impurities, spherical ZrO2 particles exhibiting meta-
stable tetragonal crystal structure at room temperature
are obtained. According to our interpretation, based on
high-resolution transmission electron microscopy and
selected area energy-dispersive X-ray analysis, the ∼4
nm carbon shell on the surface of ZrO2 and Co nano-
crystallites is responsible for stabilizing the high-
temperature metastable tetragonal and fcc phase, re-
spectively, at room temperature.
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Figure 5. Raman spectrum of a CCZN sample.

Figure 6. The magnetization vs magnetic field curve for a
CCZN sample.
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