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Abstract

Heating an amorphous Co>":AI0(OH)-«H,O gel under a reducing atmosphere of pure H, gas at 700-850 °C temperature
results in surface stabilized Co-metal nanoparticles with a thin Al,O; ceramic surface layer. At early temperatures during
heating, the gel decomposes and disperses in a refined structure in divided Co*™ groups through a matrix of Al,O3 (amorphous).
A reconstructive Co’* 4+ H, — Co + 2H™ reaction operates in the divided groups to result in isolated Co-particles. Formation
and existence of Al,O5 layer (in a limited thickness # < Ry, with Ry ~ 4.28 nm the critical Al,03 dimension to grow as a stable
crystallite) over growing Co-particles control the process in a high-energy metastable fcc or bee Co allotrope structure. Average
crystallite size thus hardly grows to be as big as 41 nm. A large value of surface energy ¢ = 0.790 J/m? in Al,Os, in comparison
to 0.234 J/m? in fcc or 0.279 J/m? in hep Co, inhibits a moderate diffusion of surface atoms and in turn controls the nucleation
and growth in small Co-particles. Otherwise, a particle of pure Co metal grows rapidly in the hcp bulk structure. The results of
the Al,O;3 surface modified fcc and bec Co are analyzed with X-ray photoelectron spectroscopy in correlation of X-ray
diffraction and microstructure.
© 2004 Published by Elsevier B.V.
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1. Introduction appealing both from theoretical and technological

points of view [1-7]. Pure Co metal in bulk form

Surface modification and encapsulation of size
selected metal particles are a subject of immense
interest due to their unique structural, magnetic and
other physical properties, which make them very
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has an hcp crystal structure with a martensitic trans-
formation to an fcc structure at ~427 °C temperature
[1,3]. The fcc Co also exists at ambient temperature if
the size is reduced to few nanometers [2,5]. Prinz
synthesized Co granules in a bce allotrope by epitaxial
growth in thin films over GaAs [8]. Ram reported this
phase to exist in small crystallites of D = 2—5 nm
diameter [5]. Such small particles have rapid surface
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oxidation due to the large surface area. This can be
controlled by a thin surface coating of Al,O5 or other
inert ceramics [5,9-11].

Several methods have been developed to synthesize
nanoparticles and clusters of Co, Ni, or Fe metal [12—
14]. Clusters of 40-500 atoms obtained by laser
vaporization are usually ‘“‘naked”, with no surface
layer of other species. They have an enhanced mag-
netization, usually 5-30%, in comparison to the bulk
value [13,14]. Chemical methods, including the Rieke
method [15], the inverse micelle technique [2,16], or
the sonochemical method [17], provide alternative
ways for synthesizing separated metal particles. Par-
ticles prepared with a chemical route often have a thin
surface layer of other species, leaving scope for pre-
vention of surface oxidation in air. Moreover, the
physical and chemical properties are substantially
modified in coated particles [16,17]. Co-nanoparticles
so produced have the fcc structure [17-19]. A few
groups have succeeded in encapsulating small metal
particles in carbon nanotubes [7,20-22].

Undesirably, carbon reacts with the metal particles
to form carbides [20-22], which, being to be non-
magnetic or weakly magnetic, hamper the prospects of
the encapsulation. Surface stabilized metal particles in
elemental state with a ceramic surface layer offer
several advantages for applications in magnetic energy
storage, magnetic recording, magnetic resonance ima-
ging and ferrofluids [16-22]. A thin Al,O5 surface
layer, 2—4 nm in thickness (#), over a Co-nanoparticle
effectively insulates it by forming an insulator surface
barrier. It establishes a magnetic tunnel junction
(MTJ) between two Co-particles separated by the
barrier layer, exhibiting tunneling magnetoresistance
(TMR). A 6-30% value of TMR lies at room tem-
perature [9,10], with promising applications in mag-
netic random access memories, read heads, and
Sensors.

This article reports the structure and topology in
surface stabilized Co-nanoparticles with a thin
Al,O5 surface layer. The Al,O5 layer supports a
metastable fcc or bcc Co structure. The Co:Al,O3
samples are synthesized by thermal decomposition
and reconstructive co-reduction reaction under dif-
ferent conditions from a C02+:AIO(OH)-ocH20 gel.
The results are analyzed with the microstructure, X-
ray diffraction, and X-ray photoelectron spectro-
scopy (XPS).

2. Experimental details

The encapsulated Co-nanoparticles in amorphous
Al,Oj3 thin films, # < 4 nm, were synthesized from an
amorphous Co®":AIO(OH)-«H,O gel. On heating
under H, gas, the gel decomposes into a refined
precursor of dispersed Co*" cations in the matrix of
an amorphous Al,O3 (porous) over 150-350 °C tem-
perature. A co-reduction reaction, Co*" +H, —
Co +2H™, follows at higher temperatures, resulting
in surface stabilized Co-nanoparticles with a thin
Al,0Oj3 surface layer at 700-850 °C. A schematic dia-
gram illustrating the whole procedure of the synthesis
is given in Fig. 1. The samples were obtained of
different D values by heating the precursor at different
temperatures. A freshly prepared precursor gel has
been used in this experiment. As described earlier
[5,16], it was synthesized by hydrolysis of an aqueous
CoCl,-6H,0 solution in reaction with an Al-metal at
room temperature.

X-ray diffraction of Co:Al,O; was studied with
P.W. 1710 X-ray diffractometer using Co Ko radiation
of wavelength 4 = 0.17902 nm. Surface structure of

Co’*: AIO(OH). :H,0
gel (anorphous)

lThermal decomposition

Refined Co®*: ALO;
Precursor

d

Reduction/Reconstructive
reaction inH, gas
(700 -850C )

v

ALO; encapsulated
Co-nanoparticles

Fig. 1. A schematic diagram in the processing of surface modified
Co-nanoparticles with a thin Al,O3 ceramic surface layer.
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Co-nanoparticles coated with thin Al,O3 film was
analyzed through XPS studies. The microstructure
was studied with a scanning electron microscope
(SEM) of JEOL model JSM-5800 and a transmission
electron microscope (TEM) of model-JEM 2000 CX.
Compositional analysis, carried out with an energy
dispersive X-ray (EDX) analyzer (in conjunction with
SEM) shows no significant impurity except a small
trace of ~1 at.% even smaller due to carbon. The
sample in TEM analysis was prepared by dispersing
powder in alcohol over an ultrasonic bath. A drop of
suspension was placed with a syringe on a carbon
coated copper grid, which was ultimately loaded with
sample in the microscope for the analysis. Average D
value has been calculated from widths A20,,, in X-ray
diffraction peaks with the Debye Scherrer relation [23].

3. Results and discussion

3.1. X-ray diffraction in allotropes in
Co-nanoparticles

As described in Fig. 1, on heating in H, gas, the
Co*":AIO(OH)-H,0 gel decomposes at temperatures
as early as 150-350 °C, resulting in a dispersed struc-
ture of Co®" cations in the matrix of Al,O3 (amor-
phous). It reflects in an endothermic signal with
absorption of as large heat as ~925J/g, in DSC
thermal analysis [5]. The decomposition profile, as
studied with thermal analysis, varies as a function of
composition and content of chemisorbed water («) in
the sample. A value of o = 3.0 is estimated by ther-
mogravimetric analysis for the sample of ~50 wt.%
Co as per the final Co:Al,O3 composition. An efficient
co-reduction  reaction, Co®*" + H, — Co + 2H,
occurs of dispersed Co®" in small groups in Al,O5
at 700-850 °C temperature as follows:

150 -350°C

H, gas

Co**: AIO(OH).aH,0 Co™": %AlgO,ﬁ % (2a+1) H,0

lCo—reduction

Co: l ALOs.
2

ey

Reaction (1) occurs in a controlled fashion in divided
reaction centers in Al,O; matrix at expense of the
excess volume AV (or Gibbs free energy AG) over the

equilibrium value. In this process, the Al,O3 reacts
with nascent surfaces in the resulting Co-particles and
thus encapsulates the Co-particles in thin Al,O;
layer(s). The number of Al,O; layers in the coating
over a Co-particle thus depends on the Co-Al,O3
surface reaction, which, in turn, is determined by
the total surface energy and thickness in the interface
in the Co:Al,Oj5 particle. As aresult, the ¢ value is self-
controlled within a few Al,O; molecular layers. It
governs a controlled growth of coated Co-particles by
improving the effective surface energy o, which gov-
erns diffusion of the reaction species through the
interface. A modified Co surface with an improved
o value (in comparison to 0.234 J/m? in fcc Co [24] or
0.279 J/m? in hep Co [24], with ¢ = 0.790 J/m? in y-
Al,O3 [25]) in this example renders a self-controlled
diffusion of surface atoms during an early growth
stage of Co:Al,O3 particles. As a matter of fact, a
high-energy metastable fcc or bce Co results in sup-
port of the modified surface as discussed below in
terms of the X-ray diffraction.

X-ray diffractograms (Fig. 2) in Co:Al,O3 samples
(50 mass% Co) co-reduced from a Co>":AlO(OH)-
oH>O gel after heating at (a) 700 °C for 30 min, (b)
700 °C for 30 min and then 30 min at 850 °C, and (c)
850 °C for 30 min have a total of six peaks, in the 45—
105° range of 20, due to fcc and bee Co. These peaks
are as sharp as of A20,/, < 0.36°. Variation in their
relative intensities demonstrates a variation in fi.. and
Joce Volume fractions in the two phases in three samples.
The temperature and the time period used in the heating
are selected by optimizing a monolithic Co phase.
According to the peak intensities (integrated), the fcc
phase is the prominent phase, with fg.. ~ 65,56, or 85%
in the respective samples (Table 1).

There are significant variations also in the peak
positions (interplanar spacings djx; = 4/2 sin 0) and
A26, values in the three samples. The dj, ; ;and A20,,,
values are used to estimate lattice parameters a and
average D values in the two fcc and bce Co phases
(Tables 1 and 2). The lattice volume V = a> and the
lattice surface energy Q = Ao, with A = 64 the lat-
tice surface area, are included in Table 2. A value of
a = 0.3547, 0.3548, or 0.3550 nm (in comparison to
the 0.3547 nm bulk value') is found in D = 41, 36, or

1X—ray powder JCPDS diffraction files (a) 5.0727, hcp Co, (b)
15.806, fcc Co, and (c) 29.63, y-Al,Os.
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Fig. 2. X-ray diffractograms in Al,O3 surface modified Co-nanoparticles

deduced by heating the gel at (a) 700 °C, (b) 700 °C followed by

850 °C, and (c) 850 °C in H, gas for 30 min at each of the final temperatures. Parts of diffractograms reproduced at a magnified intensity scale

clarify the weak bands. The fcc and bce Co peaks are marked by letters

34 nm particles in the fcc Co in three samples, respec-
tively. In bee Co, a = 0.2855, 0.2859, or 0.2849 nm,
with D = 48, 42, or 36 nm, respectively. Earlier, a
further smaller value of a =0.2840 nm has been
reported in as big as D = 80 nm bcc Co crystallites
embedded in a similar amorphous Al,O3; matrix [5].

The bce Co obtained in this example is not so stable
allotrope of cobalt as the fcc one. It forms at effec-
tively low temperatures as 700 °C in support of the

Table 1

of f and b along with ( k [) values.

Al,O3 coating in divided particles. This confirms
involvement of a smaller value of effective o (eases
diffusion of the reaction species) in formation of it
than in the fcc or hep Co allotrope (Table 2). Ata given
processing temperature, a maximum D value (Table 1)
thus lies in this specific allotrope. Forming a stable
Al,0O3 coating over growing Co particles, during the
heating in H; gas, controls the final size and morphol-
ogy in the bec or fcc Co allotrope, which involves an

Volume fractions and average crystallite sizes in Co-nanoparticles in fcc and bee allotropes with a thin Al,O5 surface layer prepared by co-

reducing a Co**:AlO(OH)-oH,O gel in H, gas under different conditions

Sample Volume fraction (%) Crystallite size (nm)

fce bce fce bce
1. Co-reduced at 700 °C (30 min) 65 35 41 48
2. Sample (1) heated 30 min at 850 °C 56 44 36 42
3. Co-reduced at 850 °C (30 min) 85 15 34 36

The samples have 50 mass% Co. The volume fractions in the two phases are determined from intensities in the X-ray diffraction peaks while

the crystallite size is estimated from the peak-widths. The reported values
error of the measurements.

of volume fraction or the crystallite size are accurate within £2%
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Table 2
Lattice parameter a or (c), lattice surface area A, lattice volume V, and lattice surface energy 2 in Co-nanoparticles in fcc and bec allotropes
with a thin Al,O3 surface layer

Sample Lattice parameter”, a (nm) A (x1072 nm?) V (x1073 nm®) Q (x10720 )P

1. Co-reduced at 700 °C (30 min)

fce structure 0.3547 75.49 44.63 17.66

bece structure 0.2855 4891 23.27 9.98
2. Sample (1) heated at 850 °C (30 min)

fce structure 0.3548 75.53 44.66 17.67

bece structure 0.2859 49.04 23.37 10.00
3. Co-reduced at 850 °C (30 min)

fce structure 0.3550 75.62 44.74 17.70

bec structure 0.2849 48.70 23.12 9.93
4. Bulk cobalt metal

fce structure a = 0.3547° 75.49 44.63 17.66

hep structure a=0.2507, ¢ = 0.4070° 93.90 66.50 26.20

? The reported a or ¢ values have +0.0005 nm error of the measurements.

® The value of Q = A is calculated with ¢ = 0.234 J/m? for fcc Co and 0.279 J/m? for hep Co in Ref. [24]. In the absence of a reported &
value for bee Co, it is assumed to be the same as 0.204 J/m? for the bee Fe in Ref. [24].

¢ The lattice parameters for bulk Co are reported from footnote 1.

adequately moderate value of Q energy of 10.0 x
10720 or 17.7 x 10720 J, depending on the final tem-
perature and other experimental conditions. Other-
wise, at such high temperatures, a pure Co sample
readily grows in the hcp structure [5], with a much
larger value of Q =26.2 x 1072°J (Table 2). The
coated bee Co in Al,O5 in separate particles converts
to the fcc Co in 30 min of heating at as high tempera-
tures as 900 °C in H, gas.

In general, small fcc or bce Co crystallites have a
correlation between a and D such that a manifested a
value lies at D < D., with D, the critical D value at
which the surface atoms become effective in deter-
mining the final distribution of the atoms in the
sample. As proposed by Gleiter [26], this correlation
supports the fact that the surface atoms in such small
crystallites suffer from a reduced value of (i) atomic
density (or an enhanced interatomic distance), (ii) co-
ordination number, or (iii) symmetry than those in the
core. Thus, Co crystallites of a confined size, D < D,
have a reasonably manifested V value over the bulk
value. This would be feasible as long as the surface
atoms (impart a relatively high structural energy) do
not undergo a redistribution by optimizing the total
energy. This occurs at D below D7, where D] refers to
the critical value at which the surface atoms become

compatible to the core atoms and dominate the activity
of the sample as quantum dot.

A Co-nanoparticle, D] < D < D., thus can be
regarded of consisting of two structural parts: a crys-
talline component (CC) of core atoms and an inter-
crystalline component (IC) of surface atoms. The IC
region is extended in the sample with a thin Al,Oj
surface layer(s). It includes the Co—Al,O3 surface
interface layer. A difference in interatomic distances,
if any, in the two regions could appear in a splitting in
the X-ray diffraction peaks. It is seen indeed in a high-
resolution diffractogram in (1 1 1) and (1 1 0) reflec-
tions in Figs. 3 and 4 in the fcc and bee Co samples,
respectively. As marked by the letters of I and II, the
two distinct overlapping components are split up in
either example. As expected, relative intensities vary
in two components depending on the lattice reflection,
the lattice structure, and the crystallite size. A decon-
volution of the observed peak profile reproduces the
two components of near Gaussian shapes (the dashed
curves). Computed value of integrated intensity in the
two peaks (with the fit parameters given in Tables 3
and 4) reproduces the observed value within a max-
imum +5% deviation.

The kind of the splitting observed in X-ray diffrac-
tion peaks in this example should not be confused with
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tntensity (arb. units)
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Fig. 3. A high-resolution X-ray diffractogram with its deconvolu-
tion in two peaks in (1 1 1) reflection in fcc Co-nanoparticles in the
three samples in Fig. 2.

a possible splitting due to the difference in wave-
lengths in the X-ray source of Co Ka; and Co Ko,
radiations used to measure the diffractogram. The
difference in these two wavelengths, Al=
0.0003885 nm [27], is too small to reflect in a splitting
in broadened peaks in small crystallites as in this
example. In order to confirm it further, we studied
high-resolution X-ray diffractograms in selected
(h k) peaks for pure a-Al,O5 of similar 30-50 nm
D values, with no such distinct splitting [28]. Using a
smaller 4 = 0.15405 nm value of Cu Ko, (with a
similar AA = 0.0003828 nm difference from the Cu
Ko, value [27]), does show some asymmetry in peaks
at high 26 values of 70° or still larger. In this case, the

Intensity (arb. units)

522 52.6 53.0 53.4
Diffraction angle 26 (degree)

Fig. 4. A high-resolution X-ray diffractogram with its deconvolu-
tion in two peaks in (1 1 0) reflection in bcc Co-nanoparticles in the
three samples in Fig. 2.

Table 3

Initial peak-width A20,),, effective D and deconvolution para-
meters in (1 1 1) X-ray diffraction peak in fcc Co-nanoparticles
with a thin Al,O3 surface layer

Sample A20;, Peak Peak Peak-width  Effective

©) position (°) (%) D (nm)
Sample 10.235 1 51.85 0.237 43
11 51.52 0.176
Sample 20.350 1 51.84 0.238 42
I 51.59 0.230
Sample 30.285 1 51.78 0.271 37
1I 51.49 0.273

The samples 1-3 are the same as in Table 1 or Table 2. The
effective D value is calculated from A20,,, in the prominent peak I
in the CC component. The error of the measurement is £2% in
A20,,, or the derived parameters.



S. Rana et al./Applied Surface Science 236 (2004) 141-154 147

Table 4

Initial peak-width A20,,,, effective D and deconvolution para-
meters in (1 10) X-ray diffraction peak in bcc Co-nanoparticles
with a thin Al,O5 surface layer

Sample A20,, Peak Peak Peak- Effective
©) position (°)  width (°) D (nm)
Sample 1 0.350 I 52.62 0.211 48
I 52.82 0.228
Sample 2 0.335 1 52.56 0.244 42
11 52.84 0.275
Sample 3 0.340 1 52.66 0.281 36
T 52.84 0.176

The samples 1-3 are the same as in Table 1. The effective D value
is calculated from A260,, in the prominent peak I in the CC
component. The error of the measurement is 2% in A20,,, or the
derived parameters.

component of the higher 26 value lies as a satellite
peak according to the Cu Ko, intensity, which is very
weak as compared to the Cu Koy value (smaller A-
component). The ratio in intensities in the two peaks
does not vary much from sample to sample with a
function of D value as analyzed in Co:Al,O5 cermets
as follows.

In Fig. 3, peak I, which is prominent in intensity in
(11 1) reflection, refers to the CC region while peak II
refers to the IC region. Peak II lies (as a satellite peak)
in improved dj, ; ; of 0.2060, 0.2057, or 0.2061 nm
relative to average position in the primary peak I of
0.2047, 0.2048, or 0.2050 nm in three fcc Co samples,
respectively. In the bcc Co samples, in Fig. 4, the
(1 1 0) reflection presents an opposite trend in displa-
cing of average position of peak II relative to the
position in the primary peak I. Thus, peak II lies at
smaller dj, ; ; as 0.2013, 0.2012, or 0.2011 nm respect
to 0.2019, 0.2021, or 0.2018 nm in peak I.

Relative intensity (integrated) in peak II varies as a
function of fractional volume fi. of IC region. A
maximum f. value is found to be 34% in bcc Co in
sample (a) in Fig. 4. A value of fi. =29% lies in
sample (b) while that of 10% in sample (c). In general,
arelatively smaller f;. value, i.e. 5, 25, or 8% lies in the
three samples of fcc Co, respectively (Fig. 3). The
results imply that the fi. value is a complicated func-
tion of (i) the specific surface area, (ii) the ¢ value, (iii)
the atomic packing factor @, and (iv) the chemistry of
the sample. It can be argued that a smaller value of
& = 0.68, or ¢ = 0.204 J/m?, in the bec Co in com-

parison to @ = 0.74, or ¢ = 0.234 J/mz, in the fcc Co
favors a more closely packed IC redistribution over the
CC region by retaining on average the bcc structure.
This occurs by minimizing the total energy of the
Co:Al,O5 particle in a metastable thermodynamic
state. This is the reason that the dj, ;; in IC region
has improved value (with a smaller @ than in the CC
region) in the fcc Co while an adversely diminished
value (with a larger @ than in the CC region) in the bce
Co relative to that in the CC regions.

In order to examine whether the IC influences the
final particle structure in an isotropic manner (i.e.,
improves its crystal symmetry [5,26]), another exam-
ple of X-ray diffractogram is studied of (2 0 0) reflec-
tion of fcc Co-nanoparticles. This particular reflection
(Fig. 5), which involves {2 0 0} planes perpendicular
to the a-axis [1 0 0], does not show a distinct splitting
in two components. Moreover, the signature of a

(200)4

Intensity (arb. units)

59.9 60-5 611
Diffraction angle 26 (degree)

Fig. 5. A high-resolution X-ray diffractogram and its deconvolu-
tion with a Gaussian shape in (200) reflection in fcc Co-
nanoparticles in the three samples in Fig. 2.



148 S. Rana et al./Applied Surface Science 236 (2004) 141-154

Table 5
Deconvolution parameters in (2 0 0) X-ray diffraction peak in fcc
Co-nanoparticles with a thin Al,O; surface layer

Sample Peak position Peak-width Effective
© © D (nm)
Sample 1 60.62 0.275 38
Sample 2 60.56 0.364 29
Sample 3 60.54 0.343 31

The samples 1-3 are the same as in Table 1. The error of the
measurement is £2% in A20,,, or the derived parameters.

deviation of atomic distribution from that in the CC
region is very much reflected in asymmetric shape of
the peak, with the value of A20 of (a) 0.275°, (b)
0.364°, and (c) 0.343° in the three samples (Table 5).
Average dj, ;. ;in this peak varies very little as 0.17736,
0.17752, or 0.17757 nm in these samples, respectively.
The core dominates an anisotropic growth of Co-
nanoparticles. A change in anisotropy of the surface
energy in clean metal crystals on adsorption of foreign
atoms is well known [18]. It stabilizes one or more of
the crystal planes with a strong faceting. For example,
Pt particles develop sharply faceted shapes with large
(111),(100)and (1 10)facesif covered with carbon
[18].

The results infer further that the degree of IC
atomic redistribution over the CC region depends
on the morphology of growth in the Co-crystallites.
According to the intensity distribution in X-ray dif-
fractograms in Fig. 2, the most preferred direction of
growth is [1 1 1] in the fcc Co while [1 1 0] in the bcc
Co. As a result, a maximum density of number of
planes lies in (1 1 1) planes in the fcc Co samples
whereas in the (1 1 0) planes in the bcc Co samples.
Obviously, this is the reason that these two specific
reflections appear with a maximum change in IC
atomic redistribution in the diffractograms in
Figs. 2-4.

3.2. Structure in thin Al,Oj; surface layer

The Al,O3 in these Co:Al,O3 powders has an
amorphous structure. It adds no distinct peak(s) in
the X-ray diffractogram in Fig. 2. In general, Al,O3
has several polymorphs, which are easily identified
with their characteristic X-ray diffractograms. In heat-
ing an Al,O3 precursor such as AIO(OH)-«H,O0 [29],

the polymorph y-Al,O3 derives at as early tempera-
tures as 400-800 °C in air. It has a total of seven X-ray
diffraction peaks at 0.4530 (11 1), 0.2800 (22 0),
0.2390 (311), 0.2280 (222), 0.1980 (400),
0.1530 (511) and 0.1400 nm (4 4;0), with a =
0.7924 nm in an O]-Fpzy cubic crystal structure
(see footnote 1). The (4 4 0) reflection lies in the most
intense peak of the diffractogram. These peaks are not
present here in the Co:Al,O3 X-ray diffractograms.

Amorphous Al,O3, which coats Co-nanoparticles,
is highly stable and does not recrystallize under these
conditions. Thermodynamically, on heating over
such high temperatures (700-850 °C), such high-
energy structure is possible to retain as such if and
only if Al,03 is extremely thin (¢ < 2r.) in supported
strain layers with high-energy Co-surfaces in small
Co:Al,Oj3 particles. The strain energy in thin Al,O3
layers supports high-energy amorphous state of
Al,Os. In principle, a solid nucleates and grows in
a specific crystal structure if and only if it succeeds
to attain a critical dimension 2r. (r. =20/AG,
radius in a spherical shape) [30]. A value of
re =2.14nm is calculated using ¢ = 0.790 J/mz,
with AG, = 0.74 x 10° J/m* the Gibbs free-energy
of y-Al,O3 formation from an amorphous state [30].
So, the Al,Oj3 film would retain an amorphous struc-
ture as long as it is supported with the Co-surface and
does not grow above the critical 7. = 2r, = 4.28 nm
value. An interconnected network structure forms of
Al,O3 and intimately adheres to the metal surface
with strong Co-Al,03 chemical bonding through
O’ ions.

It is quite possible that a thin Al,Oj3 surface layer in
Co:Al,05 nanocermets also adds a significant counter-
part strain in the lattice in part of the specimen of
encapsulated Co-metal particles. Two types of strains
are possible in this case. One is the macrostrain due to
which the characteristic X-ray diffraction peaks get
shifted towards higher dj, , ; values and the other is the
microstrain, which induces peak broadening [31].
Their effects become increasingly important in
decreasing D to a few nanometers [32]. An analysis
of them is an independent exercise and it will be
reported separately. In Fig. 6, a plot of § cos 0/4 versus
sin 0/4, in the relation [33]:

Beos 1 +nsin9
i D ]

@
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Fig. 6. f cos 0/2 vs. sin 0// plots, with average 1 value of (a) 0.0034, (b) 0.0045 and (c) 0.0037, in the three samples in Fig. 2.

gives a very small value of effective strain 5 of
0.0034-0.0045 (with £0.0002 the error bar) in the
linear part over sin 6/4 above 2.8 in the three Co:Al,O3
samples. The = A20,,, cos 0 and sin 0 values are
taken for the (1 1 1), (20 0) and (2 2 0) X-ray diffrac-
tion peaks of fcc Co. A nonlinear deviation of the data
points (especially in the (1 1 1) peak of small sin 0/4
value) from an ideal straight-line plot in this equation
demonstrates that there is nonuniform strain along the
different crystallographic orientations. This lies in
departure from uniform particle shape and in turn in
the departure from uniform IC and CC distributions
along the different crystallographic orientations. The
[11 1] orientation thus faces a maximum strain in
these three orientations.

Obviously, the contribution of # in the total A26, is
not much in comparison to the direct effect of size D in
the individual Co particles. For all other practical
purposes, it can be ignored here in the cases of
effectively large Co particles of D > 34 nm. This
simplifies the parameters in computing average D
value by the measured A20;,, in primary X-ray dif-
fraction peaks in the CC component in Al,O3 coated
Co particles as given in Tables 3-5.

3.3. Microstructure in Al,O3 surface stabilized
Co-nanoparticles

SEM micrographs in Fig. 7a and b have near
spherical shapes of Al,Oj surface stabilized Co par-
ticles of average d ~ 300 nm diameter. Both of them
are taken from the same sample (heated at 700 °C for
30 min from the gel) at two magnifications to present
the topology of smooth surfaces. In Fig. 7c, a modified
morphology of ellipsoidal particles lies, with a smaller
value of d ~ 150 nm, in another sample processed at
higher temperature 850 °C. A thermally activated
reaction occurs in refined precursor species by driving
the process with a rather fast growth of Al,O5 surface
layer to an effective ¢ value so that it controls the final
growth to be more effectively in encapsulated Co-
particles. The present value of d is roughly as larger as
5-8 times the D value determined from the A20,,,
values. The difference in the two values envisages that
Al,O5 encapsulated Co crystallites are grown in form
of the clusters.

It can be argued that a spherical or a modified
ellipsoidal shape in a cluster particle results from
originally spherical shape of basic structural compo-
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Fig. 7. SEM micrographs in Al,O5 surface modified Co-nanopar-
ticles processed by heating the gel at (a) or (b) 700, and (c) 850 °C
in H, gas.

nents BSCs (Al,O5 surface modified Co-crystallites)
in preponderance of the 2 energy. A controlled growth
by migration of the Co reaction species through the
surface in a growing Co particle renders it to be in
spherical shape as it involves a minimum € value.
Under the constraints of the Al,O3 surface barrier, the
BSCs prefer to recombine in clusters in order to

optimizing the average (2 value. A spherical crystallite
of radius 1/2D involves Q, = 4n(1/2D)’¢ <+ 4/3n
(1/2D)’p=6a(Dp)~", e, Q,=4.698)/g at
D = 34 nm in the fcc Co, with ¢ = 0.234 J/m? and
density p = 8.79 g/cm’. Here, Q, refers to Q for
grains. This is larger in magnitude than the change
in the enthalpy AH = 4.24 J/g in the hcp — fcc trans-
formation in bulk Co [19]. Thus, it is not feasible for
Co to exist in the fcc structure at so large €2, value
unless it is stabilized by a high o-valued surface layer.
A further reduced Q. = 1.065 J/g value, i.e. as much
as by a factor of 5, of crystallites lies in cluster in as
small d as 150 nm. It has as many crystallites as 86 of
D = 34 nm.

According to the microstructure (Fig. 7), an effec-
tively improved €2, value in modified Co metal surface
with Al,O3 surface barrier layer (o ~ 0.790 J/m?)
promotes high-energy BSCs to arrange in a close
packed structure in clusters. The Al,O5 renders the
interbridging by chemical bonding via O* in com-
mon interfaces in the BSCs. A small ¢ increase, that is
to the value of hcp Co of ¢ = 0.279 J/m?, thus may
lead the initial fcc structure to exist irrespective to
dimension in encapsulated Co particles. The results
not only demonstrate that the Co-nanoparticles are
encapsulated in thin Al,O; layers but also suggest that
the metallic surface supports a high-energy amor-
phous Al,Oj structure in thin layers, t < 7., otherwise
it gets recrystallized during heating at so high tem-
peratures. There is report that encapsulating Co or
other metal nanoparticles in carbon promotes graphi-
tization of the carbon-coating in thin layers [21].

TEM images in a typical Co:Al,O5 sample (heated
30 min at 700 °C followed by 30 min at 850 °C in H,
gas from gel) have near cubical or rectangular shapes
of particles of 30-40 nm diameter (Fig. 8a). These
small particles represent the BSCs (crystallites) which
some how did not grow as clusters. We analyzed TEM
images from different regions of this sample, with the
result of a fairly sharp size distribution of crystallites.
About 90% crystallites lie in the 30-40 nm range of
size. The kind of the cubical shape observed here in Co
crystallites is not common. It might be the result of
controlled growth in fcc or bee Co structures in small
crystallites under the influence of a strained Co—Al,03
surface layer with an effectively large (2 value. Cubic
shape of particles has been reported in fine ceramics
such as monodispersed ZrO, [34,35]. In the corre-
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Fig. 8. (a) TEM micrograph and (b) the corresponding electron
diffractogram in Co:Al,O3 sample deduced in 30 min of heating at
700 °C and then 30 min at 850 °C from gel in H, gas.

sponding electron diffractogram of the Co:Al,O3
sample in Fig. 8b, four distinct rings lie in 0.2060,
0.2025, 0.1780 and 0.1245 nm of d;, ; ; in favorable
values in the X-ray diffractogram (Fig. 2b) in (1 1 1),
(200) and (2 2 0) reflections at 0.2048, 0.1775 and
0.1253 nm in the fcc Co and in (1 1 0) reflection at
0.2021 nm in the bee Co.

A sequence of layers of coating of carbon on a
metal-particle had been seen in high-resolution elec-
tron micrograph (HREM) images [20]. They contain
many crystalline defects [20]. A similar structure of
distorted grain boundaries lies in HREM in Co-nano-
particles, D = 13—15 nm, produced by mechanical
attrition [19]. A distorted grain boundary is seldom
found in coarse grains. It is intrinsic of small particles
with high-energy surface defects. In Co:Al,O3 nano-
cermets, this has been cured by surface reaction with
Al,O3. A thin Co—Al,O; surface interface thus forms
at expense of the excess energy in integral part of Co-

particle in a specific structure, resulting in a uniform
contrast throughout the particle with a smoothened
surface topology (Fig. 7b).

It is clear that effective D and Q values determine
stability of Co-particles in a specific allotrope. Sato
et al. [2] studied fcc — hcep transformation in pure fcc
Co prepared by sputtering method. The transformation
is found to be suppressed in D = 10 nm particles. On
milling, in an inert gas atmosphere, a bulk Co powder
follows a sequence of hcp + fcc — hep, hep + fee —
hcp — fec +hep, and  hep + fec — hep — fec +
hcp — fec transformations. These are induced basi-
cally by a refinement of microstructure with addition
of a large amount of structural energy in defects,
imperfections and high angle grain boundaries during
the milling process [19]. A self-reorganization of
structure follows with creation of new surfaces in a
way that it encounters a minimal change of the free
energy. In this process, the fcc Co, which involves a
reduced Vof hcp Co by 33 % (Table 2), thus forms first
in a metastable structure at limited D < 22 nm [19].

The surface stabilized Co-nanoparticles with a thin
Al,O5 surface layer in this example are peculiarly
substantially stable in the fcc or bcc structure to a
rather large D = 50—100 nm value. Obviously, (i)
their modified surfaces with an improved ¢ and (ii)
the Co—Al,O; surface interface or barrier layer are the
two key factors, which extend and lend support for
their improved thermodynamic stability in such large
dimensions. Otherwise, they convert to the hcp struc-
ture at much lower D < 22 nm [19]. The results are
useful in stabilizing and designing of novel supported
metal nanoparticles, cermets, or metal reinforced
nanoceramic composites.

3.4. XPS in AL,Oj; surface stabilized
Co-nanoparticles

XPS is applied in order to confirm surface structure
of Co-nanoparticles, which are encapsulated in thin
Al,Oj layers. It is a very sensitive analytical technique
to study the surfaces of materials down to a few atomic
layers from the surface [36]. Fig. 9 shows the XPS
spectrum (a) for sample 3 (heated 30 min at 850 °C),
which has a maximum of 85% fcc Co in a phase
mixture with 15% bcc Co. A spectrum (b) in sample 2
(heated 30 min at 850 °C after 30 min at 700 °C), of a
bit smaller fcc Co content of 66%, is given in the inset
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Fig. 9. XPS spectra in Al,O5 surface modified Co-nanoparticles processed by heating from gel at (a) 850 and (b) 700 °C followed by 850 °C
in H, gas. A close-up of parts of spectra in (a) and (b) is given in (c) and (d), respectively. Weak Co bands in the two regions are resolved after
smoothening the data and subtracting the background.

Table 6

XPS bands in fcc Co rich samples of Co-nanoparticles with a thin Al,O3 surface layer

Sample 2 Sample 3 Assignments

Peak position (eV) Intensity Peak position (eV) Intensity

62.5 2 62.0 2 Al2p;), (Al—O)
75.1 16 74.6 17 Al2p3;, (ALI-O)

101.0 2 100.7 5 Al2ps, (AlI-0-Co)

109.0 2 109.0 1 Al2s (Al;-0O)

120.0 20 119.0 20 Al2s (Al-0O)

146.0 2 146.0 3 Al2s (Al-O-Co)

286.0 9 281.0 20 Cls (impurity)

500.0 4 500.0 2 Ols (Oyy in interface)

521.5 6 521.0 7 O1s (Oyy in interface)

531.7 100 531.1 100 Ols (Oy in ALL,O3)

557.0 7 556.6 8 O1ls (Oy in interface)

710.0 ~1 716.0 ~1 Co2A (Auger band)

764.0 ~1 766.0 ~1 Co2ps, (bee Coy)

783.3 ~1 781.4 ~1 Co2ps, (fec Coy)
789.6 0.5 Co2p3/, (bee—fee Coyy)
797.9 0.3 Co2pz/, (bee—fee Cory)
803.0 0.2 Co2pz/» (bee—fee Coyy)

The samples 2 and 3 are the same as in Table 1.
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in Fig. 9. Both the spectra are more or less the same
with the most intense peak (peak intensity I, = 100%)
at 531.1 and 531.7 eV of binding energy Ei, respec-
tively. I, < 20% in other peaks. All these peaks belong
to O°~ and AI’* of the Co:Al,O5 sample. As the Al,O5
layers cover the metal surface, no peak occurs from the
Co metal surface, expected in the 760-815 eV range
[36-39], in a significant I, value.

A Co-nanoparticle with a Co—Al,O5 surface inter-
face has two types of Co atoms—one in the core and
other in the interface. Pure Co metal has a character-
istic 2ps3;, band at 782.0eV [36]. A close-up of
spectrum (a) shows five bands in extremely small
I, < 1% at 766.0, 781.4, 789.6, 797.9 and 803.0 eV
as given in the inset (c) in Fig. 9. The first two bands
are in 2ps/, excitation from the core Coy atoms in the
bee and fcc Co-nanoparticles, respectively. A small
increase of 3.4% in average atomic volume (or
decrease in the electron density) in the bcee Co lattice
relative to the fcc Co one leads to shift the band at the
lower E, value. The other three Co band components,
which lie at higher E}, values, possibly attribute to the
Copy atoms in the Co—Al,Oj interface. A more specific
assignment of them is not feasible here in absence of
the resolved features. An increased volume fraction of
bee Co phase of 44% in the other sample results in two
distinct bands at 764.0 and 783.3 eV in spectrum (d)
(in the inset in Fig. 9). Assignments of all the indi-
vidual bands observed in the two samples are given in
Table 6.

4. Conclusions

A controlled co-reduction of dispersed Co " cations
by heating a Co®":AIO(OH)-«H,O gel at 700-850 °C
under H, gas results in Co-metal of small crystallites,
D = 34—41 nm diameter, in fcc or bcc metastable
crystal structure in support with a thin Co-Al,O3
surface interface or Al,O; layer (amorphous) of thick-
ness . Clusters of Co-crystallites grow in near sphe-
rical or ellipsoidal shapes of diameter as large as
300 nm. The results are analyzed with microstructure,
X-ray diffraction and XPS studies. The value of ¢ is
limited to the critical ¢. = 2r, value, with r, the critical
dimension in a stable Al,O5; crystallite. A r. =
2.14 nm value is obtained, as per the r. = 26/AG,
relation, with ¢ = 0.790 J/m? the surface energy and

AG, = 0.74 x 10° J/m? the Gibbs free-energy of for-
mation of y-Al,Os.

A thin Al,O5 surface layer over a growing Co-
particle controls its growth in a high-energy meta-
stable fcc or bee phase in divided reaction centers. At
early stage of the nucleation and growth, the nascent
metal surface reacts with O atoms from Al,O; at the
surface in a controlled way by forming a thin Co-
Al,O5 surface interface or barrier. An improved effec-
tive o value over 0.234 J/m? in the fcc or 0.204 J/m? in
the bee Co, with o = 0.790 J/m? in Al,O3, inhibits a
moderate surface diffusion of reaction species. Other-
wise, the hcp bulk Co forms as the stable phase at as
early D as 10-22 nm depending on the surface struc-
ture. Another advantage with the Co—Al,O5 surface
interface is that it insulates the Co-particle to form a
surface tunneling barrier layer so that it offers the
tunnel magnetoresistance [9,10].

As the Al,O3 covers the metal surface, the XPS
spectrum has extremely weak intensity, I, < 1%, in
the Co bands with respect to I, = 100% in the most
intense band at ~531 eV in the 1s 0>~ The results not
only demonstrate that the Al,Os; covers the metal
surface in layers but also suggest that the metal surface
supports the Al,Oj in layers in a high-energy amor-
phous state. Thus, the Al,O3 layer neither recrystal-
lizes nor piles off the Co-metal surface till over as high
temperatures as 850 °C in H, gas.
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