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Abstract

The formation mechanism and microstructural development of the spinel phases in the Co1 � xO/Co2TiO4 composites upon reactive sintering

the Co1 � xO and TiO2 powders (9:1 molar ratio) at 1450 8C and during subsequent cooling in air were studied by X-ray diffraction and analytical

electron microscopy. The Co2TiO4 spinel occurred as inter- and intragranular particles in the matrix of Ti-doped Co1 � xO grains with a rock salt-

type structure during reactive sintering. The submicron sized Co2TiO4 particles were able to detach from grain boundaries in order to reach an

energetically favorable parallel orientation with respect to the host Co1 � xO grains via a Brownian-type rotation/coalescence process. Upon

cooling in air, secondary Co2TiO4 nanoparticles were precipitated and the Ti-doped Co1 � xO host was partially oxidized as Co3 � dO4 spinel by

rapid diffusion along the {1 1 1} and {1 0 0}-decorated interphase interface and the free surface of the composites.
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1. Introduction

The formation mechanism and microstructural development

of spinel phases in oxide composites prepared by a sintering

route are of concern to their engineering applications. In binary

oxide systems with considerable solid solubility, the spinel can

be formed by solid-state precipitation from a protoxide of rock

salt-type structure or alternatively by reactive sintering of the

end members. For example, in the NiO/NiAl2O4 composite

prepared by reactive sintering NiO and Al2O3 powders with a

negligible extent of nonstoichiometry, the NiAl2O4 spinel was

found to precipitate as micron-sized plates having {1 0 0} habit

plane and parallel epitaxial relationship with the rock-salt type

host, i.e. Al3+-doped NiO [1]. The NiAl2O4 spinel also occurred

as equi-axed particles, which tended to detach from grain

boundaries in order to reach parallel epitaxial relationship with

respect to the host via a Brownian-type rotation/coalescence

process of the confined particles at high temperature [2]. In
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binary transition metal oxide systems with rather limited solid

solubility yet with varied charges of cations, it is of interest to

know whether or not the spinel can be precipitation/oxidation

tailored as nanoparticles from the protoxides, besides the

formation of much larger sized inter- and intragranular particles

via a reactive sintering route.

Here, the Co1 � xO–TiO2 binary having the protoxide

Co1 � xO and the Co2TiO4 spinel with negligible mutual solid

solubility [3] was chosen for the study. By careful scrutiny of

phases and microstructures in the Co1 � xO/Co2TiO4 compo-

sites prepared by a reactive sintering route from the Co1 � xO

and TiO2 powders, the combined effects of Ti4+ exsolution and

cobalt oxidation to form spinel nanoparticles from the

protoxide Co1 � xO upon cooling in air were clarified. We

focused also on the reorientation of the inter- and intragranular

Co2TiO4 spinel particles via a Brownian-type rotation/

coalescence process analogous to the cases in other ceramic

composites prepared via a solid-state sintering route [2,4–8] or

oxidation decomposition route [9].

2. Experimental

CoO (Cerac, 99.5%) and TiO2 (Aldrich, 99.9%) powders 9:1

in molar ratio were mixed by a magnetic stirrer in ethanol at
d.
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50 8C for 2 h followed by drying at 70 8C and grinding with an

agate mortar and pestle. The powder mixture thus prepared was

dry-pressed at 650 MPa into pellets ca. 5 mm in diameter and

2 mm in thickness. The pellets were then reactively sintered at

1450 8C for 0.5 h and 4 h followed by quenching in air.

The phases of the as-fired samples were studied by X-ray

diffraction (XRD, CuKa, 40 kV, 30 mA, SIEMENS D5000)

with a step scanning of 0.058 and fixed counts of 3 s per step in

the 2u range of 15–1108. Lattice parameters of the crystalline

phases were determined by least squares fit using the computer

software. The deviation of lattice parameters was determined as

�0.0002 nm.

The fired composites were polished and then thermally

etched at 1300 8C for 5 min to reveal the grain boundaries using

a scanning electron microscope (SEM, 20 kV, JSM-6400,

JEOL) under back-scattered electron image (BEI) mode.

Energy dispersive X-ray (EDX) analysis was used to analyze

the composition of the co-existing phases.

The thin sections of the fired pellets were argon-ion milled to

electron transparency and studied by analytical electron

microscopy (AEM) using JEOL 3010 instrument at 300 kV

for imaging and EDX analysis. The K-shell counts of Co and Ti

without absorption correction [10] were used for the semi-

quantitative determination of composition at the scale of

individual grains. Bright field image (BFI), dark field image

(DFI), lattice image and selected area electron diffraction

(SAED) taken by transmission electron microscopy (TEM)

were used to identify the phases.

3. Results

3.1. XRD

XRD traces (Fig. 1) indicated that the composite fired at

1450 8C for 0.5 h consists of Ti-doped Co1 � xO protoxide,

Co3 � dO4 spinel and Co2TiO4 spinel with room temperature
Fig. 1. XRD traces of the samples reaction sintered at 1450 8C for 0.5 h and 4 h

followed by air-quenching to room temperature showing the rock-salt structure

peaks of Co1 � xO (denoted as (h k l)R), Co3 � dO4 (denoted as (h k l)S) and

Co2TiO4 (denoted as italic (h k l)S).
lattice parameters of 0.4259, 0.8073 and 0.8417 � 0.0002 nm,

respectively. The cell parameters are significantly smaller than

the undoped cases, i.e., 0.4260 nm for Co1 � xO (JCPDS#09-

0402), 0.8084 nm for Co3 � dO4 (JCPDS#42-1467) and

0.8435 nm for Co2TiO4 (JCPDS#39-1410), respectively,

indicating a considerable extent of dissolution of smaller-size

Ti4+ in the phases. The Ti-doped Co1 � xO, Co3 � dO4 and

Co2TiO4 showed little change of lattice parameters upon

further aging at 1450 8C for a total of 4 h (Fig. 1).

3.2. SEM

The specimen reaction-sintered at 1450 8C for 0.5 h showed

triple grain junctions characteristic to solid-state sintering

despite the presence of intergranular pores (Fig. 2a). The

composite actually consists of inter- and intragranular

(smaller-sized) Co2TiO4 spinel, which gave darker contrast

than the host Co1 � xO grains in BEI mode. A longer firing

time (4 h) at 1450 8C resulted in more intergranular pores

and caused considerable coarsening and coalescence of the

Co1 � xO grains up to ca. 20 mm in diameter according to

BEI in Fig. 2b. The size of the intergranular Co2TiO4,
Fig. 2. SEM BEI of the composites fired at 1450 8C for (a) 0.5 h and (b) 4 h

showing microstructures characteristic to solid-state sintering, intergranular

pores and the Co2TiO4 (gray) and Co1 � xO (bright) grains.



Fig. 3. TEM (a) BFI, (b) DFI ðg ¼ 2̄ 0 2Þ of intragranular Co2TiO4 particles in a

Co1 � xO grain, and (c) SAED pattern of Co2TiO4 spinel (denoted as italic S)

and rock salt-type (denoted as R) host grain in [1 1 1] zone axis showing the

intragranular Co2TiO4 particles have reached a parallel epitaxial relationship

with the Co1 � xO grain. Sample fired at 1450 8C for 0.5 h and then air quenched

to room temperature.
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however, remained almost unchanged upon firing from 0.5 to

4 h at 1450 8C.

3.3. AEM

AEM observations indicated the phase and microstructures of

the spinel phases are basically the same in the fired composites

although the Ti-doped Co1 � xO grains became larger in size

when fired from 0.5 to 4 h. The representative observations of

inter- and intragranular Co2TiO4 particles, secondary Co2TiO4

and Co3 � dO4 precipitates and the semicoherency of the

Co2TiO4/Co1 � xO interface are addressed in turn.

3.3.1. Inter- versus intragranular Co2TiO4 particles

The intergranular Co2TiO4 spinel is nonepitaxial with

respect to the neighboring Co1 � xO grains and nearly

stoichiometric in composition (Supplement 1), regardless of

firing time at 1450 8C.

The relative smaller sized Co2TiO4 particles were com-

monly swept by the grain boundaries of Co1 � xO to become

intragranular array, as shown by BFI and DFI in Fig. 3a and b,

respectively. SAED (Fig. 3c) indicated that such intragranular

Co2TiO4 spinel particles have reached parallel epitaxy

relationship with the host protoxide grain. The Co2TiO4

and Co1 � xO phases were more or less superimposed as

indicated by Moiré fringes in the image (cf. Supplement 2).

Point count EDX analysis on the Co1 � xO matrix (cf.

Supplement 2) showed a slight Ti counts and predominant

Co counts. The intragranular Co2TiO4 spinel did not show

appreciable extent of nonstoichiometry (cf. Supplement 2).

The intragranular Co2TiO4 particles tended to cluster and

coalesce in a parallel epitaxy manner with the Co1 � xO host

grain as indicated by the representative DFI and SAED pattern

in Fig. 4.

3.3.2. Secondary Co2TiO4 and Co3 � dO4 precipitates

The secondary Co2TiO4 precipitates remained nanosize and

hardly impinged with each other when the composite was

subject to firing from 0.5 to 4 h at 1450 8C, as indicated by DFI

and corresponding SAED pattern in Fig. 5a and b, respectively.

Thus, the Co2TiO4 nanoparticles were mostly precipitated

during cooling from 1450 8C.

The secondary Co3 � dO4 precipitates also occurred near

the free surface and interphase interface of the composites

according to careful scrutiny of the nearly superimposed spinel

diffractions with the intragranular Co2TiO4 particles and

secondary Co2TiO4 nanoparticles in [1 1 0] zone axis (Fig.

6). In such a complicated case, the intragranular Co2TiO4 and

the secondary Co2TiO4/Co3 � dO4 precipitates can still be

identified to have been nucleated at tangled dislocations for

parallel epitaxy with respect to the Co1 � xO grain and the

magnified SAED pattern shows nearly superimposed {3 3 3}

diffractions of Co2TiO4 spinel and Co3 � dO4 spinel.

3.3.3. Semicoherency of the Co2TiO4/Co1 � xO interface

The concentration profiles across the intragranular Co2TiO4

spinel (Fig. 7a and b) showed that the Co and Ti counts are
compensating across the semi-coherent Co1 � xO/Co2TiO4

interface. Lattice image indicates this intragranular Co2TiO4

spinel has well-developed {1 1 1} faces and {1 0 0} ledges

(Fig. 7c). The reconstructed image (Fig. 7d) showed

dislocations, which have half plane parallel to the (0 0 1) near

the interface and parallel to the {0 0 1} and {1 1 1} of Co1 � xO

away from the interface.



Fig. 4. TEM (a) DFI ðg ¼ 2 2̄ 0 of spinelÞ and (b) corresponding SAED

pattern in [1 1 0] zone axis of the clustered and coalesced intragranular Co2TiO4

particles which are in parallel epitaxy with the Co1 � xO host. Sample fired at

1450 8C for 0.5 h and then air quenched to room temperature.

Fig. 5. TEM (a) DFI ðg ¼ 0 2̄ 2Þ of secondary and nanosized Co2TiO4 pre-

cipitates in Co1 � xO grain, (b) corresponding SAED pattern in [1 1 1] zone

axis, showing the Co2TiO4 precipitates seldom impinge with each other. Sample

fired at 1450 8C for 4 h and then air quenched to room temperature.
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4. Discussion

4.1. Defect chemistry of Ti4+-doped Co1 � xO

The Ti4+ dopant in Co1 � xO is expected to cause charge-

compensating defect clusters ½V00CO þ CoCo
�� through the

following equation in Kröger–Vink notation [11]:

TiO2�!
COO

TiCo
��þ2 V00CoþCoCo

�� �
þ2OOx (1)

Here TiCo
�� signifies dominating double positively charged

titanium at cobalt sites in the crystal lattice. A smaller X-ray

lattice parameter for Ti-doped Co1 � xO (0.4258 nm) than

undoped Co1 � xO (0.4260 nm) indicates that Ti4+ (effective

ionic radii, 0.0605 nm) replaced a larger sized Co2+ (0.0745 nm

and 0.065 nm for high spin and low spin, respectively) in

coordination number 6 [12]. It is also possible that the

volume-compensating effect, due to the undersized Ti4+ dopant

in the Co2+ site, forced CoCo
� to enter the interstitial tetrahedral

site, i.e. Coi
���, and hence more charge-compensating cation
vacancies through the following equation:

TiCO
�� þ ½V00CO þ CoCo

��! TiCo
��

þ ½Coi
��� þ 4V00CO þ 4CoCo

�� (2)

It remains to be clarified whether the defect clustering scheme

of Ti4+-doped Co1 � xO involves the 4:1 clusters; the 6:2

clusters composed of two 4:1 clusters with a common edge;

and then a paracrystalline state, as the precursor of spinel phase,

having cations ordered in the tetrahedral and octahedral sites,

analogous to undoped cobalt oxide [13] and Zr4+-doped

Co1 � xO [14].

4.2. T�PO2
and near-surface effects on the formation of

Co3 � dO4 spinel

Temperature dependent PO2
in atmosphere accounts for

the oxidation of bulk and undoped Co1 � xO to form

Co3 � dO4 spinel below 900 8C [15]. Cobalt vacancies

ðV00COÞ; interstitials (Coi
���), and 4:1 clusters ðCoi

��� þ
4V00Co þ 4CoCo

�Þ in undoped Co1 � xO were suggested to

develop into paracrystal and then Co3 � dO4 spinel, also with

paracrystalline distribution of defect clusters [13]. In fact, in



Fig. 6. TEM (a) BFI, (b) DFI (g ¼ 11̄1̄ of Co2TiO4 and Co3 � dO4 spinel), and (c) corresponding SAED pattern in [1 1 0] zone axis showing the intragranular Co2TiO4

and the secondary Co2TiO4/Co3 � dO4 precipitates nucleated at dislocations are parallel epitaxial with respect to the Co1 � xO grain (d) SAED pattern further

magnified from the square region in (c) showing nearly superimposed {3 3 3} diffractions of Co2TiO4 spinel (denoted as italic S) and Co3 � dO4 spinel (denoted as S).

Sample fired at 1450 8C for 4 h and then air quenched to room temperature.
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situ work function measurements of the Co1 � xO single

crystal cleavage in the temperature range 790–905 8C at

oxygen partial pressures near the equilibrium with Co3 � dO4

indicated that the formation and ionization of cobalt

vacancies is much faster than the formation of the Coi
���

donors [16]. These intrinsic defects preferred to occur at free

surface and therefore the Co3 � dO4 structure forms within

the near-surface layer under T�PO2
conditions, which

correspond to the stability of the CoO phase in the bulk

[16]. In view of near-surface Co1 � xO/Co3 � dO4 phase

diagram [16], the nucleation of Co3 � dO4 spinel from the

sintered Co1 � xO polycrystals could possibly start above

900 8C upon cooling in atmosphere. Spinel nucleation is

expected to occur at the free surface of the sintered pellet as

well as at dislocations where intrinsic defects segregate and

short-circuit diffusion prevails. The Co3 � dO4 was indeed

found to form dominantly on the free surface of the sintered

Co1 � xO/Co2TiO4 composites. This was indicated by its

preferred occurrence in unpolished sample (according to

XRD) rather than Ar-ion thinned TEM foils. It is also

possible that the faceted/ledged interface of Co1 � xO and

Co2TiO4 help the nucleation of some Co3 � dO4 domains in

the bulk composite via short circuit oxidation upon cooling

in air.
4.3. Heterogeneous nucleation and growth of nano-sized

Co2TiO4 precipitates

In our previous study of MgO/Mg2TiO4 composite,

nanosize precipitates of Mg2TiO4 spinel were found to

precipitate from Guinier–Preston (G.P.) zones in Ti-doped

MgO upon cooling [17]. In the present case of less

stoichiometric Co1 � xO/Co2TiO4 composite, the Co2TiO4

spinel was found to nucleate at dislocations, rather than G.P.

zones. Such dislocations could be generated by sintering/

coalescence process analogous to the case of nanocrystalline

titania [18]. Dislocation cores, having a relatively more open

structure than the lattice, are favorable in minimizing the

lattice misfit strain energy, and hence lowering the activation

energy of nucleation. The dislocations/fault across and near the

Co1 � xO/Co2TiO4 interface may act as a source of cobalt

vacancies, hence facilitating the formation of 4:1 clusters and

ultimately Co3O4 spinel nuclei. Unlike Co1 � xO [13], and Zr-

doped Co1 � xO [14], which have the 4:1 defect clusters

arranged as a paracrystalline state before transforming into the

spinel phase, the present Ti4+-doped Co1 � xO transforms

directly into the Co2TiO4 spinel phase upon cooling. It is not

clear whether the dopant dependence of binding energy, the

correlation factor, or the migration energy terms affect the



Fig. 7. TEM (a) BFI in [1 1 0] zone axis, (b) EDX composition profile (A–F) across the interface of Co2TiO4/Ti-doped Co1 � xO in (a), (c) Lattice image from the area

denoted by an arrow in (a) showing {1 1 1} and {0 0 1} interfaces (denoted by dashed lines), (d) two-dimensional Fourier-transform from the square region in (c)

showing dislocations/fault (delineated by solid lines) near the interface of Co2TiO4 spinel (denoted as italic S) and Ti-doped Co1 � xO matrix (denoted as R). Sample

fired at 1450 8C for 4 h and then air quenched to room temperature.
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transformation route. The Co2TiO4 precipitates remained

nanosize and seldom impinge with each other in the Co1 � xO

grain because of a rather limited extent of Ti4+ expulsion for

precipitate growth.

4.4. Reorientation of intragranular Co2TiO4 spinel

particles

The intragranular Co2TiO4 spinel particles were always in

parallel epitaxial orientation with respect to the host Co1 � xO

grains when annealed at 1723 K for 0.5–4 h. A rather high

homologous temperature (T/Tm = 0.97, where Tm = 1783 K is

the eutectic point [3]) in such case was able to trigger

orientation change of the intragranular particles, rather than

simply ‘mold’ particles into a shape that lower the total surface

energy. The orientation change of the intergranular particles

may be significantly affected by reactive sintering stress, biased

diffusion and a grain-boundary dragging effect. However, once

incorporated in host grains, the particles could still change

orientation until they reached epitaxial relationships with

respect to the host grains. Such a reorientation behavior for

intragranular particles can be rationalized by Brownian-type

rotation of the particles as suggested for a number of ceramic
composites prepared via a solid-state sintering route or

oxidation decomposition route as mentioned. This mechanism

has been operated for the fcc metal crystallites over single

crystal substrate under nonconservative condition [19], as

overviewed in Ref. [20].

As a final remark, the Co1 � xO/ZrO2 interface has important

catalytic activity for dehydrogenation [21] and oxidation of

propane and CO [22] as an automobile exhaust emission

catalyst. The complicated Co1 � xO/Co2TiO4 and Co3 � dO/

Co2TiO4 interfaces as tailored by the size, spatial distribution

and orientation of the spinel phases in the protoxide matrix via a

reactive sintering route may have analogous applications.

5. Conclusions

1. The Co2TiO4 spinel particles formed by reactive sintering

were able to detach from the Co1 � xO grain boundaries to

reach parallel epitaxial orientation with respect to the host

Co1 � xO grains.

2. The orientation change of intragranular Co2TiO4 particles is

in accordance with the mechanism of Brownian-type

rotation of particles in terms of a ‘viscous’ diffusion along

the Co1 � xO/Co2TiO4 interface.
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3. Nanosize Co2TiO4 spinel was precipitated from Ti-doped

Co1 � xO upon cooling of the reactively sintered Co1 � xO/

Co2TiO4 composite due to a rather limited exsolution.

4. The Co3 � dO4 spinel was also formed on the free surface and

the Co1 � xO/Co2TiO4 interface of the composite during its

cooling and oxidation in air.
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