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Abstract

MgO and Co,;_,O powders in 9:1 and 1:9 molar ratio (denoted as MyC; and M,C,, respectively) were sintered and homogenized
at 1600°C followed by annealing at 850°C and 800°C, respectively to form defect clusters and precipitates. Analytical electron
microscopic observations indicated the protoxide remained as rock salt structure with complicated planar diffraction contrast for
MyC, sample, however with spinel paracrystal precipitated from the M;Cy sample due to the assembly of charge- and volume-
compensating defects of the 4:1 type, i.e., four octahedral vacant sites surrounding one Co>* filled tetrahedral interstitial site. The
spacing of such defect clusters is 4.5 times the lattice spacing of the average spinel structure of Mg-doped Cosz_s04, indicating a
higher defect cluster concentration than undoped Co;_sO4. The {111} faulting of Mg-doped Co;_504/Co;_,O in the annealed M;Cy
sample implies the possible presence of zinc blend-type defect clusters with cation vacancies assembled along oxygen close packed

(111) plane.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The motivation of this research was to compare the
aging behavior of Mg- and Co-rich compositions in the
solid solution phase field of MgO-Co;_,O with rock salt
structure. Using analytical electron microscopy (AEM),
we focused on the precipitation of the spinel paracrystal
from the Co-rich end in drastic contrast with planar
defect modulation from the Mg-rich end.

The paracrystalline distribution is such that the
spacing between defects remains fairly constant but the
relative lateral translation may occur more variably
[1,2]. Fe;_,O having a considerable degree of nonstoi-
chiometry (x<0.15 [3]) was known to possess defect
clusters of 4:1 type with four octahedral vacant sites
surrounding one Fe"-filled tetrahedral interstitial site
[4]. When aged at high temperatures, the 4:1 clusters
may assemble into larger units (e.g. 13:4, 16:5 and form
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a paracrystal [1,2]), which order further into Fe;Oy4
spinel or other ordered phases: p’' and p'”’ [5,6].

Co;_,O with a much smaller x (ca. 0.01 [7]) than
Fe,;_,O also formed spinel-type lattice of Co3_s5O0y,
which is surprisingly with paracrystalline distribution of
defect clusters while prepared by oxidizing/sintering
Co;_,0O in air [8]. (Co3_504 is a normal type spinel
according to magnetic measurements [9] and can be
formed by spontaneous oxidation of Co;_,O upon
cooling below 900°C [10].) By contrast with Co;_,O
(band gap 2.7¢V) [11], MgO has a much wider band gap
(6.8¢V) [12] and two orders of magnitude lower in the
extent of nonstoichiometry. Intrinsic MgO with 100 ppm
magnesium vacancies was reported to remain highly
ionic rather than electronic up to 1300K [13]. The
research focus on the defects of MgO has been the effect
of temperature, stress and impurity on the behavior of
dislocations [14].

According to the phase diagram [15], the MgO-
Co;_,0O system forms complete solid solution at high
temperatures in air and decomposes below ca. 850°C
into Mg-doped (< 1at% ) Cos;_;O4 spinel and protoxide
of a wide Co/(Mg+ Co) atomic ratio. From 850°C to
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600°C in air, the protoxide that equilibrates with Mg-
doped Cojz_s04 spinel was alleged to have the atomic
ratio Co/(Mg+ Co) decreasing from 99% to ca. 2% [15].
Here we proved experimentally that planar defect
modulation and spinel paracrystal occur in the Mg-
and Co-rich protoxide, respectively when the MgO-
Co;_,0O solid solution was fired in this temperature
range in air. We showed also that the paracrystal
spacing of Co;_s04 spinel was tailored by Mg dopant
and {111} specific fault generated in both the rock salt
and spinel structures upon annealing of Mg-doped
COI_XO/CO3_5O4.

2. Experimental

MgO (Cerac 99.9%, Sum) and Co;_,O (Cerac
99.9%, 2um) powders in 9:1 and 1:9 molar ratio
(denoted as MyC; and M;C,, respectively) were ball
milled in alcohol, oven dried at 100°C, and then dry
pressed at 650 MPa to form pellets ca. 5mm in diameter
and 2mm in thickness. The pellets of M;Cy and MyC;
were sintered and homogenized at 1600°C for 5h and
then quenched in air. The sintered M;Cy and MoC;
specimens were further aged at 800°C for 72h and
850°C for 96 h, respectively, followed by the quenching
in air. (A slightly higher annealing temperature and
dwelling time was employed for the more refractory
MyC, sample.)

X-ray diffraction (XRD, CuKa, 40kV, 30mA, at
0.05° and 3 s per step from 26 angle of 15° up to 120°)
was used to identify the phases of the fired specimens.
Scanning electron microscopy (SEM, JSM-6400, 20 kV)
was used to study thermally etched (1500°C for 10 min)
surface for the distribution of grains and pores in the
fired specimen. Thin sections of the samples were Ar-ion
milled to electron transparency and studied by AEM
(JEOL 3010) at 300kV for bright field image, dark field
image, lattice image, selected area electron diffraction
(SAED) pattern, and point-count energy dispersive
X-ray (EDX) analysis. The EDX analysis was per-
formed using K shell counts for Mg, Co and O, and the
principle of ratio method without absorption correction
[16]. The error was estimated to be within +5%.

3. Results
3.1. XRD and SEM

XRD indicated the MyC; samples fired at 1600°C for
5h (Fig. 1a) or subject to further annealing at 850°C for
96h (Fig. 1b) contain only protoxide of rock salt
structure. Least-squares fit of the d-spacings indicated
the protoxide has a lattice parameter of 0.4223 and
0.4228 +0.0001 nm, respectively for the samples fired at
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Fig. 1. XRD traces for the protoxide of rock salt structure in MoC;

sample: (a) fired at 1600°C for 5h and (b) subject to further annealing
at 850°C for 96 h and then air-quenched.

1600°C and 850°C. These lattice parameters are
considerably larger than undoped MgO (0.4211 nm,
JCPDS#45-0946) and smaller than undoped Co;_,O
(0.4260 nm, JCPDS#09-0402) indicating a considerable
dissolution of larger-size Co®" in MgO. The tempera-
ture dependence of lattice parameter may be due to spin
state change of Co®" in coordination number (CN) 6
[17] as discussed later. Assuming a linear composition
dependence of lattice parameters, the protoxide formed
at 850°C with a room temperature lattice parameter of
0.4228 nm would contain ca. 25at% Co. It is an open
question whether the protoxide in this sample would
become the alleged equilibrium composition, i.e., 75 at%
Co [15] by prolonged annealing at 850°C.

The M;Cy samples fired at 1600°C for 5h (Fig. 2a) or
subject to further annealing at 800°C for 72 h (Fig. 2b)
contain additional spinel phase besides the protoxide.
Least-squares fit of the d-spacings indicated the proto-
xide has a lattice parameter of 0.4257+0.0001 nm and
0.4260+0.0003 nm, respectively for the samples fired at
1600°C and 800°C. These lattice parameters are smaller
than and equal to undoped Co;_,O (0.4260nm,
JCPDS#09-0402), respectively indicating a considerable
dissolution of smaller-size Mg2+ in Co;_, O at 1600°C
but negligible dissolution of Mg in Co;_,O at 800°C.
The spinel oxide derived from Co;_, O component by
oxidation upon rapid cooling from 1600°C (Fig. 2a) was
too scarce to give adequate XRD peaks for precise
lattice parameter determination. However, the spinel in
the sample annealed at 800°C gave more significant
peaks (Fig. 2b) for the determination of a room
temperature lattice parameter 0.8083nm. This cell
parameter is slightly smaller than that undoped and
cooled from 800°C (0.8086 nm) [8] in accord with Mg> "
doping as addressed later.
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Fig. 2. XRD traces for M;Cy samples: (a) fired at 1600°C for Sh and
(b) subject to further annealing at 800°C for 72h and then air-
quenched. The diffractions of the protoxide and spinel phase are
denoted by hk1 and italic 4k, respectively.

SEM observations indicated the protoxide grains are
smaller in size for MygC; than M;Cy sample when
sintered at 1600°C for 5h (Figs. 3a and b). Intragranular
faceted pores were only found in M;Cy sample upon
thermal etching at 1500°C (Fig. 3b). Further annealing
at 850°C for MyC,; sample and 800°C for M;Cy sample
did not cause appreciable change of the grain size (not
shown).

3.2. AEM

3.2.1. MoC; sample

The MyC, sample fired at 1600°C for 5h and then air
quenched showed dislocations predominantly aligned
along {110) directions (Fig. 4a) and free of defect
clusters even at grain boundaries (Fig. 4b). Further
annealing at 850°C for 96h caused planar defect
modulation parallel to (311) for the protoxide as shown
in the bright field image (Fig. 5a). The corresponding
SAED pattern showed no side-band spots around the
fundamental rock salt diffractions. Dark field image
further showed complicated diffraction contrast in rock
salt type matrix (Fig. 5b) presumably domains yet to be
determined for their nature. These domains may be
irregular point defect clusters as a result of 10at%
dissolution of cobalt in MgO according to point-count
EDX analysis (Fig. 5c).

3.2.2. M,;Cqy sample

The M Cy sample sintered at 1600°C for 5h and then
air quenched showed that the {111}-faceted spinel was
precipitated within the protoxide grain (Fig. 6a). SAED
pattern taken from the protoxide and the spinel
indicated the two phases followed parallel epitaxial
relationship. The spinel contains paracrystalline distri-

e

Fig. 3. SEM image (secondary electron image) of (a) MoC; and (b)
M,Cy sample prepared by sintering at 1600°C for 5h and then
thermally etched at 1500°C for 10 min. Note much larger grains with
intragranular faceted pores in M;Cy sample.

bution of defect clusters as indicated by side-band
diffraction spots in the inset SAED pattern in Fig. 6a.
Lattice image (not shown) indicated that dislocations/
faults are negligible for the spinel precipitate formed in
such a rapid cooling process. The spinel precipitates
were commonly dragged by tangled dislocations in the
matrix, which gave diffuse diffraction intensity, but not
clear side-band spots around the fundamental rock salt
diffractions (Fig. 6b). Point count EDX analysis
indicated the spinel (Fig. 6¢) has a much lower Mg
content than the protoxide (Fig. 6d).

Further annealing at 800°C for 72h caused disloca-
tion tangle and impingement of the coarsened spinel
precipitates (Fig. 7a). The spinel in fact contained
paracrystalline state of defect clusters as indicated by
the side-band diffraction spots in [111] zone axis. Fig. 7b
showed in further details the impinged spinel precipi-
tates in the protoxide grain in [011] zone axis. The spinel
paracrystal diffractions were clearly observed in the
SAED pattern in Fig. 7c. The paracrystal {111} d-
spacing of Mg-doped Co;_sO4 can be determined
unambiguously to be 9 times the spinel {111} d-spacing
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Fig. 4. TEM (a) bright field image (BFI) with inset SAED pattern in
[001] zone axis showing dislocations predominantly aligned along
{110 directions. (b) BFI with inset SAED pattern in [011] zone axis
showing grain boundary free of defect clusters. The MoC; sample fired
at 1600°C for 5h and then air quenched.

(4.22 nm) based on the side-band diffraction spots (Figs.
6a and 7c¢). This paracrystalline spacing is about 4.5
times that of the average spinel cell dimension. The side-
band diffraction spots around the spinel {220} diffrac-
tions or their multiples in [001] zone axis, analogous to
those shown in Fig. 3a of Ref. [8] for undoped Cosz_504
paracrystal, gives the same paracrystalline spacing.
Lattice image, taken from the coarsened/impinged
spinel, showed (hkl)-specific coherency across the (111)
interface of rock salt and spinel structure (Fig. 8a). The
reconstructed image from the interface in fact showed
coherent (200) plane across the interface, yet disloca-
tions/fault parallel to (111) for both the protoxide and
spinel (Fig. 8b). Away from the interface, there were still
such dislocations and faults (Fig. 8c). It is noteworthy
that lattice image showed a clear paracrystal array for

3 1: OKa

2:CoLa
3: Mg Ka
4: CoKa
5: CoKp
6: CuKo

2 4

! ‘ifi '

0 5 10
(© keV

Fig. 5. TEM (a) BFI with inset SAED pattern of Co-dissolved MgO in
[011] zone axis showing (311) planar modulation and absence of
paracrystal diffraction spots. (b) Dark field image (g9 = 200) showing
complicated diffraction contrast associated with (311) planar defect
modulation. (c) Point-count EDX spectrum of the protoxide. MoC,
samples fired at 1600°C for 5h and then further annealed at 850°C for
96 h followed by air-quenching.
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undoped Co;_s04 paracrystal [8], but a rather inhomo-
geneous paracrystal array for the present Mg-doped
Cos_504 analogous to Fe;_,O [2]. Imaging such defect
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clusters by side-band spots is difficult, if not impossible,
due to the interference of nearby spinel diffraction spots.

4. Discussion
4.1. Defect chemistry

Temperature-dependent Po, in atmosphere accounts
for the oxidation of undoped Co;_,O to form Cosz_s04
spinel below 900°C [10]. In such an oxidation process,
cobalt vacancies (V(,), interstitials (Co;"), and 4:1
clusters ([Co;” +4V{ +4Co,]) were assembled as
paracrystal for Co;_,O and even Co;_s04 spinel [8].
In the present MgO—Co;_,O system, Mg dopant is also
of concern on the defect clustering in Co;_,O and
paracrystal formation in Cos_;O4 as addressed in turn.

4.1.1. Mg-doped Co;_,O

A smaller X-ray lattice parameter for Mg-doped
Co;_,0 (0.4257 nm) than undoped Co;_,O (0.4260 nm)
indicated that Mg®" (effective ionic radii, 0.0720 nm)
replaced Co®* in high spin (0.0745nm) rather than low
spin state (0.0650nm) in CN 6 [17]. The undersized
dopant Mg”>" in the Co®" site could also force further
cobalt ion to enter the interstitial site as Co; ", which
then induced charge-compensating cation vacancies and
4:1 defect clusters through the following equation in
Kréger—Vink notation [18]:

MgO 8 Mgt + [Co; " +4V¢. +5h] + O}, (1)

Here Mgg,, signifies a noncharged magnesium at cobalt
sites in the crystal lattice and h*could be associated with
Vi, to form Vi, or associated with Mgg, to form
Mg, . The resultant 4:1 type defect clusters can then be
activated to form paracrystalline ordered state and then
spinel.

The {111} faulting of Mg-dissolved Co;_,O near the
interface of rock salt and spinel structure may imply the
assembly of excess vacancies along close-packed {111}
planes vulnerable to crystallographic shear. It is of
interest to note that such fault also occurred for Co,_,O
near the Kirkendall pores upon interdiffusion with
yttria-partially stabilized zirconia [19].

Fig. 6. TEM (a) BFI of {ll1}-faceted spinel (denoted as S)
precipitated from Mg-dissolved Co,_,O with rock salt structure
(denoted as R). The inset SAED pattern in [011] zone axis shows
diffraction spots of R and S phases in parallel epitaxy and side-band
spots of the paracrystal. (b) BFI of another Mg-dissolved Co;_,O
grain with {l111}-faceted and Mg-doped Co;_sO4 spinel nucleated at
tangled dislocations (arrows). The inset SAED pattern (in [011] zone
axis, not to scale of that in (a)) shows diffuse diffraction intensity
around the diffraction spots of rock salt structure. (c) and (d) point
count EDX spectrum of Mg-doped Co;_sO4 spinel and more Mg-
dissolved Co;_,0O, respectively. M;Cy sample prepared by sintering at
1600°C for 5h and then air quenched.
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Fig. 7. TEM (a) BFI showing impinged spinel (denoted as S)
precipitates and dislocation tangle (denoted as T) upon annealing.
The inset SAED pattern in [111] zone axis shows side-band diffractions
of paracrystal around spinel diffractions. (b) BFI of impinged spinel
precipitates in protoxide matrix of rock salt structure (denoted as R).
(c) SAED pattern of spinel precipitate in [011] zone axis showing side
band spots of paracrystal (denoted as P). M;Cy sample sintered at
1600°C and then annealed at 800°C for 72h followed by quenching
in air.

Fig. 8. (a) Lattice image taken from the (111) R/S interface denoted by
dashed line in Fig. 7b. (b) Reconstructed image (inverse Fourier
transform) from the small squared region in (a) showing dislocations/
fault (as delineated by solid lines) parallel to (111) for both the
protoxide and spinel phases near the R/S interface (arrow). (c)
Reconstructed image and 2-D Fourier transform (inset) from the large
squared region in (a) showing the spinel precipitate is full of
dislocations/fault parallel to (111) as delineated by solid lines. The
same specimen as Fig. 7.
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4.1.2. Mg-doped Cosz_s504

The defect structure of normal Cos_;0,4, which can be
described by the formula (Coai)s(Coii)ie(Voeis
(O~ ?);,, is not well known but cation vacancies seem
to be predominant lattice defects in this structure [20].
The paracrystal of undoped Cos_;04 may be assembled
from cobalt vacancies and cobalt interstitials via defect
equations analogous to the case of parent Co;_,O [8].
The extra Co® " deviating from stoichiometric spinel, as
denoted by ¢ in the formula Co;_s04, may occupy both
tetrahedral A sites and octahedral B sites at high
temperatures as the case of so-called disordered spinel
above 1150K [21]. As for Mg-doped Cos_5O4, its ¢
value was raised by Mg-dopant (see Section 4.3.). The
extra cobalt vacancies and Co>" interstitials in Mg-
doped Co;_s04 may form extra 4:1 defect clusters
analogous to Eq. (1) for parent Mg-dissolved Co;_,O.
In the framework of alternating Co®* O, tetrahedra and
Co3 " 0, cubes, which build up into a face centered cubic
lattice of 32 oxygen ions [20], these extra 4:1 defect
clusters may more or less link to affect the paracrystal
spacing for Co;_s0;4.

The {111} faulting of Mg-doped Coz_sO,4 spinel,
analogous to that of the (Zr,Y)-codoped Co;_s504 spinel
[22], may be a result of specific arrangement of Co
vacancies within the spinel framework and its monoxide
precursor. Our tentative explanation is that the (111)
faulting implies the presence of zinc blende type defect
clusters (e.g. 16:7 derived from 4:1 clusters by corner
sharing [23]) in Mg-dissolved Co;_,O and Mg-doped
Co;3_s504, because such types of cluster have cation
vacancies assembled along oxygen close-packed (111)
plane, which is beneficial for crystallographic shear. This
mechanism may be valid for specific temperature-time
path because such fault occurred in both rock salt and
spinel structures when annealed at 800°C (Fig. 8) but
not upon rapid cooling from 1600°C.

4.1.3. Co-doped MgO

The Co-doped MgO did not form appreciable
paracrystal distribution of defect clusters or spinel
precipitates regardless of prolonged annealing in the
stability field of Cosz_sO4 spinel, i.e., at 850°C in air.
This indicates that the substitution of isovalent but
oversized Co®" for Mg”>" in octahedral sites and
resultant Co®" in tetrahedral interstitial sites generate
only a limited number of volume- and charge-compen-
sating defects through the following equation:

CoOME2Coy,, + [V, +Cog,] + h*+0g,. )

Here Coyy, signifies a noncharged cobalt at magnesium
sites in the crystal lattice. It is also possible that the
volume compensating effect due to the substitution of
larger Co®™ with Mg®" in CN 6 [17] forced Co., to
enter the interstitial tetrahedral site, i.e., Cog,, and
hence more charge-compensating cation vacancies

through the following equation:

Coyyg + Ve + Cogol — Cop + [Co;™ + 4V, +4Coc, ).

3)

It should be noted that more cobalt ion may become
high spin state in CN 6 and/or entered the interstitial site
so that the Co-dissolved MgO has a larger lattice
parameter 0.4228 nm when annealed at 850°C, in
comparison with 0.4223nm for the sample quenched
from 1600°C. In any case, the 4:1 type defect clusters
formed through Egs. (2) and (3) are probably isolated or
screened by a rather refractory MgO matrix to prevent
from further linkage into paracrystalline distribution of
defect clusters or spinel phase. The (311) planar
modulation appeared to be an alternative means for
defect relaxation upon prolonged annealing at 850°C
(Fig. 5a). Such modulation may be due to specific soft
mode dynamics and/or spinodal-like composition varia-
tion yet to be clarified.

4.2. Heterogeneous nucleation of defect clusters and
spinel

Paracrystal is expected to nucleate at free surface and
dislocations where intrinsic/extrinsic defects segregate
and short-circuit diffusion prevails. The work function
measurements of the cleaved Co;_,O single crystal
indeed showed that intrinsic defects preferred to occur at
free surface and therefore the Co3;0,4 structure formed
within the near-surface layer under 7Pp, conditions,
which correspond to the stability of the CoO phase in
the bulk [20]. It is an open question whether the phase
diagram dealing with near-surface or near-interface
consecutive regimes of forming cobalt vacancies and
then cobalt interstitials from Co;_,O can be extended to
the case of generating such defects from Cos_sO4, either
undoped [8] or Mg-doped. If near-surface or near-
interface consecutive regimes are indeed effective for
Mg-doped Cosz_s04, then the paracrystals are expected
to form above 900°C, the equilibrium Co;_,0/Co3_s504
phase boundary for the bulk in air [10].

Dislocations, generated by sintering/coalescence pro-
cess as demonstrated by the assembly of nanocrystalline
titania [24] and CeO, [25], may also act as nucleation
sites of the paracrystal. The space charge at these sites,
as expected for rock salt-type ionic crystals [26], may
favor clustering of charged species into the 4:1 and then
paracrystalline ordered state.

4.3. Implications of spacing between defect clusters

The spacing of defect clusters is 4.5 times the lattice
spacing of the average spinel structure of Mg-doped
Co;_504. This spacing between defect clusters is about
0.9 times that of our previously studied case of undoped
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Mg-doped Co;.;0, undoped Co3.504

Lo Dai 000000
(a) (b)

Fig. 9. Schematic drawing ([100] projection in real space) of the
paracrystalline distribution of 4:1-type-derived defect clusters (solid
squares) with nearly 4.5 and 5 times the lattice spacing of the average
structure for (a) Mg-doped Co;_504, and (b) undoped Co;_;04 (after
ref. [8]), respectively. The unit cell (small square) dimension of spinel
type structure is denoted as as.

Co;_504 [8] as depicted schematically in Fig. 9. In other
word, there is about 0.73 (i.e., 0.9 x0.9 x0.9) times
difference in defect-cluster concentration if defect
clusters are of the same type in the two lattices and
the effect of defect clustering on electronic configuration
and interionic distance is negligibly low [27]. The § value
of Mg-doped Cos_;O4 is thus ca. 1.37 (i.e. 1/0.73) times
higher than undoped Coj;_ sO4. This indicates that
isovalent yet size-mismatched Mg?" is an effective
dopant for the generation of volume- and hence
charge-compensating defects in the Coz_sO4 spinel.
The parent rock salt structure, however, hardly showed
paracrystals. This can be explained by complete exsolu-
tion of Mg®* from Co,_,O to form Mg-doped Cos_s0,
at 800°C according to X-ray lattice parameter of rock
salt structure mentioned above. As for industrial
implication, dopant-tailored spinel paracrystal is ex-
pected to affect catalytically active surface/bulk of
cobalt oxide catalysts and may have potential applica-
tions as step-wise sensor of oxygen partial pressure at
high temperatures.

5. Conclusions

1. The protoxide of Co-doped MgO decomposed to
form planar defect modulation when annealed at
850°C in air.

2. The protoxide of Mg-doped Co;_,O exsolved to
form spinel paracrystal when cooled from 1600°C or
annealed at 800°C in air.

3. Paracrystalline ordered state can hardly be identified
for Mg-doped Co;_,O due to a rather rapid
consumption of defect clusters to form spinel phase
upon exsolution.

4. The Mg-dopant introduced extra cobalt vacancies
and Co®™" interstitials for Co;_s0, to form a smaller

interspacing of paracrystal, i.e., 4.5 instead of 5.0
times that of average spinel lattice parameter. The
value of Mg-doped Coz_sO4 is calculated to be
ca. 1.37 times higher than undoped Co;_s50;,.

5. The {111} faulting of Mg-doped Co;_s504/Co;_,O
implies the possible presence of zinc blend-type defect
clusters with cation vacancies assembled along
oxygen close packed (111) plane.
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