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Abstract

Mesopores in nickel-cobalt oxide were synthesized through oxyexsolution at relatively low temperature for a controlled Kirkendall effect. A
rapid net vacancy flux and a tensile misfit stress perpendicular to the protoxide/spinel interface caused the formation of elongated and aligned
{100}-faceted mesopores in the spinel precipitates with a relatively low equilibrium vacancy concentration. Aligned mesopores in diffusion zone
of nonstoichiometric metal oxides have potential applications on thermal barrier bond coating and mass-transport limited heterogeneous catalysis.
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1. Introduction

Biomimetic assembly of inorganic-encased liquid crystals
under the influence of amphiphilic template was widely used
to fabricate mesoporous materials, following the pioneer work
of Kresge et al.! In the solid state, however, pores form because
of the difference in diffusion rates between two components in a
diffusion couple as originally proved for metal alloys? and later
binary oxide solid solution.>* The Kirkendall pores thus formed
in the CoO-NiO diffusion couple above 1000 °C were typically
several micrometers in size.> Here, elongate mesopore variants
were tailored in the spinel precipitates through an oxyexsolu-
tion process along a specific diffusion path in the NiO-CoO-0O
ternary. Instead of conventional diffusion couples, we employed
a homogenization/sintering and then decomposition route for a
more effective interdiffusion/oxyexsolution at the scale of indi-
vidual grains with emphasis on the controlled nucleation and
growth of mesopores in the spinel precipitate.

2. Experimental procedure
Experimentally, Nij_,O and Coj_,O powders (Cerac, 325

mesh) in 1:2 molar ratio were ball milled in alcohol, oven dried
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at 100°C, and then dry pressed at 650 MPa to form pellets
ca. Smm in diameter and 2 mm in thickness. The pellets were
homogenized/sintered at 1000 °C for 10h in an open-air fur-
nace and then quenched in air. Subsequent oxyexsolution was
conducted at 720 °C for up to 72 h followed by cooling in the
furnace. The experiment was therefore inter-diffusion between
Ni;—,O and Co;_,O powders to form a homogeneous protoxide
solid solution at 1000 °C, followed by annealing/oxidation at
720°C in air to exsolve the spinel phase as in our previous
study of oxidation-decomposition facilitated reorientation
of nanoparticles in reactively sintered (Nig33Cogg7)1—sO
polycrystals.®> The spinel was progressively Co-richer whereas
the protoxide matrix progressively Ni-richer via a solid state
diffusion path in the NiO-CoO-O ternary at 720°C.> In this
connection, Coj_,O was known to oxidize more rapidly to
form Co304 spinel upon cooling below ca. 900-950°C in
air.

X-ray diffraction (XRD, Cu Ka, 40kV, 20 mA, at 0.05° and
3 s per step up to 26 angle, 100°) was used to identify the phases
in the heat-treated samples. The d-spacings measured from
XRD trace were used for least-squares refinement of the lattice
parameters.” The error of the d-spacing measurements on XRD
trace and the refined lattice parameters were estimated to be
£0.0001 nm for homogenized sample and +0.0002nm for
decomposed samples. Thin sections of the samples were Ar-ion
milled to electron transparency for analytical electron micro-
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scopic (AEM, JEOL 3010) observations of the microstructures
coupled with energy dispersive X-ray (EDX) analysis at 300 kV.
The EDX analysis was performed using K shell counts for Co,
Ni and O, and the principle of ratio method without absorption
correction.

3. Results
3.1. XRD

XRD indicated the sample heat-treated at 1000 °C for 10h
consists of rock salt-type protoxide with a fixed room tem-
perature lattice parameter of 0.4233 £0.0001 nm, although
minor amount of the spinel phase due to protoxide oxida-
tion upon cooling in air was revealed by AEM. After fur-
ther annealing at 720°C for 2, 20 and 72h, the protoxide
solid solution has a progressively smaller lattice parameter
of 0.4220 £+ 0.0002, 0.4212 £ 0.0002 and 0.4206 £ 0.0002 nm,
respectively. A smaller cell volume is due to the substitution of
Ni2* (effective ionic radii, 0.0690 nm) with Co?* (0.0745 nm,
high spin) in coordination number (C.N.) of 6.° The cor-
responding spinel upon annealing at 720°C for 2, 20 and
72h, has a decreasing lattice parameter of 0.8091 £ 0.0002,
0.8089 £0.0002 and 0.8084 £ 0.0002 nm, respectively. This
was a result of Ni2* expulsion to form double negatively
charged nickel vacancies with concurrent oxidation of Co?*
to form smaller-size Co>* (0.0545nm) in the spinel struc-
ture. (The creation of a double negatively charged nickel
vacancy in spinel was most likely charge balanced by two
electron holes, i.e. losing two electrons from 2Co>* to form
2C0%*)

3.2. AEM

Transmission electron microscopic (TEM) and selected area
electron diffraction (SAED) observations of the sample heat-
treated at 1000 °C for 10h showed minor spinel phase, which
was overlooked by XRD. The spinel was precipitated in par-
allel epitaxial orientation from the protoxide (Fig. 1a) appar-
ently during cooling from 1000 °C. These slab-like spinel pre-
cipitates were nucleated at dislocations and full of (100)-
faceted elongate mesopores as viewed in the [011] zone
axis. The elongate mesopores were aligned in the direction
almost perpendicular to the spinel/protoxide interface and
were more than one-order-of magnitude smaller in size than
the inter- or intra-granular pores survived the sintering pro-
cess.

Upon annealing at 720°C for 2h, the spinel precipitates
and the mesopores within the spinel were both larger in
number and size. The mesopores were basically extended
along the direction perpendicular to the spinel/protoxide
interfaces, i.e. {100} and {111} as viewed edge on in
[011] zone axis (Fig. 1b). After further annealing at 720°C
for a total of 72h, the spinel precipitates were coalesced
into irregular/eqaunt shape (Fig. 1c). Meanwhile, the meso-
pores became smaller in number yet larger in size forming
{100}-faceted variants, which were more or less coalesced

Fig. 1. Transmission electron micrographs (bright-field images) and selected
area electron diffraction (SAED) patterns for mesoporous spinel precipitates
(denoted as S) formed in various oxyexsolution stages from the homogenized
(Nip33C00,67)1—-50 protoxide with rock salt structure (denoted as R). (a) Slab-
like spinel ([0 1 1] zone axis) with aligned elongate mesopores (arrow) formed
during cooling from 1000 °C in air. (b) {100} and {1 1 1}-faceted spinel with
such faceted mesopores in the sample annealed at 720 °C for 2h. (c) Coars-
ened/coalesced spinel ([00 1] zone axis) with variants of {100}-faceted meso-
pores in the sample annealed at 720 °C for 72 h. Scale bars = 100 nm.

as viewed with {100} faces edge on in [100] zone axis
(Fig. 1c).

4. Discussion

The predominant formation of mesopores in the spinel phase
relies on the equilibrium vacancy concentration of the spinel,
a specific diffusion path in the NiO-CoO-O ternary, and the
lattice mismatch between the co-existing protoxide and spinel,
as addressed in turn.
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4.1. Equilibrium vacancy concentration

The rate at which vacancies accumulate in a unit volume of
the diffusion zone is given by!'®

dny n¥R)

= —divJ, —
dt v T

ey

where ny is the actual number of vacancies/unit volume, nge) the
equilibrium number, R = n,/ nge) — 1 the relative excess con-
centration, Jy the vacancy flux and 7 is the vacancy lifetime.
Assuming a vacancy lifetime of ~10s for the Co-rich side at
1300 °C, the critical excess vacancy concentration (R.) to form
Kirkendall pores in the NiO-CoO diffusion zone was estimated
tobe 3.6 x 1072.* A longer 7 at lower temperature would require
a larger R to condense vacancies unless the lattice was trans-
formed into Co3_sO4 spinel with a lower n(f), i.e. less extent of
nonstoichiometry (8=0.0002'") than Co;_ O (x=0.01'%) and
Ni;_,O (x=0.001'3). A lower equilibrium vacancy concentra-
tion would then favor the condensation of pores in the spinel
structure. It should be noted that the defect clusters in the spinel !
might act as nucleation sites for many mesopores. By contrast,
within a much smaller volume of cobalt nanocrystal upon oxida-
tion/sulfidation in colloidal solution, the supersaturated vacancy
cloud was coalesced into a single void.'* (Hollow nanocrys-
tals were synthesized by oxidation/sulfidation of cobalt colloidal
solution with an additional mechanism analogous to the Kirk-
endall effect, in which pores form because of the difference in
diffusion rates between two components in a diffusion couple.'*)

4.2. Diffusion path

The vacancy flux in Eq. (1) was affected by the precipitation
of the spinel phase along a specific path in the NiO-CoO-O
ternary either upon cooling from 1000°C or dwelling at
720 °C in air. The XRD results indicated that the homogenized
(Nip33C00.67)1—50 protoxide was rapidly oxidized as spinel,
which became progressively Co-richer at the expense of the pro-
toxide progressively Ni-richer as the dwelling time increases at
720°C.> Outward diffusion of Ni and inward diffusion of Co
for the spinel was also indicated by point-count EDX profile
across the slab-like spinel in a representative sample fired at
720 °C for 2 h.> Based on the composition dependence of lattice
parameters for the spinel Ni,Co3_,04, the diffusion path of
the present samples annealed at 720 °C for 2-72h in air was
constructed (Fig. 2). The final composition of the protoxide and
the spinel in the sample annealed at 720 °C for 72 h turned out
to be (Nig65C0035)1—sO and (Nig95C00.95)304, respectively,
in accordance with the tie line.'® Assuming local equilibrium
in a diffusion-controlled process, a narrow spinel slab in the
nascent precipitation stage (i.e. upon cooling from 1000 °C or
onset annealing at 720 °C in air) would have a steep Ni concen-
tration gradient (Fig. 3). In other words, there was rather effective
inward flux of nickel vacancies for an explosive nucleation of
pores in the initial transient, as manifested by the rapid forma-
tion of the mesoporous spinel upon quenching from 1000 °C
in air (Fig. 1a). It should not be excluded that the flux of dou-
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Fig. 2. NiO-CoO-O isothermal section at 720°C showing the diffusion
path upon aging with accompanied oxidation/precipitation to form the
(Nip05C00.95)304 spinel as depicted in a further magnified view inset. Note tie
lines at specified temperatures in celsius.'® Red square and blue circle denote
protoxide and spinel, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

ble positively charged oxygen vacancies in the diffusion path of
the NiO-CoO-O ternary (Fig. 2) helps condense the pores at
720 °C. In any case, the vacancy condensation process could be
effective at positions with high vacancy creation rate, as con-
strained by the derivative of the net vacancy flux.!” The pores
generated in the spinel could coalesce by Brownian motion of
the bubbles, which involves atoms movement from its leading
surface to the trailing surface via surface diffusion rather than
evaporation.'® The stress, in the vicinity of a dislocation or near
the interphase interface with a considerable lattice mismatch as
addressed in the next section, is also of concern to the formation
of mesopores.

4.3. Lattice mismatch

Uneven mass fluxes in a binary diffusion couple are known
to create a tensile stress state in the region suffering a loss of
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Fig. 3. Schematic drawing of unidirectional concentration gradient of Ni in
atomic percent of cations across the slab-like spinel precipitate progressively
widened from 2 to 72h at 720 °C, assuming local equilibrium at the interface.
The starting composition of protoxide was denoted as Xy (red dashed line) and
the initial transient for the case of oxyexsolution upon cooling from 1000 °C
to 720 °C was depicted as orange dotted curve (r=0h) exaggerated for clarity.
The transient compositions of the spinel and protoxide are based on XRD lattice
parameters. Note the Ni gradient in both protoxide and spinel became less steep
following a nearly constant O/(Ni+ Co) path in the NiO-CoO-O ternary of
Fig. 2. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)
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Fig. 4. (a) Transmission electron micrograph (bright-field image) of the meso-
pores in the spinel precipitates with Co;_,O-decorated rim formed upon anneal-
ing at 720 °C for 72 h in air. (b) Lattice image from the Ar-thinned area (arrow)
in (a). (c) Further magnified view with inset Fourier transform ([0 1 1] zone
axis) showing that the Co;_,O rim of rock salt structure (denoted as R) and the
spinel (denoted as S) have parallel epitaxial relationship. Scale bars, a = 100 nm,
b=10nm and ¢c=5nm.

mass, causing the formation of Kirkendall pores in the region.!”

The condensation of vacancies in the spinel rather than pro-
toxide can also be rationalized by a tensile stress on the spinel
side. This argument is justified by the net mass loss of ~1/4
cations, i.e. change from 4(Ni, Co)O to ~Co030y4, and result-
ing smaller half-cell volume of the spinel (0.5Vs) than the cell
volume of the rock salt-type protoxide (Vr). In fact, there was a
considerable tensile stress for the spinel throughout its oxyexso-
lution from the protoxide, as indicated by the volume mismatch
(VR —0.5V5)/VR =0.119, 0.115 and 0.112 upon annealing at
720°C for 2, 20 and 72 h, respectively assuming a negligible
thermal expansion effect on the cell volume.

In the nascent oxyexsolution stage, there was unidi-
rectional tensile stress perpendicular to the well-developed
spinel/protoxide interface. Therefore the elongate mesopores
tended to be aligned in a single direction within the slab-like
spinel. In the later stage, however, the elongate mesopores
formed variants in the coarsened/coalesced spinel precipitates
probably because of the increased dimensionality of net vacancy
flux and more complicated stress state.

It should be noted that the spinel approached the Co3_s04
composition when the sample was annealed at 720 °C for 72 h
(Fig. 2). Under such a circumstance, the confined mesopores in
the spinel were decorated with newly formed Co;_,O protox-
ide (Fig. 4a). Lattice image and 2-D Fourier transform (Fig. 4b
and c) indicated that such a new protoxide frame is in parallel
epitaxial relationship with the spinel and has a d(j 1 1)-spacing of
0.2458 nm in accord with Co;_,O (0.2460 nm, JCPDS file 09-
0402) rather than Ni;_,O (0.2410 nm, JCPDS file 04-0835). We
suggest that relatively low oxygen partial pressure in the con-
fined pores would cause reduction of the Coz_sO4 spinel and/or
a sublimation/condensation process to form Co;_,O at the pore
surface. By contrast, the interconnected mesopores with possi-
ble access to open air in the same sample (cf. some in Fig. 1c)
are immune from such a Co_,O frame.

5. Conclusions

In essence, elongate mesopores in nonstoichiometric transi-
tion metal oxides can be tailored via oxyexsolution/Kirkendall
effects under the influence of lattice misfit stress. Unidirectional
pore formation may have commercial importance in the pro-
duction of aligned microstructure with low weight for prosthe-
ses/catalyst supports'® involving mass-transport limited hetero-
geneous process.2’ In particular, the aligned elongate mesopores
in nickel—cobalt spinel oxide have potential applications to elec-
trocatalysis in anodic processes. A mesoporous nickel-cobalt
spinel oxide as the thermal barrier bond coating on Ni/Co-based
super alloys is expected to have a beneficial high strain tolerance,
spallation resistance and lower thermal conductivity.?!
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