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Mn—Co—O nanocrystals, with a defective rock salt-type structure, were prepared by anodic
electrodeposition. The structural and chemical stability of the as-deposited oxide nanocrystals were
investigated using wavelength dispersive spectroscopy (WDS), X-ray photoelectron spectroscopy (XPS),
and transmission electron microscopy (TEM). The rock salt—spinel structural transformation occurred in
the oxide nanocrystals annealed at a temperature of 500 °C. A cubic Fd3m spinel-type structure was
obtained in the Co-rich, Mn—Co—O oxide nanocrystals, while a distorted tetragonal-type spinel phase
with a space group of /4,/amd, induced by the Jahn—Teller effect, formed in their Mn-rich counterparts.
It is noted that the structural transformation involves the migration of Mn/Co cations from the octahedral
interstices to the tetrahedral interstices, which is accompanied by the reduction of Mn/Co cations and
oxygen evolution. A novel mechanism for the structural transformation and reaction scheme is proposed

in this work.

Introduction

Transition-metal oxide and spinel nanocrystals are of great
interest, owing to their unique physicochemical properties
and many potential technical applications, resulting from
grain-size effects.'™ Because of their reduced size, these
nanocrystals possess distinct morphologies, crystal structures,
cation distributions, and oxidation states in comparison to
the corresponding bulk materials, which may introduce novel
and/or improved physicochemical properties. For instance,
CoO typically forms as a stable rock salt cubic structure
(space group of Fm3m) with Co®" in octahedral positions.
However, CoO nanocrsytals, with a zinc blende structure,
formed through the decomposition of Co acetate in a nitrogen
atmosphere have been prepared.® Cobalt cations occupy half
of the eight tetrahedral interstices in the zinc blende unit
cell. Moreover, nanocrystalline CoO with a wurtzite (P6smc)
hexagonal structure has also been prepared by decomposition
of Co(acetylacetonate), in refluxing benzyl ether or decom-
position of Co(acetylacetonate); in oleylamine.”® These new
CoO nanocrystals, particularly the wurtzite structure, are
expected to have anomalous magnetic properties.”'® The
metastable wurtzite structure transforms into the stable rock
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salt structure, in nanocrystalline CoO, by a nucleation and
growth mechanism at a temperature of 200 °C."!

Grain-size effects on structural and chemical stability were
also noted in Mn—Co oxides, Mn,Co3—,O4 (0 < x < 3). For
high-temperature ceramic processes (1000 °C) and moderate
temperature thermal decomposition (400 °C) procedures,'*™'
a cubic Fd3m spinel-type solid solution is formed in the
compositional range of 0 < x < 1.3 and a tetragonal 14,/
amd single phase is formed in the interval 1.9 < x < 3.0.
Mn,Co;-,04 phases are mixtures of cubic and tetragonal
spinel-type structures for intermediate compositions (1.3 <
x < 1.9). Low-temperature procedures (80-200 °C), e.g., spinel-
type cobalt manganese oxides by coprecipitation with buty-
lamine of mixed Co"/Mn" chloride solutions, have been
reported to increase the upper limit for the cubic Fd3m spinel-
like phase to x = 1.4 and the lower limit for the tetragonal
I4/amd spinel-type phase to x = 2.0, respectively.'®™"* Re-
cently, amorphous and hydrated Mn—Co binary oxide
coatings have been synthesized using electrodeposition based
on aqueous solutions at room temperature.”’ The high
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specific capacitance obtained in these oxide coatings was
attributed to their amorphous and hydrous natures.

In previous papers, we have reported on Mn—Co—O
nanocrystals with a defective rock salt structure prepared by
anodic electrodeposition.?!*? In this metastable rock salt
structure, in addition to the metal cations (Co and Mn), a
significant number of vacancies reside in the octahedral
interstices of the face-centered cubic arrays of oxygen anions.
To explore their properties and any potential applications, a
clear understanding of the structural and chemical stability
of these new Mn—Co—O nanocrystals is essential. The
aim of this work is to study the structural and chemical
evolution of the metastable Mn—Co—O phase after annealing
in air. The purpose of this work is not only to obtain
structural and chemical stability information for the novel
structure Mn—Co—O nanocrystals but also to enhance the
knowledge base for phase transitions in nanocrystalline
oxides.

Experimental Procedure

The Mn—Co—O nanocrystals were deposited on ferritic stainless-
steel substrates as described previously using anodic electrode-
position.?""?> The solutions consisted of 0.2 M ethylenediamine-
tetraacetic acid (EDTA) disodium and various concentrations of
Co0S0,*7H,0 and MnSOy-H,0. Several different Co"/Mn" mole
ratios (pure Co',29:1,9:1, and pure Mn") were used, and the total
metal ion concentration was set to 0.3 M. The deposition current
density, pH value, and temperature of the solutions were adjusted
to be 5 mA/cm?, 6.0, and 70 °C, respectively. The oxide layers
were grown to a thickness of 3—4 um over a period of 80-90 min.
After electrodeposition, the working electrodes were rinsed with
deionized water, dried at 70 °C for 5 h in air, and then stored in a
vacuum desiccator before further annealing and analysis. Heat
treatment of the deposited Mn—Co—O nanocrystals was conducted
in air at various temperatures ranging from 200 to 600 °C for 5 h.

Quantitative chemical analysis of the Mn—Co—O nanocrystals
was conducted using a JEOL 8900 microprobe, equipped with five
wavelength-dispersive spectrometers (WDSs). The microprobe was
operated at an energy of 15 kV, with a beam current of 15 nA.
The quantitative information for each sample was obtained by
averaging 10 independent measurements. Chemical-state analysis
was carried out by X-ray photoelectron spectroscopy (XPS) using
a Kratos AXIS Ultra X-ray photoelectron spectrometer. A mono-
chromatic Al source, operating at 210 W with a pass energy of 20
eV and a step of 0.1 eV, was used. All XPS spectra were corrected
using the C 1s line at 284.6 eV. Curve fitting and background
subtraction were accomplished using Casa XPS version 2.3.13
software.

The crystal structure and morphology of the as-deposited and
annealed Mn—Co—O nanocrystals were investigated using
transmission electron microscopy (TEM). Crystal structure
analysis was performed using selected area diffraction (SAD)
patterns obtained from the thinnest regions. Electron transparent
samples were produced by scraping off the deposits and
ultrasonically dispersing in methanol. One or two drops of the
suspension were then deposited on C-coated Cu grids. After
evaporation of the methanol, samples were ready for analysis.
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Figure 1. TEM DF micrograph of an as-deposited oxide prepared from a
solution with a Co'/Mn" ratio of 29:1 (Co-rich). The inset is the SAD
pattern from the region shown.

Electron diffraction and imaging were performed in a JEOL 2010
transmission electron microscope equipped with a Noran ultrathin
window (UTW) X-ray detector.

Results and Discussion

A typical TEM dark field (DF) micrograph and a corre-
sponding SAD pattern of an as-deposited Mn—Co—O
nanocrystal sample, prepared from a solution with a Co"/
Mn" ratio of 29:1, are shown in Figure 1. The DF micrograph
reveals that the oxide is composed of nanocrystalline particles
with diameters less than 10 nm. The corresponding electron
diffraction pattern confirms the nanocrystalline nature and a
face-centered cubic (FCC) symmetry. To determine the
crystal structure of the as-deposited Mn—Co—O nanocystals,
simulated electron diffraction patterns based on several
possible FCC-type model structures were calculated in a
previous study.?? The intensity profiles of the experimental
SAD ring patterns were observed to be consistent with that
of simulated SAD ring pattern calculated from a defective
rock salt-type structure.*? This type of metastable structure
can be described as an FCC array of oxygen anions, with
Mn and Co cations randomly occupying the octahedral
interstices. A significant number of cation vacancies also
reside on the octahedral interstices in the FCC unit cell.*?
In these defective rock salt-type Mn—Co—O nanocrystals,
ranging from pure Co,—,O to pure Mn,_,0, the oxygen anion/
metal cation ratios were calculated to be in the 1.47 to 1.79
range, 22 which is well in excess of the ratio for stable rock
salt-type oxides (anion/cation ratio = 1) and spinel oxides
(anion/cation ratio = 4:3). The formation of this type of
defective rock salt-type structure is probably a consequence
of the low-temperature process for electrodepositing the
oxides.*?

The structural stability of as-deposited oxide nanocrystals
was mainly determined using TEM. Figure 2 shows TEM
micrographs and SAD patterns of the oxide nanocrystals
annealed at various temperatures in air. Table 1 summarizes
their electron diffraction information. After 5 h at 200 and
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Co/Mn, 500 °C; (d) 9:1 Co/Mn, 500 °C; (e) pure Co oxides, 500 °C; and (f) pure Mn oxides, 500 °C. Note that a and b are DF images.

400 °C (parts a and b and insets of Figure 2), the crystal (Figure 1). As the annealing temperature increases, there is
structure remains the same as that for the as-deposited oxide an apparent decrease in the d spacings for the diffracted rings
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Table 1. Electron Diffraction Information for the Oxide Nanocrystals Annealed at Various Temperatures
d spacing (nm)/Miller indices (hkl)
29:1 Co/Mn 9:1 Co/Mn Co;-,0 Mn;-,O
as deposited 200 °C 400 °C 500 °C 500 °C 500 °C 500 °C
0.250/(111) 0.249/(111) 0.242/(111) 0.483/(111) 0.491/(101) 0.470/(111) 0.492/(101)
0.213/(200) 0.213/(200) 0.209/(200) 0.295/(220) 0.307/(112) 0.289/(220) 0.308/(112)
0.151/(220) 0.150/(220) 0.146/(220) 0.251/(311) 0.275/(103) 0.245/(311) 0.277/(103)
0.128/(311) 0.128/(311) 0.125/(311) 0.209/(400) 0.249/(211) 0.203/(400) 0.251/(211)
0.122/(222) 0.121/(222) 0.119/(222) 0.170/(422) 0.205/(220) 0.166/(422) 0.204/(220)
0.106/(400) 0.106/(400) 0.104/(400) 0.160/(511) 0.179/(105) 0.155/(511) 0.154/(224)
0.096/(331)/(420) 0.095/(331)/(420) 0.092/(331)/(420) 0.148/(440) 0.153/(224) 0.130/(440) 0.144/(400)
B ) B B 0.143/(400) ) 0.127/(413)
SG* = Fm3m SG = Fm3m SG = Fm3m SG = Fd3m SG = I4/amd SG = Fd3m SG = I4/amd
a =0.428 nm a = 0.427 nm a=0.416 nm a=10.831 nm a=0.576 nm a=0.811 nm a=0.576 nm
¢ =0.946 nm ¢ =0.947 nm
“SG = space group.
(Table 1). Moreover, the crystallization degree and grain size o Pure Hnx
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is clear because distinct spots are distinguishable in the high- z O o Corling: 1
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temperature diffraction patterns (inset in Figure 2b). Further < m Cotinezo:1
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increasing the temperature to 500 °C leads to a phase g
transformation. The SAD pattern for the sample annealed at s607
this temperature is different from those at lower annealing 2 B ,
temperatures and can be indexed to the cubic spinel structure, O v r el
K _ K K R stoichiometric oxygen content (spinel)
with a space group of Fd3m (inset of Figure 2c). A high-
55 t t t t t t

resolution TEM (HRTEM) image of an isolated spinel
Mn—Co—O nanocrystal is shown in Figure 2c, where the d
spacing of 0.490 nm corresponds to the (111) plane for the
cubic spinel phase (Table 1). The grain size has also
increased from several nanometers for the as-deposited oxide
nanocrystals to several tens of nanometers for the oxide
nanocrystals annealed at 500 °C.

For Mn-rich, Mn—Co—O nanocrystals prepared from a
solution with a Co"/Mn" ratio of 9:1, the rock salt—spinel
structural transformation also occurred. However, careful
examination of the SAD pattern indicates that the crystal
structure is not cubic but a distorted spinel phase, i.e., a
tetragonal-type spinel with a space group of /4,/amd (inset
of Figure 2d and Table 1). This means that the increase in
the Mn content in the oxide nanocrystals induces the distorted
spinel phase, likely through the Jahn—Teller effect.”® This is
further confirmed by the rock salt—tetragonal spinel trans-
formation, which occurs for pure Mn oxide nanocrystals
treated at 500 °C (Figure 2f and inset). Figure 2e illustrates
the rock salt—cubic spinel transformation for pure Co oxide
nanocrystals treated at 500 °C. A cubic Fd3m spinel phase
could be formed, as shown in the inset of Figure 2e.
Therefore, the rock salt—spinel phase transition occurred for
all Mn—Co—O nanocrystals treated at 500 °C for 5 h. The
crystal structure for annealed Mn—Co—O nanocrystals is
sensitive to their chemistry, specifically the Mn content,
which is consistent with previous research.'®'® Moreover,
it is apparent that grain growth in spinel phases is also
dependent upon the oxide chemistry; i.e., growth increases
with increasing Mn content. This tendency is most likely
related to the faster diffusion rate of Mn cations in the oxygen
anion arrays when compared to that of Co cations.**
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Figure 3. Quantitative WDS analysis of oxygen content in the oxide
nanocrystals annealed at various temperatures.

The transformation of rock salt-type Mn—Co—O into
spinel-type Mn—Co—O involves a rearrangement of cations
(Mn or Co) from the octahedral interstices, characteristic of
the rock salt-type structure, to the tetrahedral interstices,
characteristic of the spinel-type structure. Considering that
the oxygen anion/metal cation ratios of as-deposited
Mn—Co—O nanocrystals are much higher than those of
stable spinel Mn—Co—O phases (anion/cation ratio = 4:3),%
rearrangement within the closed-packed oxygen anion lattices
may also occur. To clarify the chemical evolution during
the rock salt—spinel transformation, WDS and XPS were
applied to determine the oxygen content change and the
oxidation state evolution of cations in the Mn—Co—O
nanocrystals during the structural transformation. Figure 3
depicts the oxygen content change for the oxide nanocrystals
treated at various temperatures. For these oxide nanocrystals,
regardless of chemistry, the oxygen content decreases
continuously with increasing temperature and approaches the
stoichiometric oxygen content for stable spinel phases. This
implies that oxygen loss is induced by annealing the oxide
nanocrystals in air. To further confirm this unusual reduction
process occurred in air, a detailed chemical-state analysis
for Mn and Co cations in the as-deposited and annealed oxide
nanocrystals was conducted, shown as the XPS spectra in
Figure 4.

The possible variations in oxidation states for Co can be
determined from the Co 2p peaks in the XPS spectra. In
parts a, c, and e of Figure 4, the Co 2p spectra consist of
two main spin—orbital lines, i.e., 2ps;, and 2p,, at ~780.3
and ~795.3 eV, separated by about 15.0 eV, as reported in
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Figure 4. XPS spectra for Mn—Co—O oxides annealed at various temperatures.

the literature.”>~2” However, the determination of the oxida-
tion states of Co cations is rather difficult, merely on the
basis of the binding energy of Co 2p main peaks, because
similar spectra can be obtained for CoO, Co304, and Co,03
oxides. Therefore, information from the satellite peaks needs
to be considered. It is generally accepted that the energy gap
between the Co 2p main peak and the satellite peaks is highly
related to the oxidation states. When the energy gap is ~6.0
eV, the Co cation valence is assigned a value of 2+. If the
energy gap is 9—10 eV, the spectrum is associated with Co
cations having a valence of 3+.277 For the pure Co;_,O
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nanocrystals (Figure 4a), two distinguishable satellite peaks
were detected at about 6 eV (S1) and 10 eV (S2) above the
Co 2ps,, main peak. The intensity of S1 is much weaker than
that of S2, which means that Co** cations are the predomi-
nant species in the as-deposited Co;-,O. However, the
intensity of S1 is higher than that of S2 in the annealed
Co;-,0 nanocrystals. About half of the Co>" cations have
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Table 2. XPS Results from the Mn 3s Peak Showing Approximate Valence of the Oxide Nanocrystals Annealed at Various Temperatures

pure Mn;-,O 9:1 Co/Mn 29:1 Co/Mn
AE (eV) valence of Mn AE (eV) valence of Mn AE (eV) valence of Mn
as deposited 5.02 3.54 5.01 3.48 5.05 3.48
200 °C 5.12 3.34 5.26 3.06
400 °C 5.36 2.86 5.49 2.60
500 °C 5.45 2.68 5.46 2.66 5.50 2.58

been reduced into Co®" cations after annealing in air. For
the as-deposited mixed Mn—Co oxides (9:1 and 29:1 Co/
Mn), as shown in parts ¢ and e of Figure 4, the intensity of
S1 is slightly higher than that of S2; i.e., the number of Co**
and Co®* cations is comparable in the mixed Mn—Co oxides.
With increasing annealing temperatures, the S1 satellite peaks
(Co>™" cation content) became more distinct, whereas the S2
peaks were slightly suppressed. Deconvolution of the satellite
peaks to obtain quantitative information for the Co®* to Co*"
transition was not successful; however, it is reasonable to
conclude that the reduction reaction for Co®" to Co®" cations
occurred in these oxide nanocrystals.

The oxidation states for Mn in the oxide nanocrystals were
determined by analyzing the Mn 3s XPS spectra. The doublet
Mn 3s peaks are the result of parallel spin coupling between
electrons in the 3s and 3d orbitals. The oxidation states for
Mn are closely related to the 3s peak-splitting widths. When
the valence of the Mn cations increases, i.e., less electrons
exist in the 3d orbitals, the splitting width decreases.*®*’
Mn 3s spectra for pure Mn oxides and mixed Mn—Co oxides
(9:1 and 29:1 Co/Mn) are shown in parts b, d, and f of Figure
4. On the basis of an approximately linear relationship
between the splitting width (AE) and the Mn oxidation
state,”®*! the experimental splitting widths (AE) in the Mn
3s spectra were converted into average oxidation valences
and tabulated in Table 2. XPS studies show that the oxidation
state for Mn is a roughly even mixture of +3 and +4
valences in the as-deposited oxide nanocrystals. The Mn>™"
and Mn** cations were gradually reduced to Mn** and Mn>"
as the oxide nanocrystals were annealed at temperatures up
to 500 °C. Consistent results were obtained for independent
samples with different chemical information. The reduction
process for Co and Mn cations during annealing in air is
due to the loss of oxygen anions from the oxide nanocrystals.
This is consistent with the lower oxygen content in the
annealed oxide nanocrystals determined from WDS results.

When the structural and chemical information are taken
into account, it is noted that the rock salt—spinel structural
transformation involves the migration of Mn/Co cations from
the octahedral interstices to the tetrahedral interstices, which
is accompanied by the reduction reactions for Mn and Co
cations and the oxygen evolution reaction. Figure 5 illustrates
the possible structural evolution and reaction scheme during
the transformation from the defective rock salt structure to
stable spinel structures. Here, it is assumed that the reduction

(38) Carver, J. C.; Schweitzer, G. K.; Carlson, T. A. J. Chem. Phys. 1972,
57, 973-982.
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2251.
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2005, 53, 957-965.

reactions only occur for the migrating Mn/Co cations. The
possible transformation processes could be depicted as
follows: As the annealing temperature increases, some of
the cations in the octahedral interstices have sufficient energy
to overcome the energy barrier to migrate to the nearest
neighbor tetrahedral vacancies, shown by the arrow in Figure
5. This kind of migration will generate vacancies in their
previous octahedral positions. With an increase in cation
vacancies, it is expected that the vacant octahedral sites will
become more and more unfavorable energetically. Once the
number of the vacant octahedral sites exceeds a certain
threshold, some of them will collapse. This is verified by
the decrease in d spacings for the diffraction patterns taken
from samples annealed at higher temperatures (Table 1). The
extra oxygen anions will form paired bonds to generate
oxygen gas. Meanwhile, the migrating Mn/Co cations will
capture the electrons released from the oxygen evolution
reaction to maintain the charge balance in the oxides (Figure
5). Once one-eighth of the tetrahedral interstices in the FCC
oxygen anion arrays are occupied by Mn/Co cations, the
spinel-type structure will form. The polyhedra shown in
Figure 5 are undistorted, which is not generally suitable to
describe the rock salt—spinel transformation in the Mn-rich
oxide nanocrystals. In this case, the octahedra are distorted
by both the Mn cation ordering, which alters the cubic
symmetry of the oxygen sublattice,”” and the Jahn-Teller
effect,” which induces the tetragonal spinel structure.

Given that the cation deficiency (percentage of vacancies)
in the octahedral interstices in the as-deposited oxide
nanocrystals is in the 30—45% range, the dangling bond
density and the surface energy in the as-deposited oxide
nanocrystals (less than 10 nm in diameter) would be
extremely high, which may accelerate cation migration.
Consistent data were obtained from the WDS and XPS results
(Figure 3, Figure 4, and Table 2). Oxygen evolution and
reduction of Co/Mn cations occurred even at temperatures
as low as 200 °C. However, the same crystal structure was
identified from the SAD patterns for the oxide nanocrystals
annealed at 200 and 400 °C (parts a and b of Figure 2).
Therefore, the rock salt—spinel structural transformation is
a gradual process. The migration of Co/Mn cations, oxygen
evolution and the reduction of cations are the necessary
processes for spinel phase nucleation (Figure 5). In the
metastable rock salt-type nanocrystals, the migration of Mn/
Co cations will occur preferentially at the surface. Because
a spinel unit cell is composed of eight rock salt-type subcells,
a stable nucleus of the spinel phase can form on the oxide
particle surface only when one-eighth of the tetrahedral
interstices in these eight subcells is occupied by migrating
cations. The spinel nuclei will grow and spread from the
surface to the center of the rock salt-type nanocrystals over
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Figure 5. Schematic representation of a possible model for the cation
migration and the accompanying chemical reactions during the rock
salt—spinel structural transformation. Three octahedral and two nearest
neighbour tetrahedral positions in the rock salt-type arrays are highlighted.
Because the cation deficiency (percentage of vacancies) in the as-deposited
oxides is in the 30-45% range,”> Vo is assigned to one of the three
octahedral positions.

time. Thus far, no experimental evidence has been obtained
for these intermediate stages during the phase transformation.
In situ TEM analysis is needed to uncover the nature of the
rock salt—spinel structural transformation in anodically
deposited Mn—Co—O nanocrystals.

Conclusions

The structural transformation for anodically deposited
Mn—Co—O0 nanocrystals, ranging in composition from pure
Co oxide to pure Mn oxide, was studied using WDS, XPS,
and TEM. WDS and XPS analyses suggest that oxygen
evolution and reduction of Co/Mn cations occurred at
temperatures as low as 200 °C. As the annealing temperature
increases, some of the cations, with higher valences, such
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as Co®* or Mn**/Mn*", were gradually reduced to cations
with lower oxidation states, such as Co®>" and Mn*t/Mn>".
TEM results indicate that the rock salt—spinel structural
transformation occurred in the oxide nanocrystals annealed
at a temperature of 500 °C. A cubic Fd3m spinel-type
structure was obtained for the Co-rich, Mn—Co—O oxide
nanocrystals, while a distorted tetragonal-type spinel phase
(space group of [4,/amd) formed in their Mn-rich counter-
parts. The structural transformation involves the migration
of Mn/Co cations from the octahedral interstices to the
tetrahedral interstices, which is accompanied by the reduction
of Mn/Co cations and oxygen evolution. The proposed
transformation mechanism is as follows: As the annealing
temperature increases, some of the cations in the octahedral
interstices have sufficient energy to surpass the energy barrier
to migrate to the nearest neighbor tetrahedral vacancies,
which will generate additional vacancies in the former
octahedral interstices. As the cation vacancy concentration
increases, the vacant octahedral sites become unstable and
the oxygen anions form paired bonds to generate oxygen
gas. Meanwhile, the migrating Mn/Co cations will capture
the electrons released from the oxygen evolution reaction to
maintain the charge balance in the oxide nanocrystals. Once
one-eighth of the tetrahedral interstices in the rock salt-type
unit cells is occupied by migrating cations, stable spinel
nuclei can form on the oxide particle surfaces. The spinel
nuclei will grow and spread, with time, from the surface to
the center of the rock salt-type nanocrystals.
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