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Abstract: In-situ investigations of structural transitions during the thermal-oxidative event of mixed-
metal spinel oxide precursors, the so-called nickel- (NCO) and zinc-containing (ZCO) cobaltite spinel
precursors, were investigated to understand the formations of the derived NiCo,O4 and ZnCo,04
spinel oxides, respectively. In-situ XRD investigation revealed that emerged temperatures for spinel
oxide phase were between 325 and 400 °C, depending on the cationic substituent. It indicated that
the emerged temperature correlated with the absolute octahedral site preference energy (OSPE)
of those cations that participated in the development of the spinel framework. Moreover, the
incorporated nickel and zinc in the precursors was beneficial for inhibiting the occurrence of the
undesired CoO phase. Time-resolved X-ray absorption spectroscopic (TRXAS) data suggested the
local structure rearrangement of nickel and zinc throughout the calcination process, which differed
from the behavior of single-metal cobalt system. The essential information reported herein provides
a benefit to control the cationic distribution within spinel materials, leading to the tunable physical
and chemical properties.

Keywords: cobaltite spinel; in-situ analysis; X-ray diffraction; time-resolved X-ray absorption spectroscopy

1. Introduction

Cobaltite spinel oxide (CoCo0y04, or Co304) has gained great interest as a material
with high potential for energy storage, magnetic, and chemical catalytic applications [1-3].
The distribution of Co?* and Co>* ions over the tetrahedral (T4) and octahedral (Oy)
spinel interstices is a key factor to deliver remarkable material properties for specific
applications [2,4-7]. Moreover, the cobaltite spinel framework can accommodate other
first-row transition metals (such as nickel, copper, and zinc) as the substituents, leading to a
variety of mixed-metal spinel derivatives [8-12]. In this aspect, the ZnCo0,O4 and NiCoyO4
mixed-metal spinels are the major derivatives of cobalt-based spinels. Both materials
have significantly attracted extensive consideration in the energy storage field regarding
their remarkable electrochemical activities [6,13—-16]. Moreover, their excellent electrical
properties are prime for the fabrication of organic—inorganic hybrid devices which have
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gained considerable interest recently [17,18]. Therefore, a suitable synthesis condition
which could lead to a production of high purity mixed-metal spinel oxides on a large scale
is necessary to serve their future demand.

To obtain mixed-metal cobalt-based spinel oxides, the oxidative-thermal conversion
of the designed precursor compound is a main approach [1,7,19]. Generally, an elevated
temperature is required for the decomposition of the precursor and subsequently the metal-
cationic diffusion to construct the crystalline spinel framework. As it is complementary, the
mixed-metal spinel precursor synthesized by hydrothermal crystallization seems to be suit-
able for the thermal conversion approach. This method usually provides a great advantage
for manipulating and fine tuning the molar stoichiometry of mixed transition metals within
the homogeneous precursors [20-23]. Hence, the successful synthesis of various spinel
compounds, including ZnCo,;04 and NiCo, Oy spinels, using the calcination of hydrother-
mal derived precursors has been reported [20,24,25]. Typically, the resultant ZnCo,O4
from the aforementioned method is obtained in the form of normal spinel structure, in
which the incorporated Zn?* substitutes the Co?* in T4 site. Alternatingly, an inverse
NiCo,04 spinel compound results from the substitution of Co®* in Oy, site along with the
incorporated Ni?*. Therefore, investigating the formation and the role of the incorporated
metals in ZnCo,O4 and NiCoyO4 in normal and inverse spinel structures, respectively, is a
key essential step for further controlling the cationic distribution in a mixed-metal spinel.
Nevertheless, the insight into the mechanistic understanding of the phase transformation
of the hydrothermal-derived precursors during the thermal treatment remains scarce. The
knowledge on this aspect would be beneficial for tailoring the target spinel materials to
obtain the desired properties. Recently, Cook et al. reported a time-resolved powder X-ray
diffraction study of cobalt gallate spinel, exhibiting the structural development during
solvothermal crystallization [26]. Though a similar in-situ analysis of dense oxide materials
is relatively infrequent, only some prominent works have been reported so far [27-29].
Besides, the insight from this type of study might give rise to a better understanding
of other mixed-metal functional structures like layer-double-hydroxide (LDH) [30-32],
perovskite [33,34], and other advanced materials for environmental and energy-related
applications [35—41].

Therefore, this work focuses on investigating the detailed phase transformation during
the thermal treatment of two crystalline mixed-metal hydrothermal-derived precursors, for
the synthesis of ZnCo,0, and NiCo,0y4 spinel materials. To understand the phase transfor-
mation mechanism in the subsequent thermal-oxidative step, in-situ X-ray diffraction (XRD)
and time-resolved X-ray absorption (TRXAS) techniques were employed [42,43]. These two
techniques allow a direct assessment and visualization in both the alteration of long-range
and short-range ordering regarding the gradual vanishing of the precursor phase and the
emerging formation of a desired crystalline mixed-metal spinel phase [44]. This study dis-
closes unprecedented insights into the dynamic conversion from the hydrothermal-derived
precursor towards spinel products during the thermal decomposition process, which could
pave the way to scale up for large-scale production.

2. Materials and Methods
2.1. Material Synthesis

The mixed-metal spinel precursors for the synthesis of NiCo,O4 and ZnCopO; spinel
oxides (named as NCO and ZCO precursors, respectively) were prepared by the hydrother-
mal crystallization approach. The hydrothermal solution was generated by dissolving
a stoichiometric amount of analytical grade Zinc(Il) acetate dihydrate (Sigma-Aldrich,
St. Louis, MO, USA), cobalt(Il) acetate tetrahydrate (Thermo-Fisher Scientific, Waltham,
MA, USA), nickel(Il) nitrate hexahydrate (Sigma-Aldrich, St. Louis, MO, USA), and urea
(Carlo Erba, Barcelona, Spain) in deionized water. The molar ratio of the substituent cations
(Ni?* and Zn?*) to Co?* to urea was controlled to be 1:2:3.33 in all cases. The solution was
sealed in a Teflon-liner stainless steel autoclave considering the filled fraction of 0.5 of the
total liner volumes. Then, the hydrothermal reaction was carried out at 180 °C for 12 h.
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The pink precursor powder was filtered out, washed with deionized water and ethanol
(Carlo Erba, Barcelona, Spain), and after that was dried at 60 °C overnight. In addition, a
single-metal precursor for the synthesis of pristine CoCo, Oy spinel oxide (so-called CCO
precursor) was also prepared using a similar methodology but the second-metal substituent
content was replaced by cobalt(Il) acetate tetrahydrate.

2.2. Phase Transformation Study

A phase transformation experiment was performed at the Synchrotron Light Research
Institute (SLRI), Nakhon Ratchasima, Thailand. Transformation of the chemical crystalline
phases during oxidative thermal decomposition was determined by in-situ synchrotron-
based X-ray diffraction at Beamline 1.1 W (Multiple X-ray Techniques, MXT). The precursor
powder was finely ground and then densely packed on a sample holder. The sample
holder was placed into the domed hot stage heating equipment (DHS 1100, Anton Paar,
Graz, Austria) and covered with the semi-circle graphite dome. The domed hot stage was
fed with an air supply provided by the built-in airflow system for temperature control
upon heating and cooling. A step-heating program was set and monitored by the control
software for the heating experiment. The sample was subsequently heated, from 300 °C to
475 °C, with a step temperature of 25 °C, heating rate of 20 °C/min, and a holding period
of 45 min for each step. Synchrotron-based X-ray diffractograms were acquired during
the holding periods using a 1-dimensional strip detector (Mythen 4K, DECTRIS, Baden,
Switzerland) covering the 20 ranging from 11.5° to 45.3° in the meantime. Herein, the
X-ray photon energy of 12.0 keV, corresponding to the wavelength of 1.0332 A, was used.
The d-spacing of the oxide product was calculated based on Bragg’s equation [7].

A time-resolved X-ray absorption (TRXAS) experiment was performed at Beamline
2.2 (Bonn-SUT-SLRI) [44,45]. Si (220) bending crystal was utilized as an energy dispersive
monochromator (EDM). The precursor powders were homogenized with boron nitride
powder (spectroscopic grade, Sigma Aldrich, St. Louis, USA) by ball-milling twice (40 Hz,
15 min each). The homogenized mixture was pelletized (& = 4 mm) by a mold pressing
method (at 10 bars) and sealed in an in-house designed gas-flow reactor [44,45]. The sample
pellet was heated from room temperature up to 480 °C, using the controlled heating rate
of 3 °C per minute and the supply of N, and O, gaseous mixture (42.18 cm?-s~1). XAS
spectra probed at cobalt, nickel, and zinc K-edges were collected in transmission mode
by the position-sensitive detector (PSD). Snapshots of metal cation K-edge spectra at a
specified temperature were taken (10 shots, 1 s each). Spectra merge and normalization was
carried out in Athena software (Demeter 0.9.26, Ifeffit 1.2.12). Metallic foils (cobalt, nickel,
and zinc) were utilized as the standard samples for the conversion of pixel to energy.

3. Results

In-situ XRD profiles in Figure 1 illustrate the transformation of the CCO precursor
toward cobalt oxide product by the elevating temperature from room temperature (RT)
toward 475 °C. As viewed from top to bottom of the plot, the diffractogram at T = 325 °C
indicated an emerged oxide phase by the reflection peaks that can be assigned to the
CoCo0y04 spinel phase. As indicated in Figure 1, the phase development of CoCo0,y04
is more pronounced at elevated temperatures. In the meantime, the decreasing of the
reflection peak at 21.7° is observed, which indicates the vanishing of the precursor phase.
However, the thermal conversion of the CCO precursor did not yield pure CoCo0,04 spinel
oxide because the crystalline impurity contributing to XRD peaks at 24.3°, 28.1°, and 40.2°
is also found. Those peaks can be indexed to the (111), (200), and (220) reflection planes of
cobalt(Il) oxide (CoO) (PDF #00-048-1719), respectively.

For a better data visualization, the progress of phase transition at a specific temperature
was calculated concerning the normalized peak area from the diffractogram. Specifically,
the integrated area of the main reflection peak belonging to the precursor (21.7°), the
CoCo0,04 spinel (24.5°), and the CoO phases (28.1°) are considered. Note that the maximum
intensity for each phase is considered as the reference point. Through this, the peak
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intensity profiles, as shown in Figure 2, indicate the evolution of crystalline oxide phases at
specific temperatures.
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Figure 2. A profile of normalized XRD intensities, deriving from in-situ XRD data (Figure 1), repre-

sents the progress of phase transformation of the CCO precursor by elevating calcination temperature.

Apparently, with increasing temperature toward 475 °C, the existence of the precursor

phase is gradually vanished, which consequently yields mixed-phase cobalt-based oxide
products between CoO and CoCo0,;04. The CoCo,04 spinel phase firstly forms at 325 °C,
while the CoO phase emerges at 425 °C and higher. The CoO/CoCo0,04 mixture gains more
crystallinities along with heating the sample toward 475 °C. Moreover, the crystallinities
of CoO and CoCo;,0y are significantly improved by the cooling down step, as evidenced
by the increased peak intensity. As seen by comparing the XRD diffractograms at 475 °C
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and at RT?" in Figure 1, a slight peak shift towards higher 26 is observed, determining
the lattice contraction after a cooling down process. The lattice spacing of each oxide
compound at room temperature is examined (see Table S1 in Supplementary Materials).

The contribution of the CoO phase might come from two plausible reasons: (i) insuffi-
cient oxygen supply in the reaction chamber and (ii) degradation of CoCo,0O4 oxide during
the exposure to high temperatures. To clarify this, an additional calcination without any
modification of the resulting sample was performed. By heating the sample to 525 °C and
holding for 60 min, it was possible to reclaim the CoCo,0O4 content from the CoO phase
(Figure 1), but it required a longer time to obtain pure spinel oxide product. Additionally,
pure CoCo,O4 spinel oxide was successfully produced by a separate calcination of the CCO
precursor at 480 °C for 10 h (Figure S1). According to the result, the emerged CoO phase
was considered as a metastable oxide phase of cobalt species deriving from insufficient
oxygen content in the reaction chamber. It is noteworthy that the oxygen diffusion in
bulk matrix of the precursor sample plays a crucial role in achieving high purity CoCo,0Oy4.
The calcination temperature, time, and environmental oxygen content within the heating
chamber are the essential factors to be optimized.

Apart from the CCO precursor, it is interesting to observe the influence of nickel and
zinc incorporation on the phase transformation of the NCO and ZCO precursors. Since
all in-situ XRD experiments were performed using a similar instrumental setup, all the
differences from thermal conversion should solely originate from the effects of the second
metal substituents. The in-situ XRD profiles in Figure 3, as well as the corresponding
profiles of normalized peak intensity in Figure 4, demonstrate the progress of phase
conversion of the ZCO and NCO precursors. For the ZCO precursor, Figures 3a and 4a
indicate that the temperature of at least 325 °C is required for the emerged ZnCo,04 spinel
phase, which is similar to the case of CCO precursor. Moreover, the incorporated zinc
content facilitates the precursor consumption rate due to an early disappearance of the
crystalline ZCO precursor peak at 400 °C. Thermal conversion of the precursor directly
yields pure ZnCo,O4 spinel, of which the lattice spacings are shown in Table S2.

In contrast, the NiCo,Oy spinel oxide is firstly formed by thermal conversion of the
NCO precursor at 375 °C (Figures 3b and 4b), which is 50 °C higher than the required
temperature for the emerging of CoCo,O4 and ZnCo,0y spinel phases mentioned above.
Thermal conversion of the as-prepared NCO precursor yields a phase-pure NiCopyOy4
spinel oxide product, of which the lattice spacings are listed in Table S3. Furthermore, the
crystalline NCO precursor phase exists at higher temperatures than the ZCO precursor,
showing the vanishing temperature of 475 °C, similar to that of the CCO precursor. TEM
images for the ZnCo,0O4 and NiCo,04 spinels prepared by calcining the ZCO and NCO
precursor at 480 °C for 10 h are shown in Figure S2.

Investigation on the transition-metal K-edge by TRXAS illustrates the transformation
of short-range ordering of each metal species participating in mixed-metal spinel oxide
structure. TRXAS spectra in Figure 5 demonstrate the transformation progress of the local
structure of cobalt and substituents in each precursor and/or the obtained products. The
K-edge positions of cobalt and nickel (Figure 5a,c,d) slightly shift towards higher photon
energy upon heating to the elevating temperatures, suggesting a higher contribution of
trivalent species, i.e., Co®* and Ni%*, in the resulting spinel oxide compounds similar to
previous reports [1,4-6,46]. However, due to the lack of an adequate energy calibration
curve to examine nickel valency state precisely, all nickel cations in the obtained NiCo,Oy4
will be presumed as Ni?* hereafter. Besides this, Zn?" cation should participate in the
ZnCo,0y4 spinel regardless of the K-edge shift of ca. 0.6 eV (Figure 5b) [47].

Analysis of TRXAS spectra in the EXAFS region as shown in Figure 5 reveals a
significant transformation of the local structure. Fourier transform (FT) of the EXAFS
region into R-space implies the photoelectron scattering paths colliding with the neighbor
coordinated atoms. The alteration of radial distance distribution around the probed element
as illustrated in Figure 6 suggests the atomic repositioning in the perimeter nearby the
probing element during an elevating calcination temperature.
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Figure 3. In-situ XRD profile represents phase transformation of the (a) ZCO precursor and (b) NCO precursor upon an

elevating calcination temperature. (C = graphite dome).

It should be noted that the interatomic radial distance, which is mentioned hereafter,
contained some level of uncertainty. Nevertheless, the variation of the radial distance
distribution and magnitude is still reliable because the sample is investigated in-situ on an
identical sample area.

As viewed from Figure 6a,c (from the bottom to the top), the development of the
cobalt local structure can be roughly divided into two stages: (i) the establishment of the
cobaltite spinel oxide structure during temperature ramping up and (ii) the maintenance of
the established structure during the cooling down step. At the first stage, the local structure
of cobalt is dramatically changed by the elevating temperature up to 480 °C. Afterward,
that developed structure remains unchanged during the cooldown, suggesting a settlement
of the cobaltite spinel framework. The first coordination shell of cobalt (after cooling down)
is approximated to be around 1.35-1.36 A for both the obtained products from thermal
decomposition of the ZCO and NCO precursors. These estimated bond lengths are close
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to the reported Co-O bond length in CoCo,0y (~1.5 A) [48]. However, by using the same
analogy as cobalt, different behaviors of the metal substituent can be found by focusing
on the cooling down period. It is found that, after the settlement of the cobaltite spinel
framework, the local environment of the substituents is drastically changed during the
cooling down period. Therefore, the result indicates the repositioning of metal cationic
substituents to approach the most stable occupation site during the cooling down step.
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4. Discussion

The occurrence of pure ZnCop O, and NiCo,0y spinel oxides from thermal conversion
of their corresponding mixed-metal spinel precursors indicates a reliable synthesis method
as described. CoCo,0y4 is widely known as normal-spinel in which Co?* occupies the Ty
site while Co®* is at the Oy, site [49,50]. The normal-spinel formula of CoCo,04 can be
clarified as Co?*(Co,%*)O4. The notation of the cationic species outside the parenthesis
of the chemical formula indicates its occupancy in the T4 site. Meanwhile, the ZnCo,04
is also known as another normal-spinel which can also be represented by Zn2*(Co,%*)Oy.
According to in-situ XRD results, both normal spinels required similar temperatures,
i.e., 325 °C (Figures 2 and 4a) for the crystalline phase formation. On the other hand,
the NiCo,O, known as inverse-spinel represented by Co%*(Ni**Co%*)Oy, emerged at a
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higher temperature, i.e., 375 °C (Figure 4b). The emerging temperature for ZnCo,O4 and
NiCo,04 spinels is in a good agreement to the required temperature reported by other
studies [19,24]. Furthermore, our study is in agreement with one from Johnsen and Norby,
suggesting that the incorporated Zn?* content helps the crystalline spinel to form at a lower
temperature [51]. The significantly larger ionic radius Zn?* readily occupies Tj site, as the
elevated temperature gradually enlarges the site. In the opposite manner, NiCo,O4 spinel
formation could be hindered by relatively similar cationic radii of nickel and cobalt ions.

We hypothesize that the emerging temperature for such cobaltite spinels should
correlate with the preference of Co®* to the Oy, site, which is affected by the type of
incorporated element. According to the literature, the preference of metal cation over the
Oy, site can be explained by the octahedral site preference energy (OSPE) [3]. The higher
the absolute OSPE, the higher the tendency is for that cation to occupy the Oy, site. It
was reported that the absolute OSPE of Co®* (79.5 kJ-mol 1), which was far greater than
that of the Co?* (31.0 kJ-mol~!) and the Zn?* (0 kJ-mol~!) [3]. Meanwhile, the absolute
OSPE of Ni?* (86.2 kJ-mol~!) was slightly higher than that of Co®* (79.5 kJ-mol~1) [3].
Therefore, a similar emerging temperature for ZnCo;O4 and CoCo,0y4 spinels is obtained,
as by Zn?* does not hinder the participation of Co®* in the Oy, site. On the other hand, the
incorporated Ni?* preferentially takes the Oy, site and likely forces half of the Co®* content
to occupy the T4 interstice, which is the unstable site for Co>" species. The repositioning of
Co’* toward the Ty site takes more energy for structural reordering and therefore results in
a relatively higher temperature for the crystalline NiCo,0O, inverse spinel to be established.

As a consequence, the formation of spinel compounds in this study is more consistent
with a pseudomartensitic type mechanism, as proposed by Chen et al., at which the
oxygen anion establishes the spinel framework without delay (martensitic mechanism),
and the metal cation takes a longer time to diffuse toward their respective spinel sites
(diffusional mechanism) [29]. The role of oxygen can be seen by the early appearance
of the X-ray diffracted peak that is mainly contributed by oxygen, i.e., (440) peak, in the
diffractogram [52]. In the meantime, TRXAS provides the result regarding the diffusion
behavior for short-range structure reordering of every metal cation along the elevating
temperature.

In this particular instance, the different behavior between cobalt and substituent
cations is illustrated by TRXAS through the change of short-range ordered structure in
different time scales. It is found that the local structure of cobalt species are varied along
with the heating up process and then settled, indicating the stable local environment
after establishing the cobaltite spinel framework. In the meantime, repositioning of the
substituent local environment is also observed as well. However, during the cooling
down step, from 480 °C down to 50 °C, it seems that the local structure of cobalt remains
unchanged (Figure 6a,c). In contrast, the reordering of substituent local structure is con-
tinued (Figure 6b,d). As evidence, the diffusion of substituents is confirmed to be rather
delayed than that of the host cation. Therefore, it might be concluded that the heating
up process is crucial for the decomposition of precursor and the establishing of cobaltite
spinel framework. However, the cooling down step is also an essential period for the
substituents to reposition themselves to be associated with the pre-constructed spinel
framework. This information would be essential to design the synthesis procedure for
tailoring the mixed-metal oxide with desired properties.

Apart from this, the incorporated zinc content stimulates the precursor consumption
rate while the incorporated nickel content exhibits the reversed fashion. It underlines a
different role of nickel and zinc associated with the cobaltite spinel establishment. Both
nickel and zinc incorporations can prevent the formation of the CoO phase during thermal
conversion. A plausible reason for that might be connected to the supply of divalent species
by the substituent, Zn?* and Ni?*. With the lack of Co?* in the heated sample, the CoO
species cannot form, resulting in pure ZnCoy0O4 and NiCo,0j as the final products.
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5. Conclusions

In this work, the interesting information concerning structural and phase transforma-
tion for nickel- (NCO), zinc-containing (ZCO), and undoped cobaltite spinel precursors
(CCO) along the thermal-oxidative conversion was revealed by in-situ XRD and TRXAS
techniques. The oxidative thermal conversion of the CCO precursor yields an impurity
phase, CoO, which is co-developed and can partially be removed by re-calcining the impure
product. However, the presence of nickel and zinc in the spinel precursors suppresses the
formation of the crystalline-impurity CoO phase and consequently enhances the formation
of the desired phase-pure spinel products. The threshold temperatures to yield the normal-
spinel compounds, CoCo,04 (from CCO precursor) and ZnCo,0O4 (from ZCO precursor)
are rather similar, at 325 °C. Meanwhile, the emerged inverse-spinel compound, NiCo,Oy4
(from NCO precursor), could be obtained at a higher temperature of at least 375 °C. The
inverse-spinel compound requires a higher temperature to form a spinel framework be-
cause the substituent (Ni%*) and host (Co3*) cation compete to get over the same occupation
site, namely the O, site. Time-resolved X-ray absorption spectroscopy provides clues on
the rearrangement of the Co, Ni, and Zn cationic occupancies. The result depicts the role
of host cation (Co®*) in establishing a cobaltite spinel framework during the heating step.
After that, the local structure of cobalt seems to be stable, implying a non-significant change
during the cooling down step. In contrast, the local structure of the substituent cations sig-
nificantly changes during the cooling down step, which indicates the atomic repositioning
to reach the most stable occupancy site. The emerging temperature of the spinel compound
seems correlated with the absolute OSPE value of host and substituent. This essential
information might be beneficial for wisely predicting the synthesis conditions to obtain
pure mixed-metal cobaltite spinels with desired chemical compositions and properties.
With expanding interest in ZnCo,O4 and NiCo,O4 mixed-metal spinel utilization in energy
storage devices along with organic-inorganic hybrid devices for catalysis and biomedical
purposes, the insight from this work which identifies a mechanism pathway and proper
synthesis conditions could help open the door for production of high purity mixed-metal
spinel oxides on a large scale for future usage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11101256/s1; Figure S1: XRD profile of CoCo, Oy spinel oxide sample prepared by calci-
nation of the CCO precursor at 480 °C, 10 hours, under air atmosphere (heating rate = 1 OC~min*1),
Figure S2: TEM images of the (a,c) ZnCo,04 and (b,d) NiCo,Oy spinel oxides obtained by field-
emission transmission electron microscope (FETEM, JEOL-JEM-3100F, operating voltage = 300 kV).
The spinel oxide sample was prepared by calcining the prepared hydrothermal derived ZCO and
NCO precursors at 480 °C in muffle furnace, under air flow for 10 hours (heating rate = 1 °C-min~1),
Table S1: XRD peak positions of the obtained product (at room temperature) after the thermal
conversion of the CCO precursor, Table S2: XRD peak positions of the obtained product (at room
temperature) after the thermal conversion of the ZCO precursor, Table S3: XRD peak positions of the
obtained product (at room temperature) after the thermal conversion of the NCO precursor.
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