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Abstract

Aluminate spinels represent a versatile class of functional materials with po-
tential in catalytic, electronic, and protective coating applications, yet the re-
search on room-temperature, rapid and tunable techniques to form such ce-
ramic coatings remains limited. In this study, Co,4Ni,cAl,O, powders were
synthesized using a microwave-assisted combustion method, so as to exam-
ine the influence of different fuel-to-oxidizer (F/O) ratios on combustion be-
havior, phase formation, and product yield. The results demonstrate that an
excess of the fuel leads to localized overheating, carbonaceous residues, and
secondary phases, whereas an insufficient amount of fuel results in weak
combustion and incomplete crystallization. Among the tested formulations,
an F/O ratio of 0.5 produced a highly crystalline spinel phase with no detect-
able impurities and provided the highest yield, confirming its suitability for
efficient spinel formation. The optimized powder was subsequently evalu-
ated for its applicability in electrophoretic deposition (EPD) using an ethanol
suspension. Spinel coatings were successfully deposited on SUS 304 stain-
less steel substrates after different intervals of time. After calcination, ce-
ramic layers were obtained, demonstrating the feasibility of integrating mi-
crowave-combusted Co-Ni aluminate spinels into the EPD process. The data
revealed that the deposition yield increased steadily with time, while the
deposition rate declined, consistent with the characteristic EPD kinetics.
This work provides a deeper understanding of the synthesis-deposition
pathway and offers foundational insights for the future optimization of Co-
Ni aluminate-based ceramic coatings.

Key findings

e Optimal F/O ratio of 0.5 allows obtaining pure, highly crystalline Coo.4Nio.6Al.04 with
the highest product yield.

e Structural analyses confirm spinel phase formation under optimized microwave com-
bustion conditions.

e EPD successfully produces Co-Ni aluminate coatings with the yield increasing and the
deposition rate decreasing over time.

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unre-

stricted reuse of the work in any medium provided the original work is properly cited.

1. Introduction

Oxide spinels with the general formula AM,0, are an im-
portant family of complex binary transition metal oxides that
have been widely studied for structural [1, 2], electronic [3,
4], optical [5, 6], catalytic [7, 8], photocatalytic [9-11], and
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thermal [12-14] characteristics. These variations in proper-
ties are largely governed by the types of cations as well as
their preferred occupation of specific lattice sites. Within
this family, cobalt aluminate (CoAl.O,) and nickel aluminate
(NiAl204) are two technologically significant compounds that
offer distinct advantages and functional properties.
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Nickel aluminate is a partially antispinel oxide [15]
known for its remarkable electronic and thermal stability,
making it highly attractive for catalytic and photocatalytic
applications. Its energy level structure supports efficient
charge transfer and separation, which underpins its strong
performance in oxidation reactions, pollutant degradation,
and other catalytic transformations [16, 17]. Structurally,
NiAl,0, typically adopts a spinel-type arrangement where
Ni?* cations preferentially occupy tetrahedral sites while
Al3* ions sit in the octahedral positions, contributing to its
robustness and high thermal resistance. Its high melting
point, resistance to deactivation (for example, by coke for-
mation), and stability under harsh reaction conditions
make it a promising material for hydrogenation, steam re-
forming, and other industrial catalytic processes [18, 19].
Cobalt aluminate, in contrast, is perhaps best known for its
deeply saturated blue color, which arises from Co?* ions in
tetrahedral coordination and the characteristic d-d transi-
tions in its spinel lattice [20]. This colored spinel is not only
visually striking but also thermally and chemically stable,
which makes it an ideal pigment in ceramics, glazes, glass,
and other materials exposed to severe environments [21,
22]. Moreover, CoAl,0,4 can be utilized in other technologi-
cal applications, such as catalyzing a range of chemical pro-
cesses [23-25], and sensing water vapor [26], inorganic
gases [27], and alcohol compounds [28]. Mixed Co-Ni alu-
minate spinels can enable synergistic tuning of cation dis-
tribution, redox behavior and lattice parameters. They can
combine the vivid coloration and stability of cobalt alumi-
nate, together with the electronic conductivity and catalytic
robustness of nickel aluminate. Compared to the single-
counterparts, the
Co:1-xNixAl204 often exhibits enhanced thermal resistance,
adjustable electronic conductivity, and strong structural in-
tegrity, all of which are desirable traits for ceramic coating
applications.

As for preparing spinel nanomaterials, a variety of strat-

metal composition

egies have been explored, including sol-gel [29, 30], reverse
microemulsion [31], hydrothermal [32, 33], and combus-
tion [34-36] methods. Among these, microwave combustion
has emerged as a highly promising technique because it
provides a straightforward and rapid means of obtaining
relatively well-defined spinel materials. This method is also
regarded as a cost-effective and tunable approach [37-39].
Compared to the conventional solution combustion synthe-
sis, this method has a different heating mechanism relying
on the rapid oscillation of molecular dipoles in the presence
of microwaves, allowing volumetric heating of the material,
resulting in a more uniform heat distribution [40].

As for producing ceramic coatings, there is an increasing
interest in the electrophoretic deposition (EPD) method.
EPD is a versatile, room-temperature process capable of
forming uniform ceramic layers on conductive substrates,
offering advantages such as adjustable thickness, suitabil-
ity for complex geometries, and rapid deposition rates [41].
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Regarding deposition suspension, the benefits of non-aque-
ous EPD systems (e.g., ethanol or acetone) are highlighted,
whereas a disperser, typically iodine, is essential to en-
hance particle dispersion and surface charging, which al-
lows charged particles to transfer under an electric field
and eventually deposit onto an electrode [42]. In recent
years, EPD has been applied to fabricate a range of spinel-
based coatings, including Mn-Co spinels [43, 44] and fer-
rites [45]. These studies collectively underscore the grow-
ing momentum behind EPD as a practical and scalable route
for processing spinel ceramic coatings. Despite this pro-
gress, research focusing specifically on aluminate spinel
deposition via EPD remains very limited.

In this context, the present work provides further in-
sight into employing microwave combustion for preparing
C00.4Nio.6Al.04 samples with different fuel-to-oxidizer
(F/0O) ratios. The results indicate the optimal F/O ratio in
this case, which is mainly evaluated based on product pu-
rity and yield. The spinel powder is then used in the EPD
process to deposit spinel coatings. The novel insights
mainly lie in exploring the preliminary feasibility of form-
ing such layers on stainless steel substrates. Our findings
are expected to provide foundational knowledge for further
optimization, performance evaluation, and application-
driven development of Co-Ni aluminate spinel coatings.

2. Materials and Methods

2.1. Materials

All chemicals used in this study were of analytical grade,
sourced from Xilong, China, and employed directly without
any additional purification. The hydrated nitrate salts in-
cluded Co(NO3)2:6H-0, Ni(NO3)2:6H-0 and Al(NOs3)3-9H-0,
while glycine served as the fuel in the combustion process.
Iodine acted as a disperser for preparing the spinel suspen-
sion.

Commercial SUS 304 stainless steel was used as the ma-
terial for the electrodes for deposition. Prior to coating, SUS
304 sheets, with dimensions of 20x20x2 mm, were de-
greased and polished using P120 sandpaper to remove sur-
face oxides. Then, they were subjected to ultrasonic clean-
ing in acetone (150 W) for 5 min. Subsequently, the plates
were dried using either a handheld dryer or an oven.

2.2. Synthesis of Co,.4,Ni,.cAl.0, spinel

A mixture of nitrate salts, Co(NOs3).-6H-0 (0.8 mmol;
233 mg), Ni(NOs3)2:6H.O (1.2 mmol; 349 mg),
Al(NO3)3-6H20 (4.0 mmol; 1501 mg), was first homogenized
in 20 mL of double-distilled water, after which glycine was

and

added, and the solution was stirred continuously for 60 min
at 70 °C. The resulting homogeneous solution was then
transferred to a porcelain crucible and subjected to micro-
wave irradiation in a domestic microwave oven at 2.45 GHz
and 990 W for 5 min. During this process, the solution
heated up, water evaporated, and self-ignition occurred,
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producing a brief flame and yielding a solid product along
with gaseous byproducts. The obtained solid was subse-
quently washed three times with pure ethanol to remove
residual impurities, dried at 80 °C for 2 h, and finally
ground into a fine blue powder.

Various ratios of Al3*:glycine were taken, namely 20:9,
15:9, 10:9 and 7:9, and such spinel samples were denoted
T1, T2, T3 and T4, respectively.

2.3. EPD procedure

ARTICLE

performed by a TGA-50 analyzer (Shidadzu, USA) under a
flow of air.

3. Results and Discussion

3.1. Synthesis efficiency and structural analysis

A suspension of the spinel material was first prepared by
dispersing a 10 g/L spinel mixture in absolute ethanol con-
taining iodine (I; 0.5 g/L) as a dispersing agent; the mix-
ture was magnetically stirred for 15 min and subsequently
ultrasonicated for 30 minutes (180 W). An additional 5 min
of ultrasonication (180 W) was conducted before electro-
phoretic deposition. For deposition, a direct current (DC)
power supply was used, with two steel sheets serving as
electrodes connected to the positive and negative terminals,
respectively. These sheets were positioned vertically, par-
allel to each other, 1 cm apart, and immersed in the suspen-
sion.

At room temperature, a voltage of 60 V was applied dur-
ing different intervals of 30, 60, 90 and 120 s, corresponding
to S30, S60, S90 and S120 coated samples. The steel plate
connected to the positive terminal remained uncoated and
could be reused for multiple consecutive depositions,
whereas the plate connected to the negative terminal gradu-
ally accumulated a coating layer as positively charged spinel
particles migrated under the electric field. After the deposi-
tion, the electrode was carefully and slowly withdrawn from
the suspension and dried at 80 °C for 2 h. Subsequently,
coated sheets were calcined in an ambient-atmosphere fur-
nace at 800 °C for 2 hours with a heating rate of 4 °C/min.

2.4. Characterizations

The crystalline phases of the prepared materials were iden-
tified through X-ray diffraction (XRD) analysis (Bruker D2
Phaser) employing Cu Ka radiation (A = 1.5406 A). Morpho-

logical features were examined using a TESCAN Mira 4
field-emission scanning electron microscope (FESEM, Swit-
zerland) operated at 15 kV. Fourier-transform infrared
(FTIR) spectra within the 500-4000 cm™ range were rec-
orded using a Platinum ATR Alpha II spectrometer (Bruker,
Thermogravimetric

Germany). analysis (TGA) was

Theoretically, metal nitrates react with glycine in the stoi-
chiometric redox reaction to produce spinel, following the
equation:

0.6Ni(NO3)2 + 0.4Co(NO3)2 + 2AI(NO3)3 +
40/9NH2CH2COOH — C00.4Nio.6A1>04 + 80/9C02(g) (1)
+ 100/9H20 + 56/9N>

Equation 1 presents the case of T1 (F/O = 1), whereas
F/O ratios of 0.75, 0.5 and 0.35 can be assigned to T2, T3
and T4, respectively. Obviously, the combustion behavior
and resulting phase purity of Coo.4Nio.6Al.O4 samples were
found to depend strongly on the molar ratio of Al** to gly-
cine used during synthesis. As shown in Figure 1, the four
formulations (T1-T4) exhibited distinct visual characteris-
tics, reflecting differences in combustion process and effi-
ciency. As for sample T1, the resulting black-to-dark-blue
product displayed surface charring (Figure 1a). The fuel-
rich condition produced an overly exothermic reaction, gen-
erating local hot spots and promoting partial carbonization
of glycine. Such excess fuel is known to lead to incomplete
oxidation of organic components during combustion,
thereby hindering the formation of a homogeneous spinel
phase and yielding a product of poor purity.

A more balanced F/O environment was achieved for T2
and T3, producing a uniformly blue and bright blue powder,
respectively, with a porous structure, typical of successful
glycine-nitrate combustion (Figures 1b and 1c). In this case,
the energy released during combustion was sufficient to
sustain self-propagation while avoiding the carbon-rich by-
products observed in T1. In contrast, T4 with the lowest F/O
ratio represents an under-fueled composition where insuf-
ficient glycine prevented full temperature rise and contin-
uous flame propagation. The combustion reaction pro-
ceeded weakly and non-uniformly, resulting in a product
dominated by grey, fluffy, unreacted or partially decom-
posed oxides (Figure 1d), with only a small central region
exhibiting the characteristic blue color of the spinel phase
(Figure 1e).

Figure 1 Digital images of (a) T1, (b) T2, (c) T3 and (d, e) T4 spinels after microwave-assisted combustion.
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The very low yield of T4 (roughly 34%) confirms that
most of the precursor mixture failed to undergo complete
combustion or crystallization. Such insufficient fuel limits
the exothermicity of the reaction, leading to incomplete
precursor decomposition and poor incorporation of Co%*
and Ni%* into the aluminate lattice.

The phase composition of spinel samples further sup-
ports the above observations. The XRD patterns of T1, T2
and T3 (Figure 2) exhibit characteristic peaks at 18.88°,
31.16°, 36.76°, 55.59° 59.36°, 65.22° corresponding to the
(111), (220), (311), (400), (422), (511), and (440) planes.
These features agree well with JCPDS No. 44-0160 of
CoAl:04 and confirm the success of the combustion synthe-
sis with the desired mixed-metal aluminate phase. How-
ever, the spinel-based peaks of T1 are broad with low inten-
sities, and eventually additional peaks at 42.90°, 62.62° and
51.46° are recorded, corresponding to the (200) and (220)
planes of NiO and the (024) plane of a-Al.O3; (JCPDS No. 00-
010-0425) [46]. This once again indicates that excessive
glycine promoted local overheating and incomplete cation
incorporation into the spinel lattice. These secondary
phases are likely a consequence of the inhomogeneous ther-
mal distribution and rapid temperature rise, which can in-
terrupt the solid-state diffusion necessary for homogeneous
spinel formation.

On the other hand, spinel-originated patterns of T2 and
T3 with sharp and high-intensity peaks confirm the suc-
cessful formation of a well-crystallized spinel structure
(Figure 2). The excellent purity of both samples is verified
by the non-existence of impurity phases. Such similarity in-
dicates that decreasing the F/O ratio from 0.75 to 0.5 did
not significantly alter the phase composition, but rather in-
fluenced the reaction completeness and yield. Particularly,
T3 was obtained in a higher yield of 86.09%, compared to
that of T2, 74.98%. This implies that the F/O ratio of 0.5
provided the optimal balance between glycine and metal ni-
trates, promoting complete thermal decomposition, effi-
cient gas release, and uniform temperature distribution
throughout the reaction mixture.

=
s
o

Intensity (a.u.)

MJ A._Jk_JL ]
LCEDVR U W S U B

10 20 30 40 50 60 70 80
2theta (degree)

Figure 2 XRD patterns of T1, T2 and T3 samples.
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The resulting product (T3) exhibited high purity and
crystallinity, and also achieved the highest yield.

Regarding the crystallite size of spinel samples, the
Scherrer formula (Equation 2) was used, and the calcula-
tion was based on the most intensive peak of the spinel
phase ((311) plane) [35].

0.94

D=——,
3 cosO

(2)

where D denotes the average crystallite size, A is the X-ray
wavelength, 0 represents the Bragg diffraction angle, and 3
corresponds to the full width at half maximum (FWHM) of
the diffraction peak. Accordingly, D31 values of T1, T2 and
T3 were 10.80, 28.08 and 31.06 nm, respectively. This in-
creasing trend indicates that the decreasing F/O ratio from
1.0 to 0.5 facilitated crystallite growth, resulting in sharper
characteristic peaks.

To further confirm that the purified spinel powder
contains no combustible components, such as carbon or
organic residue, a TGA curve was measured from room tem-
perature to 700 °C with a heating rate of 10 °C/min. As
shown in Figure 3, around 5% weight was lost at 700 °C,
which can be attributed to moisture evaporation.

3.2. Elemental and morphology analysis

Figure 4 presents the FTIR spectra of the synthesized spinel
materials. Accordingly, metal-oxygen (M-O) stretching vi-
brations can be recognized within the 550-700 cm™ re-
gion—typical of M-O, Al-O, and M-0O-Al bonds (where M
denotes Ni or Co) [39]. Specifically, the distinct features at
680 cm™ and 592 cm™ observed in T2 and T3 provide evi-
dence for the successful formation of the cubic spinel alu-
minate structure. There is an exception of sample T1, which
shows a less clearly defined band in this range. FTIR spec-
trum of Ti also exhibits a weak absorption band near
1601 cm™, corresponding to the bending vibration of H-O-
H. Generally, the absence of notable bands associated with
organic functional groups further indicates that organic
residues were effectively eliminated.

1004 13
951
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854
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70 —
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200 300 400 500 600
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Figure 3 TGA curve of T3 sample.
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Figure 4 FTIR spectra of T1, T2 and T3 samples.

Table 1 Percentages of elements by atomic and weight percentages.

Atomic % Weight %
Element
T3 By theory T3 By theory
Oxygen (0) 59.03 57.14 36.67 36.21
Aluminum (Al)  24.44 28.57 25.61 30.54
Nickel (Ni) 10.29 8.57 23.44 19.92
Cobalt (Co) 6.24 5.71 14.28 13.34

In Figure 5, the EDX spectrum confirms that Al, Co, Ni,
and O are the dominant elements presenting in the T3 sam-
ple. The corresponding atomic and weight percentages are
summarized in Table 1. Interestingly, the material exhibits
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elemental proportions that closely match the theoretical
composition of C0o.4Nio.cAl204.

FESEM images of T3 (Figure 6) with varied magnifica-
tions from 2.00 kx to 50.00 kx reveal that the
Co0.4Nio.6Al=04 spinel powders consist of irregular, loosely
aggregated particles. The particles exhibit a relatively
broad size distribution, generally ranging from submicron
fragments to larger agglomerates several micrometers in
size. Most particles display rough, porous, and fractured
surfaces, typical of materials synthesized via combustion or
rapid thermal processes. The morphology can be attributed
to incomplete grain growth and rapid gas release during
synthesis, leading to the formation of sponge-like clusters
and shattered microstructures.

20K 30K 4.0K

Figure 5 EDX spectrum of T3 spinel.

Eall. SN

Figure 6 FESEM images of T3 sample with different magnifications: (a, b) 2.00kx, (c) 20.00 kx and (d) 50.00 kx.
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3.3. Deposition efficiency

During the EPD process, an MS1003C DC power supply
(Maisheng) was used to maintain a constant voltage of
60 V. T3 spinel was utilized to produce the deposition sus-
pension. The digital image of the EPD system is given in
Figure 7a, whereas the coated SUS 304 substrate after dry-
ing at 80 °C and calcining at 800°C is shown in Figures 7b
and 7c. To further confirm the formation of spinel coating,
one side edge of the substrate was polished using P120
sandpaper and imaged with a digital microscope (Fig-
ure 7d).

Deposition yield (mg/cm?) was calculated by dividing
the weight increase of the substrate by the substrate area
(2x2 cm). Similarly, deposition rate (mg-min™.cm™2) was
obtained by dividing the deposition yield by time. The rela-
tionship between deposition time and EPD efficiency is
clearly reflected in the trends of both deposition yield and
deposition rate (Figure 8). As deposition time increases
from 30 to 120 s, the deposition yield steadily rises, indi-
cating continuous accumulation of C0o.4Nio.6Al.O4 particles
on the electrode surface. This behavior is typical of EPD sys-
tems, where longer exposure to the applied field allows
more suspended particles to migrate and compact onto the
substrate [42, 47, 48].

Substrate

Uncoated
surface

Figure 7 Practical arrangement of EPD settings (a); Spinel-coated
substrate after drying at 80 °C (b) and calcining at 800 °C (c); Cap-
ture of one side edge of the coated substrate (d).
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Figure 8 Demonstration of deposition yield and deposition rate
over time.

In contrast, the deposition rate exhibits a progressive
decline over the same period, decreasing from its highest
value at 30 s to the lowest at 120 s. This tendency also re-
sembles previous literature evidence [42, 47, 48] and sug-
gests that while prolonged deposition enhances overall
yield, the process becomes progressively less efficient with
time. This reflects a typical kinetic behavior in EPD, where
the initial stage is most productive, and efficiency decreases
as the deposit thickens. Within the same amount of time,
the EPD parameters of this work offer deposition yields that
are 3-4 times higher than those achieved in the work with
an applied voltage of 30 V and a larger distance between
the two electrodes (15 mm) [47]. However, there are
studies into Mn-Co and Cu-Mn spinels reporting higher
deposition yields, which can be attributed to parameter
optimizations, including the utilization of an acetone-
ethanol or H.O-ethanol solution and the smaller size of
spinel particles [42, 48]. This means that it is possible to
further optimize the EPD parameters for Co-Ni aluminate
spinels.

4. Limitations

As for the microwave synthesis, it is apparent that a large
amount of gases (CO2, N2 and H:0) is created for each mole
of nitrates. Due to the limited robustness of a domestic
oven, a high risk of overpressure presents when more pre-
cursors are put in at one time. However, this obstacle to
large-scale production can be mitigated with a specialized
industrial oven with higher safety standards.

Regarding EPD results, future work should complete
certain tasks to further strengthen and expand insights into
forming aluminate spinel coatings via the EPD technique.
Firstly, other voltages (higher or lower than 60 V) can be
tested to compare and confirm the optimal voltage range.
Secondly, protective tests in a salty or acidic environment
can be performed to precisely evaluate the application po-
tential of the targeted ceramic coating. In addition, future
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systematic experiments related to deposition on large parts
with more complex shapes should also be considered to
meet the practical requirements.

5. Conclusions

This study demonstrated the successful synthesis of
Co00.4Nio.6Al.04 spinel powders through a rapid microwave-
assisted combustion method, with the F/O ratio playing a
decisive role in determining combustion behavior, phase
formation, and product yield. An excessive amount of fuel
led to localized overheating and impurity formation,
whereas an insufficient amount resulted in weak combus-
tion and incomplete crystallization. An F/O ratio of 0.5 was
identified as optimal, yielding a highly crystalline, impu-
rity-free spinel with the highest reaction efficiency. Com-
prehensive structural and compositional analyses con-
firmed that the optimized product possessed the intended
spinel structure, expected elemental ratios, and character-
istic porous morphology derived from combustion synthe-
sis.

The suitability of the obtained powder for EPD was fur-
ther validated. Ethanol-based suspensions enabled the for-
mation of ceramic coatings on SUS 304 substrates, and dep-
osition trends followed typical EPD kinetics, with increas-
ing deposition yield and decreasing rate over time.

Overall, the results confirm that microwave combustion
is an effective and rapid route for producing Co-Ni alumi-
nate spinels, and that the resulting materials are compati-
ble with the EPD method for fabricating ceramic coatings.
The findings provide a foundational platform for subse-
quent optimization of coating quality, exploration of differ-
ent deposition parameters, and future application-driven
studies on Co-Ni aluminate protective and functional coat-
ings.
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