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ABSTRACT

The CoMn:0« binary metal oxide with a spinel structure was synthesized from metal-organic
framework (MOF) prepared using both microwave-assisted and hydrothermal methods. The time
to synthesize MOF by hydrothermal method is much longer than that of the microwave-assisted
method. Synthesized materials were characterized by X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and Brunauer-
Emmett-Teller (BET) surface area. The results showed that the CoMn:04 oxide had high purity
and a spherical nanocrystalline morphology with particle sizes ranging from 30 nm to 50 nm.
Notably, the specific surface area of the material derived from MOF synthesized using the
microwave-assisted method reaches 92,40 m?%g, significantly higher than that of the material
synthesized by the hydrothermal method, which is 61,84 m%g This demonstrates that the
microwave-assisted method not only reduces synthesis time but also enhances the specific
surface area of the material, which is a crucial factor for applications in catalysis, energy
storage, and environmental treatment.
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1. INTRODUCTION

In response to the increasing energy demands and environmental challenges, research on
advanced materials for energy storage and pollution treatment has become increasingly
important. Advances in materials science contribute to improving sustainable energy systems and
reducing environmental impacts. Notably, transition metal oxides with superior electrochemical
properties and efficient charge transport have emerged as potential candidates for energy
conversion and environmental remediation.

Spinel-structured metal oxides, represented by the general formula AB:Oa, have attracted
significant research interest in energy storage [1], photocatalysis [2], sensing [3], and
optoelectronics [4]. Due to their controllable composition, valence states, and structure, they
exhibit outstanding catalytic properties [5] and hold great potential as electrode materials for
lithium-ion Dbatteries and supercapacitors. Recently, MOF-derived CoMn20: has been
investigated as an electrode material due to its large surface area, excellent electrochemical
properties, and high stability [6]. The heterojunction between two metal oxides enhances charge
separation, improving photocatalytic activity [7, 8], while also increasing electrical conductivity
and providing more active sites, thus boosting supercapacitor performance [9]. Cobalt-based
heterogeneous catalysts exhibit high catalytic activity and a slow Co?* release rate [10, 11]. The
combination of cobalt oxide with manganese - an abundant, low-toxicity element with multiple
valence states favorable for redox reactions - has been explored in previous studies [12, 13].

Spinel compounds can be synthesized using various methods such as the sol-gel method [14, 15],
coprecipitation method [16, 17], solvothermal method [18],... However, these methods have
limitations, including difficulties in precisely controlling the composition, morphology, and porosity
of the synthesized oxides. Metal-organic frameworks, which consist of metal centers coordinated

Journal of Military Science and Technology, 104 (2025), 79-86 79



Chemistry, Biology & Environment

with organic molecules to form one-, two-, or three-dimensional porous structures, have emerged as
promising templates for synthesizing transition metal oxides with tunable chemical composition,
morphology, and porosity [19]. MOFs exhibit outstanding properties, including a large surface area
and adjustable pore sizes, making them highly versatile for various applications such as sensing [20],
supercapacitors [21], photocatalysis [22], and gas separation [23].

In this study, the research team synthesized the binary metal oxide CoMn20O4 using MOF-derived
materials prepared by two different methods: microwave-assisted and hydrothermal synthesis.

2. EXPERIMENT AND METHOD

2.1. Chemicals, equipment and instruments
2.1.1. Chemicals

Co(NOs)2:6H20 99% (Xilong, China); MnCL-4H.O0 99% (Xilong, China); 1,3,5-
Benzenetricarboxylic acid 98% (HsBTC) (Macklin, China); Ethanol 99.7% (Xilong, China);
N,N-Dimethylformamide 99.5% (Xilong, China); distilled water.

2.1.2. Equipment and instruments

Glassware set (beakers, glass rods, graduated cylinders, glass funnels, etc.), magnetic stirrer
with heating (HPS-20, Fcombio-USA, China), drying oven (DHG-9145A, Bluepard, China),
analytical balance (PA 213, Ohaus-USA, China), hydrothermal autoclave, Duran glass bottle
(Germany), high-temperature furnace (Nabertherm GmbH, Germany), microwave oven
(Electrolux EMM2022MW, China), ultrasonic cleaner (JP-060S, Skymen, China), high-speed
centrifuge (Hettich, Universal 320, Germany).

2.2. Synthesis of binary metal oxide CoMn:O. based on metal-organic framework CoMn,-BTC

The synthesis of CoMn,-BTC via the microwave-assisted method was carried out by
dissolving 0,02 mol Co(NOs)2:6H20 and 0,04 mol MnClz2-4H-0 in 210 mL of solvent mixture
(distilled water, N,N-dimethylformamide, and ethanol in a 1:1:1 volume ratio). Then, 0.1 mol of
1,3,5-Benzenetricarboxylic acid was added, and the solution was ultrasonicated for 30 minutes to
achieve homogeneity. The resulting mixture was transferred into a Duran glass bottle, placed in a
microwave oven, and maintained at 200 W power for 60 minutes with a cycle of 5 minutes of
irradiation followed by 1 minute of rest. This cycle was selected based on preliminary
optimization to avoid overheating, stabilize the temperature, enhance diffusion, and promote
more uniform MOF crystal growth. The obtained MOF CoMn,-BTC was washed multiple times
with ethanol and dried at 80 °C for 5 hours.

For the hydrothermal method, the initial procedure was similar to the microwave-assisted
method. However, after homogenization, the solution was transferred into a Teflon-lined
autoclave and maintained at 150 °C for 24 hours. The resulting solid precipitate was filtered,
washed, and dried at 80 °C for 5 hours.

Finally, the synthesized MOF was calcined at 400 °C for 4 hours in air with a heating rate of
10 °C/min, then cooled to room temperature to obtain the black binary metal oxide CoMn20s.
2.3. Methods for material characterization

Phase composition was analyzed using X-ray diffraction (XRD), morphology was examined
using scanning electron microscopy (SEM) and the chemical composition was analyzed by
Energy Dispersive X-ray Spectroscopy (EDX) at the Institute of Materials Science (Vietnam
Academy of Science and Technology).

Chemical bonding groups and material formation were determined through Fourier-transform
infrared spectroscopy (FT-IR) and Surface parameters were measured by the nitrogen adsorption
isotherm method (BET analysis) at the Institute of Chemistry and Materials (Academy of
Military Science and Technology).
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3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) analysis was used to determine the phase purity and crystal structure
of the MOF CoMn,-BTC and CoMn,0O4 materials, and the XRD patterns are shown in figure 1a.
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Figure 1. XRD patterns (a), FTIR spectra (b), and EDX spectra (c) of the CoMn»-BTC (1, 2) and
CoMn:0s (3, 4) materials: 1, 3 - synthesized by the microwave-assisted method, 2, 4 -
synthesized by the hydrothermal method.

The XRD pattern of the MOF CoMn,-BTC material (figure 1a), synthesized by both methods,
exhibits sharp diffraction peaks at 20 values of approximately 14,99°, 17,39°, 17,69°, 18,55°,
19,83°, 21,85°, 26,92°, 28,35°, 33,04°, 35,27°, and 41,57°, consistent with previously reported
data [24]. The crystal structure of this compound belongs to the monoclinic space group. The
XRD patterns of CoMn,O4 derived from MOF (figure 1a), synthesized using both methods,
completely match the standard JCPDS card No. 77-0471, confirming the successful synthesis of
CoMn204 [18]. Additionally, no other peaks were observed in the XRD spectra, indicating the
high phase purity of the synthesized material. The sharp and narrow peaks demonstrate that the
obtained material possesses good crystallinity. The XRD patterns of materials synthesized by
both methods exhibit distinct diffraction peaks at 20 angles ~ 18,28°, 29,33°, 31,11°, 32,92°,
36,31°, 38,67°, 44,74°, 50,50°, 51,78°, 54,33°, 56,53°, 59,44°, 60,63°, and 65,17°, corresponding
to the (101), (112), (200), (103), (211), (202), (220), (204), (105), (312), (303), (321), (224), and
(400) crystal planes of CoMn,O4 The crystal structure of this oxide exhibits distortions and
crystallizes in the tetragonal system with the I4:/amd space group. This phenomenon is
commonly attributed to the Jahn-Teller effect of Mn*" ions, which induces crystal lattice
distortions [18].

Figure 1b presents the FTIR spectrum of the CoMn;-BTC and CoMn;0O4 materials in the
wavelength range of 4000 cm™ to 400 cm™. For the CoMn,-BTC sample (figure 1b), IR
absorption bands observed in the range of 3100 - 3600 cm™ are attributed to the stretching
vibrations of O—H bonds. Additionally, bands in the ranges of 1367 - 1437 cm™ and 1530 - 1630
cm™! correspond to the symmetric and asymmetric stretching vibrations of the —COO~ groups,
respectively. In-plane stretching vibrations of C—C bonds were detected around 1108 cm™. The
bands at ~703 cm™ and 762 cm™ are associated with in-plane and out-of-plane bending
vibrations of C—H in the benzene ring.. The FTIR spectrum of the CoMn,O4 material (figure 1b)
shows distinct absorption bands in the low-wavenumber region (800 - 400 cm™). The absorption
peaks at 606,66 cm™! and 485,20 cm™ are attributed to the stretching vibrations of Mn—O and
Co—O bonds, respectively. Apart from these characteristic absorption bands, no additional peaks
were observed, indicating the high purity of the synthesized product, free from impurities. This
result is entirely consistent with the X-ray diffraction (XRD) analysis, further confirming the
homogeneity and high quality of the obtained material.

10

The chemical composition of the MOF and oxide materials was analyzed by EDX, with
results shown in table 1 and figure 1c.
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Table 1. Elemental composition of the CoMn>-BTC and CoMn:0+ oxide materials.

Microwave-assisted method Hydrothermal method
Element CoMn,-BTC CoMn,0y4 CoMnz-BTC CoMn;04
Weight, | Atomic, | Weight, | Atomic, | Weight, | Atomic, | Weight, | Atomic,
% % % % % % % %
CK 40.21 51.32 - - 37.49 50.16 - -
OK 47.25 45.27 30.53 60.73 44.49 44.69 29.23 59.30
Mn K 8.04 2.24 44.98 26.05 11.82 3.46 43.04 2543
Co K 4.51 1.17 24.49 13.22 6.20 1.69 27.73 15.27
Tong 100

The EDX analysis results reveal a clear difference in chemical composition between the MOF
samples and the oxides formed after calcination. In the MOF samples synthesized by both the
microwave-assisted and hydrothermal methods, the main elements detected were C, O, Mn, and
Co. After calcination of the MOF samples to form oxides, carbon was completely eliminated
from the structure, confirming the complete decomposition of the BTC organic framework.
Simultaneously, the contents of Mn and Co significantly increased, reaching approximately 44 -
45% and 24 - 28% by weight, respectively. The atomic Co:Mn ratios in both oxide samples were
approximately 0,5 - 0,6, which is close to the theoretical ratio of the spinel CoMn,O4 phase
(Co:Mn = 1:2), suggesting that the obtained oxides are likely bimetallic oxides with a spinel
structure. This result is also consistent with the XRD analysis discussed above.

Figure 2. SEM images of CoMn;-BTC (a, b) and CoMnO4 (c, d): a, ¢ - Synthesized by the
microwave-assisted method; b, d - Synthesized by the hydrothermal method.

To analyze the morphology of the synthesized products, scanning electron microscopy (SEM)
was employed. The SEM images of the CoMn.,-BTC and the bimetallic oxide CoMn2Os
materials are presented in figure 2. From the SEM images, it can be observed that the CoMn,-
BTC crystals synthesized by both methods exhibit a rod-like morphology. The crystal sizes are
relatively uniform, with widths ranging from 80 -100 nm and lengths between 200 - 220 nm. In
contrast, the CoMn,O4 materials synthesized from the MOF precursors by both methods show
spherical nanocrystalline morphology, with particle sizes ranging from 30 nm to 50 nm. Using
the Scherrer equation, D = K-A/(B-cosf) (where D = crystallite size (nm), K = 0,9 (Scherrer
constant), A = 0,15406 nm (X-ray wavelength), p = FWHM (radians) and 8 = peak position
(radians)), the average crystallite sizes were calculated at the highest-intensity peaks: 18,552° for
MOF and 36,31° for CoMn,Os. The results were approximately 91 nm and 24 nm, respectively.
The particle size distribution was relatively uniform for both synthesis methods, indicating that
both approaches offer effective control over particle morphology and size. However, the
CoMn,04 nanoparticles tend to aggregate, likely due to Van der Waals forces and electrostatic
interactions between particle surfaces. Additionally, the aggregation may stem from the initial
MOF precursors also exhibiting some degree of agglomeration (figures 2a and 2b). This
aggregation may affect the active surface area of the materials and could require further
treatment to improve particle dispersion, thereby optimizing performance in applications such as
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catalysis or energy storage.

The N: adsorption-desorption isotherm, pore size and volume distribution curves of the
CoMn,-BTC and CoMn,O4 material are shown in figure 3 and figure 4, respectively. The
measurement parameters for the MOF and oxide materials synthesized by both the hydrothermal
and microwave-assisted methods are summarized in table 2.

From figure 3, it can be observed that the nitrogen adsorption-desorption isotherms of the
CoMn,-BTC and CoMn,Os4 materials synthesized by both methods correspond to type IV
isotherms with H3 hysteresis loops, according to the IUPAC classification, indicating the
presence of mesopores. This observation is further supported by the pore size and volume
distribution curves, calculated using the BJH method, as depicted in figure 4. These mesopores
are likely formed due to the aggregation and loosely packed arrangement of CoMnyOs
nanoparticles, as observed in the SEM images (figure 2).

Table 2. Textural parameters obtained from N: desorption isotherm measurements of CoMn;-
BTC and CoMn:04 materials.

Microwave-assisted
Parameter method Hydrothermal method
CoMn,-BTC | CoMn,0,4 | CoMn,-BTC | CoMn,04
Specific surface area (BET), 77,65
mYg 100,25 92,40 61,84
Pore diameter, nm 3,77 3,23 3,38 3,41
Pore volume, cm’/g 0,089 0.435 0,085 0.228

The specific surface area of CoMn,O4 was calculated using the BET method. The results
presented in table 1 indicate that the MOF-derived CoMn,O4 synthesized via the microwave-
assisted and hydrothermal methods yielded materials with specific surface areas of 92,40 m*/g
and 61,84 m?%g, respectively. Specific surface area is a crucial parameter for porous materials,
influencing their potential applications. CoMn,O4 with a high specific surface area enhances ion
storage and diffusion capabilities, making it suitable for battery and supercapacitor fabrication,
improving charge storage performance. Additionally, a larger surface area increases adsorption
capacity and provides more active sites for surface reactions, making it valuable as a catalytic
material. The CoMn2Os synthesized by our research group exhibits a significantly higher BET
surface area compared to some previous reports: sol-gel method (31 m?%g [14], 24,23 m%/g [15]),
solvothermal method (36 m?/g [18]), and coprecipitation method (14 m*g [14]). The CoMn,Os
synthesized from metal-organic frameworks retains the highly porous nature of the precursor
MOF. Upon conversion to metal oxide, the porous structure is preserved, maintaining a large
surface area for the oxide material.

Both synthesis methods employed in this study yielded oxides with high specific surface
areas. However, the specific surface area of CoMn,O;, derived from MOF synthesized via the
microwave-assisted method was significantly higher at 92,40 m*g compared to 61,84 m?/g for
the hydrothermal method. This result also surpasses some previously reported CoMn,O4 oxides
synthesized from MOF precursors: 31,43 m?g for MOF synthesized via the hydrothermal
method [25] and 63,3 m?g for MOF synthesized via mechanochemical methods [26]. The
difference in surface area may be attributed to the fact that the MOF precursor synthesized using
the microwave-assisted method resulted in a MOF with a higher specific surface area than that
obtained through the hydrothermal method. The microwave-assisted approach enables rapid and
uniform heating, reducing reaction time. This process minimizes particle agglomeration and
growth, producing smaller, more uniformly distributed particles with well-developed porous
structures, leading to a higher specific surface area. In contrast, the hydrothermal method
involves slow heating in a sealed high-pressure environment with prolonged reaction times. This
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can lead to particle aggregation and the formation of larger particles, ultimately reducing the

specific surface area.
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Figure 3. The nitrogen adsorption-desorption isotherms of CoMn»-BTC (a) and CoMn:0« (b):
1 - Synthesized by the microwave-assisted method,; 2 - Synthesized by the hydrothermal method.
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Figure 4. Pore size and volume distribution curve of MOF (a, b) and CoMn:04 (c, d): a, ¢ -
Synthesized by the microwave-assisted method; b, d - Synthesized by the hydrothermal method.

Thus, the research team successfully synthesized CoMn,Os based on MOF using the
microwave-assisted method, achieving a significantly shorter reaction time (60 minutes)
compared to the conventional hydrothermal method (24 hours). Reducing the synthesis time not
only improves process efficiency but also lowers energy consumption, contributing to cost
optimization. Additionally, this method minimizes solvent usage and reduces waste generation,

aligning with the principles of green chemistry - an important trend in the development of
advanced and sustainable materials.
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4. CONCLUSIONS

The research team successfully synthesized the bimetallic oxide CoMn,O4 based on metal-
organic framework materials using two different methods: microwave-assisted and hydrothermal
synthesis. Both methods produced high-purity materials with no detectable impurities,
demonstrating the efficiency of the synthesis process. Notably, the obtained materials exhibited a
larger specific surface area (BET) compared to some previous reports. Between the two methods,
the specific surface area of CoMn,0O4 derived from MOF synthesized via the microwave-assisted
method reached 92,40 m?/g, significantly higher than 61,84 m?/g obtained through the
hydrothermal method. This highlights the advantage of the microwave-assisted approach in
controlling the material’s microstructure. Moreover, the microwave-assisted method offers a
significantly shorter synthesis time compared to the hydrothermal method, leading to energy
savings, reduced risks during fabrication, and ease of implementation with simple equipment.
This not only enhances manufacturing efficiency but also aligns with the trend of green
chemistry, promoting the development of sustainable and environmentally friendly materials.

Acknowledgement: This study was conducted with financial support from the 2025 Ministry of
Industry and Trade-level science and technology project.
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TOM TAT

Nghién ctru tong hop va danh gia dic trung ciu triic
cua vat li€u oxit hai kim loai CoMn;QO4 trén co sé vat licu khung kim loai-hiru co

Vit liéu oxit hai kim loai CoMn>04 c¢6 cdu triic spinel duoc ché tao trén co sé vt liéu
khung kim logi-hitu co (MOF) tong hop bang phwong phdp hé tro vi séng va phirong phdp
thuy nhi¢t. Thoi gian tong hop vt liéu khung kim loai-hitu co bang phirong phdp thity
nhiét dai hon nhiéu so véi phiwong phdp vi song. Vat liéu tong hop dwoc dic tnmg bang
nhiéu xa tia X (XRD), ph6 hong ngoai (FTIR), kinh hién vi dién tir quét (SEM) va dién tich
bé mat Brunauer-Emmett-Teller (BET). Két qiia cho thdy oxit CoMn;0q c6 d¢ tinh khiét
cao, hinh thdi la cac tinh thé hinh cau c6 kich thuée nano véi dwong kich hat trong
khoang tir 50 nm dén 60 nm. Dang chii y, dién tich bé mat riéng cia vt liéu thu duwoc trén
co s6 MOF dwoc tong hop bang phwong phdp hé tro vi séng dat 92,404 mz/g, cao hon
dang ké so vi vt liéu tong hap bang phlm’ng phap thiy nhi¢t 61,841 m?/g. Diéu nay cho
thayphwongphap hé tro vi séng khong chi giip giam thoi gian tong hop ma con cdi thién
dién tich bé mdt riéng ciia vdt liéu, yéu t6 quan trong doi véi cdc g dung trong xiic tdc,
lwu trit nang luong va xir [y moi trueong.

Tir khoa: CoMn204; Vit liéu khung kim loai-hiru co; XRD; EDX; FTIR; SEM; BET.
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