
Arch. Metall. Mater. 70 (2025), 3, 1119-1122

DOI: https://doi.org/10.24425/amm.2025.154453

Youngmin Kim 1, Ji Young Kim 1, Ji Won Choi 1, Eui Seon Lee 1, Sung-Tag Oh 1*

Morphology Modification of MoO3 Powders by Hydrogen Reduction  
and Re-Oxidation Process

An optimum route to fabricate the MoO3 nanoparticles with modified morphology was investigated. Microstructure analysis 
for the MoO3 powder prepared by high-energy ball milling process for 25 h showed that the plate-shaped raw powders are mostly 
converted into equiaxed fine particles, but exist as large agglomerates. However, the powder fabricated by the hydrogen reduction 
at 775℃ of raw powder and re-oxidation at 450℃ exhibits equiaxed fine particles with a size of about 260 nm and relatively small 
agglomerates. Additionally, the re-oxidized particles show a unimodal particle size distribution with measured values ranging from 
0.18 to 0.42 µm. These results indicated that the reduction and re-oxidation process can significantly decrease the particle size and 
modify the powder morphology into an equiaxed shape.
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1. Introduction

Molybdenum trioxide (MoO3) has received considerable 
attention in recent years because of its potential applications in 
catalysts, electrochromic surface, gas sensor and electrodes of 
battery [1,2]. Crystalline MoO3 phases exist in orthorhombic 
α-MoO3, monoclinic β-MoO3 or hexagonal structures, which 
are essentially built up of corner-sharing MoO6 octahedra. The 
combination of these phases or the appropriate distribution of 
Mo ions with different oxidation states can result in unique ma-
terials with superior electrical and optical properties, as well as 
non-toxicity, cost-effectiveness, and good chemical stability [3]. 
In this field, the interest in the synthesis of nano-sized MoO3 
particles is emphasized

Several processes have been developed to synthesize MoO3 
nanoparticles with specific morphology, size and crystal structure 
using various synthesis techniques such as sol-gel, solution com-
bustion, hydrothermal synthesis and chemical vapor deposition 
[4-6]. However, most of the synthesized MoO3 particles have 
a unique agglomerated and layered structure along a specific 
crystallographic direction. Motivated by an interest in mor-
phology modification, we focus on the preparation of equiaxed 
MoO3 nanoparticles via high-energy ball milling or reduction/
re-oxidation routes using commercial powder. In addition,  

the dependence of the particle characteristics on fabrication 
process is discussed.

2. Materials and methods

Commercial MoO3 powder (99.9%, <5 μm, Kojundo) was 
used as starting material. Two different processes were applied 
to modify the powder morphology and particle size. In the first 
method, the milling of MoO3 powder was carried out in a plan-
etary ball mill with a ball-to-powder weight ratio of 15:1 up to 
25 h. The ball and jar were made of stainless steel. The second 
used a hydrogen reduction and re-oxidation process of the raw 
powder. Reduction was performed in a hydrogen atmosphere 
(purity 99.999%) for 2 h by heating to 775°C at a heating rate 
of 5°C/min, and the reduced powder was re-oxidized in air at 
450°C and 550°C for 5 h, respectively.

Phase identification of the powders was carried out by 
X-ray diffraction (XRD, Dmax 2500, Rigaku) analysis. The 
powder morphology was examined using field-emission scan-
ning electron microscopy (FE-SEM, JSM-6700F, JEOL). Size 
distributions of powders were measured by dynamic light scat-
tering using nano SAQLA (Otsuka Denshi).

1	 Seoul National University Of Science And Technology, Department Of Materials Science And Engineering, Seoul 01811, Republic Of Korea

*	 Corresponding author: stoh@seoultech.ac.kr

BY

© 2025. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution  
License (CC-BY 4.0). The Journal license is: https://creativecommons.org/licenses/by/4.0/deed.en. This license allows 
others to distribute, remix, modify, and build upon the author's work, even commercially, as long as the original work 
is attributed to the author.

https://orcid.org/0009-0001-3394-8311
https://orcid.org/0009-0001-8205-703X
https://orcid.org/0009-0004-0070-5761
https://orcid.org/0000-0001-6405-7303
https://orcid.org/0000-0003-4556-4291


1120

3. Results and Discussion

High-energy ball milling of commercial MoO3 powder was 
carried out to modify its morphology and size. Fig. 1 shows typi-
cal morphology of the raw powder and the powders ball-milled 
for 2 and 25 h, respectively. As can be clearly seen in the SEM 
images, the plate-shaped raw powders due to a layered struc-
ture of MoO3 crystal were changed into an equiaxed powders 
with a reduced size through ball milling. However, as shown 

in Fig. 1(b) and (c), particles with plate shape were observed 
in the case of milling for 2 h, and they still existed even when 
the milling time was increased to 25 h. To solve the limitations 
of controlling the powder shape in the ball milling process, 
reduction and re-oxidation processes were attempted.

Fig. 2(a) and (b) show SEM images of raw powder reduced 
by hydrogen at 775°C and re-oxidized at 550°C, respectively. The 
reduced powders had an equiaxed shape with smaller particle size 
than the raw powder and formed some agglomerates. Addition-

Fig. 1. SEM morphologies of MoO3 powder: (a) raw, (b) ball-milled for 2 h and (c) ball-milled for 25 h

Fig. 2. SEM images of MoO3 powders at different stages of processing; (a) after hydrogen reduction at 775°C for 2 h and (b) re-oxidation at 550°C 
for 5 h in air
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ally, XRD analysis in Fig. 3(b) reveals that the reduced powder 
was composed entirely of Mo phase without any unreduced 
phase. It is generally known that hydrogen reduction of MoO3 
proceeds in two stages: MoO3→MoO2 in the temperature range 
of 350-600℃, and MoO2→Mo in 600-800℃ [7]. Additionally, 
it has been reported that increasing hydrogen concentration in 
a reducing atmosphere and high-temperature reduction helps in 
the refinement of reduced particles and formation of equiaxed 
particles due to the direct reduction of MoO3 to metallic Mo 
and the increase in nucleation rate [8,9]. Therefore, the forma-
tion of agglomerates composed of Mo nanoparticles shown 
in Fig. 2(a) can be interpreted as being due to the neck growth 
caused by a relatively high reduction temperature and the use 
of a high-purity hydrogen atmosphere, which are the conditions 
of this experiment.

To fabricate shape-modified MoO3 powder, the reduced Mo 
was thermally re-oxidized by annealing in air at 550℃. As shown 
in Fig. 2(b), the re-oxidized particles were mainly equiaxed and 
partially plate-shaped. Considering the reported literature that 
α-MoO3 can be formed by annealing Mo thin film in air at 400℃ 
[10], the observed particles are considered to be MoO3 phase. 
However, because the re-oxidized powder in Fig. 2(b) showed 

relatively coarse particles and agglomerates, re-oxidation at low 
temperature was attempted for refinement of particles.

Fig. 3(a) shows typical microstructure of MoO3 powder 
re-oxidized at 450℃ in air for 5 h. Comparison with the pow-
der re-oxidized at 550℃ in Fig. 2(b) indicated that the marked 
refinement of particles and agglomerates can be achieved by 
re-oxidation at 450℃. As clearly seen in magnified image of 
Fig. 3(a), fine particles of about 260 nm in size were observed 
in the re-oxidized powder. Meanwhile, as shown in the XRD 
profiles of Fig. 3(b), the re-oxidized powders have a main peak 
corresponding to the α-MoO3 phase in the spectrum, and the 
β-MoO3 peak also appears as a trace phase. The presence of 
β-MoO3 phase in the powder is mainly attributed to the relatively 
low re-oxidation temperature [11].

The particle size distributions of the raw and reduced/re-
oxidized MoO3 powders are shown in Fig. 4(a) and (b), respec-
tively. The raw powder exhibited relatively large particle size, 
and the bimodal distribution of particle size varied between 0.40 
and 53.4 µm due to the platelet morphology and large agglomera-
tion as shown in Fig. 1(a). In contrast, it can be clearly seen in 
Fig. 4(b) that the re-oxidized powder after hydrogen reduction 
existed in a unimodal distribution with measured values rang-

Fig. 3. Microstructure and phase analysis for prepared powders: (a) SEM image of MoO3 powder after re-oxidation at 450°C for 5 h and (b) XRD 
profiles for different stages processing

Fig. 4. Particle size distribution of (a) raw MoO3 powder and (b) re-oxidation powder
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ing from 0.18 and 0.42 µm. Therefore, these results indicated 
that the reduction and re-oxidation process can significantly 
decrease the particle size and modify the powder morphology 
into an equiaxed shape.

4. Conclusions

The present study focused on the refinement and morphol-
ogy modification of commercial MoO3 powders. Two methods, 
high-energy ball milling or reduction/re-oxidation routes, were 
attempted to prepare equiaxed MoO3 nanoparticles. After ball 
milling for 25 h, most of the plate-shaped raw powders are 
changed into equiaxed particles with decreased size, but large 
agglomerates are formed and plate-shaped particles still exist. 
To overcome the limitations of powder characteristic control 
by the ball milling process, reduction and re-oxidation process 
was introduced. After hydrogen reduction at 775℃ and re-
oxidation at 550℃, the powders exhibit large agglomerates 
composed mostly of an equiaxed MoO3 particles. However, 
when re-oxidized at a relatively low temperature of 450°C, 
equiaxed fine particles with a size of about 260 nm are formed, 
and the size of the agglomerates is also significantly decreased. 
In addition, re-oxidized powders show a unimodal distribution 
of particle size. These results suggest that MoO3 nanoparticles 
with modified morphology can be obtained by reduction and 
re-oxidation process.

Acknowledgement

This work was supported by the National Research Foundation of Korea 
(NRF) grant funded by the Korea government (MSIT) (RS-2023-00280484).

References

[1]	A .L. Al‑Alotaibi, N. Altamimi, E. Howsawi, K.A. Elsayed, I. Mas-
soudi, A.E. Ramadan, Synthesis and Characterization of MoO3 for 
Photocatalytic Applications. J. Inorg. Organomet. Polym. Mater. 
31, 2017-2029 (2021). 

	 DOI: https://doi.org/10.1007/s10904-021-01939-w

[2]	A .V. Avani, E.I. Anila, Recent advances of MoO3 based materi-
als in energy catalysis: Applications in hydrogen evolution and 
oxygen evolution reactions. Int. J. Hydrog. Energy. 47, 20475-
20493 (2022). 

	 DOI: https://doi.org/10.1016/j.ijhydene.2022.04.252
[3]	 C. Cheng, A. Wang, M. Humayun, C. Wang, Recent advances of 

oxygen vacancies in MoO3: preparation and roles. Chem. Eng. 
J. 498, 155246 (2024). 

	 DOI: https://doi.org/10.1016/j.cej.2024.155246
[4]	G .P. Nagabhushana, D. Samrat, G.T. Chandrappa, α-MoO3 na-

noparticles: solution combustion synthesis, photocatalytic and 
electrochemical properties. RSC Adv. 4, 56784-56790 (2014). 
DOI: https://doi.org/10.1039/c4ra05135a

[5]	 A. Chithambararaj, A.C. Bose, Hydrothermal synthesis of hex-
agonal and orthorhombic MoO3 nanoparticles. J. Alloys Compd. 
509, 8105-8110 (2011). 

	 DOI: https://doi.org/10.1016/j.jallcom.2011.05.067
[6]	 S. Lee, N. Kwon, J. Roh, K.-J. Lee, Synthesis and nucleation 

behavior of MoO3 nano particles with concentration of precursors. 
J. Powder. Mater. 27, 394-400 (2020). 

	 DOI: https://doi.org/10.4150/kpmi.2020.27.5.394
[7]	 J.W. Choi, J.Y. Kim, Y. Kim, E.S. Lee, S.-T. Oh, Synthesis 

of Mo-Cu nanocomposite powder by hydrogen reduction of 
copper nitrate coated MoO3 powder mixture. Mater. Lett. 377,  
137565 (2024). 

	 DOI: https://doi.org/10.1016/j.matlet.2024.137565
[8]	 L. Wang, G.-H. Zhang, K.-C. Chou, Synthesis of nanocrystalline 

molybdenum powder by hydrogen reduction of industrial grade 
MoO3. Inter. J. Refract. Met. Hard Mater. 59, 100-104 (2016). 
DOI: http://dx.doi.org/10.1016/j.ijrmhm.2016.06.001

[9]	 S. Majumdar, I.G. Sharma, I. Samajdar, P. Bhargava, Kinetic stud-
ies on hydrogen reduction of MoO3 and morphological analysis of 
reduced Mo powder. Metall. Mater. Trans. B. 39, 431-438 (2008). 
DOI: https://doi.org/10.1007/s11663-008-9152-8

[10]	V . Madhavi, P. Kondaiah, S.S. Rayudu, O.M. Hussain, S. Uthanna, 
Properties of MoO3 films by thermal oxidation: Annealing induced 
phase transition. Mater. Express. 3, 135-143 (2013). 

	 DOI: https://doi.org/10.1166/mex.2013.1114
[11]	 W.-Q. Yang, Z.-R. Wei, X.-H. Zhu, D.-Y. Yang, Strong influence 

of substrate temperature on the growth of nanocrystalline MoO3 
thin films. Phys. Lett. A. 373, 3965-3968 (2009). 

	 DOI: https://doi.org/10.1016/j.physleta.2009.08.058

https://doi.org/10.1007/s10904-021-01939-w
https://doi.org/10.1016/j.ijhydene.2022.04.252
https://doi.org/10.1016/j.cej.2024.155246
https://doi.org/10.1039/c4ra05135a
https://doi.org/10.1016/j.jallcom.2011.05.067
https://doi.org/10.4150/KPMI.2020.27.5.394
https://doi.org/10.1016/j.matlet.2024.137565
http://dx.doi.org/10.1016/j.ijrmhm.2016.06.001
https://doi.org/10.1007/s11663-008-9152-8
https://doi.org/10.1166/mex.2013.1114
https://doi.org/10.1016/j.physleta.2009.08.058

	D. Jończyk￼1*
	Temperature Distributions in the Cross-Section of Timber Beams Reinforced 
with Various Steel Elements under Conditions of High Temperatures

	A. Jaskot￼1*, P. Palacz￼1
	Analysis of the Influence of Elemental Admixture Content on the Mechanical 
Properties of Hyperelastic Materials

	Ł. Rogal￼1*, Z. Kobylarz1, M. Godlewski1, P. Klimczyk￼2,  M. Podsiadło￼2, 
J. Kasprzycki￼1, G. Garzel￼1, A. Jarzembska￼1, M. Szczerba￼1, M. Szlezynger1, 
L. Lityńska-Dobrzynska￼1, L. Dembinski3, A. Sypień1, J. Dutkiewicz￼1*
	Crystallization of CuZrAgAl Bulk Metallic Glass at Various Temperatures and Pressures 

	Vu Ngoc Hai￼1*, S. Lee1, T. Tsuchiya1, T. Katsumi2, K. Kita2, K. Matsuda1*
	Effect of Pre-Aging Temperature on Hardening Behavior and Precipitation Response 
of Deformed Al-1.0%Cu-0.96%Mg-0.36%Si (wt.%) Alloy

	Tomoya Yoshida￼1*, Norio Nunomura￼2
	First-Principles Calculation of Magnetism in Fe Atom Adsorption on Graphene

	Mohd Azri Azizi Bin Ismail￼1, Yuki Nakagawa￼2, Tamaki Shibayama￼2*
	Synthesis of Titanium Dioxide-Nickel/Nickel Oxide Quasi Core-Shell Nanoparticles 
using Solution Plasma

	W. Maziarz￼1*, R. Chulist￼1, A. Wójcik￼1, A. Szewczyk￼1, N. Poręba1, 
M. Szlezynger￼1, S. Sobula￼2, P. Kurtyka￼3, E. Olejnik￼2,3
	Multiscale Microstructure Characterisation of Metal Matrix Composites (MMC) Reinforced 
by the Ultrafine Particles

	R. Chulist￼1,2*, N. Poręba￼1,2, W. Skrotzki￼3, A. Wójcik￼1,2, A. Szewczyk￼1, 
N. Schell￼4, A. Hohenwarter￼5, R. Pippan￼5, W. Maziarz￼1
	Phase Stability and Inverse Hall-Petch Effect of Severely Deformed 
and Annealed CrMnFeCoNi High-Entropy Alloy

	A. Djordjević￼1*, M. Čolović￼1, M. Zečević￼1, D. Tošković￼2, D. Minić￼1
	Effect of Chemical Composition on the Corrosion Resistance, Microstructure, Hardness 
and Electrical Conductivity Profiles of the Ag-Ge-Sn Alloys

	Min Zhang￼1, Chun Xue￼1, Chuanchuan Ma￼1, Tuo Li￼1, Zhibing Chu￼1*, Leifeng Tuo￼1
	Research on Yield Strength Anomaly and Adaptive Constitutive Model 
of Inconel 718 Superalloy

	Y. Albarqouni￼1,2, E. Banius￼1, M.R. Thalji￼3, A. bin Abdullah￼1*
	Zinc Oxide Embedded on Chitosan/Graphene oxide Composite: A Robust Hydrophobic Material 
for Antibacterial Coating

	O.V. Ivanova1,2*, V.V. Savinkin1,2*, A.K. Tuleshov1, A.V. Sandu3,4,5,6, P. Vizureanu3,7*
	The Effect of Vibration Frequency on the Physical and Mechanical Properties 
of the Material and the Phase Structure of the Pump Part

	Yanchao Bai￼1,2, Weibin Wang￼1,2, Wei Wang￼1,2*
	The Effect of Cr and V on the Oxidation Characteristics of Fe-V Alloy 
from Vanadium Slag at High Temperature

	V. Bocancea￼1*, I.E. Marin￼1, M.C. Loghin￼1
	Subjective Evaluation of Digital Protective Materials

	I. Chadli￼1, A. Chadli￼2* A. Cheriet￼3, B. Lagoun￼4
	New Insight into Mechanical Stability, Electronic and Elastic Properties 
of Paraelectric h-YMnO3 from First-Principles Calculations

	Bui Thi Thao Nguyen1,2, Tran Ngo Quan1,2,3,4, Pham Trung Kien￼1,2,3,4*
	Effect of KOH Concentration on Microstructure Property of Biochar 
from Coconut Shell by Low-Temperature Pyrolysis

	Zeynep Öztürk Taş￼1*, Ali Kalkanlı￼1, Bilgehan Ögel￼1
	Investigation of Microstructure and Hardness of Tempered Fe-1C-2Si (wt.%) 
and Fe-1C-2Si-2Cu-1Ni (wt.%) Nanostructured Bainitic Steels

	Peng Yan￼1,2, Yihui Qiao1,2, Guoqing Zu￼1,2*, Yu Zhao1,2, Fengjian Liu3, 
Fan Ye4, Haohao Zou1,2, Xu Ran1,2*
	Effect of Recrystallization Annealing and Aging Treatment on Microstructure 
and Properties of High Strain Rolled Cu-Cr-Zr Alloy

	I. Kwiecien￼1*, A. Bigos￼1, M. Janusz-Skuza￼1, M. Szczerba￼1, M. Bugajska￼1, 
A.Wierzbicka-Miernik￼1, M. Dyner￼2, A. Misztela￼2, D. Veselinov￼3, 
H. Skulev￼3, J. Wojewoda-Budka￼1
	Electroless Plating Process Optimization for Successful Copper Coatings Deposition 
on Surgical Tools

	Wanlalak Sanphiboon￼1*, Takaaki Yagi1, Abrar Ahmed1, Vu Ngoc Hai1, Taiki Tsuchiya2, 
Seungwon Lee2, Norio Nunomura2, Satoshi Murakami2, Susumu Ikeno3, 
Karin Shibata4, Hiroaki Matsui4, Tomoo Yoshida4, Kenji Matsuda2
	Study on the Precipitation Sequence in Al-Zn-Mg with Low Zn/Mg Aged at 200°C

	Ia Kurashvili￼1*, G. Darsavelidze￼1, E. Sanaia￼1, G. Chubinidze￼1, 
M. Kadaria￼1, N. Gogolashvili￼1
	Radiation Effects on Si:P and SiGe:P Alloys: Electrophysical 
and Mechanical Characteristics

	A. Surleva￼1*, D. Ilieva￼1, L. Angelova￼1
	Determination of Alkaline Reactivity of Geopolymer’s Raw Materials: 
Practical Aspects

	D.Q. Minh￼1,2, N.V.U. Nhi￼1,2, L.T.Q. Anh￼1,2, K.D.T. Kien￼1,2*
	Using Fly Ash as a Raw Material for Ceramic Tiles

	M. Mitka￼1*, W.Z. Misiołek￼2, K. Limanówka￼1, M. Lech-Grega￼1, R. Skrzyńska￼1, W. Szymański￼1
	Crystallographic Orientation, Recrystallization, and Texture Development 
in AZ91 Magnesium Alloy Rods Fabricated by Continuous Rotary Extrusion (CRE) 

	Tran Ngo Quan1,2,3,4, Bui Thi Thao Nguyen1,2, Pham Trung Kien￼1,2,3,4*
	Development of Calcium Silicate Hydrate (CSH) Minerals from Wasted Polyisoccyanucrate (PIR) and Rockwool – the Effect of Mixing Ratio Between PIR and Rockwool

	T.T. Truc￼1,2, H.N. Minh￼1,2*, M.D. Phu￼1,2, L.H. Huy￼1,2, D.Q. Minh￼1,2
	Study Geopolymer from Dredged Sediment, Fly Ash, and Caustic Soda 
using the Taguchi Experimental Planning Method

	H.A. Jabar￼1, R. Embong￼1*, F.M. Yahaya￼1, M.I. AlBiajawi￼2
	Sustainable Development of Cement Mortars: A Review of Palm Kernel Shell-Based 
Admixtures and Pre-Hydration Technique

	Chong Kah Vui￼1, Noorina Hidayu Jamil￼1*, Faizul Che Pa￼2, Wan Mohd Arif￼2, 
Michael Lim3, Mohd Mustaf Al Bakri Abdullah￼1, Murizam Darus￼1, 
Ruhiyuddin Mohd Zaki￼1, Hasan Zuhudi Abdullah￼4
	Silica Extraction from Rice Husk: a Review on the Effect of Combustion Temperature 

	P. Zielińska￼1,2, A. Kloc￼2, M. Motyka￼3*
	Influence of the Creep on Microstructure and Mechanical Properties of SiC/SiC Composites


