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Influence of nacl AddItIve on the ReductIon PRocess of Moo3 to Mo2c  
by hIgh-PuRIty co gAs

in this work, influence of naCl additive on the transformation process of Moo3 to Mo2C under pure Co atmosphere in the 
range of room temperature to 1170 K was investigated. The results showed that transformation of Moo3 to Mo2C can be roughly 
divided into two stages: the reduction of Moo3 to Moo2 (the first stage) and the carburization of Moo2 to Mo2C (the second 
stage). as to the first stage, it was found that increasing the content of naCl (from 0 to 0.5 wt.%) was beneficial for the increase 
of reaction rate due to the nucleation effect; while when the content of naCl increased to 2 wt.%, the reaction rate will be de-
creased in turn. as to the second stage, the results showed that reaction rate was decreased with the increase of naCl, which may 
be due to the formation of low-melting point eutectic. The work also found that morphology of as-prepared Mo2C was irregular 
and particle size of it was gradually increased with increasing the naCl content. according to the results, the possible reaction 
mechanism was proposed.
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1. Introduction

as a new functional material, molybdenum carbide (Mo2C) 
has many superior properties such as thermal stability, high 
elastic modulus, high melting point, high hardness, wear resist-
ance, and good corrosion resistance [1-2]. What is more, Mo2C 
has been found to have excellent catalytic properties, especially 
in hydrogen-involved reactions such as hydrogenation reaction 
[3-4], hydro-desulfurization (HDS) [5], hydrogenation deoxy-
genation [6], and hydro-denitrogenation (HDn) [7-8]. Therefore, 
the preparation of Mo2C has attracted increasing attention and 
many methods have been reported in recent years, such as gas 
reduction (carburization of Moo3 with mixed C4H10/H2 [9] or 
Co/Co2 gases [10-11], carbonization of Moo2 with CH3oH 
[12] or Co gas [13]), alkalide reduction [14], and sonochemical 
synthesis [15].

Recently, salt has been used as an assistance in various 
preparation methods. During the salt melt synthesis method 
(SMS), as a high-temperature ionic melt, salt melt can provide 
strong polarizing force and possessed the advantage of easy 
isolation from the product, which offers unparalleled solvation 

power for oxides and covalent [16]. They have been widely 
used as reaction media for inorganic materials, including oxide 
ceramic [17], non-oxides [18], semiconductors [19], and carbon 
nanostructures [20]. With the aspect of chemical vapor deposi-
tion method (CVD), the addition of a certain of salt could play 
an important role on lowering the melting point of precursors, 
increasing their vapor pressure, and decreasing the activation 
energy [21], which enables the synthesis of various 2D materials, 
such as transition metal chalcogenides (TMCs) [22], non-layered 
compounds [23], perovskites [24] and heterostructures [25].

What is more, salts were also widely used in the shaped-
controlled synthesis of metallic molybdenum and its compounds. 
For example, it was found that the use of the alkali metal carbon-
ates (na2Co3, Li2Co3, and K2Co3) [26] and chlorate additives 
(naCl, KCl, and CaCl2) [27-28] could control the shape and 
refine the particles size of prepared product during the reduc-
tion of molybdenum oxides with H2. However, relative studies 
for the preparation of Mo2C were still lacking. To make up this 
gap, the present work was initiated. among these salts, naCl 
was very common and convenient, it also has been considered 
as one of the representative salts, so in this work naCl was 

1 WuHan uniVeRSiTY oF SCienCe anD TeCHnoLogY, HuBei PRoVinCiaL KeY LaBoRaToRY FoR neW PRoCeSSeS oF iRonMaKing anD STeeLMaKing, WuHan 430081, 
CHina

2 WuHan uniVeRSiTY oF SCienCe anD TeCHnoLogY, THe STaTe KeY LaBoRaToRY oF ReFRaCToRieS anD MeTaLLuRgY, WuHan 430081, CHina
3 FoSHan (SouTHeRn CHina) inSTiTuTe FoR neW MaTeRiaLS, FoSHan 528200, guangDong, CHina

* Corresponding authors: wanglu@wust.edu.cn; wangbao1983@wust.edu.cn

BY NC

© 2022. The author(s). This is an open-access article distributed under the terms of the Creative Commons attribution-nonCom-
mercial License (CC BY-nC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of 
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the 
use is noncommercial, and no modifications or adaptations are made.

https://orcid.org/0000-0002-5750-7879
https://orcid.org/0000-0002-0317-2225
https://orcid.org/0000-0002-2987-7127
https://orcid.org/0000-0002-9812-2836
https://orcid.org/0000-0002-0173-4909


788

chosen as the additive for the experimental purposes. influence 
of various contents of additive (0, 0.1, 0.5, and 2 wt.% naCl) 
on the reaction rate, morphology evolution, and particle size of 
the as-prepared Mo2C during the reduction process of Moo3 to 
Mo2C by Co gas were illustrated.

2. Materials and experimental procedures

2.1. Materials

High-purity (99.95 wt.%) Moo3 from Shanghai aladdln 
Biochemical Technology Co., Ltd. were used as the experimental 
raw materials. From its XRD pattern and scanning electronic 
micrograph (SeM), as shown in Figs. 1 and 2, respectively, it 
can be known that the main peaks are in well consistent with 
Moo3 (PDF card no. 5-508) and the powders are composed of 
many small platelet-shaped particles with fairly dense structure.

2.2. experimental procedures

in order to investigate the influence of naCl additive on the 
reaction behavior of Moo3 to Mo2C, pure 5 g Moo3 powders 
(defined as the mixed samples with 0 wt.% naCl additive) and 
Moo3 samples mixed with different concentrations of naCl (0.1, 
0.5, and 2 wt.%, which were prepared by the spraying method) 
were used as the experimental raw materials. 

The weight change of samples during the reduction process 
was monitored by the thermogravimetric analyzer (HCT-3, 
Beijing Hengjiu, instrument Ltd., China), the corresponding 
experimental setup is shown in Fig. 3. in each experimental 
run, a mixture of sample about 65 mg was used and put into 
the furnace after loading it into the alumina crucible “6”. High-
purity argon was first introduced to flush air out of the furnace. 
Then the furnace was heated from room temperature to 1170 K 
at the heating rate of 10 K/min under pure Co gas atmosphere. 
after the experiment was completed, Co gas was switched to 
ar gas again and then the product was cooled down to room 
temperature. To gain insight into the reaction processes of Moo3 
to Mo2C, products obtained at different reaction extents were 
also prepared in the case of 2 wt.% naCl-doped mixtures. all 
of the products obtained at different conditions were collected 
for the further detection.

in all the experimental runs, a constant gas flow rate of 
60 ml/min was maintained, which was controlled by the gas 
flow controller “3” (allicant Scientific, Tucson, aZ; Model 
MC-500SCCM-D, uSa). X-ray powder diffraction (XRD; D8 
advance, aXS Corporation, Bruker, german, Cu Ka filtered 
radiation, and operated at 30 kV and 20 ma with a scanning 
speed of 10° min–1) was used to identify the phase compositions. 
Morphologies of these samples were observed by the field-
emission scanning electronic microscope (Fe-SeM; nova 400 
nanoSeM, Fei Corporation, american, and with an acceleration 
voltage of 15 kV).

Fig. 2. images of raw material Moo3

Fig. 1. XRD pattern of raw material Moo3
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3. Result and discussion

3.1. Kinetics analyses

The reduction kinetics curves of samples doped with differ-
ent contents of naCl (0, 0.1, 0.5, and 2 wt.%) are shown in Fig. 
4. it can be clearly seen that an obvious turning point appeared 
at the position of mass loss of 11.12% during the whole reaction 
processes, which is exactly equaled to the theoretical mass loss 
from Moo3 to Moo2, as shown in eq. (1). The final mass loss is 
about 29.18%, which is also highly consistent with the theoreti-
cal value from Moo3 to Mo2C, as seen in eq. (2). if considering 
the newly as-formed Moo2 at the turning point as the reactant, 
then the second reaction was the reduction of Moo2 to Mo2C, 
as described in eq. (3). From these results it can be concluded 
that the reaction processes of Moo3 to Mo2C were mainly pro-
ceeded in two steps, namely, the reduction of Moo3 to Moo2 

and then the carburization of Moo2 to Mo2C. From the DTg 
curves shown in Fig. 4(B), it can be seen that even though the 
maximum reaction rate was decreased with the increase of naCl 
additive (0.1, 0.5, and 2 wt.%), however, the time for maximum 
reaction rate became earlier at the first stage (mass loss from 
zero to 11.12%). as to the second stage, the maximum reaction 
was also decreased with increasing the content of naCl except 
for 0.5 wt.% naCl-doped samples.

 Moo3(s) + Co(g) = Moo2(s) + Co2(g) (1)

 2 Moo3(s) + 8 Co(g) = Mo2C(s) + 7 Co2(g) (2)

 2 Moo2(s) + 6 Co(g) = Mo2C(s) + 5 Co2(g) (3)

in order to show the effect of different contents of naCl 
on the reaction rate more intuitively, the mass losses curves of 
the first stage (from Moo3 to Moo2) and the second stage (from 
Moo2 to Mo2C) of the whole reaction processes as the function 
of reaction time were derived for the comparison convince, 
as shown in Fig. 5. in Fig. 5, the start reaction times for the 
reactions were determined as follows: due to the fact that the 
non-isothermal experiments were carried out under a constant 
heating rate (10 K/min), so the temperature was in direct propor-
tion to the reaction time; as to the first stage (Moo3 → MoO2), 
the starting reaction time can be counted from the starting 
reaction temperature. For example, 700 K can be considered 
as the starting reaction temperature for the 2 wt.% naCl-doped 
Moo3 samples, and then this position was counted as the initial 
reaction time, t = 0 min. The transformed results were shown in 
Fig. 5(a). in order to reflect the influence of naCl on the second 
stage (Moo2 → Mo2C) more intuitively, the starting point of the 
second stage was equaled to the end point of the first stage reac-
tion (the position of the theoretical weight loss rate of 11.12%). 
For ease of comparison, the solid line represented the first stage, 
and the dashed line represented the second stage. Therefore, from 
Fig. 5(a) (except for the result of sample mixed with 2 wt.% 
naCl) it can be obviously seen that the comprehensive reaction 
rate was increased with the increase of naCl additive. as to the 

Fig. 3. Schematic diagram of the apparatus for the experiments: 1. Co 
gas; 2. ar gas; 3. gas flow controller; 4. HCT-3 Tg analyzer; 5. Cali-
brated alumina crucible; 6. experimental alumina crucible; 7. Beaker 
flask a; 8. Beaker flask B; 9. Data collector; 10. exhaust gases

(b)(A)

Fig. 4 The kinetics curves of samples mixed with different contents of naCl (0, 0.1, 0.5, and 2 wt.%) reduced by high-purity Co gas: (a) Tg 
curves; (B) DTg curves
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second stage, however, it can be found that the reaction behav-
iors were on the contrary, the larger the content of added naCl 
was, the slower the reaction rate will be, as shown in Fig. 5(B). 

as to the results obtained in the case of 2 wt.% naCl-doped 
sample, the curve was quite different from those of 0, 0.1, and 
0.5 wt.% naCl-doped samples. There were three obvious turn-
ing points occurred during the whole reaction processes; the 
first stage was from the mass loss of 0 to 1.19%, which may 
be due to the formation of volatile molybdenum oxychoride 
(Moo2Cl2(g)), as shown in eq. (4); the second stage was from 
1.19% to 11.2% and third from 11.2% to 29.18%. undoubtedly, 
Moo2 and Mo2C were successively formed at the second and 
third stages, respectively, which were the same as those obtained 
at 0, 0.1, and 0.5 wt.% naCl-doped samples. 

2 Moo3(s) + 2 naCl(s) = 
= Moo2Cl2(g) + na2Moo4(s) (4)

The reasons for the different kinetic curves can be explained 
as follows: due to the low boiling point and high sublimation 
property of Moo2Cl2(g) [29-31], eq. (4) was a mass loss reac-
tion indeed. When the content of naCl was 2 wt.%, the amount 
of newly as-formed Moo2Cl2(g) was larger, so the mass loss 
would be obvious. However, when the added naCl was very 
small (0.1 wt.% and 0.5 wt.%), the amount of newly as-formed 
Moo2Cl2(g) was relatively small and even beyond the instru-
mental error; therefore, the mass loss caused by eq. (4) can be 
ignored, and so the main mass loss shown in Fig. 4(a) is only 
reflected by the reduction of Moo3 to Moo2 at the first stage.

3.2. XRd analyses

The XRD patterns of the final products for the four sam-
ples (0, 0.1, 0.5, and 2 wt.% naCl-doped Moo3) were shown in 
Fig. 6. it was found that almost all the peaks were corresponded 
to Mo2C, which indicated that the final product were mainly 

Mo2C. Due to the fact that the added naCl additive only occupied 
a very small amount, which was mainly used as the nucleating 
agent and the reaction of it with Moo3 will also consume most 
of it, so the XRD technology could not detect it due to the very 
small amount. in other reference [27], naCl was also used as 
the additive during the H2 reduction process of Moo2 to Mo, in 
which naCl was also not detected in the product. That is to say, 
the small amount of naCl has little effect on the final product 
under the current conditions.

Fig. 6. XRD patterns of the reaction products obtained by reducing 
naCl-doped Moo3 samples with high-purity Co gas

The XRD patterns of reduction products for the 2 wt.% 
naCl-doped samples at different reaction extents are presented 
in Fig. 7. it can be seen that a small amount of na2Moo4 were 
formed during the first step of the reduction process, which will 
cover the surface of reactant and further hinder the reduction 
of Moo3, that was why a flat was achieved during the lower 
temperature reaction stage, as shown in Figs. 4(a) and 5(a). 

Fig. 5 Reduction kinetics curves of samples mixed with different contents of naCl additive at: (a) the first stage; (B) the second stage
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From the result it can be known that of Moo3 and naCl (seen 
eq. (4)) could react with each other at a low temperature (700 K), 
which is much lower than the theoretical reaction temperature 
of 1080 K (seen Fig. 8). The lower reaction temperature may 
be due to the non-equilibrium state, similar results were also 
reported by Johnson et al. (703 K) [29], aleksandrov et al. 
(723 K) [30] and Li et al. (823 K) [31]. When the reaction extent 
achieved 0.2025 (α = 0.2025), MoO3 was mainly converted to 
Moo2 and Mo4o11, as shown in eqs. (5) and (6). Moreover, the 
low-melting-point eutectic naxMo6o17 (0.88 ≤ x ≤ 0.93) were 
also observed, which was mainly generated by the eutectic 
reaction of Moo3 and na2Moo4 [32]. When the reaction extent 
achieved 0.7852 (α = 0.7852), Mo4o11 was disappeared and 
most of the Moo2 was reduced to Mo2C. Similarly, a small 
amount of low-melting-point eutectic nam(Moo2)n were still 
existed. after the reaction completed, the products were almost  
composed of Mo2C.

Moo3(s) + 1/4 Co(g) = 1/4 Mo4o11(s) + 1/4 Co2(g) (5)

1/4 Mo4o11(s) + 3/4 Co(g) = Moo2(s) + 3/4 Co2(g) (6)

3.3. fe-seM for morphology observation

Fig. 9 presents the Fe-SeM micrographs of the prod-
ucts obtained at different contents of naCl additive. From 
Figs. 9(a1) and 9(a2), it can be obviously seen that morphology 
of Mo2C powders obtained by reducing 0 wt.% naCl-doped 
Moo3 (pure Moo3) powders are nearly maintained the original 
platelet-shaped morphology of Moo3 raw material (Fig. 2) 
except for the porous surface, which may be due to the release 
of product gas. When adding a small amount of additives into 
Moo3, the morphology of obtained product has a big change. 
For example, when the content of naCl is 0.1 wt.%, some small 

pores are formed and the products keep regular platelet-shaped 
morphology with many small particles appeared on the surface, 
as shown in Figs. 9(B1) and 9(B2). When the content of naCl 
increases to 0.5 wt.% or 2 wt.%, the morphology characteristic 
becomes denser and bigger, which may be due to the forma-
tion of liquid drops, and then sticking together with different 
particles, as shown in Figs. 9(C1) and 9(C2) as well as 9(D1) 
and 9(D2).

in order to observe the morphology evolution of the product 
during the reduction process, Fe-SeM micrographs of 2 wt.% 
naCl-doped samples at different reaction extents were also ob-
tained and shown in Fig. 10. From Figs. 10(a1) to 10(a3) it can 
be observed that before the reaction began, the mixtures kept the 
same platelet-shaped morphology and smooth surface structure 
as the raw material. When the reaction extent was only 0.0409, 
some whiskers can be observed on the particles surface, which 
may be due to the deposited carbons produced by the carburiza-
tion reaction (seen eq. (7)), as shown in Figs. 10(B1) to 10(B3). 
Similar phenomenon was also reported in reference [33]. When 
the reaction extent reached 0.2025 (α = 0.2025), the products 
became bigger via the agglomerate effect with each other with 
keeping the same surface structure, as shown in Figs. 10(C1) to 
10(C3). What is more, some low-melting-point eutectic (some 
complex compounds formed by the reaction between Moo3 and 
na2Moo4) began to form, which was in well agreement with the 
results of XRD pattern (seen Fig. 7). However, when the reac-
tion extent was 0.7852 (α = 0.7852), the products became rough 
and filled of small pores, as shown in Figs. 10(D1) to 10(D3); 
after the reaction was completed (α = 1), these changes became 
more obvious, as shown in Figs. 10(e1) to 10(e3). During the 
whole reaction process, as the reaction proceeds forward, the 
products grew bigger and bigger as the adhesion become in-
creasingly severe.

 2 Co = C + Co2 (7)

Fig. 7. XRD patterns of the reaction products obtained by reducing 
2 wt.% naCl-doped mixed Moo3 with high-purity Co gas at different 
stages

Fig. 8. The standard gibbs free energy changes for eqs. (4) and (9)
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Fig. 9. a1-D2 Fe-SeM micrographs of Mo2C powders obtained by reducing naCl-doped Moo3. a1-a2: 0 wt.% naCl-doped Moo3; B1-B2: 0.1 
wt.% naCl-doped Moo3; C1-C2: 0.5 wt.% naCl-doped Moo3; D1-D2: 2 wt.% naCl-doped Moo3
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Fig. 10. FE-SEM micrographs of reaction products obtained by reducing 2 wt.% NaCl-doped mixtures at different reaction extents. A1-A3: α = 0, 
B1-B3: α = 0.0409, C1-C3: α = 0.2025, D1-D3: α = 0.7852; E1-E3: α = 1



794

3.4. Reaction mechanism

as mentioned above, the reaction rate increases with the 
increasing content of naCl (from 0 wt.% to 0.5 wt.%) at the 
first stage (from Moo3 to Moo2); however, at the second stage 
(from Moo2 to Mo2C), increasing the content of naCl has a 
significant inhibitory effect. Therefore, it can be deduced that 
the reaction mechanisms between the two stages were different 
with each other during the reduction processes. Due to the adop-
tion of spraying method for the preparation of mixed sample, 
a small amount of H2o may still remain in the sample, which 
would lead to the formation of Mo-o-H compounds [34]. So, 
when the temperature increased to 700 K, Mo-o-H compounds 
and the volatilized Moo2Cl2 (as shown in eq. (4)) gas may be 
co-existed and constructed the mixed Mo-ox-Cly / Mo-om-Hn 
transport phases (TP) system, which would deposit on the nu-
cleus of the product and accelerate the reaction or may be further 
reduced into the sub-oxides [35-37]. The difference between TP1 
and TP2 lies in the atomic ratio of o/Cl or o/H. according to 
the characterizations of CVT [35] and current results, it can be 
inferred that the reduction reaction of the first stage may also 
obey the CVT mechanism, as shown in eq. (8). Herein, some-
thing that should be noted is that even though reaction (9) may 
be existed (seen the thermodynamic result shown in Fig. 8) in 
the system, the proportion of it is very small, the main reductant 
is still Co gas, which could be verified by the final mass loss 
shown in Fig. 4, so the H2 reduction process could be ignored. 
as shown in eqs. (5) and (6), it is found that the reduction of 
Moo3 to Moo2 is a consecutive reaction with the formation 
of Mo4o11 as the intermediate product, which was consistent 
with a larger number of literatures [38-40]. Due to the high 

vapor pressures of TP1 and TP2, more Mo4o11 and Moo2 cores 
will be formed, so larger numbers of small particles will be 
formed and grown into bigger platelet-shape particles, as shown 
in Fig. 11. Besides, due to the formation of low-melting-point 
eutectics (some complex compounds formed by the reaction 
between Moo3 and na2Moo4) [32] and the release of lots of 
heat produced by the exothermic reaction (eq. (1) to eq. (3), 
seen Fig. 12), the local temperature will be raised largely, which 
will further lead to the formation of agglomerative and make the 
particle become larger.

 Moo3 → TP1 → Mo4o11 → TP2 → MoO2 (8)

 Co(g) + H2o(g) = H2(g) + Co2(g) (9)

in addition, Co gas diffuses toward the reaction interface 
and undergoes a reduction reaction with Moo2, after which the 
oxidation product Co2 will diffuse through the product lay-
ers again. During the reaction process, 1 mol Moo2 produced 
0.5 mol Mo2C, and thus the molar volume will decrease. The rea-
sons are explained as follows: due to the fact that molar volume 
means the ratio of molar weight to the density; molar weights of 
1 mol Moo2 and 0.5 mol Mo2C5 were respective 127.94 g/mol 
and 101.94 g/mol, densities of them were respective 6.47 g/cm3 
and 9.18 g/cm3, so the molar volumes of them could be easily 
calculated, i.e., 19.77 cm3/mol and 11.1045 cm3/mol, respec-
tively. That is to say, molar volume of them had decreased from 
19.77 cm3/mol to 11.1045 cm3/mol. Similar results were also 
reported in other literature [41]. Therefore, in order to maintain 
the same platelet-shaped morphology, the newly as-formed 
Mo2C will produce many pores and cracks. Moreover, as the 
increase of naCl additive, the adhesion of Moo2 will be tighter 

Fig. 11. Proposed possible mechanism diagram for the reduction reaction of naCl-doped Moo3 with high-purity Co gas
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and the porosity will decrease accordingly, and so the reaction 
rate will be slowed down by limiting the diffusion rate of gase-
ous transport phase. 

Fig. 12. The standard gibbs free energy and enthalpy changes as the 
function of temperature for the reductions of Moo3 with Co gas

4. conclusions

This work studied on the influence of naCl on the morphol-
ogy and reduction rate during the reduction process of Moo3 to 
Mo2C under pure Co atmosphere. it was found that increasing 
the content of naCl (from 0 wt.% to 0.5 wt.%) in Moo3 could 
increase the reduction rate at the first stage (from Moo3 to 
Moo2) due to nucleation effect; while when the content of naCl 
increased to 2 wt.%, the reaction rate will be inhibited. as to the 
second stage (from Moo2 to Mo2C), however, it was found the 
reaction rate will be decreased with the increase of naCl additive 
due to the formation of low-melting-point eutectic. Particle size 
of Mo2C was gradually increased with the proceeds of the reac-
tion and the increase of added naCl additives, the corresponding 
reaction mechanisms were proposed. 
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