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The hydrogen reduction of molybdenum trioxide to molybdenum dioxide is not yet fully understood as evident
by continuous scientific interest. Especially the effect of the potassium content on the reduction process has not
yet been considered. We prepared several samples of molybdenum trioxide containing varying amounts of po-
tassium by addition of potassium molybdate (KoMo0Oy). In situ powder X-ray diffraction experiments were then
conducted to study the hydrogen reduction of these samples. We especially focused on the influence of the alkali
content and on gaining insight into the importance of the intermediary product y-Mo401;. During the reduction
process, MoOs, is formed from the reduction of MoOs, which then reacts with the starting material to form
7-Mo4011. With increasing potassium content, the reduction rate is decreased and the fractional content of
7-Mo04011 built up during the reduction process is increased. As evident from bulk sample reduction, this results
in a significant increase in the grain size visualized via scanning electron microscopy. Our investigations once

again underline the importance of y-Mo40;; on the morphology of the resulting MoO, powder.

1. Introduction

Molybdenum and its oxides are of crucial importance in the re-
fractory metal industry, e.g. in the alloying of steel [1] and heteroge-
neous catalysis for selective oxidation of olefins [2,3]. Additionally,
molybdenum is used in many applications like sputtering targets for flat
panel displays [4], semiconductor base plates [5] or anodes for X-ray
tubes, which are of considerable importance in the medical field today
[6]. On industrial scales, elemental molybdenum is prepared by the
reduction of molybdenum trioxide through hydrogen [7]. According to
Eq. (1), this is a two-step process propagating at temperatures of
500-700 °C and 950-1150 °C, respectively.

MoO5—MoO,—Mo (€D)]

The morphology of the molybdenum product is thereby at least
partially dependent on the morphology of the intermediary product
MoOs [8]. The molybdenum dioxide is obtained after the first reduction
step via a chemical vapor transport (CVT) [9]. The parallel/intermediary
product y-Mo401; (henceforth called Mo4011 for brevity) is developed at
reduction temperatures >440 °C [8] and has a profound impact on the
habitus of the developed molybdenum dioxide [10]. Important
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influencing factors, such as temperature and dew point of the reduction
gas were identified early on [9,11-13].

The in situ neutron powder diffraction of a 10 g sample was reported
by Lalik et al. [14]. The experiments clearly showed the appearance of
Mo401; during the reduction process. While the initial reduction yielded
the molybdenum dioxide, it quickly resulted in a plateau of the MoO,
phase, while more and more Mo40O;; was developed, reaching a
maximum at a fractional content of ~85%. These exceptional findings
gave a first glimpse on the importance of the Mo401; phase. Further in
situ powder X-ray diffraction (XRD) experiments by Leisegang et al. [15]
showed the existence of two separate molybdenum trioxide phases, with
fractional contents dependent on the experienced temperature and a
reduction kinetic governed by the crystallite size of the MoO3 sample. In
comparison, large crystallites exhibited less stability and preferred
intercalation of hydrogen to form molybdenum bronzes, as well as
preferred reaction to Mo4O11.

The intercalation of hydrogen into the molybdenum trioxide
framework was intensely studied by Borgschulte et al. [16], while
reducing molybdenum trioxide at room temperature. The in situ XPS
analyses clearly showed, that depending on the experimental conditions,
a multitude of reduction pathways can occur. At very low temperatures,
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the formation of molybdenum bronzes (HyMoOs3) prior to reduction
occurs, which was also reported by Ressler et al. [17]. However, the
formation of bronzes becomes less significant with higher temperatures.
At increased temperatures, the reaction follows a direct path according
to reaction Eq. (2), as this is the energetically favored reaction path.
With further increased temperature, the molybdenum oxide Mo4O1; is
observed [17]. Incidentally, during the reduction with pure hydrogen
and a reduction temperature of 550 °C, the in situ developed Mo4O11
phase content rises to a maximum of ~15%. The origin of the developed
Mo401; is currently still debated as some researchers [18,19] favor the
reaction of molybdenum dioxide and starting material according to Eq.
(3), while several others [20,21] support the consecutive reaction
mechanism described by Egs. (4) and (5), where Mo401; is developed as
an intermediary reaction product. Additionally complicating the matter,
a competitive nucleation [14] approach with at least two parallel routes
of molybdenum dioxide formation is discussed as well.

MoO; +H,—»MoO, + H,O (2)
3MoOs + MoO,—Mo,0y, 3)
4MoO; + H,—»Mo,0,, + H,O 4
Mo,0,, + 3H,~4Mo0, + 3H,0 ()

The specific rate limiting step of the reaction mechanism is depen-
dent on the reaction temperature as well [22]. Experiments conducted
by Wang et al. [23] confirmed the importance of Mo4O1; by the syn-
thesis of uniform and large MoO, grains through a temperature
controlled heating program utilizing a low-high-low temperature pro-
file. The fractional content of Mo401; produced during the reduction
process was thereby maximized, yielding the desired morphological
parameters to ultimately obtain molybdenum particles with a superior
sintering performance. As we have reported in an earlier publication
[24], we were able to consistently synthesize molybdenum dioxide
samples with predefined morphologies ranging from small platelets to
large cuboid like structures. This was possible through the increase of
the potassium content by adding small amounts of potassium molyb-
date. Further investigations into the reaction mechanism by in situ
powder X-ray diffraction reduction of molybdenum trioxide samples
containing 34 and 120 pg K™ /g MoOs, respectively, are discussed in the
following.

2. Experimental
2.1. Sample preparation

Pure molybdenum trioxide (MoO3) powder with a native potassium
(K*) content of 34 ug K*/g MoOs supplied by Molymet S.A. (San Ber-
nardo, Chile) was used for the experiments. A thorough characterization
of the starting material was done in an earlier publication [24]. Samples
with higher potassium contents were prepared by addition of a 100 pg
K'/ml Hy0 containing standard solution (prepared from KsMoOy,).
Subsequent to addition of the standard solution, the emulsion was mixed
and the residual water was evaporated in a kiln at 90 °C.

2.2. In situ powder X-ray diffraction

In situ XRD studies were performed on a Stoe Stadi P equipped with a
Stoe ht2 in situ oven and a Mythen 1 K detector in Debye-Scherrer ge-
ometry using monochromatized Mo-Ka; radiation (50 kV, 40 mA, 1 =
70.930 pm). The sample to investigate was ground, pressed to pellets at
a pressure of 10 tons, crushed, and sieved to a fraction of 100-150 pm. A
specimen was filled into a quartz glass capillary (approx. 2 mm outer
diameter, 1 mm inner diameter, open on both sides) until a height of
approx. 6 mm was achieved and fixed by quartz glass wool.

In the case of data collection under inert conditions the capillary was
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flushed with He (10 ml/min), heated to the desired temperature and
diffraction data were collected after 5 min of equilibration time. In the
case of in situ reduction monitoring, the capillary was flushed with He
(10 ml/min) and the sample was heated to the desired temperature
(10 °C/min). After equilibration, the gas feed was changed to H, (10 ml/
min) and the reduction was monitored using static data collection over a
17° angular region for either 120 s (550 °C) or 30 s (700 °C). Gas dosage
was done via a set of Bronkhorst mass flow controllers. Applied tem-
perature correction function was received by observation of well-known
phase transitions (AgNO3, KClO4, Ag2SOy4, SiO2, K2SO4, KoCrO4, WOS3,
BaCO3).

2.3. Phase composition calculation

To obtain the semi-quantitative phase composition, the intensity of
the main reflections (hkI) of all four phases MoO3 (110) [25], M04011
(211) [26], M00O, (011) [15], and Mo (hkl = 011) [27]) were determined
from the powder X-ray diffraction measurement of each data point. The
constant background contribution was subtracted from the main
reflection of each phase and the fractional phase content Xp was then
calculated from the relative reflection intensities rRI according to Eq.
(6), giving a good estimate of the fractional content.

- rRIp
" "RIvioo, + "RIvo,0,, + "RIue0, + RIy,

Xp ©

However, as only crystalline phases can be determined with the X-
ray diffraction experiments, no assertion of the complete powder
composition (e.g non-crystalline phases) and the gaseous species can be
confidently made.

3. Results

While heating the molybdenum trioxide sample to the set reduction
temperature, X-ray diffraction experiments were conducted at selected
temperatures. The resulting powder diffraction patterns are shown in
Fig. 1. The distinct contribution of the experimental setup is noticeable
in the range 7° < 20 < 13° (Mo-Kaj; A = 70.93 pm) by a broad back-
ground that is constant throughout the measurements. The most distinct
reflections of MoOj3 are found in the region of 10.5° < 20 < 13°. Most
notably, an additional reflection develops with increasing temperature
at 20 = ~11.8°.

Furthermore, as a result of the anisotropic expansion of the lattice
parameters, preferentially along the b-axis, the (020), (040), and (060)
reflections (indicated in the 700 °C measurement) are shifted to lower
angles, which is consistent with the literature [28]. At such high tem-
peratures, the sample undergoes constant sublimation and recrystalli-
zation inside the capillary, further complicating the measurements and
preventing reduction experiments at even higher temperatures. The
additional reflection at 20 = ~10.4° as well as the pronounced asym-
metry of the 021 reflection (20 = ~12.4°) is presumably caused by an
additional MoOs phase as described by Leisegang et al. [15].

For all X-ray diffraction patterns, a Rietveld refinement was con-
ducted and the change of the lattice parameters in dependence on the
temperature is depicted in a graphical format in Fig. 2 (left). With
increasing temperature, the lattice volume increases about 4% from
0.20259(3) nm® at 100 °C to 0.21097(3) nm® at 700 °C. The lattice
parameters a and ¢ undergo only minor variations when increasing the
temperature from 100 to 700 °C. The a-axis length increases ~0.8%
from 395.63(3) pm to 398.90(3) pm, while the c-axis length decreases
~0.2% from 368.92(2) pm to 368.25(3) pm. The enlargement of the cell
volume is driven mainly by the increase in the b-axis length of ~3.5%
from 1388.0(1) pm to 1436.2(1) pm.

The coefficient of thermal expansion ay is derived from the linear
expansion coefficient [29] in Eq. (7) and calculated for 700 °C yielding
ag=1.4-10°K !, ¢y =5.8-10°K}, ¢, = -0.3-10° K™}, and ay =
6.9-107° K’3, which is in good agreement with the literature [28].
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Fig. 1. Temperature dependant evolution of the X-ray diffraction pattern of a-MoOs3 at 100, 550, and 700 °C, respectively.

1440
([ ]
e J0214
e
1420 e 1
o H 0212
§1w0 o Vo
~ b _a” 40210
%2} - %)
b ° .o ]
+ u/
g 1380 ol 4 0.208
5 400 T o 1
B, I U —— R LIT TETEE Bl G906
o P
s e 4 0204
380 .-
o’
¢ 4 0.202
A e, 5 ST Ao A - A - A A
0 b — — — — — 10200
100 200 300 400 500 600 700

Temperature /°C

Fig. 2. Left: Lattice parameter evolution calculated from X-ray diffraction experiments and Rietveld refinement. Right: “Zigzag” structural motif of MoO3 depicted
along the a-axis (top) and along the c-axis (bottom).



M. Burgstaller et al.

1 dx
&= 7
An overview of the layer-like molybdenum trioxide structure con-
sisting of “zigzag” planes stacking along the a-axis (top) and along the c-
axis (bottom) is depicted in Fig. 2 (right). Two layers of molybdenum
trioxide polyhedra are separated by the van-der-Waals gap [30], which
increases from 266.62(1) pm at 100 °C to 275.87(1) pm at 700 °C.

The raw data of the hydrogen reduction of molybdenum trioxide
samples containing 34 (left) and 120 (right) pg K*/g MoOs at 550 °C is
depicted in Fig. 3. During the hydrogen reduction of the sample con-
taining 34 pg K'/g MoO3, the first indication of the reduction process is
discernable with the second data point (t = 2 min) as molybdenum
trioxide is reduced to molybdenum dioxide. After the initial reduction,
the phase content of the molybdenum dioxide rises continuously.
However, after the occurrence of the MoO; phase, Mo40;; reflections
appear at t = 8 min. Both phases are then developed parallel to each
other until the starting material is fully reacted. Afterwards, the Mo4011
is reduced to molybdenum dioxide, reaching its maximum at t = 30 min.
Lastly, the further reduction of MoO, to metallic molybdenum proceeds
until only the reflections of molybdenum are noticeable after 58 min.

The relative progression of the reduction of the molybdenum trioxide
sample containing 120 pg K*/g MoOs is similar. Firstly, the molybde-
num trioxide is reduced to molybdenum dioxide (first reflections
discernable at t = 4 min). Then, as more and more MoO; is developed,
the first reflections stemming from Mo401; are noticeable at t = 12 min
and both phases are produced simultaneously until the starting material
is exhausted (t = 30 min). Afterwards, the Mo401; is reduced to mo-
lybdenum dioxide, reaching its maximum at t = 52 min, after which the
molybdenum dioxide is further reduced to the final reduction product
molybdenum. The reaction is completed after 84 min.

Calculating the relative intensity ratios according to Eq. (6), the
semi-quantitative phase composition was determined for MoOs,
Mo4011, M0O,, and Mo. The phase composition of the data depicted in
Fig. 3 is plotted in Fig. 4 (top: 34 pg K*/g MoOs; bottom: 120 pg K*/g
MoO3). The same experiments were conducted for samples containing
120 pg K'/g MoOj3 at 700 °C as well. The reduction data is shown in
Fig. 5 (left) and the calculated semi-quantitative phase composition in
Fig. 5 (right).

In comparison to the sample reduced at 550 °C, the reduction at
700 °C commences significantly faster. Therefore, the acquisition time
was reduced to 30 s, enabling a detailed observation of the reaction
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process. After the initial reaction of MoO3 to MoOs, significantly more
Mo40;; (phase content ~68% after 3 min) is developed during the
reduction process. After 4 min, the reduction to molybdenum dioxide is
complete (phase content ~95%) and solely the reduction to metallic
molybdenum commences, which is completed after 8.5 min.

4. Discussion

During the hydrogen reduction of MoOs, the initial phase developed
is MoO,. Depending on the exact conditions (i.e. temperature and po-
tassium content) hardly any (e.g. 550 °C; 34 pug K*/g MoOs) or large
amounts (e.g 700 °C; 120 pg K'/g MoO3) of Mo4O1; are developed
during the reduction process. In contrast to the in situ powder neutron
diffraction experiment conducted by Lalik et al. [14,31], no excessive
Mo40;1; development was observed, and the general relative phase
evolution was entirely different. In case of the native sample (34 ugK*/g
MoOs; reduced at 550 °C), the Mo401; phase only constituted a minor
part of the overall phase composition (maximum phase content ~10%),
which is in considerable contrast to the findings mentioned by Lalik
(~85%) but in good agreement with Ressler et al. [18] (~15%). Addi-
tionally, no steady state period of the MoO; content was noticed. This
different behavior might be caused by the different experimental setup.
The experiments described above used small sample masses and rela-
tively high hydrogen flows, while Lalik et al. used large sample masses
(10 g) paired with a slow hydrogen flow limiting the reduction of MoO3
to MoOo, i.e. the first reduction step according to Eq. (8).

Overall, the reaction proceeds through three distinct phases. At first,
an incubation period occurs, during which the starting material is con-
verted to molybdenum dioxide. Then, with an increasing fractional
content of MoO,, the formation of Mo407 starts and both reactions
increase their reaction velocities autocatalytically. Lastly, the side
product Mo4O1; is reduced autocatalytically to form the reaction
product of this first reduction step. Starting with a MoO3 content of 3.48
- 107° mol (~5 mg, ie. the experimental sample size), the reductions
were simulated according to the mechanisms described in Table 1.

Fig. 4 and Fig. 5 (right) show both the experimentally determined
data points (squares) and their respective simulated curves (fragmented
lines). For all reductions the reaction constants ky and catalytic reaction
constants ky. were determined. The obtained values are listed in Table 2.
The sigmoidal shape of the experimental curves is well replicated by the
catalytic reduction processes, which seem to be important for all
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Fig. 3. Raw data heat-map of the reduction of a MoO3 sample containing 34 (left) and 120 (right) pg K*/g MoOs at T = 550 °C.
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described reaction pathways. Reactions according to egs. (8), (10), and
(12) are catalyzed by molybdenum dioxide, while reactions (9) and (11)
are catalyzed by MoOj 75 (i.e. M04O11). Exemplary, the concentration
change of MoOs in dependence on the concentration of MoO3s = A,
MoO; = B, MoO3 75 = C is shown in Eq. (13).

d[M003] _
e

3 3
—ky-A—ky-A-B— ZLkz-A%.B% - Zkz,A%.B%C —ky-A — kyeA-C

13)

During the reduction of the sample containing 34 pg K*/g MoOs, the
reduction solely follows the comproportionation reaction mechanism.
The direct reduction of MoOs to Mo401; had no significant impact on
the reduction, which is in good agreement with the literature [18]. By
increasing the potassium content to 120 pug K'/g MoOs, the reaction
according to the comproportionation mechanism, see Eq. (9), is accel-
erated significantly. However, the reduction can't be solely described by
this mechanism as the direct reduction of MoO3 to Mo40O;1 becomes
more important to fully describe the observed data. Both mechanisms
now contribute to the formation of the intermediary product. However,
as the further reduction of Mo4071 to MoOs, is slowed, the overall con-
tent of Mo40;11 observed in the course of the reduction is increased.
Elevating the reaction temperature to 700 °C, the direct reduction of

MoO3 to MoO, has no further relevance to the overall reduction
mechanism and the reaction progresses mostly through the direct
reduction: MoO3 — Mo401;. Additionally, M0401; is simultaneously
produced by the comproportionation of MoO3 and MoO,.

After the reduction to molybdenum dioxide is concluded, the phase
content of the final product, metallic molybdenum, is continuously
increased. The MoOs is thereby directly reduced according to Eq. (12),
yielding the final molybdenum product. While the derived reaction
constants for reduction experiments conducted at 550 °C are similar, the
reduction process becomes significantly faster with increasing temper-
atures, which is consistent with the literature [32].

Comparing the phase evolution diagram for the sample containing
34 and 120 pg K*/g MoO3, the overall reduction time is increased and
most importantly, the amount of in situ developed Mo401; is increased
significantly (phase content at the Mo4O;; maximum 10 and 26%,
respectively). As we have reported in a previous publication [24], the
increased potassium content results in a significant shift of the grain
habitus from small to larger platelets and even cuboid like structures.
Wang et al. [23] were able to maximize the in situ developed amount of
Mo4011 by a temperature programmed low-high-low profile to increase
the grain size of the resulting MoO; particles. In principle, the same is
true for the reductions examined above. The Mo40;; turnover (= the
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Table 1
Reaction equations utilized to simulate the reduction curves of the experimental
data.

non-catalytic reaction catalytic reaction

k i
MoO; = MoO, MoO; + MoO; =5 2 MoO, (8)

3 1 3 1 )
M3 + 3 MoO, & Mo0, 5 S Mo0s + 3 MoO; + MoOs 75 & oM00y,s (9

lower reduction temperatures to a mixed mechanism consisting of
comproportionation and direct reduction of the starting material was
observed. This shift of the reaction mechanism was also observed
through the increase if the potassium content of the starting material. In
comparison to earlier investigations, the content of in situ developed
Mo40;; was confirmed as a key factor in influencing the resulting mo-
lybdenum dioxide particle morphology.

ks ke
MoO. MoO Mo00, 75 + MoOy =5 2 MoO 10) . .
2'7,3 et 278 2 ,(_) 2 Declaration of Competing Interest
MoO3 — M0Oz 75 Mo0Os3 + MoO3 75 = 2 MoOs 75 an
k ke . . .
Mo0O, = Mo 2 MoO, = Mo + MoO, (2 Hubert Huppertz reports financial support was provided by Plansee
SE (Reutte, Austria). Hubert Huppertz reports a relationship with
Table 2
Reaction velocities obtained from different reduction parameters (ky/ky. in [s~'1 and [mol 's~1]).
K" content of MoO3 sample Reduction temperature ki1/kic ka/koc ks/kse ka/kye ks/Ksc
34 ug/g 550 °C 0.55/1.6 0.35/3 0/3.5 0.01/3.85
120 pg/g 550 °C 0.27/1.7 0.025/4 0/1.7 0/7 0.0045/3.2
120 pg/g 700 °C 0/90 0.35/35 0.05/90 0.25/30

sum of all Mo40;; formations during the reduction) increases with the
potassium content and reduction temperature from 30% (34 pg K'/g
MoOs3; 550 °C) to 45% (120 pg K*/g MoOs; 550 °C) and 109% (120 pg
K*/g MoOs; 700 °C). That is, the majority of MoO, produced when
reducing the sample containing 34 pg K*/g MoOs at 550 °C is never
converted to Mo401, while the MoO5 produced from the sample con-
taining 120 pg K*/g MoOj3 at 700 °C is converted to Mo4O1; in most
cases and occasionally even multiple times (compare reduction velocity
constants for direct formation of Mo4O;; from MoOs; and compro-
portionation). In the case of the sample reduced at 700 °C, the formed
MoO, instantaneously reacts with MoOs to form Mo0401;.

5. Conclusion

Utilizing the in situ X-ray powder diffraction setup and different
sample compositions, further light was shed on the complex mechanisms
of the hydrogen reduction of molybdenum trioxide to molybdenum di-
oxide/metallic molybdenum. The temperature dependent shift from an
intermediary formation of Mo40;; solely by comproportionation at
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