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Abstract
The industrial production of tungsten powder is carried out by the reduction of tungsten oxide powder via hydrogen. In 
this process, the size of the W particles is limited to particle sizes larger than 100 nm. To get below this limit, alternative 
processes are needed. In the current work, the possibility of preparing W powder below 100 nm via a vapour phase reduc-
tion of volatile  WO2(OH)2 by hydrogen was investigated. The process consists of two stages. In the first stag,e  WO2(OH)2 
is formed by reacting  WO3 with water vapour at temperatures of 1000–1100 °C. In the second stage,  WO2(OH)2 is reduced 
by hydrogen at about 1000 °C to form metallic tungsten. The influence of process parameters such as furnace temperature, 
humidity and gas flow on the  WO2(OH)2 evaporation and formation of tungsten powder was investigated. The characterization 
of the resulting powders was performed by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM) 
and transmission electron microscopy (TEM). By optimization of the reaction conditions, powder with a metallic tungsten 
content of about 70 at% besides tungsten oxides was produced with metal particle sizes down to 5 nm. Further optimization 
should lead to a high tungsten content and a high product yield. Due to the small particle size, applications in catalysis might 
be possible, although an industrial realization of the process seems unrealistic at moment.
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1 Introduction

Reduction of tungsten oxides by hydrogen is a well-estab-
lished industrial process for the manufacture of well-defined 
and high-quality tungsten powder [1–7].

The overall reaction can be summarized by the chemical 
equation shown in Eq. (1).

In detail, the reduction is divided into several 
steps characterized by different intermediate oxides: 
WO3 → WO2.9 → WO2.72 → WO2 → W [1–4, 8, 9]. The 
reaction rates at the different reduction steps are deter-
mined by the  H2O/H2 ratio in the vapour phase surrounding 
the oxide particles. At least the last three reduction steps 
are driven by chemical vapour transport (CVT) processes 
based on the formation of volatile  WO2(OH)2 [10, 11]. This 

implies that every reduction step is split into two chemical 
reactions as shown in Eq. (2)–(4) for the formation of tung-
sten metal out of  WO2:

For industrial production, push-type or rotary furnaces 
are used to produce tungsten powders from coarse grained 
(up to 20 µm) to near-nano sized (down to 100 nm). Because 
of the reduction in a bulk powder, the individual tungsten 
crystals are partly grown together and strongly agglomer-
ated, which makes further processing into fine-crystalline 
WC difficult. The tungsten powder quality, in particular the 
particle size and size distribution, is strongly influenced by 
the local  H2O concentration prevailing in the powder bed 
around the reacting particles [3]. The formation of gaseous 
 WO2(OH)2 from  WO3 with water (see Eq. (5)) is known for 

(1)WO3 + 3H2 ⇌ W + 3H2O.

(2)WO2 + 2H2 ⇌ W + 2H2O (overall reaction),

(3)
WO2 + 2H2O ⇌ WO2(OH)2 + H2

(

oxidation of WO2 by H2O
)

,

(4)
WO2(OH)2 + 3H2 ⇌ W + 4H2O

(

reduction by H2 after CVT
)

.
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a long time and well described in literature [10–20]. The 
highest  WO2(OH)2 concentrations in the vapour phase (high-
est partial pressures) are obtained with  WO3 and pure water 
vapour and high temperatures in equilibrium.

In this study, the approach is to generate  WO2(OH)2 via 
the CVT reaction and reduce it directly in the vapour phase 
to metallic W powder. Therefore, there needs to be a change 
in the conditions from generating the gaseous  WO2(OH)2 
and the reduction zone. The approach should lead to the 
formation of tungsten powder with particle sizes in the 
lower nm range, with no intergrowths and low agglomera-
tion, which are not achievable by the established industrial 
processes. Furthermore, the influence of the variation of 
parameters such as furnace temperature, temperature of the 
 H2O-bubbler and gas flows (hydrogen, argon), on the prod-
uct yield and composition was investigated. However, only 
the results of the variation of the furnace temperature and 
temperature of the  H2O-bubbler are described in detail in 
this paper.

2  Experimental

The experimental equipment (Fig. 1) consisted of two con-
centric quartz tubes, which were externally heated by a Kan-
thal furnace. The smaller tube was connected with the big-
ger, outer tube by a hole at the end of the small tube. In the 
inner tube, two quartz boats filled with about 7 g of a  WO3 
powder each were placed. The  WO3 powder was yellow 
(Fig. S1a) [21–23] and scanning electron microscopy (SEM) 
micrographs (Fig. S1b, c) showed the pseudomorphism to 
ammonium para tungstate (APT), which is an intermediate 
product of the tungsten refining process [1, 2]. The humidity 
of argon was adjusted by leading the gas via a thermostat-
controlled water-filled container  (H2O-bubbler) through 

(5)WO3 + H2O ⇌ WO2(OH)2 (CVT reaction).

the vapour pressure of water (Fig. S2). This humid argon 
was used to generate  WO2(OH)2 from the  WO3 powder via 
the CVT reaction (Eq. 5). The  WO2(OH)2 was transported 
through a small hole into the outer quartz tube, where it 
got in contact with hydrogen, which was passed through 
the outer tube. The W powder formed was collected in the 
colder parts at the end of the outer quartz tube. Due to the 
fact that the reduction to W is driven by the  H2O/H2 ratio, 
it was necessary to find the right  H2O concentrations in Ar, 
which is high enough to evaporate  WO3 and low enough to 
form W directly from the gas phase. Powder characterization 
was performed by X-ray diffraction (XRD), field emission 
scanning electron microscopy (FE-SEM) and transmission 
electron microscopy (TEM). The analysis of the electron dif-
fraction patterns was carried out using “Gatan Microscopy 
Suite” of Gatan Inc. and the “PASAD Plug-In” of Christoph 
Gammer et al. [24].

3  Results and discussion

3.1  WO2(OH)2 evaporation from  WO3

First of all, the capability of the setup to transport  WO3 via 
the CVT reaction from the inner to the outer tube was evalu-
ated (Fig. 1). Therefore, three test series were executed: one 
at a constant temperature (1150 °C) varying the Ar flow 
between 700 and 1200 mL·min−1 (Fig. S3a); a second one at 
constant Ar flow (1200 mL·min−1) varying the temperature 
between 1000 and 1150 °C (Fig. S3b); and a third one vary-
ing the  H2O-bubbler temperature (Fig. S3c).

As expected, increasing the Ar flow as well as the tem-
perature increases the transported mass of  WO3 indicating 
the use of the highest possible temperatures for an adequate 
tungsten transport.

By increasing the  H2O-bubbler temperature, the humid-
ity of the argon gas overflowing the  WO3 educt powder was 
varied between 35 °C (5.55% humidity) and 50 °C (12.18% 
humidity). The other process parameters were fixed accord-
ing to Table 1. Figure S3c illustrates the mass loss of the 
educt powder due to the evaporation process measured by 
differential weighing. With an increase in the  H2O-bubbler 

Fig. 1  Experimental setup for the production of nano-sized tungsten 
powder via the CVT reaction from  WO3 (yellow material in quartz 
tube)

Table 1  Parameters for the test series to vary the furnace temperature 
and the  H2O-bubbler temperature

Furnace temper-
ature variation

H2O-bubbler 
temperature vari-
ation

Furnace temperature (°C) 1050–1150 1100
H2O-bubbler temperature (°C) 50 35–50
Ar gas flow (mL⋅min−1) 1000 1000
H2 gas flow (mL⋅min−1) 700 1000
duration (h) 2 2
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temperature, an increase in the  WO3 evaporation rate is also 
observed. This is due to increased air humidity and thus to a 
shift in the evaporation reaction towards the  WO2(OH)2 side.

The particle sizes of deposited  WO3 powders are shown 
in the nanometer region (Fig. S4).

3.2  Changes of the  WO3 educt powder 
during  WO2(OH)2 evaporation

After multiple evaporation cycles, the yellow greenish educt 
powder turned bluish black (Fig. S5). Despite the change 
of colour, the XRD patterns of the original powder and the 
powder after six process cycles match each other accurately. 
The change of colour is due to a slight loss of oxygen of 
the  WO3 during the process [1]. This crystallographic shear 
structure  (WO3−x) has no visible influence on the XRD pat-
tern (Fig. 2). In the SEM micrographs (Fig. S6), differences 
in morphology are visible. The starting powder (Fig. S6a, 
b) consists of porous prismatic agglomerates made of fine 
 WO3, with a particle size of approximately 30 µm. After six 
process cycles (Fig. S6c, d), the  WO3−x powder is recrystal-
lized and consists of faceted single crystals that have grown 
together to form larger agglomerates. The size of these indi-
vidual crystals is about 30 µm and the agglomerates are up 
to 200 µm large. This recrystallization is due to the produc-
tion of gaseous  WO2(OH)2, which is a short transport of 
the hydroxide and redeposition. Hence due to this recrys-
tallization of  WO3-x and decrease of the powder surface, 
no significant decrease in the evaporation rate over several 
cycles is observable.

3.3  Influence of the furnace temperature 
on the  WO2(OH)2 evaporation and tungsten 
formation

In this test series, the furnace temperature was varied 
between 1050 and 1150 °C, leaving the other process param-
eters fixed at the values shown in Table 1. In Fig. 3, the 
achieved W-powder yield at different furnace temperatures 

is illustrated. With an increase in the furnace temperature, 
an increase in the powder yield occurs. Due to the higher 
furnace temperature, the equilibrium of the CVT-reaction is 
shifted to the side of  WO2(OH)2, leading to a higher evapo-
ration rate and therefore a higher product powder yield. The 
increase of the tungsten transport via higher temperature 
is also shown in literature by Glemser et al. [11, 14] and 
Matviichuk et al. [15].

In Fig. 4, FE-SEM micrographs of the different product 
powders are shown. At 1050 °C, the particle size is about 
80 nm, and it is about 110 nm at 1150 °C. An increase in 
the grain size is visible with increasing furnace tempera-
ture, but due to the insufficient resolution of the FE-SEM, 
it is not visible whether the particles are single crystals or 
agglomerates.

Figure 5 shows the composition of each product powder 
measured by XRD and calculated by Rietveld analysis. The 
powders consist mainly of  WO3 with small amounts of  WO2. 
The desired W phase makes up only 9.6–16.8 at% of the 
powder. The amount of the metallic W phase increases with 
increasing the furnace temperature, because higher tempera-
tures favour the reduction process. The results show that the 
 H2O concentration in the reaction zone was too high to reach 
an  H2O/H2 ratio forming pure W.

3.4  Influence of the variation of the  H2O‑bubbler 
temperature on W formation

The  H2O-bubbler temperature was varied between 35 and 
50 °C fixing the other process parameters according to 
Table 1.

The mass of the product powder at different  H2O-bubbler 
temperatures is shown in Fig. 6. The mass of the evaporated 
oxide has already been shown in Fig. S3c. Increasing humid-
ity increases the transport process and therefore leads to a 
higher evaporation rate and consequently a higher product 

Fig. 2  XRD patterns of the  WO3 educt powder before the process 
(blue) and  WO3−x after six process cycles (orange)

Fig. 3  Product powder yield at different furnace temperatures (50 °C 
 H2O-bubbler, gas flows: 1000 mL⋅min−1 Ar, 700 mL⋅min−1  H2)
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powder yield. The discrepancy between the mass of pow-
der, which is evaporated, and the mass of the product is on 
one side due to the lower molecular weight of the metallic 
phase compared with the oxide and on the other side due to 
several losses because of inaccessible depositions (e.g. in 
the exhaust pipe).

Fig. 5  Variation of the furnace temperature: composition of the 
deposited powders produced at different temperatures (by Rietveld 
analysis)

Fig. 6  Product powder yield at different  H2O-bubbler tempera-
tures (furnace temperature 1100  °C, gas flows: 1000  mL·min−1 Ar, 
1000 mL·min−1  H2)

Fig. 7  Variation of the  H2O-bubbler temperature: a XRD pattern, b 
composition of the powders produced at different  H2O-bubbler tem-
peratures (by Rietveld analysis)

Fig. 4  W–WOx deposits formed at different furnace temperatures: a, b 1050 °C, c, d 1100 °C, e, f 1150 °C
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Figure 7a shows the XRD patterns of the different prod-
uct powders. With decreasing  H2O-bubbler temperature, 
decreasing intensities of the oxide reflexes are observed. 
Figure 7b illustrates the composition of the powders pro-
duced at different  H2O-bubbler temperatures calculated by 
Rietveld analysis. The amount of oxide phases decreases 
with a decreasing  H2O-bubbler temperature and thereby 
a decreasing humidity. In contrast, the amount of metallic 
tungsten phase increases up to 70 at% due to the increase of 
the reduction power (depending on the  H2/H2O ratio) with 
a decrease of humidity. It is also visible in Eq. (4) that a 
decrease in the  H2O concentration shifts the reaction equilib-
rium to the product. As temperature decreases in the deposi-
tion zone, possible reoxidation of already reduced tungsten 
to  WOx at constant water vapour has to be taken in account. 

To avoid these reverse reactions, the entire collection area 
of the powder has to be kept at around 1000 °C, which was 
not possible with the present experimental reactor.

The sample produced at 35 °C  H2O-bubbler temperature 
was characterized by TEM and electron diffraction (Fig. 8). 
The TEM micrographs show two kinds of crystallite shapes 
(Fig. 8a).

On the one side, there are rounded particles with a size of 
8–20 nm (Fig. 8b) and on the other side there are rod-shaped 
crystallites with a length of about 120–150 nm (Fig. 8b, 
c). The different shapes can be explained by the mixture 
of tungsten and  WOx. Regarding the morphology, the rod-
shaped crystallites resemble  WO3−x, which occurs during the 
reduction of  WO3 with hydrogen [3, 9]. The electron diffrac-
tion pattern of the powder (Fig. 8d) includes the patterns of 

Fig. 8  a–c TEM micrographs and d electron diffraction pattern of powder produced at a  H2O-bubbler temperature of 35 °C
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both phases, metallic W and  WO3 which corresponds to the 
results of the XRD analysis. The rounded particles seem to 
be W–WOx, which reach the deposition zone partially unre-
duced. The rod-shaped crystallites seem to have a common 
centre, which could be a nucleus on which the tungsten/
tungsten oxide rods are deposited out of the gas phase.

3.5  Variation of the gas flows

The variation of the hydrogen and argon flow rates are not 
shown in detail in this paper, but shown in the diploma thesis 
of Dalbauer [25]. The hydrogen flow rate has no signifi-
cant influence on the transport process, but is crucial to the 
composition of the product because of the resulting  H2/H2O 
ratio. The argon flow rate has an influence on the process 
which is similar to the  H2O-bubbler temperature but to a 
smaller extent.

4  Summary

With the combination of the CVT reaction and a reduction 
with  H2, it is possible to produce tungsten powder with par-
ticle sizes of about 100 nm. However, due to the required 
humidity for the CVT process, the reduction was partially 
incomplete and thereby oxidic residues  (WO3−x) were pre-
sent in the product, which would be problematic for indus-
trial applications.

By optimizing the process parameters, the powder yield 
and also the amount of metallic tungsten in the product could 
be increased. Elevated furnace temperatures, like 1200 °C 
and beyond, and further optimization of the humidity and 
the gas flows could provide positive effects on the process. 
Another possibility for improving the process could be the 
implementation of flow breakers in the deposition zone. This 
should result in a higher deposition rate and an increased 
powder yield. A further improvement of the process could 
be the usage of a  CH4/H2 mixture as reaction gas to pro-
duce nano-sized WC powder. Due to the small particle sizes, 
the powder may be of interest to applications in catalysis 
although an industrial realization of the process is at the 
moment unrealistic.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42864- 021- 00118-1.
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