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Solar production of WO3: a green approach

Abstract: The tungsten trioxide (WO3) is a promising mate-
rial with important technologic and scientific applications, 
due to its electrochromic, gasochromic and photochromic 
properties. Usually, this material is synthesized following 
several routes, for example, sputtering, chemical deposi-
tion, sol-gel, hydrothermal, among others. However, these 
methods are complicated, have long processing times 
and use several chemicals with the possibility of keep-
ing undesirable impurities. In this context, concentrated 
solar energy is an interesting and feasible option to process 
materials at a low cost and without greenhouse gas emis-
sions. In this work, a simple and green synthesis method 
of WO3 by using the Solar Furnace of the Renewable Energy 
Institute of the National University of Mexico is presented. 
Tungsten oxide powder is obtained by means of tungsten 
electrodes in a high-temperature solar reaction chamber 
designed to work with concentrated solar energy under 
controlled conditions of the gas atmosphere. The oxida-
tion reaction was carried out for three different tempera-
tures: 600°C, 800°C and 1000°C, and for each temperature 
three different oxygen molar fractions were studied: 0.33, 
0.41 and 1. Some results indicate the oxygen molar frac-
tion does not affect the phase transformation and the 
WO3 triclinic was the most stable phase, appearing in all 
the temperature ranges and concentrations. The synthesis 
reported in this paper is presented as a green alternative 
in the development of processes for the synthesis of WO3, 
which promote renewable energy sources with very low 
greenhouse gas emissions and without toxic residuals.
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1  Introduction

Tungsten trioxide (WO3) has been the focus of several 
research works due to its optical, chemical, photochromic, 
gasochromic and electrochromic properties. For example, 
it has been used in the photocatalysis area because it pos-
sesses a wide band gap energy that ranges from 2.4 to 
2.8 eV [1]. It also has been also used as chemical sensor or 
inclusive in optic applications [2, 3].

This material has been synthesized by numerous 
liquid-phase synthesis routes, including sol-gel, hydro-
thermal and electrochemical anodization. The main 
disadvantages of these methods are that they involve 
several intermediate steps, have long processing times 
(depending on the method) and use several chemicals 
with the possibility of keeping undesirable impurities. For 
example, in the sol-gel method, some acids are taken as 
precursors for the WO3 synthesis [4]. The hydrothermal 
synthesis needs also some chemical precursors, some-
times sulfates or nitrates at relative medium temperatures 
(ranging from 120°C to 300°C), which usually are pro-
vided with electricity from fossil fuels. Conversely these 
methods possess some advantages, such as low cost and 
easy control of the particle size and the shape crystalline 
structure of the tungsten oxide.

By contrast, concentrated solar systems can be used to 
provide the heat of the reaction at very high temperatures. 
For example in the solar furnace of the Renewable Energy 
Institute of UNAM in Mexico (HoSIER by its acronym in 
Spanish) it is possible to reach temperatures as high as 
3400°C in a few seconds. This particular feature of solar fur-
naces projects them as a potential tool for the materials pro-
cessing. Some examples of the synthesis of materials with 
concentrated solar energy are: synthesis of fullerenes [5–9]; 
synthesis of tungsten carbide [10–12]; synthesis of molyb-
denum carbide [13]; synthesis of calcium carbide [14]; and 
processing of silicon carbide [15–18]. The main disadvan-
tages of solar processes are the intermittent nature of solar 
energy and the initial investment costs of solar systems.

In this paper concentrated solar energy was used 
to synthesize WO3 at high temperatures. This route to 
produce tungsten oxides has not been previously reported. 
The WO3 synthesis reported in this work is presented as 
a green alternative in the development of processes for 
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the synthesis of WO3, which promote renewable energy 
sources with very low greenhouse gas emissions and 
without toxic residuals.

The WO3 solar synthesis was carried out in a reaction 
chamber designed to work under controlled atmospheres. 
The reaction was carried out for three different tempera-
tures: 600°C, 800°C and 1000°C, and for each tempera-
ture three different oxygen molar fractions were studied: 
0.33, 0.41 and 1. Some results indicate the oxygen molar 
fraction does not affect phase transformations and the tri-
clinic structure of WO3 was the most stable phase, found 
in all the temperature ranges and concentrations.

2  Materials and methods
WO3 was synthesized at high-temperatures provided by the HoSIER 
[19]. The HoSIER consists of a flat-heliostat (81 m2 area) and a faceted-
concentrator (36 m2 area) with focal length of 3.68 m and focal zone of 
7 cm diameter. At the focal point, the maximal flux density is 18,000 
suns (1 sun = 1 kW/m2) with Gaussian distribution [20]. Between the 
heliostat and the concentrator, there is a shutter that was used to 
control the temperature in the sample (Figure 1).

For the WO3 synthesis, commercial electrodes of pure tungsten 
bars were used as a raw material (Weld 500, 94% purity, USA). These 
1.8” diameter electrodes form a flat plate of 17.8 cm length and 2.4 cm 
height. This tungsten plate was placed at the focal zone of the con-
centrator and at the center of a reaction chamber designed to work 
under controlled atmospheres.

The reaction chamber features a Pyrex spherical glass vessel of 
25 l capacity, 35 cm diameter and 65 cm height (Figure 2).

At the bottom of the reaction chamber, a rotary vacuum pump 
was connected in order to control the total pressure and to ensure 
the continuous gas flow inside the reactor. Additionally, several 
gases were introduced into the chamber: Argon (Ar), oxygen (O2) or a 
mixture of Ar with O2 (Figure 2). The pressure was monitored with a 
DualTrans vacuum transducer (Mod. 910, 1 × 10-5 to 1500 Torr range, 

MKS, Boulder, CO., USA), and the temperature on the sample with 
three type “K” thermocouples placed in three different positions: at 
the center of the sample (T1 = 75 mm), at 35 mm from the center (T2) 
and near the sample holder (T3 = 0 mm) (Figure 3).

At the beginning of each experiment, the vacuum pump was 
started with the aim of eliminating the air atmosphere inside the 
reaction chamber (10-2 bar pressure). Subsequently, Ar gas (99.95% 
purity, Infra, Mexico) was injected into the chamber in order to 
assure an inert atmosphere inside the chamber (0.5–0.6 bar). Once 
the pressure was stabilized, the sample was gradually heated with 
concentrated solar energy until it reached the desired temperature 
(600°C, 800°C or 1000°C). In this case, the heated area was 17 cm2. 
Then, O2 gas (99.95% purity, Infra, Mexico) was introduced into the 
chamber in three different molar fractions (0.33, 0.41 and 1) and the 
total pressure was incremented to 0.8 bar.

During experimentation, the chamber was operated for direct 
normal irradiation above 800 W/m2 and total pressures of 0.8 bar. 
Every experiment had a reaction period of 20–30 min. The progres-
sive formation of a tungsten oxide film and some crystals (depend-
ing on the temperature) was observed, especially in the non-directly 
irradiated zone.

At the end of experimentation, the sample was collected and ana-
lyzed by several techniques. The crystalline phase identification of the 
oxides was performed by the X-ray diffraction technique (XRD) using 
a CuKα line with a wavelength λ = 1.542 Å (Rigaku diffractometer, Mod. 
DMAX-2200 and Ultima IV, Tokyo, Japan). The surface of the oxidized 
samples was analyzed by scanning electron microscopy (SEM) and 
energy dispersive spectroscopy (Hitachi Mod. SU1510, Tokyo, Japan).

3  Results and discussion
The general oxidation reaction of tungsten is the following:

	 2 32W 3O 2WO+ → � (1)

The oxidation of tungsten was carried out at three differ-
ent temperatures: 600°C, 800°C and 1000°C, and for each 

Figure 1: Schematic operation of the Instituto de Energías Renovables of Universidad Nacional Autónoma de México (IER-UNAM) solar 
furnace.
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Figure 2: Schematic view of the reaction chamber.

Figure 3: Schematic view (or picture) of tungsten bars with of thermocouples type “K” mounted on three different positions of the sample.

temperature, three different oxygen molar fractions were 
studied: 0.33, 0.41 and 1.

3.1  Tungsten bars oxidation at 600°C

During tungsten oxidation at 600°C at different oxygen 
molar fractions (YO2

), it is possible to observe the forma-
tion of a yellow film on the front side of the tungsten bars. 
This film was formed especially in the directly irradi-
ated zone (high temperature zone), as shown in Figure 4. 
Around this zone, the formation of a thin blue/black film 
is visible. The apparition of this blue/black film was pre-
viously reported by several authors [21, 22]. Kellet and 
Rogers [22] found that this film is protective avoiding the 
diffusion of oxygen through the oxide layer, whereas the 
yellow film is nonprotective.

For an O2 molar fraction of 0.33, the yellow powder 
grows on the tungsten surface forming a thin film 

(Figure  4A). The film thickness increases incrementing 
the oxygen content in the chamber (0.41 O2 molar frac-
tion), as shown in Figure 4B. In this case, the oxygen starts 
to produce cracks on the tungsten surface. These cracks 
promote the oxygen transport inside the tungsten, helping 
the reaction take place inside tungsten bars leading to 
an increment in the thickness of the film. The cracking 
mechanism was previously described by Gulbransen and 
Andrew [23]. According to these authors, the formation of 
tungsten oxides is a cyclic mechanism. At the beginning 
of oxidation a thin layer of oxide is formed, then after 
reaching a certain thickness, the tungsten oxide cracks in 
local areas. These local areas give access to the remaining 
oxygen, forming again a layer of certain thickness leading 
to the formation of deeper cracks and the formation of a 
thicker film.

In a highly oxidizing atmosphere (YO2
 = 1), tungsten 

rapidly reacts with oxygen, obtaining crystals oriented 
perpendicularly to the sample (Figure 4C).
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Figure 4: Photographs and scanning electron microscopy (SEM) micrographs of directly irradiated zone of the samples under experimental 
conditions of temperature (600°C) with O2 molar fraction of: (A) 0.33, (B) 0.41 and (C) 1.

The XRD analyses of the yellow zone of the three 
samples demonstrate that the yellow powder corresponds 
to WO3 with triclinic cell parameters of a = 7.3 Å, b = 7.52 Å 
and c = 7.69 Å; and orthorhombic phases with cell para
meters of a = 7.38 Å, b = 7.51 Å and c = 3.84 Å. For the blue/
black zone, it was found that this compound corresponds 
to W24O68 (WO2.83) with cell parameters of a = 19.3 Å, b = 3.78 
Å and c = 17.07 Å, but a strong diffraction pattern of tung-
sten from the underlying layer was also found (Figure 5).

This effect was previously observed by Kellet and 
Rogers [22]. They affirm that the film of a nonstoichiomet-
ric tungsten oxide has a few microns due to the presence 
of the strong diffraction pattern of W in the XRD analysis. 
In this case, the same effect is corroborated with the dif-
fraction pattern.

In this set of experiments, the WO3 particles had an 
average particle size of 38 nm.

3.2  Tungsten bars oxidation at 800°C

The following experiments were carried out at 800°C. 
During this set of experiments, it was found that some of 
the formed tungsten oxide sublimes. This phenomena was 
previously observed in the same temperature range by 
Gulbransen and Andrew [23] and Baur et  al. [24]. During 
experimentation some of the volatilized tungsten oxide 
was deposited on the reactor walls forming a yellowish 

thin film. For all cases, the recollected powder corresponds 
to WO3 with monoclinic (cell parameters: a = 7.3 Å, b = 7.53 
Å and c = 7.68 Å) and epsilon-monoclinic phases with cell 
parameters of a = 5.27 Å, b = 5.16 Å and c = 7.67 Å (Figure 6).

At this temperature, tungsten has a poor resistance 
to oxidation. When the atmosphere has an oxygen molar 
fraction of 0.33, the tungsten bars show some deforma-
tion followed by several cracks and the formation of some 
crystals in the form of needles oriented perpendicularly to 
the tungsten surface (Figure 7A).

For an oxygen molar fraction of 0.41, the front side of 
the tungsten bars also suffers some deformation. In this 
case, the center of the front surface (directly irradiated 
zone) begins to reduce it size and does not exhibit poros-
ity (gray zone, Figure 7B1). Around this zone, the forma-
tion of some crystals and cracks is observed. By contrast, 
SEM micrographs on the rear part of this sample revealed 
the formation of many crystals with a very particular form 
(Figure 7B2).

In a highly oxidant atmosphere (YO2
 = 1), the tungsten 

bars also suffer deformation, but in this case, the sample 
exhibits a perforation in the high temperature zone. Below 
the perforation, it is possible to observe the formation of 
some melt. SEM micrographs of the yellow zone around 
the perforation revealed the formation of some crystals in 
the form of crosses (Figure 7C).

The XRD analyses in the formed crystals (rear and 
front side) and yellow layers of all the samples show 
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Figure 5: Diffraction patterns of the yellow film under experimental conditions: temperature of 600°C and O2 molar fraction of: (A) 0.33, (B) 
0.41, (C) 1 and (D) blue/black zone.
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Figure 6: Diffraction patterns of the yellowish thin film deposited on the reaction chamber walls under experimental conditions: 
temperature of 800°C and O2 molar fraction of: (A) 0.33, (B) 0.41 and (C) 1.

that this material is WO3 with two different crystal struc-
tures, monoclinic and triclinic. The melt corresponds 
to monoclinic (cell parameters: a = 7.3 Å, b = 7.53 Å and 

c = 7.68 Å) and triclinic WO3 with cell parameters of a = 7.31 
Å, b = 7.52 Å, and c = 7.689 Å (Figure 8). At this temperature, 
the WO3 particles exhibit an average particle size of 84 nm.
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Figure 7: Photograph and scanning electron microscopy (SEM) micrographs of the samples under experimental conditions of temperature 
(800°C) and O2 molar fraction of (A) 0.33; (B1, B2) 0.41; (C) 1. (B1) Directly irradiated zone; (B2) Non-directly irradiated zone.

The reduction of the bars in the directly irradiated 
zone and formation of some cracks and crystals around 
it (0.41 oxygen molar fraction, Figure 7B) might be due to 
the temperature gradients obtained during experimenta-
tion. Experimentally, measured temperatures in the three 
different zones of the rear part of the sample are shown 
in Figure 9. It is observed that in a short distance there 
is a maximal temperature difference of 190°C between 
the center (T1) and 35 mm apart from the center (T2) of 
the sample. In the center of the rear part of the sample, 
the temperature is around 800°C, but in the directly 
irradiated zone (front of the sample), the temperature 
is higher. The high temperature reached in the front of 
the sample causes the rapid oxidation of W and sublima-
tion of the formed WO3 avoiding the formation of a WO3 
film, whereas in the rear part, the reached temperatures 
promote the formation of several crystals. At 35 mm apart 
from the center of the sample, the temperature is in the 
range of 600–720°C (T2, Figure 9). These temperatures 
promote the formation of cracks and some crystals. Near 
the sample holder, the temperature is below 550°C (T3, 
Figure 9). In this zone, the oxygen forms a protective 
blue/black film, similarly to the low temperature experi-
ments (T = 600°C).

WO3 has a melting point of 1474°C [25], therefore the 
presence of WO3 melt might indicate that the center and 
front of the sample reached at least this temperature. It 

must be noted that the temperature measurement by 
type “K” thermocouples was made in the back side of the 
sample (non-directly irradiated zone) because tempera-
ture measurement from the front surface was difficult, 
due to the presence of radiative concentrated flux, unless 
a solar-blind IR camera is used in order to eliminate the 
contribution of the reflected radiation in the tempera-
ture measurements. By contrast, the sublimation of WO3 
begins at 750°C and becomes substantial at 900°C [26]. 
In this experiment, part of the formed WO3 sublimates 
due to high temperatures (800°C) and condensates in the 
chamber walls, as mentioned above.

3.3  Tungsten bars oxidation at 1000°C

The last set of experiments was carried out at a temper-
ature of 1000°C with the same oxygen molar fractions 
(YO2

  = 0.33, 0.41 and 1). As in the above case, some of the 
formed tungsten oxide sublimates while XRD analyses 
reveal that this oxide is WO3 with monoclinic (cell param-
eters of a = 7.3 Å, b = 7.53 Å and c = 7.689 Å) and epsilon-
monoclinic crystalline structures, with cell parameters of 
a = 5.27 Å, b = 5.16 Å, and c = 7.67 Å.

In all cases, the high temperature combined with an 
oxidant atmosphere produces some melt, which is below 
the high temperature zone (Figure 10A1, 10B1 and 10C1). As 
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Figure 8: Diffraction patterns of sample the under experimental conditions: temperature of 800 °C, O2 molar fraction of (A) 0.33, yellow 
layer; (B) 0.41, crystals; (C) 1, crystals and (D) 1, melt.

Figure 9: Temperature as a function of time in the three zones of rear part of the sample. T1, center of the sample; T2, 35 mm apart from the 
center and T3, near the sample holder (75 mm apart from the center).
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Figure 10: Photograph and scanning electron microscopy (SEM) micrographs of samples after experimentation at 1000°C. Oxygen molar 
fraction of 0.33: (A1) directly irradiated zone, (A2) non-directly irradiated zone; O2 molar fraction of 0.41: (B1) directly irradiated zone, (B2) 
non-directly irradiated zone; O2 molar fraction of 1: (C1) directly irradiated zone, (C2) non-directly irradiated zone.

mentioned above, this melt might indicate that the front of 
the sample (directly irradiated zone) reached 1474°C.

In the non-irradiated zone (rear part of the sample), 
the formation of several crystals is observed (Figure 10A2, 
10B2 and 10C3). SEM micrographs in the crystals reveal a 
particular structure similar to a “pine”, except for a highly 
oxidant atmosphere (YO2

 = 1) where the structure is not well 
defined.

For an O2 molar fraction of 0.33, the sample presents 
a small hole in the center of the sample (directly irradi-
ated zone), but in the rear part of the sample is observed 
the formation of several crystals, like in experiments at 
800°C temperature. By contrast, when increasing the 
oxygen molar fraction (YO2

 = 0.41), the bars only decrease 
in thickness, especially in the directly irradiated zone, 
whereas in the rear part of the sample the reached tem-
peratures promote the formation of crystal structures. For 
an O2 molar fraction of 1, the hole increases its size and 
the formation of melt appears on both sides of the sample 
(directly and non-directly irradiated zones).

XRD analyses in the melt and crystals show that WO3 
with triclinic (cell parameters of a = 7.31 Å, b = 7.525 Å and 
c = 7.689 Å) and a mixture of triclinic and monoclinic (cell 
parameters of a = 7.3 Å, b = 7.53 Å and c = 7.68 Å) crystalline 

structures are formed for the three different oxygen molar 
fractions, respectively. In this case, the WO3 particles had 
an average particle size of 104 nm.

The Brunauer-Emmett-Teller (BET) surface area analy-
sis on different samples showed that the superficial area 
of the samples is small,  < 1 m2/g and also that, the volume 
of the pore is quite small,  < 1 × 10-4 cc/g. The pore diameter 
is also quite small, around 1 Å. Based on the above results, 
the WO3 powder is nonporous.

A summary of the XRD analyses at several experimen-
tal conditions is depicted in Table 1. During experimen-
tation with different oxygen molar flow concentrations, it 
was found that the temperature slightly affects the WO3 
phase. The WO3 orthorhombic phase was only found in 
the low temperature experiments.

By contrast, the oxygen molar fraction does not affect 
the phase transformation. The WO3 triclinic was the most 
stable phase, appearing in all the temperature ranges and 
concentrations.

The WO3 phase on the melt and the deposit on the 
chamber walls are not affected by the temperature, neither 
the oxygen concentration.

These results showed that it is possible to use concen-
trated solar energy for the synthesis of WO3, mainly with 
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triclinic and monoclinic crystalline structures, by a simple 
method with lower CO2 emissions than conventional 
methods and without the formation of toxic residuals.

However, the reaction only occurs in the center of the 
sample (directly irradiated zone) and a noticeable amount 
of unreacted W remained in the samples at the end of the 
process. This can be avoided by optimizing the operating 
conditions, for example, using a solar reactor designed 
specifically to carry out this kind of process, which should 
allow a more uniform heating of the entire sample. This is 
a requirement to increase reaction extent.

4  Conclusions
WO3 has been thermally prepared with success, using con-
centrated solar energy provided by the Instituto de Energías 
Renovables of Universidad Nacional Autónoma de México 
(IER-UNAM) solar furnace (HoSIER) and through a green 
synthesis method due to a low CO2 emission process, and 
avoiding the presence of toxic residuals impurities.

The following conclusions were obtained from the 
synthesis work. In all of the experiments, it a blue/black 
film was found that corresponds to a nonstoichiomet-
ric tungsten oxide, W24O68. This film was obtained in the 
low temperature zone (near the sample holder) where the 
sample reaches a temperature of 500°C.

In the low temperature experiments (600°C), it was 
found that the oxidation reaction of tungsten appreciably 
improves, especially when the oxygen concentration is 
increased leading to the formation of cracks on the tung-
sten surface.

At a temperature of 800°C, the formation of several 
WO3 crystals with particular shapes, like needles, ferns 
and crosses was observed. In a highly oxidant atmos-
phere, the formation of some melt was also observed, 
which might indicate that the front of the sample reached 
at least 1474°C.

In the high temperature experiments (1000°C), the 
melting point of tungsten oxide was also reached in the 
front of the sample, indicating that the front of the sample 
reached at least 1474°C.

Finally, it was found that the temperature slightly 
affects the WO3 crystalline phase. By contrast, at a con-
stant temperature, the oxygen molar fraction does not 
affect the crystalline phase transformation of WO3. The 
triclinic WO3 was the most stable phase, appearing in all 
the temperature ranges and concentrations. The WO3 par-
ticle size increases when increasing temperature. The BET 
analysis on the WO3 powder indicated that this material is 
nonporous.

In all experiments, some of the metallic tungsten 
remains unreacted. This can be avoided by optimizing the 
operating conditions, for example, using a solar reactor 
designed specifically to carry out this kind of processes, 
which should allow a more uniform heating of the entire 
sample leading to a more efficient process.
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