
Introduction

For applications in photoelectrochromical cells and

chromogenic (electro-, photo- and thermochromic)

devices [1–11], gas sensors [12–17] and catalysts

[18–21], tungsten oxides have attracted much atten-

tion in the past decades. Hexagonal tungsten trioxide,

h-WO3 is one of the most researched tungsten oxides

due to its open-tunnel structure and intercalation

chemistry [22–24]. It has been prepared in several

ways: by dehydration of tungsten oxide hydrates [24,

25], by wet chemical synthesis using various precur-

sors [26, 27], by thermal oxidation of tungsten metal

[28], by thermal or wet chemical oxidation of hexago-

nal ammonium tungsten bronze [22, 29–31], by ion

exchanging template ions from hexagonal tungsten

bronze [32] or by spray pyrolysis [10].

The thermal stability of h-WO3 is important in

the previously mentioned application fields, espe-

cially there, where h-WO3 is used at elevated temper-

atures, e.g. by gas sensors. The thermal behaviour of

the title compound has already been studied by

thermogravimetry (TG) [24], differential scanning

calorimetry (DSC) and differential thermal analy-

sis (DTA) [7, 29, 33], X-ray powder diffrac-

tion (XRD) [34–36], transmission and scanning elec-

tron microscopy (TEM and SEM) [36, 37], Raman [7]

and FTIR spectroscopy [34]. The results have showed

that h-WO3 transforms into monoclinic (m-) WO3 in

an exothermic reaction between 250–500°C. Other

studies on m-WO3 have revealed that m-WO3 trans-

forms reversibly into tetragonal (t-) WO3 between

700–800°C [1, 38].

The different preparative routes result in differ-

ent morphology and different composition with vary-

ing amounts of residual elements, and these might af-

fect the thermal properties of h-WO3. Therefore it

seemed advisable to compare the thermal behavior of

differently prepared h-WO3 samples. This was also

encouraged by the lack of evolved gas analytical

(EGA) studies on h-WO3.

Thus, here we present a comparison of the ther-

mal stability of different h-WO3 samples, which were

prepared either by thermal oxidation of hexagonal

ammonium tungsten bronze (HATB),

(NH4)0.33–xWO3–y (Sample 1), or by soft chemical syn-

thesis, i.e. acidification of Na2WO4 solution followed

by washing and hydrothermal treatment (Samples 2,

2a, 2b). Recently the authors managed to prepare

highly crystalline, monophase HATB,

(NH4)0.07(NH3)0.04(H2O)0.09WO2.95 by heating ammo-

nium paratungstate tetrahydrate, (NH4)10[H2W12O42]·

4H2O in H2 for 6 h at 400°C [39]. This gave us chance

to prepare good quality h-WO3 by oxidizing the

highly crystalline HATB starting material in air. On

the other hand, the authors also had experience with
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the soft chemical synthesis of h-WO3 from Na2WO4

[17, 24, 40, 41].

The structure and composition of the samples was

studied by XRD, scanning electron microscopy with en-

ergy dispersive X-ray analysis (SEM-EDX), X-ray pho-

toelectron spectroscopy (XPS) and solid-state
1
H-MAS

(Magic Angle Spinning) NMR spectroscopy. The ther-

mal behavior of hexagonal tungsten oxides was investi-

gated by simultaneous TG/DTA, on-line coupled

evolved gas analysis with mass spectrometer

(TG/DTA-MS), SEM and in situ high temperature

X-ray powder diffraction (HT-XRD).

The two types of samples had differences in

morphology and composition, i.e. (1) consisted of �m

scale blocks of nanoparticles and contained NH
4

�
ion

residues and (2) had nm scale particles and contained

Na
+

ion residues. The differences in morphology and

composition resulted in different thermal properties.

Experimental

Sample of h-WO3 (1) was prepared by heating highly

crystalline, monophase hexagonal ammonium tungsten

bronze (HATB), (NH4)0.07(NH3)0.04(H2O)0.09WO2.95 [39]

in air (15 L h
–1

) at 10°C min
–1

to 470°C and then keep-

ing it there isothermally for 3 min in an open aluminium

crucible in a DuPont 910 DSC instrument.

Samples of h-WO3 (2, 2a, 2b) were prepared by

soft chemical synthesis, i.e. by acidification of

Na2WO4 solution followed by washing and hydro-

thermal treatment of the precipitate [24, 40, 41]. By

this route first WO3·0.33H2O is prepared from

Na2WO4 in aqueous phase, then the oxide hydrate

transforms into h-WO3. 2 was made up of monophase

h-WO3. 2a contained some WO3·0.33H2O traces from

the precursor. 2b contained high amount of residual

sodium, ca. 1.2 mass% in the bulk and ca. 2.3 mass%

on the surface. 2a and 2b were included in the studies,

because their composition showed deviations from

standard h-WO3 samples. Therefore by these samples

we could check the effect of different compositions

on the thermal properties of h-WO3.

The sodium content of 2b was measured by both

X-ray photoelectron spectroscopy (XPS) and energy

dispersive X-ray analysis (within a scanning electron

microscope) (SEM-EDX). XPS data were collected

by a VG Microtech instrument consisting of a XR3E2

X-ray source, a twin anode (MgK� and AlK�) and a

CLAM 2 hemispherical analyser using MgK� radia-

tion. SEM-EDX measurements were performed in a

Röntec QuanTAX energy dispersive microanalyser

system.

The ammonium ion and ammonia molecule con-

tent of 1 could only be measured by
1
H-MAS-NMR

spectroscopy; by XPS or FTIR spectroscopy we could

not detect these species [39].
1
H-MAS-NMR experi-

ments were carried out on a VARIAN NMR SYS-

TEM spectrometer (600 MHz for
1
H) using a 3.2 mm

HXY VARIAN/Chemagnetics probe.
1
H chemical

shifts were referenced to adamantane (�1H=0 ppm).

All spectra were recorded under the same experimen-

tal conditions. 16 transients were acquired at 12 kHz

spinning rate and a recycle delay of 20 s was used.

Background suppression DEPTH [42] was employed

to remove signals from the probe. The composition of

precursor HATB was determined earlier by chemical

analysis, XPS and
1
H-MAS-NMR spectroscopy [39],

and in HATB the NH
4

�
/NH3 amount was 0.55 and

0.32 mass%, respectively. Now we measured the
1
H-MAS-NMR spectra of both HATB and 1, and by

comparing the normalized signals of NH
4

�
and NH3

peaks [39], we could estimate semiquantitatively the

NH
4

�
/NH3 amount of 1, which was ca. 0.11 and

0.04 mass%, respectively.

Powder X-ray diffraction (XRD) pattern of 1

was measured by a PANalytical X’pert Pro MPD

X-ray diffractometer equipped with an X’Celerator

detector using CuK� radiation. XRD patterns of 2, 2a

and 2b were recorded by a Bruker AXS D8 Discover

X-ray diffractometer using CuK� radiation.

A LEO-1550 FEG SEM instrument was used

during the SEM characterisation of 1, 2, 2a, 2b and

their decomposition products.

During the evolved gas analytical (TG/

DTA-MS) measurements of 1, 2, 2a and 2b, open

platinum crucible, a heating rate of 10°C min
–1

, sam-

ple sizes of 30–100 mg and flowing air

(130 mL min
–1

) were used. The TG/DTA-MS appara-

tus consisted of an STD 2960 Simultaneous

DTA/TGA (TA Instruments Inc.) thermal analyzer

and a Thermostar GSD 200 (Balzers Instruments)

quadrupole mass spectrometer. The details of the

TG/DTA-MS setup are discussed elsewhere [43, 44].

In situ high temperature X-ray diffraction

(HT-XRD) patterns of 1 and 2 were collected by a

PANalytical X’pert Pro MPD X-ray diffractometer

equipped with an X‘Celerator detector and an Anton

Paar HTK-2000 high temperature XRD chamber us-

ing CuK� radiation. The scanning time was ca. 3 min

for each pattern. HT-XRD experiments were per-

formed in static air using 10°C min
–1

heating rate be-

tween XRD measurements.

Results and discussion

Characterization of h-WO3 samples

The difference in the composition of the h-WO3 sam-

ples was obvious. Besides tungsten and oxygen,

1 contained little amounts of ammonium ions and am-
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monia molecules (0.11 and 0.04 mass%, respec-

tively), which had remained from the parent hexago-

nal ammonium tungsten bronze phase. 2 and 2a

contained certain amount (0.02–0.1 mass%) of so-

dium, which was necessary for the formation of

h-WO3 during the soft chemical synthesis

[17, 24, 40, 41]. In 2b the amount of sodium was rela-

tively high. By SEM-EDX it was determined to be

ca. 1.2 mass%, and by XPS it was found to be

ca. 2.3 mass%. The two methods complement each

other: in SEM-EDX the information depth of the anal-

ysis is 400–500 nm, while in XPS it is only about

5–10 nm, thus SEM-EDX gives roughly the bulk con-

centration and XPS gives the surface concentration of

the elements.

The different preparative routes strongly af-

fected the morphology. 1 consisted of 1–80 �m yel-

low particles, which were cracked. Under higher

magnification we found that actually they were built

up of 50–100 nm aggregated particles (Figs 1a and b).

2, 2a and 2b were greyish-white coloured and they

consisted of 20–30 nm thick platelets and rods, which

aggregated into 1–2 �m particles (Fig. 1c). The differ-

ent color of 1 and 2, 2a, 2b suggests different elec-

tronic structure, which might affect applications. The

morphology of 2, 2a and 2b showed no significant

differences, thus only the SEM image of sample (2a)

is shown in Fig. 1c.

There were only small differences in the XRD

patterns of 1 and 2 (Fig. 2), and they were both identi-

fied as pure h-WO3 (ICDD 85-2460 and 33-1387). As

already discussed, WO3·0.33H2O (ICDD 35-0270)

was also detected in 2a (Fig. 2). 2b had identical XRD

pattern as 2, and thus it is not shown in Fig. 2.

Thermal behaviour of 1

The TG/DTA and evolved gas analytical (TG/

DTA-MS) curves of 1 are presented in Fig. 3. The

evolved gas analytical study showed only the evolu-

tion of water. Though 1 contained traces of ammo-

nium ions and ammonia molecules, their amount was

so small that their release could not be detected well

with the TG/DTA-MS system. The HT-XRD patterns

of 1 are shown in Fig. 4. The SEM image of the de-

composition product of 1 at 900°C is presented in

Fig. 5a.

According to the thermoanalytical curves, up to

200°C adsorbed and chemisorbed water were released

in two overlapping endothermic reactions. Between

200–400°C water release continued, but here no sig-

nificant heat effect was observed and the amount of

evolved water was much smaller than below 200°C.

Based on the XRD patterns, the starting h-WO3 struc-

ture remained nearly the same up to 450°C.
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Fig. 1 SEM images of a – h-WO3 (1) at lower (10k) magnifi-

cation, b – h-WO3 (1) at higher (150k) magnification;

the black dashed circle in the middle of a – shows the

area from where b – was taken, c – h-WO3 (2a)

Fig. 2 XRD patterns of a – h-WO3 (1), b – h-WO3 (2) and

c – h-WO3 (2a)

Fig. 3 Simultaneous TG/DTA and evolved gas analytical

curves of h-WO3 (1) measured in air (130 mL min
–1

,

10°C min
–1

, open Pt crucible, 102.4 mg)



Between 450–500°C another water release step

took place. At 500°C the reflections of h-WO3 be-

came more diffuse in the XRD patterns. Then be-

tween 500–550°C the hexagonal structure collapsed

in an exothermic reaction, and transformed irrevers-

ibly into monoclinic (m-) WO3 (ICDD 43-1035).

Since the h-WO3 structure is metastable, it is easy to

understand that its transformation into the more stable

m-WO3 is an exothermic reaction – as was shown by

our measurements and previous results [29].

The m-WO3 phase was stable up to 700°C.

Around 750°C it transformed into tetragonal (t-) WO3

(ICDD 85-0807) in a reversible endothermic reaction.

At 750°C the HT-XRD analysis showed a mixture of

m- and t-WO3, while by 800°C only t-WO3 was pres-

ent. The well known reversibility [1, 38] of the m- and

t-WO3 transformation is reflected also by that when

the sample was cooling (not shown on Fig. 3), there

was an exothermic DTA peak where t-WO3 trans-

formed back into m-WO3. At room temperature (r.t.)

only m-WO3 was observed.

The SEM image of the decomposition product of

1 at 900°C showed 100–500 nm particles instead of the

50–100 nm particles observed in the starting material.

The crystallization of the more stable m-WO3 from

h-WO3 and the further annealing of m-WO3 are

probably responsible for the growth of the particle size.

Thermal behaviour of 2

The TG/DTA and evolved gas analytical

(TG/DTA-MS) curves of 2 are presented in Fig. 6.

The evolved gas analytical study showed only the

evolution of water. The HT-XRD patterns of 2 are

shown in Fig. 7. The SEM image of the decomposi-

tion product of 2 at 900°C is presented in Fig. 5b.

When heating 2 at first adsorbed and

chemisorbed water were released in two overlapping

endothermic reactions. But here this stage extended

up to 250–300°C, and the mass loss corresponding to

adsorbed and chemisorbed water was also greater

(1.61% at 250°C) than in the case of 1 (0.49% at

190°C). The greater mass loss should be due to the
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Fig. 4 In situ HT-XRD patterns of h-WO3 (1) in static air re-

corded from r.t. to 900°C

Fig. 5 SEM images of decomposition products at 900°C in air

of a – h-WO3 (1) and b – h-WO3 (2)

Fig. 6 Simultaneous TG/DTA and evolved gas analytical

curves of h-WO3 (2), (2a) and (2b) measured in air

(130 mL min
–1

, 10°C min
–1

, open Pt crucible, 29.7,

40.8 and 29.8 mg, respectively)



morphology of 2, because the smaller particles of 2

have larger specific surface and hence greater amount

of adsorbed and chemisorbed molecules. Between

250–450°C the water release continued, similarly as

in case of 1.

Between 450–550°C the hexagonal structure

collapsed, and 2 transformed irreversibly in an exo-

thermic reaction into m-WO3, at 50°C lower tempera-

ture than 1. This transformation was accompanied

also by the release of small amount of water, similarly

as for 1. The sample at 500°C contained mostly

m-WO3 and some h-WO3. Up to this point, the ther-

mal decomposition of 1 and 2 involved the same pro-

cesses, only their dynamics was different.

When 2 was heated further, according to XRD

patterns, the m-WO3 structure was ordering, i.e. the

intensity of reflections of m-WO3 increased. Only at

700°C, a well defined m-WO3 structure was present.

Then m-WO3 started its reversible transformation into

tetragonal (t-) WO3 between 700–750°C. At 750°C

the sample still contained mainly m-WO3 with some

t-WO3. At 800°C the main component was t-WO3

with traces of m-WO3, and at 850°C only t-WO3 was

detected.

2 contained sodium besides tungsten and oxy-

gen, and after the collapse of the hexagonal frame-

work, this sodium content was responsible for the for-

mation of sodium tungsten oxides. The analysis of the

sodium containing phases had great uncertainty. On

the one hand their amount was small, on the other

hand in some cases they were not well defined phases.

Therefore it was difficult to match the phases, which

were formed in our experiments, with the available

ICDD cards. The Na2W4O13 (ICDD 27-1425,

21-1667) phase was well detected, while the presence

of tungsten bronzes was only guessed.

The Na2W4O13 phase was observed in small

amounts already at 700°C. The presence of Na2W4O13

is also supported by the fact that this phase also ap-

peared during the thermal decomposition of a tung-

sten sodium hydroxide, Na0.4WO3·0.6H2O [45]. The

amount of Na2W4O13 increased at 750°C, then de-

creased at 800°C, and by 850°C it disappeared com-

pletely. But in the sample cooled back to r.t. it was

observable again.

Between 700–900°C four endothermic heat ef-

fects were observed on the DTA curve of 2, and we

suggest an explanation for them on the basis of the

HT-XRD results. The Na2W4O13 phase formed up to

750°C, because its amount was the largest at this tem-

perature, so this endothermic peak at 735°C should be

connected with the appearance of Na2W4O13. The

main part of the m- to t-WO3 transformation took

place between 750–800°C, therefore we assume that

the endothermic peak at 790°C might belong to this

reaction. Though, it has to be mentioned that this tem-

perature is 40°C higher than in the case of 1.

By 850°C Na2W4O13 disappeared and only

t-WO3 was detected. Since after cooling back to r.t.

the sample contained Na2W4O13 again besides

m-WO3, it means that this phase did not decompose,

but melted between 800–850°C, and the endothermic

heat at 815°C effect should correspond to the melting

heat of the Na2W4O13 phase. The SEM image of the

decomposition product of 2 at 900°C also supports

this idea (Fig. 5b). In this picture, the coexistence of

m-WO3 nanoparticles (small particles) and Na2W4O13

microparticles (large crystals) can be seen. The solidi-

fying of Na2W4O13 from its melt explains well, how

0.5–4 �m particles could be formed from the starting

20–30 nm h-WO3 particles.

It needs further investigation to explain the source

of the tiny heat effect at 885°C. The XRD pattern at

900°C was practically the same as at 850°C. The only

difference was that the CuK
1

�
and K

2
�

reflections be-

came split, particularly at higher 2� values, which

showed an increase in the crystalline order.

Thermal behaviour of 2a and 2b

Due to the WO3·0.33H2O content of 2a and the high

sodium content of 2b, a different thermal behavior

was found in both cases in comparison to 2. The

TG/DTA and evolved gas analytical (TG/DTA-MS)

curves of 2a and 2b are presented in Fig. 5. The

evolved gas analytical study showed only the evolu-

tion of water.
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Fig. 7 In situ HT-XRD patterns of h-WO3 (2) in static air re-

corded from r.t. to 900°C



The additional WO3·0.33H2O content of 2a was

responsible for the endothermic water release step be-

tween 250-370°C. Therefore thermal analysis is a

good tool to check the state of the

WO3·1/3H2O�h-WO3 conversion.

By both 2 and 2b the water release ended parallel

to the collapse of the hexagonal structure, similarly as

in case of 1 and 2. As a significant difference this col-

lapse occurred nearly at 100°C higher temperature in

the case of 2b, compared to 2 and 2a. This should be

the result of the high sodium content of 2b, which

might have stabilized the crystal structure better. The

exothermic DTA peak belonging to the collapse of

the hexagonal structure showed an additional over-

lapping reaction by 2b.

Between 750–850°C there was only one endo-

thermic DTA peak instead of two by 2a and 2b. The

greater sample mass of 2a, i.e. 40 mg of 2a instead of

30 mg as of 2, and the higher Na content of 2b,

i.e. larger melting heat of Na2WO4, might be responsi-

ble why the two endothermic peaks were not sepa-

rated, but overlapped each other. In addition in the

case of 2b we did not observe any endothermic DTA

peak between 700–750 and 850–900°C.

Conclusions

The thermal behavior of differently prepared h-WO3

samples was studied by on-line evolved gas analysis

(TG/DTA-MS), in situ high temperature X-ray dif-

fraction (HT-XRD) and scanning electron micros-

copy (SEM). Our measurements showed that the pre-

parative routes influenced the thermal behavior of

different h-WO3 samples.

The h-WO3 samples were prepared either by

thermal oxidation of hexagonal ammonium tungsten

bronze, (NH4)0.33–xWO3–y (Sample 1), or by soft

chemical synthesis from Na2WO4 (Samples 2, 2a, 2b).

The two preparative routes resulted in different mor-

phology and colour. In addition 2a contained also

WO3·0.33H2O besides h-WO3 and 2b had relatively

high sodium content, i.e. 1.2 mass%

When heating the samples, as common feature

up to 200–250°C, adsorbed and chemisorbed water,

then up to 450–500°C structural water were released.

The small amount of WO3·0.33H2O in 2a caused an

additional endothermic water release step between

250–370°C. Therefore thermal analysis is a good tool

to check the state of the WO3·0.33H2O�h-WO3

conversion.

The starting hexagonal structures collapsed in an

exothermic reaction between 450–600°C and trans-

formed into monoclinic WO3. Thus for sensor and

electrochromic applications our results showed that 1

was stable up to 450–500°C, while 2 and 2a were sta-

ble up to 400–450°C. Furthermore 2b was stable up to

500°C due to its high sodium content, which stabi-

lized the hexagonal tungsten oxide structure better.

Upon further annealing, between 750-800°C

monoclinic WO3 transformed reversibly into tetra-

gonal WO3. Compared to 1, a separate feature of 2

was that from 700°C Na2W4O13 was also detected,

which was a result of the sodium content of 2. Above

700°C 2a and 2b showed small differences in the oc-

curring heat effects, compared to 2.
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