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Hexagonal ammonium tungsten bronze, (NH4)0.33–xWO3–y, is
a possible constituent of the intermediate “tungsten blue ox-
ide” in non-sag (NS) tungsten production and a material of
chromogenic and sensor interest. Its formation has been
studied by in situ high-temperature powder X-ray diffraction
(HT-XRD) accompanied by semiquantitative phase analysis
through the partial thermal reduction of ammonium para-
tungstate tetrahydrate, (NH4)10[H2W12O42]·4H2O, in flowing
10% H2/He. The effect of the heating program on the forma-

Introduction

Hexagonal ammonium tungsten bronze (HATB),
(NH4)0.33–xWO3–y, is one of the compounds that may be
intermediates in the powder metallurgical production of
tungsten lamp filaments. Partial reduction of the starting
material, ammonium paratungstate tetrahydrate (APT),
(NH4)10[H2W12O42]·4H2O, between 400 and 600 °C pro-
duces an intermediate product (called “tungsten blue ox-
ide”), which is a possible mixture of different phases. It is
doped with K, Al and Si that ensure, after complete re-
duction in hydrogen, an overlapping crystallite structure of
tungsten powder, which finally provides appropriate me-
chanical stability (a so-called “non-sag” feature) to tungsten
filaments even at high operating temperatures in lamps.[1–3]

Among the possible constituents of “tungsten blue oxide”
(an X-ray amorphous phase, WO3, WO2.9, WO2.72, WO2

and tungsten bronzes[1,2,4–7]), hexagonal ammonium tung-
sten bronze may have an important role in the doping pro-
cess because of its ion-exchange property.[4,5,8,9]

Furthermore, for applications in electrochromic de-
vices,[1,10–14] humidity[15,16] and gas sensors[17–21] as well as
secondary batteries,[22] metastable tungsten oxides and ox-
ide bronzes have attracted much attention in the past dec-
ades due to their open-tunnel structures.[1,2,23,24] Hexagonal
ammonium tungsten bronze is an interesting member of
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tion of the title compound has been discussed. Highly crystal-
line, monophasic hexagonal ammonium tungsten bronze
prepared by partial reduction of ammonium paratungstate
tetrahydrate has been characterised by high-precision pow-
der XRD, X-ray photoelectron spectroscopy (XPS), chemical
analysis and solid-state 1H NMR spectroscopy (1H-MAS-
NMR).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

these compounds because of its mixed proton and electron
conductivity[25] and, in addition, hexagonal WO3 can be
produced by its oxidation,[26] the latter being one of the
most studied tungsten oxides.[22,27–29] Besides hydrother-
mal[25,30] and solvothermal[31,32] synthetic methods, the par-
tial reduction of APT is also a viable way of preparing the
hexagonal ammonium tungsten bronze for these fields of
interest.

For further studies on the various aforementioned reac-
tions and applications of the title compound, it is advisable
to obtain a deeper insight into its formation through the
partial reduction of APT. In previous studies, when heating
APT at a rate of 5–10 °Cmin–1, hexagonal ammonium
tungsten bronze readily appeared between 350 and 600 °C
but was accompanied by some other phases (monoclinic,
orthorhombic or hexagonal WO3 in air,[1,2,33–37] tetragonal
hydrogen tungsten bronze, WO2.9, WO2.72 and WO2 in re-
ducing gases[1,2,7,37–40] and X-ray amorphous phase in all
cases). On the other hand, a monophasic, crystalline and/or
partly amorphous hexagonal ammonium tungsten bronze
could be produced when APT was decomposed in a furnace
between 300 and 500 °C in reducing[41–45] or inert gases.[46]

In an attempt to explain the effect of the heating condi-
tions on the partial reduction of APT, we report here our
results obtained by in situ high-temperature powder X-ray
diffraction (HT-XRD) in flowing 10% H2/He on the forma-
tion and thermal stability of hexagonal ammonium tung-
sten bronze. Supported by the results of our HT-XRD mea-
surements and also by earlier studies,[1,2,7,37–46] we have pro-
posed a model for the formation of the title compound
through the partial reduction of APT. In harmony with this
model, HATB has been prepared in a monophasic, highly
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crystalline form and its composition and structure have
been studied by high-precision powder XRD, X-ray photo-
electron spectroscopy (XPS), chemical analysis and solid-
state 1H NMR spectroscopy (1H-MAS-NMR).

Results and Discussion

Formation and Thermal Stability of Hexagonal Ammonium
Tungsten Bronze

On the basis of earlier studies,[43–45] an annealing tem-
perature of 400 °C seemed to be the most suitable for the
formation of the monophasic title compound when heating
APT in a furnace in a reducing gas. This process (fast heat-
ing of APT followed by an isothermal period) has been
modelled by in situ HT-XRD measurements in flowing
10% H2/He.

Straight after (1 min) rapid heating (100 °Cmin–1) of
APT to 400 °C, hexagonal ammonium tungsten bronze,
HATB (ICDD 42-0452), tetragonal hydrogen tungsten
bronze, THTB, HxWO3–y (ICDD 23-1448), and an X-ray
amorphous phase were identified in the XRD pattern (Fig-
ure 1). The 2θ = 23.702° reflection of HATB (I/I0 = 65%)
and the 2θ = 22.980° reflection of THTB (I/I0 = 50%) were
used for semiquantitative phase analysis. The amounts of
crystalline hexagonal bronze and tetragonal bronze were
69% and 31%, respectively (Figure 2). This is much higher
than in the case of heating APT slowly (5 °Cmin–1) to
450 °C, whereby the proportion of HATB was 34%.[47]

Figure 1. In situ HT-XRD patterns at 400 °C after rapid heating
(100 °Cmin–1) of APT in 10% H2/He.
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Figure 2. Amount of the formed crystalline tungsten bronzes from
APT at 400 °C after rapid heating (100 °Cmin–1) in 10 % H2/He.

During consecutive heating at 400 °C, the sample became
more crystalline. This is indicated by the growth in intensity
of reflections from both the hexagonal and tetragonal
bronzes (Figure 1). On the other hand, the ratio of the hex-
agonal phase increased steadily (Figure 2). A further in-
crease in the crystallinity of the sample and the amount of
the hexagonal bronze (80%) accompanied cooling of the
sample to room temperature (r.t.), which followed the 4 h
isothermal heating period.

Our present study, as well as a comparison of earlier re-
sults,[1,2,7,37–46] shows that the heating conditions of APT in
a reducing gas influence the formation of the bronzes, i.e.
formation of the hexagonal bronze is favoured when APT
is heated rapidly whereas for the formation of the tetragonal
bronze, slow heating is favourable. We propose an explana-
tion in terms of structure for this phenomenon.

The structure of APT is basically determined by the par-
atungstate ion, [H2W12O42]10–, which is built up from twelve
WO6 octahedra. These large ions are bound together by
water molecules and ammonium ions.[48] When annealing
APT at 250–300 °C (in fact this is the third main decompo-
sition step of APT[1,2,37]), ammonia and water are released,
structural collapse and rearrangement take place, i.e. some
WO6 octahedra from separate paratungstate ions become
linked together and an amorphous phase is formed.[49] In
this structure, a certain number of water molecules, ammo-
nium ions as well as ammonia molecules are trapped and
therefore cannot be released in this temperature region.
From the amorphous phase, tungsten bronzes and then
tungsten oxides form on further heating at 300–600 °C.

We suppose that the heating rate of APT determines the
process of WO6 octahedra linking and the amount of
trapped molecules and ions. This then also determines the
possibility of the formation of hexagonal and tetragonal
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bronzes. Ammonia molecules and ammonium ions fit in the
hexagonal channels of HATB the best. Therefore, the faster
APT is heated, the more ammonia molecules and ammo-
nium ions (as well as water molecules) are trapped in the
cages between the WO6 octahedra. This results in a higher
proportion of hexagonal bronze.

The growth in the amount of HATB during the isother-
mal period must also be explained. One solution might be
that the tetragonal bronze becomes transformed into the
hexagonal material.[39] The other possibility is that right af-
ter (1 min; Figure 2) the rapid heating of APT, only a part
of the sample crystallised. Since under such circumstances
the formation of the hexagonal phase seems to be favoured,
during the isothermal period, when the other part of the
sample also crystallised, HATB was formed to a greater
extent than THTB resulting in a growth in the percentage
of the hexagonal bronze.

It should be mentioned that we observed only a phase
mixture at all stages of the reaction and that the hexagonal
bronze was accompanied by small amounts of the tetrago-
nal bronze even after 4 h of annealing. We assume that the
difference of the decomposition conditions for APT in a
furnace and in a high-temperature camera may be the
reason why a monophasic HATB finally did not form in
our experiments.

However, we clearly detected that during fast heating and
then during isothermal heating of APT, much more hexago-
nal bronze than tetragonal bronze formed. We also ob-
served that during the isothermal stage the sample became
more crystalline. Our results and assumptions together with
earlier studies[41–46] thus show that when HATB is required
in a highly crystalline, monophasic form, APT has to be
heated rapidly, preferably at 400 °C in a reducing gas, and
kept under these conditions for several hours, which in
practice corresponds to heating APT in a furnace.

It is very interesting that in air formation of the tetrago-
nal hydrogen tungsten bronze was not observed as de-
scribed earlier and that hexagonal ammonium tungsten
bronze was accompanied by an X-ray amorphous phase
and/or by crystalline monoclinic, orthorhombic or hexago-
nal WO3.[1,2,33–37] In this case, oxidation might also have an
effect on the linking process of paratungstate ions, which
should be responsible for the absence of the tetragonal
bronze during the decomposition sequence of APT in air.

Characterisation of Hexagonal Ammonium Tungsten
Bronze

In order to check our model of how highly crystalline,
monophasic hexagonal ammonium tungsten bronze is

Table 1. Recalculation of cell parameters of HATB samples for which d values have been previously published.[8,44,46]

Source Compound a [nm] σa [nm] c [nm] σc [nm]

Ref.[46] ICDD 42-0452 (NH4)0.33WO3 0.7392 0.0002 0.7512 0.0003
Recalculated ref.[46] 0.7391 0.0001 0.7512 0.0002

Ref.[44] (NH4)0.25WO3 0.7388 0.0003 0.7551 0.0006
Recalculated ref.[44] 0.7388 0.0003 0.7550 0.0006

Ref.[8] (NH4)0.1135WO2.9832·(H2O)0.14 0.7389 not given 0.7514 not given
Recalculated ref.[8] 0.7379 0.0005 0.7508 0.0009
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formed through the partial reduction of APT, ammonium
paratungstate tetrahydrate was annealed at 400 °C for 6 h in
H2. The structure and composition of the resultant HATB
sample were determined by high-precision powder XRD,
XPS, chemical analysis and 1H-MAS-NMR spectroscopy.

Characterisation of Hexagonal Ammonium Tungsten
Bronze by High-Precision XRD

XRD analysis showed that the HATB sample contained
only the hexagonal ammonium tungsten bronze phase,
which was identified by the ICDD 42-0452 card in space
group P63/mcm, no. 193.[46] The sample was highly crystal-
line [the signal/background ratio for the (2,0,0) reflection
was 6050 cps/60 cps] and an X-ray amorphous phase was
not detected. Thus, a monophasic, highly crystalline hexag-
onal ammonium tungsten bronze could be successfully pro-
duced by partial thermal reduction of APT, in agreement
with our model.

To check the cell parameter refining program, we recal-
culated the cell parameters of the title compound on the
basis of the measured reflections of HATB found in the
literature[8,44,46] and this showed the reliability of our pro-
gram (Table 1). The slight difference in literature cell pa-
rameters[8,44,46] might have been caused mostly by the differ-
ences in the compositions of hexagonal ammonium tung-
sten bronze samples.[5]

In order to obtain precise XRD data, we used all the
simulated reflections of the P63/mcm, no. 193 space group
for finding and indexing the reflections in the measured
XRD pattern of the HATB sample. The simulated reflec-
tions were calculated with PulverX using cell parameters of
HATB reported by Dickens et al.[44] Deconvolution of
peaks, base line correction, splitting of peaks from Cu-Kα1

and -Kα2 radiation, profile fitting and, finally, correction of
reflections on the basis of an Si internal standard were then
performed. The obtained reflections of HATB are listed in
Table 2.

The following cell parameters of the HATB sample were
obtained: a = 0.7381±0.0001 nm, c = 0.7540±0.0002 nm.

While we could detect all the measurable 77 reflections
of HATB, Kiss et al.[8] observed 49 reflections, Dickens et
al.[44] listed 20 and Volkov[46] detected 25 of them. Interest-
ingly, Kiss et al.[8] reported indices (3,0,1) and (5,0,3), which
are in contrast to the extinction rule of the space group P63/
mcm, no. 193.

Characterisation of Hexagonal Ammonium Tungsten
Bronze by XPS

In tungsten bronzes, the tungsten atoms may appear in
different oxidation states.[1,2] To check this for our HATB
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Table 2. Powder XRD data of HATB.

d [nm] I/I0 [%] hkl d [nm] I/I0 [%] hkl

0.6407 41.4 100 0.1277 0.3 500
0.3771 66.7 002 0.1267 0.4 323
0.3696 17.9 110 0.1257 0.8 006
0.3308 7.5 111 0.1233 0.9 106
0.3246 18.8 102 0.1226 0.9 330
0.3197 100.0 200 0.1220 3.0 413
0.2638 9.7 112 0.1219 3.0 404
0.2439 55.9 202 0.1216 1.5 331
0.2413 2.5 210 0.1210 2.1 502
0.2303 4.4 211 0.1209 1.7 420
0.2132 2.8 300 0.1188 0.5 116
0.2076 1.5 113 0.1170 1.8 206
0.2035 2.6 212 0.1168 1.5 332
0.1885 8.7 004 0.1158 0.9 324
0.1857 2.9 302 0.1152 2.8 422
0.1846 17.0 220 0.1149 2.0 315
0.1808 2.9 104 0.1148 1.5 510
0.1774 4.6 310 0.1136 2.2 511
0.1741 2.0 213 0.1121 0.6 414
0.1726 6.3 311 0.1114 0.2 216
0.1678 2.8 114 0.1105 1.1 333
0.1657 15.6 222 0.1098 0.9 512
0.1624 18.1 204 0.1082 0.2 306
0.1603 6.5 312 0.1066 0.6 600
0.1599 5.1 400 0.1052 0.3 325
0.1484 1.7 214 0.1050 0.2 430
0.1473 6.9 402 0.1045 2.0 513
0.1470 3.1 320 0.1040 0.9 431
0.1450 3.3 313 0.1038 1.5 226
0.1441 0.6 321 0.1035 0.5 117
0.1413 0.9 304 0.1030 0.6 334
0.1400 0.7 115 0.1026 0.6 316
0.1395 0.8 410 0.1025 1.0 602
0.1374 2.5 411 0.1024 0.4 415
0.1367 0.6 322 0.1023 0.4 520
0.1320 7.2 224 0.1018 2.7 424
0.1310 1.1 412 0.1015 0.7 521
0.1292 1.8 314 0.1011 0.1 432
0.1280 0.1 215

sample, the WO3 reference sample was investigated first. Be-
sides O atoms (O1s = 530.7 eV) only WVI atoms were de-
tected (Figure 3a), the W4f values of which (W4f7/2 =
36.9 eV and W4f5/2 = 34.8 eV) were in agreement with ear-
lier results.[27,50,51]

After refining the XPS spectrum belonging to the HATB
sample (Figure 3b), WIV atoms (W4f7/2 = 35.2 eV and
W4f5/2 = 33.2 eV) and WV atoms (W4f7/2 = 35.9 eV and
W4f5/2 = 33.5 eV) were also observed besides WVI

atoms.[52–54] Zhan et al.[32] also investigated a hexagonal
ammonium tungsten bronze sample by XPS but they did
not report the presence of WIV and WV atoms.

Furthermore, in our HATB sample, NH3 molecules (N1s
= 399.7 eV) were also detected in addition to NH4

+ ions
(N1s = 401.9 eV).[50,51] Up to this time ammonia molecules
were only detected in HATB by 1H-MAS-NMR spec-
troscopy[4,5] whereas they were not detected by XPS.[32]

Depth profiling by Ar+ ion sputtering was not informa-
tive because sputtering distorted the structure so much that,
due to oxygen loss, even W0 species (W4f7/2 = 32.5 eV and
W4f5/2 = 30.5 eV) appeared.[54–56]
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Figure 3. XPS spectra of (a) WO3 and (b) HATB.

Chemical Analysis of Hexagonal Ammonium Tungsten
Bronze

In order to determine the composition of the HATB
sample, it was first heated at 800 °C in argon in a Setaram
TG-DTA 92 thermobalance to form WO3–x and was then
heated at 800 °C in air to form WO3. From the correspond-
ing weight changes, the W and O contents of the sample
were calculated. The N content was determined by titration
of the ammonia released when the HATB sample was
heated in nitrogen. The ratio of NH4

+ ions to NH3 mole-
cules was measured by XPS. The total amount of H2O pres-
ent in the sample was calculated by complementing to
100% (m/m). The weight loss of the sample up to 100 °C,
i.e. corresponding to adsorbed water was not taken into ac-
count when calculating the stoichiometry. Thus, the
formula of the HATB sample was determined as
(NH4)0.07(NH3)0.04(H2O)0.09WO2.95. XPS analysis showed
no impurities in the sample.

In the case of HATB samples, for which cell parameters
and d values were published previously[8,44,46] (Table 1), the
chemical analysis of samples was not detailed enough. The
presence of NH3 molecules was not checked in any of the
reports corresponding to refs.[8,44,46] and the rate of re-
duction, i.e. the oxygen index, was not taken into account
in refs.[44,46].

Characterisation of Hexagonal Ammonium Tungsten
Bronze by 1H-MAS-NMR Spectroscopy

Because of the possible presence of some proton-contain-
ing species (NH3, NH4

+, H2O and OH group) in hexagonal
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ammonium tungsten bronze, the HATB sample was also
characterised by solid-state 1H NMR spectroscopy.

In the 1H-MAS-NMR spectrum of the WO3 reference
sample, only a small peak was observed at δ = 0.8 ppm,
which was also noticeable in the 1H-MAS-NMR spectrum
of HATB (Figure 4). Since this peak was also present in the
1H-MAS-NMR spectrum of the sample holder, we could
not check the presence of OH groups on the surface of WO3

and HATB particles.[4,5,57]

Figure 4. 1H-MAS-NMR spectrum of HATB.

In the1H-MAS-NMR spectrum of HATB, the large peak
at δ � 5 ppm seemed to be asymmetric and we could not
fit it properly with one or two but only with three peaks.
The peak at δ = 4.9 ppm was assigned to the ammonium
ions situated in the hexagonal channels, in accordance with
ref.[5] We suppose that the peak at δ = 5.8 ppm is due to
ammonia molecules in the hexagonal channels, an idea
which is also supported by our XPS measurements and also
by earlier results.[5] The peak at δ = 4.0 ppm may come from
water molecules bound to the surface of or inside the
bronze particles.

Conclusions

On the basis of in situ HT-XRD measurements and ear-
lier results,[1,2,7,37–45] we propose that the heating program
of APT influences the process of linking of WO6 octahedra
of paratungstate ions. This probably determines the likeli-
hood, as a result of structural factors, of the formation of
hexagonal ammonium tungsten bronze. Formation of mon-
ophasic hexagonal bronze is favoured the most when APT
is heated rapidly at 400 °C in a reducing gas. On the basis
of this model, the preparation of a highly crystalline, mon-
ophasic HATB sample was successful.

Chemical analysis of the resultant hexagonal ammonium
tungsten bronze sample showed a composition of
(NH4)0.07(NH3)0.04(H2O)0.09WO2.95. The presence of WIV,
WV and WVI species detected by XPS supports the electron-
conducting properties while the presence of NH3 molecules
and NH4

+ ions detected by XPS and 1H-MAS-NMR spec-
troscopy supports the proton-conducting properties of the
title compound. With powder XRD analysis more reflec-
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tions of hexagonal ammonium tungsten bronze were de-
tected than previously observed.

Experimental Section
Ammonium Paratungstate Tetrahydrate: Ammonium paratungstate
tetrahydrate (H. C. Starck GmbH), (NH4)10[H2W12O42]·4H2O
(ICDD 40-1470) was used as purchased (analysis: measured WO3

89.6%, NH3 5.1%; calculated WO3 88.8%, NH3 5.4%). XRD mea-
surements did not show any impurities in the APT sample.

Hexagonal Ammonium Tungsten Bronze: Hexagonal ammonium
tungsten bronze was produced by annealing APT at 400 °C for 6 h
in H2 since, on the basis of earlier results[43–45] and our HT-XRD
measurements, these conditions seemed to be the best for the for-
mation of highly crystalline, monophasic HATB.

Tungsten Trioxide: Monoclinic tungsten trioxide, WO3 (ICDD 83-
0951), was produced as a reference sample for XPS and 1H-MAS-
NMR spectroscopic analysis by heating APT at 600 °C for 2 h in
air. XRD, XPS and 1H-MAS-NMR spectroscopic measurements
did not show any impurities in the WO3 sample.

In situ High-Temperature Powder X-ray Diffraction (HT-XRD): HT-
XRD patterns were recorded with a device consisting of a Müller
Mikro 111 generator, a Philips PW 1710 diffractometer control unit
and a Philips PW 1050 goniometer between 2θ = 10–30° and 20–
26° at (0.02° per 0.5 s) with Cu-Kα1,2 radiation. Heating of samples
was performed in an Anton Paar HTK 16 high-temperature camera
in flowing 10% H2/He. Deconvolution of peaks, base-line correc-
tion, splitting of peaks from Cu-Kα1 and -Kα2 radiation as well as
profile fitting were carried out using Profit for Windows 1.0. The
relative ratio of the crystalline phases was calculated by semiquan-
titative phase analysis.

Powder X-ray Diffraction (XRD): X-ray diffraction pattern of the
title compound was recorded with a Philips MPD 1880 X-ray dif-
fractometer using Si (ICDD 27-1402) as an internal standard be-
tween 2θ = 5 and 100° at (0.01° per 3 s) with Cu-Kα1,2 radiation.
The same program and method were used to obtain the Cu-Kα1

reflections as in the case of in situ HT-XRD experiments. Mea-
sured reflections were indexed on the basis of simulated reflections
of the P63/mcm, no. 193 space group, which were calculated by
PulverX using cell parameters of HATB reported by Dickens et
al.[44] A linear interpolation was made between the deviations of
measured and standard d values at each Cu-Kα1 reflection belong-
ing to the Si internal standard and, using the function obtained
this way, the d values of HATB sample were corrected. The cell
parameters of hexagonal ammonium tungsten bronze were refined
using a gwbasic language program, which used non-linear fitting
(least square of 1/d2, Gauss–Newton–Marquardt method) without
weighting.[58]

X-ray Photoelectron Spectroscopy (XPS): XPS data were collected
with a VG Microtech instrument consisting of an XR3E2 X-ray
source, a twin anode (Mg-Kα and Al-Kα) and a CLAM 2 hemi-
spherical analyser using Mg-Kα radiation. Survey scans were ob-
tained in the 0–1100 eV range with a 20 eV pass energy at 0.4 eV
per 0.1 s. Detailed scans were recorded with a 50 eV pass energy at
0.05 eV per 1.5 s. The spectrometer was calibrated by using the
binding energy of the C 1s line (284.5 eV).

Solid-State 1H NMR Spectroscopy (1H-MAS-NMR): 1H-MAS-
NMR spectra were recorded with a Varian Unity 300 spectrometer
supplied with a Doty XC5 solid-phase 1H head at a rotor spinning
frequency of 4000 Hz in an XC5 insert (special sample holder),
which was set inside an Si3N4 rotor.
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