J Therm Anal Calorim (2009) 98:707-716
DOI 10.1007/s10973-009-0287-x

Phase transformations of ammonium tungsten bronzes

Imre Miklés Szilagyi - Istvan Sajo - Péter Kiraly -
Gabor Tarkanyi + Attila L. Téth - Andras Szabo -

Katalin Varga-Josepovits - Janos Madarasz - Gyorgy Pokol

Received: 20 December 2008/ Accepted: 27 January 2009/ Published online: 12 August 2009

© Akadémiai Kiadd, Budapest, Hungary 2009

Abstract This article discusses the formation and struc-
ture of ammonium tungsten bronzes, (NH4),WO;_,. As
analytical tools, TG/DTA-MS, XRD, SEM, Raman, XPS,
and '"H-MAS NMR were used. The well-known a-hexago-
nal ammonium tungsten bronze («-HATB, ICDD 42-0452)
was thermally reduced and around 550 °C a hexagonal
ammonium tungsten bronze formed, whose structure was
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similar to a-HATB, but the hexagonal channels were almost
completely empty; thus, this phase was called reduced
hexagonal (h-) WO3;. In contrast with earlier considerations,
it was found that the oxidation state of W atoms influenced
at least as much the cell parameters of o-HATB and h-WOs;,
as the packing of the hexagonal channels. Between 600 and
650 °C reduced h-WOj; transformed into another ammo-
nium tungsten bronze, whose structure was disputed in the
literature. It was found that the structure of this phase—
called f-HATB, (NHy)g.001 WO,.70—was hexagonal.

Keywords Ammonium tungsten bronze - Annealing -
Phase transformations - Crystal structure - TG/DTA-MS -
XRD - XPS - Raman - '"H-MAS NMR

Introduction

Tungsten oxides and tungsten bronzes have attracted much
attention in the past decades owing to their promising
physical and chemical properties. They are used as catalysts
[1-3], they are potential candidates for electrochemical
cells (e.g. fuel cells, secondary batteries, photoelectro-
chemical cells) [4-6], they are the most researched mate-
rials for chromogenic (electro- [7-10], photo- [11, 12],
gaso- [13], and thermochromic [14, 15]) devices, and their
application as gas sensors to various gases (NH3, NO,, H,S,
etc.) is also remarkable [16-19].

Ammonium tungsten bronzes, (NH,),WO;_, are par-
ticularly interesting members of tungsten oxides and
tungsten bronzes. Traditionally they are important inter-
mediates in the powder metallurgical production of tung-
sten powder for lamp and hard metal industry [20, 21]. In
addition they have open-tunnel structure, they can
exchange their NH," ions with metallic cations [22-25],
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and they have mixed conductivity, i.e., they can conduct
both protons (because of H' containing species such as
NH;, NH,*, H,O0, OH-group) and electrons (because of
electron hopping between W, W>* and W** atoms) [26].
These unique features make ammonium tungsten bronzes
promising compounds for the several, previously men-
tioned application fields.

The most important ammonium tungsten bronze is o-
hexagonal ammonium tungsten bronze (¢-HATB, ICDD
42-0452). It can be prepared also by hydrothermal [26, 27]
and solvothermal [28, 29] synthesis methods, but the
partial reduction of ammonium paratungstate (APT),
(NH4)10[H2W12042]'4H20 between 300 and 500 °C is the
best way to produce it in a highly crystalline form [30-32].
The structure of «-HATB is built up by corner sharing
octahedra, which form three- and six-sided channels
along the structure [20]. NH,* ions (and NH; molecules
as well) occupy the cavities in the hexagonal channels. If
the channels are completely filled, then x = 0.33 in
(NH,),WO5_,.

The second type of ammonium tungsten bronzes is
formed, if a-HATB is annealed between 400 and 550 °C
[33]. The product is called in the literature hexagonal
tungsten oxide (h-WOj3;, ICDD 85-2460), though this
nomination is somewhat misleading. The structure of
«-HATB and h-WOj; are practically the same, the only
difference is that in h-WOj; the hexagonal channels are
considered to be empty. However, it was shown recently,
that in general the structure of h-WOj; cannot be main-
tained without some stabilizing ions or molecules in the
hexagonal channels [33], which means that the hexagonal
channels of h-WO; are not completely empty. Therefore,
the strictly stoichiometric h-WOj3 does not exist, it is just
an idealized compound, and all h-WO3 samples are in fact
hexagonal tungsten bronzes with very low residual ion or
molecule content. It follows that the h-WOj3 produced from
o-HATB is in real a hexagonal ammonium tungsten bronze
with the same structure as «-HATB but with a very low
NH," and NH; content.

There is a third type of ammonium tungsten bronzes that
has been reported in the literature. This phase appeared
during the thermal reduction of ammonium paratungstate
(APT), (NH4);0[HoW,04,]-4H,0 [30, 34], ammonium
tungstate, (NH4),WO, [35], or «-HATB [36, 37] between
550 and 700 °C. There is not agreement about its structure,
which is indicated by that two different ICDD cards have
been assigned to it. One of the cards describes a tetragonal
ammonium tungsten bronze, (NHy)o.0s WO3(H0).1; ICDD
15-0217), while the other one reports a hexagonal ammo-
nium tungsten bronze, (NHy) 4,WO3 (ICDD 42-0451).

Since ammonium tungsten bronzes have both scientific
and industrial significance, we intended to clear the picture
about their formation, structure and phase transition.
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Recently we have already studied the formation of
o-HATB and proposed an explanation how monophase
oa-HATB could be produced [31]. Based on this we man-
aged to prepare monophase, nanosize «-HATB, whose
structure and composition were analysed thoroughly [31].
Since the other two kinds of ammonium tungsten bronzes
are believed to appear during the thermal reduction of
a-HATB, having a high quality «-HATB precursor allowed
us to study the formation, structure and composition of the
two other ammonium tungsten bronzes. This study was
also encouraged by that there was only one previous report
[24] about the thermal reduction of «-HATB, but it did not
contain structure or composition analyses.

Therefore, we studied the thermal reduction of «-HATB
in 10% H,/He and 10% H,/Ar with simultaneous TG/DTA
and on-line coupled evolved gas analysis (TG/DTA-MS)
up to 900 °C to gain a general insight about the thermal
processes involved. Intermediate solid products were ana-
lyzed by powder X-ray diffraction (XRD). As a result we
observed the formation of the two other kinds of ammo-
nium tungsten bronzes from o-HATB. To get a detailed
view on their composition and morphology, we used X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy,
solid state 'H-MAS (magic angle spinning) NMR spec-
troscopy and scanning electron microscopy (SEM). Finally
as we could obtain the ammonium tungsten bronze, which
had two different ICDD cards (ICDD 15-0217 and
42-0451), in a pure form, it could be decided whether this
phase had hexagonal or tetragonal structure: it was con-
cluded that it had hexagonal.

Experimental section

Monophase, nanosize o-hexagonal ammonium tungsten
bronze, a-HATB, (NH4)o.03(NH3)0.04(H20)0.00WO5.03 Was
prepared by heating ammonium paratungstate tetrahydrate
(APT), (NHy)10[HoW ,04,]-4H,0 in H, for 6 h at 400 °C
[31]. Table I comprises the experimental conditions
(decomposition atmosphere and temperature) for selected
samples prepared from o-HATB.

The evolved gas analytical (TG/DTA-MS) apparatus
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 else-
where [30, 38].

XRD patterns of decomposition intermediates of
oa-HATB were recorded by a PANalytical X pert Pro MPD
X-ray diffractometer equipped with an X’Celerator detec-
tor using Cuk, radiation. For lattice parameter determi-
nation of f-hexagonal ammonium tungsten bronze
(B-HATB) a Philips PW-1830 X-ray diffractometer was
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Table 1 W oxidations states*, amount of NH," and NH; compared to W atoms (x in (NH4),WOj3_,), cell parameters and selected d values for «-HATB, various h-WO3 samples and f-HATB

c/nm VO/nm3 d>po/nm dopo/nm drpo/nm dy1»/nm

a/nm

NH, " 4+ NHy/W

W% Wt W (average

Wot/%

Samples (with annealing
conditions of «-HATB)

oxidation number)

0.2637
0.2648

4.8 5.78 0.12 0.7380 0.7542 0.3557 0.3196 0.3771 0.2438
5.71 0.7395 0.7586 0.3593 0.3202 0.3793 0.2447

12.9

82.3

o-HATB

0.011

15.9 6.8

773

Reduced h-WO;

(10% H,/Ar, 550 °C
h-WO; (Na, 550 °C)

0.2647
0.2647
0.2650

0.2445
0.2444
0.2446

0.3806
0.3823
0.3831

0.3191
0.3179
0.3179

0.3580
0.3568
0.3575
0.3498

0.7612
0.7645
0.7662
0.7568

0.7370
0.7341
0.7341
0.7305

0.010

5.84
5.93
5.95
5.57

4.0

7.9
39
1.8

17.6

88.1

0.025

1.5
14

12.5

94.6

h-WO; (air, 400 °C)

0.019

96.8

h-WO; (air, 470 °C)

0.002

69.9

B-HATB (10% H,/Ar,

650 °C)

* Waf,, peaks (37.1, 36.0, 34.7 eV for W, W, W**, respectively); W4fs/, peaks (35.0, 33.7, 32.8 eV for Wo*, W3, W*F respectively)

used. Corundum, Al,Oz (NIST SRM 676, 0.475919 nm/
1.299183 nm, ICDD 43-1284) was applied as a line posi-
tion standard reference material. Peak positions and
intensities were determined with a full profile fit after
CukK,, strip.

XPS spectra were collected by a VG Microtech instru-
ment consisting of a XR3E2 X-ray source, a twin anode
(MgK,, and AlK,) and a CLAM 2 hemispherical analyser
using Mgk, radiation. Detailed scans were recorded with
50 eV pass energy at (0.05 eV/1.5 s). The spectrometer
was calibrated with the binding energy of the C 1s line
(284.5 eV).

Raman spectra were collected by a Jobin Yvon Labram
instrument attached to an Olympus BX41 microscope.
Frequency doubled Nd-YAG laser (532 nm) was applied
as exiting source with 1 mW applied power. The sample
was located and examined with a 50x objective, thus
individual crystals could be examined (laser spot size was
about 1.2 um). The backscattered light collected by the
objective was dispersed on an 1800 g/mm grating and
detected by a 1024 x 256 CCD detector.

'"H-MAS NMR experiments were carried out on a
VARIAN NMR SYSTEM spectrometer (600 MHz for 'H)
using a 3.2 mm HXY VARIAN/Chemagnetics probe. 'H
chemical shifts were referenced to adamantane
(01 = 0 ppm). All spectra were recorded under the same
experimental conditions. Recycle delays were optimized by
arrayed experiments and proton pulse widths were cali-
brated for each sample to achieve comparability and to
allow quantitation of the components. Sixteen transients
were acquired at 12 kHz spinning rate and a recycle delay
of 20 s was used. Background suppression DEPTH [39]
was employed to remove signals from the probe.

SEM characterization was performed by a LEO-1550
FEG SEM instrument.

Results and discussion
Formation of reduced h-WO;

The simultaneous TG, DTG, DTA curves of the thermal
reduction of o-HATB are presented in Fig. 1. Seven
decomposition steps were observed up to 900 °C, which
are marked on the DTG curve. With evolved gas analysis
the evolution of H,O and NH; was detected (Fig. 1). X-ray
patterns of decomposition intermediates of o-HATB are
shown in Fig. 2.

Up to 250 °C absorbed and chemisorbed H,0 evolved in
two overlapping endothermic reactions (DTG curve, peaks
1-2). From 250 to 650 °C water and ammonia were
released in three overlapping steps (DTG curve, peaks 3-5,
250-450, 450-500, 500-650 °C). The release of NHj
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Fig. 1 Simultaneous TG/DTG/DTA and evolved gas analytical (MS
ion) curves of a-HATB measured in 10% H,/He (130 mL min~’,
10 °C min~', open Pt crucible, 150.9 mg)

below 400 °C was unexpected, because o-HATB was
produced by heating APT at 400 °C in H, [31]. This early
evolution of NH; can be explained either by cracking of
o-HATB samples after their preparation at 400 °C, which
produced new open particle surfaces filled partly with NHj
and NH,". The other explanation is that in a solid state
chemical equilibrium reaction rearrangement of NH, ™ ions
and NH; molecules could have occurred in as-prepared
o-HATB, and due to this from the bulk some part of NH;
and NH, " could have moved onto the surface of «-HATB
particles, from where they could be released below 400 °C.

The release of NH; molecules in three consecutive steps
was explained by that NH; molecules (which originated
from the NH," and NHj; content of «-HATB [22, 23, 31])
came from three different positions of a-HATB particles,
where they were bonded with different strength. In the first
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Fig. 2 XRD patterns of intermediate solid products of «-HATB
decomposed in 10% H,/Ar

step they came from the surface of the particles, in the
second step either from a second surface position or from
the disordered space between the crystallite and in the third
step from the hexagonal channels of the crystallites. We
discussed recently the detection of different cation posi-
tions in «-HATB in detail [33]. More explanations were
considered for the origin of NH;, which evolved in three
different steps, and on the basis of theoretical consider-
ations and experimental results, the explanation above was
found to be the most probable.

Despite the continuous release of NH; and H,O, the
structure of a-HATB (ICDD 42-0452) did not change. At
450 °C the XRD pattern was almost the same as at room
temperature, and by 550 °C only the crystalline order of
the sample decreased slightly. The major difference
between «-HATB and the decomposition intermediate at
550 °C was that the hexagonal channels became almost
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completely empty at 550 °C (shown indirectly by
TG/DTA-MS, and also directly by 'H-MAS NMR as dis-
cussed later). Therefore, to indicate this change and to be
consistent with the literature, this phase was called reduced
h-WOs;.

Characterization of reduced h-WO;

As revealed by XPS, already «-HATB was partly reduced,
as it contained W** and W3 atoms besides W°" atoms
(Fig. 3; Table 1). After annealing in reducing atmosphere
at 550 °C, the ratio of reduced tungsten atoms increased in
the product reduced h-WO;. The reduced state of z-HATB
and reduced h-WOj3; was also supported by their dark blue
colour.

Raman spectra showed that the bands of «-HATB were
quite broad due to the partly reduced state of W atoms
(Fig. 4). Therefore, it was difficult to assign the bands to
certain vibrations, particularly the broad peak below
500 cmfl, which might be deconvoluted into several
deformation and lattice vibrations. The main band at
721 cm™ " and the shoulder at 654 cm ™' can be assigned to
stretching O-W-O modes, but other overlapping peaks
may be also present. The small peak at 988 cm ™' should be
attributed to stretching mode of the terminal W=0 [40].
Though this latter band is characteristic to tungsten oxide
hydrates, this can also appear in a-HATB, because this
compound adsorbs relatively high amount of H,O mole-
cules [41] due to its active ionic surface [22]. In reduced
h-WOs;, as the ratio of reduced tungsten atoms increased,
the Raman peaks became more diffuse.

We measured the amount of NH, " ions and NH; mol-
ecules, which remained in the solid structure, by solid-state
"H NMR spectroscopy (Fig. 5) [22, 23, 31]. After curve
fitting the '"H-MAS NMR spectrum of a-HATB, the peaks
at 4.5 and 5.6 ppm were assigned to NH, " ions and NH;
molecules, respectively. This assignment relies on the
assumption that the peak positions do not interchange upon
morphological changes. The "H-MAS NMR results showed
that due to annealing the amount of NH," ions and NHj
molecules decreased, but they were still present in reduced
h-WO;.

According to SEM analysis, the precursor of a-HATB,
i.e., ammonium paratungstate tetrahydrate (APT),
(NHy)0[HoW,04,]-4H,0 was polycrystalline and con-
sisted of um scale particles. When «-HATB was produced
from APT, the micro-morphology was preserved (Fig. 6a),
but the nano-morphology changed a great deal, because
50-100 nm «-HATB particles were formed as a-HATB
was crystallizing (Fig. 6b). The annealing of «-HATB did
not affect the morphology of the nanoparticles, and reduced
h-WOj; was also built up by aggregated 50-100 nm parti-
cles (Fig. 6c).

(c) B-HATB

Intensity/a.u.

42 40 38 36 34 32 30
Binding energy/eV

Fig. 3 XPS spectra (W4f region) of: a a-HATB; b reduced h-WO;
and ¢ f-HATB

By analysing the XRD data and the composition of
o-HATB and of various h-WO; samples, we concluded that
the oxidation state of W atoms influenced at least as much
the cell parameters of the samples, as the occupancy of the
hexagonal channels. This is significant, since previously
only packing of the hexagonal channels was considered to
be decisive on the cell parameters of h-WO; and «-HATB
(and in general also on the cell parameters of hexagonal
tungsten bronzes) [21]. Besides reducing «-HATB in 10%
H,/Ar (reduced h-WO;5; sample), h-WO;3; samples with
different oxidation states were prepared by annealing
o-HATB in air and N,. In Table 1 the average oxidation
number of W atoms shows the general reduced/oxidized
state of the samples, while the overall amount of NH," and
NHj; gives the occupancy of the hexagonal channels. Only
the sum of NH,* and NHj; is shown, since on the one hand
to estimate the packing of the hexagonal channels both

@ Springer
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Fig. 5 'H-MAS NMR spectra of: (a) «-HATB; (b) reduced h-WO;
and (c) f-HATB

NH," and NH; had to be taken into account, on the other
hand it was difficult to deconvolute precisely the largely
decreased peak at 5 ppm.

It can be clearly seen that as the packing of the hexag-
onal channels in h-WO3; samples decreased compared to
oa-HATB, the c cell parameter increased, which is harmony
with previous results [22]. This is explained by that as there
were less ions or molecules in the channels, their

@ Springer

Fig. 6 SEM images of: a micromorphology of o-HATB; b nano-
grains of «-HATB; ¢ nanograins of reduced h-WOj3; and d nanograins
of f-HATB; e micromorphology of f-HATB—the circle shows the
region from where d was taken

electrostatic contracting effect also decreased, and the
channels expanded along the ¢ axis. However, the ¢ cell
parameter was also influenced by the oxidation state of W
atoms. In case of reduced h-WO;, the increase of ¢ was
significantly smaller then for h-WO; prepared in N,, while
the main difference between these two samples was their
oxidation state, and not the packing of the hexagonal
channels, which was nearly the same.

As a contrast, the a cell parameter was determined
practically only by the oxidation state of W atoms. As W
atoms became reduced in reduced h-WOQO;, compared to
o-HATB, the a cell parameter increased. However, as W
atoms became more and more oxidized (h-WOj3 samples
prepared in N, and air), the a cell parameter decreased.

As a and ¢ changed mostly in an opposite direction, the
volume of the unit cell showed smaller changes, but it was
different for all samples. It is quite interesting that while
the dpoo and dy; reflections followed the change of a and ¢
cell parameters in a self-understandable way, the d,y, and
dy» reflections remained nearly intact, though the com-
position changed a great deal. This is most striking in the
case of dy, for x-HATB and for h-WO; samples prepared
in 10% Hy/Ar (550 °C), N, (550 °C), and air (400 °C).

Formation of -HATB
At the fifth DTG peak (500-650 °C) of the decomposition

of o-HATB (Fig. 1), the evolution of NH;3 and H,O started
as an endothermic reaction (530 °C) similarly as at the
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third and fourth DTG peaks, but soon changed into exo-
thermic. The source of this exothermic heat effect at
590 °C could be explained by the help of XRD patterns. As
oa-HATB was heated, the structure remained practically the
same. Then between 550 and 650 °C the hexagonal
structure collapsed, when most of the stabilizing NHj;
molecules and NH,* ions were purged out of reduced
h-WOj; (the stabilizing effect of these species is discussed
elsewhere [33]). Since here the metastable h-WO; trans-
formed into a more stable compound, this reaction was
exothermic, and it changed the DTA curve into exothermic.
Recently it was found that in oxidative and inert atmo-
spheres the hexagonal WOj structure also collapsed in an
exothermic reaction, but there h-WO; transformed into
monoclinic (m-) WO; [33]. Here, in reductive atmosphere
the hexagonal structure was highly reduced, and this oxy-
gen lacking environment blocked the formation of m-WQOs;.
Instead, the ammonium tungsten bronze with disputed
structure (ICDD 15-0217 and 42-0451) appeared in a pure
form.

Characterization of f-HATB

The fact that we could prepare this phase in a pure form
allowed us to decide, whether it had hexagonal or tetrag-
onal structure. In order to obtain precise powder XRD data,
corundum was used (NIST SRM 676, 0.475919 nm/
1.299183 nm, ICDD 43-1284) as a line position standard
reference material. Peak positions and intensities were
determined with a full profile fit after Cuk,, strip. The
obtained reflections are listed in Table 2. Already, based on
theoretical assumptions, Dickens et al. [42] thought that
this ammonium tungsten bronze should not be tetragonal,
since the inscribed spheres of available cavities were too
small for ammonium ions in the tetragonal tungsten bronze
structure. Now, we tried to index the measured reflections
both in the tetragonal and the hexagonal systems. XRD
patterns were fitted in both systems, and cell parameters
were refined. We obtained a very good fit only for the
hexagonal system. Therefore, analysis of XRD data clearly
showed and gave experimental proof that the measured

Table 2 Powder XRD data of f-HATB, (NH,)g.00iWO2.79

Nr. d/nm 20/° 1o/ % hkl
1 0.3784 23.511 100.0 002
2 0.3163 28.213 30.0 200
3 0.2427 37.043 25.0 202
4 0.1892 48.092 20.0 004
5 0.1624 56.692 15.0 204
6 0.1261 75.353 5.0 006
7 0.1172 82.296 3.0 206

reflections could be indexed on a hexagonal cell and not on
a tetragonal. As a result of XRD analysis, the following cell
parameters were determined for f-HATB:

a = 0.7305 £ 0.0002 nm
c = 0.7568 £+ 0.0002 nm.

The cell could be indexed with ¢ = 0.3784 nm as well,
but the double cell was chosen to ensure consistency with
previous results.

In harmony with Volkov et al. [37] we suggest to call
this phase f-hexagonal ammonium tungsten bronze
(-HATB), B-(NH4),WO5_, in order to distinguish it from
the well-known o-hexagonal ammonium tungsten bronze.
When studying o- and -HATB at the same time, it is
necessary to make a difference between them with greek
letters, but in other cases «-HATB can be called simply
HATB, since it is the most common hexagonal ammonium
tungsten bronze.

We checked the two ICDD cards assigned to f-HATB
by comparing them with the simulated powder XRD pat-
tern of this phase. Volkov et al. [37] detected one more
reflection (d = 0.2864 nm) compared to us, however, this
extra reflection did not fit into the simulated pattern. We
suppose that this reflection might be the result of some
contamination. This is supported also by that even Volkov
et al. could not index this reflection. We think that the
phase Neugebauer et al. [35] observed was also this hex-
agonal phase. They observed two reflections around 48°
instead of one, and three reflections around 57° instead of
one. However, their extra reflections did not even fit into a
tetragonal structure. The reflections of f-HATB around 48°
and 57° might have been not sharp enough by Neugebauer
et al. (they were recording the XRD patterns by a Guinier
camera on a photofilm, which they read by using a pho-
tometer), and thus they could have deconvoluted these
peaks into more reflections than they were in real.

Efforts were made to determine the atomic coordinates of
p-HATB by Rietveld analysis. For the analysis a starting
structure was needed. There was a chance that the structure
p-HATB was similar to that of «-HATB or h-WO;3 (all
structures were hexagonal with similar lattice parameters),
and for both phases there were already published atomic
coordinates. Therefore, we tried to calculate the atomic
coordinates of S-HATB using the previously published
structures of «-HATB [42] and h-WOj5 [43] as initial struc-
tures. The extinction rules allowed several space groups for
the powder XRD of f-HATB. The starting structures of
a-HATB or h-WO;5 were refined in the most propable space
groups (P6/m, P6/mmm, P6/mcm) from the several allowed
ones, and several parameters were varied. However, it turned
out that the structure of f-HATB did not resemble to any of
our initial structural models, and Rietveld results did not
converge to a certain structure in any of the studied cases,
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thus atomic coordinates of f-HATB could not be deter-
mined. In conclusion, as there was no basic structural model
available, the present data were not enough for a proper
Rietveld analysis of f-HATB. Nevertheless, with our results
it was possible to decide that f-HATB had hexagonal unit
cell, which had been disputed for 50 years in the literature.

A solution might be to determine the exact structure of
B-HATB, if it could be obtained in single crystals. This
could be achieved if single crystals of a-HATB were
available, as the morphology does not change going from
o- to f-HATB. However, this requires a novel wet chem-
ical preparation route, since the present route to get
o-HATB (thermal reduction of ammonium paratungstate
tetrahydrate (APT), (NHy)o[HoW,04,]-4H,O [31, 33])
yields only nanocrystals.

Besides its structure, we also investigated the mor-
phology and composition of f-HATB. Note that neither
Neugebauer et al., nor Volkov et al. presented a complete
chemical and morphological analysis of this phase. SEM
study revealed that the morphology of f-HATB was similar
to that of reduced h-WO; and «-HATB (Fig. 6), as
p-HATB was also built up by 50-100 nm aggregated
nanoparticles. Therefore, the change in crystalline structure
between reduced h-WOj3 and f-HATB did not induce sig-
nificant morphology changes.

XPS showed that f-HATB was even further reduced
than reduced h-WO; and «-HATB (Fig. 3; Table 1). The
highly reduced state of the sample was supported by its
dark blue colour, and also by the Raman spectrum (Fig. 4),
as Raman peaks became even broader than by reduced
h-WOj;. Raman also revealed a change in the bonds of
S-HATB compared to reduced h-WOj;. In small amounts
NH, " was still present in f-HATB as detected by 'H-MAS
NMR (Fig. 5) and TG/DTA-MS (Fig. 1).

The composition of f-HATB was determined by com-
bining the results of different measurements. The W/O
ratio was calculated by integrating the W4f and O1s region
in the XPS spectrum. The amount of residual NH,* was
determined by '"H-MAS NMR. As a result, the formula of
S-HATB sample was determined to be (NHy)g 001 WO, 70.
The formula suggests that f-HATB is basically a reduced
tungsten oxide, and the tiny NH," content might have the
role of increasing the stability of the structure—similar as
by h-WO; [33].

Reduction of f-HATB

Between 650 and 800 °C H,O and small amounts of NH3
were released, while f-HATB started to decompose into
y-tungsten oxide, WO, 7,/W 30,49 (ICDD 05-0392,36-0102)
and J-tungsten oxide, WO, (ICDD 32-1393). Between 750
and 800 °C a previously unexplained exothermic DTA peak
was detected (Fig. 1), whose explanation we give below.

@ Springer

During the thermal reduction of APT we observed a similar
exothermic heat effect around 750 °C, which we assigned to
the formation and crystallization heat of WO, 7,/W 3049
[30]. Here the situation was the same as by APT. At first look,
the exothermic heat effect between 750 and 800 °C might be
related to the appearance of either WO, 75,/W ;3049 or WO5,
since the amount of both of these phases increased between
750 and 800 °C. But in the seventh decomposition step
(800-900 °C), where practically only WO, formed, there
was no sharp heat effect, so the exothermic heat effect
between 750 and 800 °C could not belong to the formation of
WO,. Thus, this exothermic heat effect was explained with
the formation and crystallization heat of WO, 7,/W 50 .40.

Finally in the seventh decomposition step (from 800 °C)
H,0 was released as reduction product of tungsten oxides
without any sharp heat effect. The intermediate at 900 °C
consisted of WO, with traces of a-tungsten, W (ICDD
04-0806) and W02A72/W18049.

Conclusions

The formation and structure of all three kinds of ammo-
nium tungsten bronzes, (NHy4)o33_,WO3_, was studied.
When «-hexagonal ammonium tungsten bronze («-HATB),
(NHy4)0.08(NH3)0.04(H20)0.00WO, 93, was thermally reduced
in 10% H,/Ar, NHj left the solid structure between 250 and
650 °C in three overlapping steps. The release of NHj;
below 400 °C was unexpected (because a-HATB was
produced by heating APT at 400 °C in H,). It could be
rationalized either by cracking of «-HATB after its prepa-
ration at 400 °C, or by rearrangement of NH, " ions and
NH; molecules in a solid state chemical equilibrium reac-
tion. The evolution of NH; in three overlapping steps was
explained by that NH; (originated from the NH,* and NH;
content of «-HATB) came from three different positions of
the solid structure.

Around 550 °C the second type of hexagonal ammo-
nium tungsten bronzes formed, whose structure was similar
to «-HATB, but the hexagonal channels were almost
completely empty. To be consistent with literature, this
phase was called reduced hexagonal WO;. By analysing
the XRD patterns and the composition of «-HATB and
various h-WOj3 samples, we concluded that the oxidation
state of W atoms influenced at least as much the cell
parameters of o-HATB and h-WOj;, as the occupancy of
the hexagonal channels. This is significant, since previ-
ously only packing of the hexagonal channels was con-
sidered to be decisive on the cell parameters of h-WOj3 and
o-HATB (and in general also on the cell parameters of
hexagonal tungsten bronzes).

When reduced h-WO3; was heated further, the metasta-
ble hexagonal tungsten oxide framework collapsed in an
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exothermic reaction and transformed into the third type of
ammonium tungsten bronzes. It was disputed whether this
latter phase had tetragonal (ICDD 15-0217) or hexagonal
(ICDD 42-0451) structure. The fact that we could prepare
this phase in a pure form allowed us to decide this question.
By obtaining precise powder XRD data, we concluded that
this phase, f-hexagonal ammonium tungsten bronze
(f-HATB), had hexagonal structure. The composition of
p-HATB was determined more precisely than earlier, and
the following formula was obtained: (NHy4)g 001 WO>.70.

When [-HATB was reduced further between 650
and 900 °C, the formation of reduced tungsten oxides
(WO,.72/W1g049, WO,), and to a small degree that of
tungsten metal was confirmed. We observed that the for-
mation of y-tungsten oxide, WO, 7,/W 3049 Was an exo-
thermic reaction.

Recently it was found that the partial reduction of
ammonium paratungstate (APT), (NHy);o[HoW204,]
4H,0 yields a very high quality, pure and nanosize «-HATB
[31]. In this study it was shown that further reduction of
o-HATB is a fast and facile way to prepare the other two
kinds of hexagonal ammonium tungsten bronzes in nanosize
and pure form for various applications.
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