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The structure and structural evolution of tungstic acid solutions, sols and gels are investigated by high-
resolution electron microscopy (HRTEM). Acidification of sodium tungstate solutions, through a proton
exchange resin, is achieved in a way that ensures homogeneity in size and shape of intermediate
polytungstic species. Gelation is shown to involve polycondensation followed by a self-assembling
process of polytungstic building blocks leading to sheets with a layered hexagonal structure. Single
layers of this new metastable phase are composed of three-, four- and six-membered rings of WOg
octahedra located in the same plane. This is the first time that a 2D oxide crystal is isolated and
observed by direct atomic resolution. Further ageing and structural evolution leading to single sheets of
2D ReOs-type structure is directly observed by HRTEM. Based on this atomic level imaging, a model for
the formation of the oxide network structure involving a self-assembling process of tritungstic based
polymeric chain is proposed. The presence of tritungstic groups and their packing in electrochromic
WO; films made by different techniques is discussed.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Electrochromic tungsten oxide was investigated considerably
for its use as thin films in display devices and smart windows. The
performance of these devices depends strongly on the oxide
structure and microstructure. However, despite extensive struc-
tural studies on films made by solution, sol-gel as well as by gas
phase techniques, the packing of WOg octahedra in these film is
still not elucidated.

Solution chemists were able to identify and characterize
different intermediate polymeric species in solution. However, it
is not clear how these species, which exhibit different atomic
packing, are involved in the formation of extended and less dense
oxide structures [1-3].

Fig. 1 shows, on one hand, the different structures of well-
characterized isopolytungstic species formed in solution after
acidification of tungstate [4] and on the other hand, the structure
of the final hydrated oxide which precipitates as a solid on
lowering the pH [5,6]. The last species which was identified as the
starting point for further polymerization was called /' meta-
tungstic acid which is a protonated form of the so-called
metatungstic acid [3,4,7,8]. These species were suggested to be
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polymeric and consist of compact W30¢3 groups but with ill-
defined degrees of condensation owing to their instability [3]
tetramers of Wg0%5 were also suggested by Lemerle and Lefebvre
to form this acid which is called o [9].

At higher tungsten concentrations, sols then gels are formed
before precipitation of the crystalline phase WOs3 - 2H,0 [6] At the
sol-gel transition, tungsten oxide films can be processed by spin-
coating and investigated for their electrochromic properties [10].
The performances of tungsten oxide films as active electrodes in
display devices depends strongly on the structure and micro-
structure of the oxide films [11-13]. Therefore, the need to
understand the structural evolution of tungstic acid during the
sol-gel transition and formation of the extended oxide network is
also of great importance from the point of view of applications.

By using X-ray diffraction measurements and analysis of the
pair distribution functions (PDFs), Nanba and Yasui were able to
extract interesting structural information for films made by
physical [14] as well as by sol-gel method similar to the present
study [15]. The authors did propose microcluster models for these
films by comparing the observed PDFs with those calculated for
hexagonal W03 and WOs-1/3H,0. The framework structures of
these films was suggested to consist of clusters in which the
octahedra are similarly packed as in hexagonal WOs; (2-3).
A similarity in the structure between both films was found except
for the presence of edge-sharing WOg octahedra in the films made
by wet chemistry [14,15].
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Fig. 1. Scheme showing tungstate pH dependent polymerization. The structures of
some isolated isopolytungstates and a model structure of the final precipitate.

The major obstacle to structural investigations of these
amorphous oxides films is the distribution in structure, size and
shape of the polytungstic species and their ways to polymerize
and aggregate during film formation. Therefore, efforts were
directed to providing homogeneous precursor solutions.

The great advantage of monosized species is their propensity
to self-assemble leading to ordered and relatively stable struc-
tures. In this case, higher quality structural data can be obtained
due to the films stability and larger correlation length. Such high
homogeneity will open the door for the tailoring of film structure
and microstructure. This offers the unique opportunity to
synthesize homogenous films of different packing orders and
examine directly their electrochromic properties.

A previous ionic exchange method [3,10] was modified to
synthesize highly homogenous tungstic acid solutions and
organized gels and films. High-resolution electron microscopy
(HRTEM) was the main technique used to extract information at
the atomic level on the structure and structural evolution of these
tungsten oxide networks.

The synthesis and TEM sampling provide extremely thin
specimens leading to micrographs with a high and correct
contrast. The electron beam suffers little loss as multiple
scattering is minimized, these specimen can therefore be
considered as phase objects. If the images are taken at the
so-called Scherzer defocus, the image contrast reflect the two-
dimensional arrangement of atoms [16].

Since the basic unit in theses systems is the WOg octahedra as
shown in Fig. 1, the structural evolution during the sol-gel
transition and the gel ageing involve changes in modes of linkage

between octahedra and therefore to changes in W-W distances.
The measurement of these distances directly on the HRTEM
pictures and the use of existing knowledge in structural chemistry
allow a satisfactory interpretation of these structures without the
need for image simulation [16].

2. Experimental

Ion exchange reactions were achieved by passing an aqueous
sodium tungstate solution (0.5 mol/l) through a column filled
with a proton resin (Lewatit) [3,10]. Tungstic acid solutions are
obtained drop-by-drop at the bottom of the column creating
differences in growth stages between cluster populations and
therefore a distribution in size, shape and structure. In this
investigation, exchange reaction is achieved by mixing sodium
tungstate solution with a portion of a given quantity of resin
under strong stirring, then filtered quickly under vacuum and
mixed with the next fresh resin portion. This procedure was
repeated three times. A clear yellow solution is obtained which
transforms in about an hour into a transparent yellow gel. During
this ageing of solutions, sols and gels, portions were taken and
investigated by HRTEM.

HRTEM observations were performed using a Philips CM12
microscope with an accelerating voltage of 120kV and equipped
with a super twin lens. Tungstic acid colloids and gels were
deposited a plasma-etched amorphous carbon substrates with
thickness between 20 and 60 A.

3. Results

Fig. 2 shows a series of TEM images recorded during the
evolving sol-gel transition of tungstic acid, during the shrinkage
(syneresis process) and just before precipitation. These are the
steps where major structural changes were observed.

Fig. 2A shows a low magnification TEM micrograph during
gelation. After water evaporation, the dried gel consists of a
continuous three-dimensional network of colloidal particles or
aggregates with dimensions around 10+1 nm in diameter.

At relatively high resolution, Fig. 2B, these aggregates are
themselves formed of smaller almost spherical monosized
clusters with a diameter of around 1nm. These smaller units,
which have a size within the range of an isopolytunstate like
decatungstate or metatungstate form a much more compact
structure. Attempts to obtain HRTEM images were difficult due to
the instability of the particles under the electron beam.

Fig. 2C shows a HRTEM of the gel before any shrinkage and
syneresis. Arrows indicate elongated small clusters with a
thickness around 3+0.3A and a distribution in length between
4 and around 18 A. Arrows 1 and 2 point to clusters which show
clearly a corrugated structure with segment length between 4 and
6 A. These units self-assemble parallel to each other as shown by
arrows shown in Fig. 2C. At this stage, no significant long range
ordering was observed. In addition, the clusters and the structures
investigated seem to be unstable during HRTEM observations.

After 1 day of ageing the gel expels water and begins to exhibit
a lamellar structure. In addition, the sheets observed are well
organized and relatively stable allowing us to record high-
resolution images. Fig. 2D shows a HRTEM micrograph of
polytungstic building blocks stacked in sheets. These building
units have a diameter of about 1nm. The electron diffraction
pattern reveals a hexagonal phase with a = b = 10+ 0.5 A. Arrows
point to structural changes at the edges of the sheets. This can be
induced by dilution required for the TEM sampling or the
beginning of the next restructuration of the sheet.
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Fig. 3. Original HRTEM of a single sheet taking just before precipitation. The same image after Fourier filtering of the noise and a structural model for the new metastable
hexagonal phase.

At this stage of evolution some sheets are relatively stable
allowing HRTEM imaging of a new intermediate metastable
structure of the sheet. In Fig. 3, white spots are arranged in a
regular manner and the measured distances between two
adjacent spots are 3.33, 3.70A and 4.07+0.2A corresponding,
respectively, to adjacent points in six-, four- and three-membered
rings. These distances correspond to the W-W distance where the
WO octahedra are sharing vertices. The extracted distances
between other tungsten neighbors allows a direct correlation
between image contrast and the structure of this intermediate
phase. The structure can be described as octahedra stacked in
sheets, sharing corners and arranged in three-, four- and six-
membered rings. A filtered image and a constructed structural
model of this new hexagonal phase is illustrated in Fig. 3.

In previous investigations, multiple stacked sheets were
observed at low magnification. It was not possible to take high-
resolution micrographs due to the tendency of these multiple
sheets to roll under the electron beam leading to objects similar to
tubes. However, the single sheet of Fig. 3 shows a great stability
during TEM observation. This can probably be explained by the
difference in strength of the interaction of single sheet with the
substrate and sheet-sheet interaction.

Fig. 4A shows HRTEM micrographs of another single sheet.
Arrows point to the appearance of two adjacent four-membered
rings in the middle of the sheet as well as others on the edges.
This packing is illustrated by a model in Fig. 4B.

Fig. 5 shows the breakdown of the hexagonal phase
into smaller polytungstic species leading finally to the pure
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Fig. 5. (A) Arrows point to many small clusters during the breakdown of the hexagonal phase and (B) pure four-membered rings phase observed in the final precipitate.

Fig. 6. HRTEM of stacked sheets during breakdown and precipitation. Arrows
point to corrugated chains.

four-membered rings phase. This step illustrates the precipitation
process to the final oxide hydrate shown in Fig. 5.

These tungstic acids gels are known for their instability. Gel
contraction and syneresis processes are followed by precipitation
of layered tungsten oxides hydrates with the general formula
WOs - 1TH,0 or WOs3 - 2H,0 hydrates. The structure of these oxides
consists of octahedra arranged in infinite layers linked by vertices
and forming exclusively four-membered rings [5,6] (Fig. 1).

Fig. 6 shows the precipitation and breakdown of the hexagonal
phase in a relatively concentrated sample where stacked multi-
sheets were observed. Arrow 3 points to the detachment through

hydrolysis of corrugated chains while arrow 2 points to structures
where only four-membered rings are observed. In the case of
stacked sheets, the contrast is relatively poor compared to Figs. 3
and 4.

4. Discussion

A close inspection of the HRTEM images shows that in many
cases and at a given evolution stage of the gel, single sheets of
tungstic acid gel were successfully deposited on carbon substrates
during TEM sampling. In contrast to multi-sheet specimens, single
sheets were relatively stables for HRTEM observation. The
comparison between Figs. 3 and 4 also suggest that the objects
observed are in fact single sheets. The contrast shown by the four-
membered ring indicated by arrow in Fig. 4 suggests the absence
of others sheet below. Furthermore, during TEM observation,
detachment of small and individual clusters from the sheet edge
shows no presence of other sheets below either but only features
of carbon substrate. This also true for the final precipitate
observed in Fig. 5 where only 2D packing is observed.

However, during HRTEM observations of multi-sheets samples,
changes and instability of the specimen were observed. In
addition to the lack of adherence of stacked sheets to the carbon
substrate, the sheets roll under the beam heat leading to objects
like tubes or needles and sometimes to particles with undefined
shapes.

The thermodynamic stability of these single sheets which can
be seen as 2D crystals can be explained by the bonding and
coordination of tungsten atoms in these sheets. The sheet is built
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up from layers of corner sharing WOs(H,O) octahedra, each
tungsten is surrounded by one terminal oxygen Ot along the
direction normal to the sheet, four bridging oxygen Ob in the
sheet plane and one water molecule at the opposite position to
the W=0 short bond. This coordination remains, in fact, in the
final precipitates WO5 - 2H,0 and WOs - 1H,0 [5,6] where octahe-
dra form only four-membered ring. According to many infrared
and Raman studies on tungstic acid solutions and gels, the
terminal bond W=0 present in isopolytungstates, remains
during all the process of ageing [17-19]. According to Taube and
Ballhausen, this bonding is energetically favorable [20].

To explain the formation of the 2D crystal shown in Fig. 3, a
model is proposed (Fig. 7) by assuming W50g(OH)s(H20)3 as the
primary building unit. These units can condense by elimina-
ting two water molecules and forming WgO14(OH)g(H,0)e con-
taining the four-membered ring. Further condensation of these
species leads to tritungstic chains of general formula Wi
Og6+8n(OH)6+2n(H20)3(n+1) (1 =0, 1, 2, etc.).

According to an ultracentrifugation experiment (mass not
given) the cluster with 24 atoms mentioned in Lemerle’s work
would have W,406,(0OH)20(H30),4 [9] as a possible formula.
In a previous study of  metatungstate, the formula
[W24075(0H);2]'2~ was attributed to the mass found by the same
technique. This anion will correspond to a neutral species
W>4062(0H),20(H20), in aqueous solution.

In the freshly prepared solution, hexatungstate and decatung-
state isopolyanions were also identified by '®W and other
techniques [17,21]. These species were shown to transform into
metatunstic acid consisting of compact trititungstic groups [3,18].
Our observations suggest that acid catalyzed hydrolysis as
shown in Fig. 8, will lead to W5(;,+1)06+8n(OH)g+2n(H20)3(n4+1) type
chains.

The condensation kinetics of these tritungstic groups through
formation of four-membered rings and the length of the
corrugated chains obtained depend on the overall tungsten
concentration (pH in this case) and on the presence of other
cations if acidification is achieved through acid addition. This will
explain the differences in degree of aggregation found for these
species by different authors. Six-fold was found by salt cryo-
scopy [22], 12 by sedimentation equilibrium technique [23] and
24-aggregation was found by ultracentrifugation [24]. The present
HRTEM observations indicate the propensity of these groups to
further condense into chains which in turn self-assemble and
condense in a 2D oxide with four- and six-membered rings as
shown in Fig. 9.

Removal of solvent during the sol-gel processing of films leads
to the stabilization of this phase. These films are generally made
from fresh solutions, containing a mixture of tungstic species.
Aggregation and condensation processes are accelerated during
spin-coating. Additional structural development and mass trans-
fer take place during heat-treatment and water elimination. The
structure of these films was found to be similar to films made by
evaporation techniques [14,15]. It is important to mention that
both types of films undergo structural evolution in high humidity
atmosphere leading to the same final and stable crystalline phase
WOs5-2H,0 [5,25]. At high temperatures, Berkowitz et al. [26]
identified W509, W40, and W50;5 as polymeric species formed
in the gas phase by mass spectrometry. The landing of these
clusters on a cold solid substrate leads to amorphous tungsten
oxide films. Decades ago, the presence of tritungstic groups in
these films was postulated by Arnoldussenn by investigating the
effect of water and analyzing dissolution products. He suggested a
molecular solid model composed of W30g trimers stabilized by
water molecules [27].

In their structural study of both types of films, Nanba et al.
were able to identify the presence of three-, four-, and six-

Fig. 7. Schematic, proposed structure for W305(OH)s(H20)s tritungstic groups as
basic units and their condensation processes leading to corrugated chains then to
sheet.

membered rings, however their technique is limited in extrac-
ting distances for pairs of tungsten atoms. Their model is
based on comparison with only the known tungsten oxide
phases [28].

The direct atomic imaging of the 2D hexagonal phase shown in
Fig. 3 and the formation mechanism discussed in this work
indicate three important findings. (a) Primary building unit for
electrochromic tungsten oxide are planar tritungstic groups
where three octahedra share vertices forming a three-membered
ring. (b) These units prefer to condense forming corrugated chains
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Fig. 8. Schematic, transformation of compact tritungstic groups (edge-sharing
octahedra) by hydrolysis to tritungstic groups with only vertexes sharing
octahedral.

Fig. 9. Schematic, proposed polyhedral model for W306(OH)g(H20)5 tritungstic
groups as basic units and their condensation processes leading to 2D hexagonal
crystal.

with only four-membered rings. These chains condense into two-
dimensional structure leading to four- and six-membered rings.

Depending on the techniques and on the preparations
conditions variations in structures and microstructures,
depend on the populations of clusters landing on the substrate
and their way of aggregation or condensation. The building
up of the oxide network is very sensitive to moisture and
oxygen concentration. This will determine the atomic packing,
cluster or particles sizes and therefore the electrochromic
properties. This study shows the metastabililiy of these inter-
mediate phases. Water attack network bond (hydrolysis) leading
to dissolution, restructuration and crystallization. The high
concentration of water present in pores and between sheets
explains the high kinetics compared to xerogel films or evaporated
films.

5. Conclusion

The structural evolution of tungstic acid solution during
the sol-gel transition, gel ageing and finally during precipitation

using HRTEM is shown. The direct imaging of the clusters which
self-assemble into a new intermediate hexagonal phase was
achieved. The clusters with the formula W30g(OH)g(H20)3
condense into corrugated chains leading to 2D crystals. These
stacked 2D crystals exfoliated during TEM sampling allowing, for
the first time, atomic imaging of a 2D oxide crystal. The structural
evolution and the precipitation to the known oxide hydrate are
successfully imaged. It is clearly shown that on one hand, the local
structure in the gel is different from the precipitate. On the other
hand, the packing of the octahedra is different from most
isopolyanions and most tungsten oxide phases identified to date.
A new metastable phase was made and identified by controlling
the homogeneity of the precursor solutions. Finally, a formation
mechanism is proposed.
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