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WOs films were obtained via evaporation-induced self-assembly (EISA) using ionic surfactants such as long-
chain ionic liquids 1-hexadecyl-3-methyl imidazolium chloride and bromide (C;gmimCl and C;gmimBr,
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respectively) and cetyltrimethylammonium chloride and bromide (CTAC and CTAB, respectively) as
additives. Owing to the presence of the ionic surfactants, WOs films crystallize in a preferred orientation
along the a-axis on different substrates, as evidenced by X-ray diffraction. WOs films with this

orientation show improved electrochromic properties when compared to films with a lower degree of
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1. Introduction

The synthesis of inorganic crystalline nanostructures with control
over size, shape and morphology of the final material represents an
important issue in nanoscience. In this context, the preferred growth
of matter in one or two dimensions, as accomplished in quantum
dots (0D), nanowires and nanotubes (1D) or quantum wells (2D), has
opened a new research field of both fundamental and technological
interest. The physical properties of such anisotropic, nanoscopic
materials often differ from those of polycrystalline materials (e.g:
melting point, conductivity, magnetism, optical performance).'*

In the past few years, novel concepts for manipulating the
nucleation and crystallization of inorganic structures from solution
have been discovered and developed, especially for metal
oxides. One very appealing strategy is the utilization of soft
matter, ie. surface-active agents and polymers, for direct nucleation/
crystallization, used by Nature in biomineralization processes.®
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crystallographic orientation, prepared in an analogue fashion.

Recently, oxide nanoparticles with oriented crystallites were achieved
by means of “oriented attachment”.* In essence, it was found
that the interaction of organic compounds with the growing
inorganic material not only limits the crystallite size, but also
leads to the preferred orientation and the preference of other-
wise unusual or thermodynamically unstable modifications.
Further insights into such unusual crystallization processes
were recently described by Colfen and Antonietti.>”®

While these examples mainly involve powders or monolithic
materials, the preparation of a thin film of metal oxides with
oriented crystallinity, however, is not straightforward using
solution-based chemistry. Crystalline films of metal oxides with
a preferred orientation are usually synthesized via deposition of
molecular species from the gas phase,® such as by pulsed laser
deposition or molecular beam epitaxy, or from the liquid phase*®
onto single-crystalline substrates. The idea of these procedures is
to grow the crystals in a direction corresponding to the exposed
lattice plane of the substrate. Thereby, the lattice parameters of
the substrate match those of the oxide, a relationship which is
generally referred to as epitaxy. The term “soft epitaxy”’ has only
recently been introduced for solution-based orientational growth
of metal oxides on arbitrary substrates via EISA.'* In this case,
nucleation and crystallization are influenced by the presence of
polymers, block copolymers or ionic surfactants. So far, only
films of transition metal oxides with a highly anisotropic unit
cell have been obtained with a preferred orientation, e.g. MoO3,
Ta,05 and MgTa,06. '™ It was indeed shown for MoO; that
the preferred orientation combined with defined mesoporosity
results in improved electrochemical properties (Li-storage) in
comparison to films of polycrystalline MoO;."> These few
reports mainly described mesoporous materials prepared using
block copolymers. The preferred crystallization was attributed to
the combination of the anisotropy of the unit cell and a layer-like
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make-up of the crystal structure present in the aforementioned
oxides. It had thus remained unclear if the preferred crystalline
orientation can also occur with metal oxides possessing a less
anisotropic unit cell. Furthermore, the role of the surfactant
has not been systematically investigated.

In this work, using an analogue approach, crystalline WO,
films are prepared by a sol-gel chemistry procedure analogous to
the EISA process under the influence of ionic surfactants such as
the long-chain ionic liquids C;smimCl and C;smimBr as well as
the ionic surfactants CTAC and CTAB. Even though the unit cells
of monoclinic and orthorhombic WO; are nearly isotropic, the
layer-like make-up of the unit cell with its anisotropic polariz-
ability was studied with respect to oriented crystal growth
relative to the surface. We thus addressed the question if a
possible preferred orientation is correlated with the energy of the
planes, taking into account of the fact that the (001) surface is
the lowest energy surface for monoclinic tungsten oxide.™

Tungsten oxide films have been studied for many years
with respect to application such as electrochromic devices for
self-coloring windows (“smart windows”) in energy efficient
buildings,">'® antidazzle mirrors and thermal emittance in
temperature control devices.'” In fact, in comparison to other
electrochromic materials, tungsten oxide is by far the best
studied and most promising candidate.®

The influence of numerous parameters on the electrochromic
performance of sol-gel derived tungsten oxide films has been
investigated in detail; among them are the annealing procedure
and the coating process (spin coating vs. dip-coating),"”® meso-
porosity®® > or humidity during the deposition process.** However,
even though the orientation effects have been observed, a direct
comparison between the electrochromic properties of crystallo-
graphically oriented and non-oriented sol-gel derived films has
not yet been undertaken. In the course of this study, we
succeeded in synthesizing both -crystallographically weakly
oriented and oriented WO; films through a sol-gel based coating
under similar conditions (e.g. same precursor, analogue deposi-
tion procedure and temperature treatment). This enabled us to
study the influence of the preferred orientation on the electro-
chromic performance of WO; films.

Here, we report the synthesis of WO; films with a preferred
orientation obtained via EISA using ionic surfactants as addi-
tives and their physico-chemical characterization. The crystal-
lization and preferred orientation were further studied by X-ray
diffraction (XRD) in combination with the Rietveld refinement
and 2D-XRD analysis. The atomic composition of the surface
and the chemical state of the tungsten oxide were confirmed by
X-ray photoelectron spectroscopy (XPS) measurements. The
electrochemical behavior of the films was studied in detail by
temperature-dependent multistep chronoamperometry.

2. Experimental techniques
2.1. Preparation of WO; films

The ionic surfactants CTAC and CTAB were purchased from
Sigma-Aldrich and used as received. The ionic liquids C;smimCl
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and C;gmimBr were prepared via a reported strategy.”* For the
preparation of the WO; films, 0.2 mmol of surfactant were
dissolved in 3 ml of ethanol. Also, a solution of 0.5 g (1.3 mmol)
of WClg in 3 ml ethanol and 1 ml THF was prepared. After
complete dissolution of both solutions, they were combined
and stirred for 14 h. The deposition by dip-coating was carried
out at a speed of 7 mm s~ " at a relative humidity of 5-10%. The
films were dip-coated onto FTO-coated glass. The freshly pre-
pared films were kept at 300 °C for 12 h. Calcination aimed at
material crystallization was performed in air at a heating rate
of 7.5 °C min~ ", up to 560 °C, 570 °C and 585 °C. The films have
a thickness of 180 nm, as determined by profilometry.

2.2. Analytical methods

WAXS experiments in Theta-2Theta geometry were conducted
using a D8 diffractometer from Bruker Instruments (Cu K,
radiation, Z = 0.154 nm). Alternatively, an Enraf-Nonius PDS-120
powder diffractometer in reflection mode, equipped with an
FR-590 generator as the source of Cu K, radiation, was used.
Monochromatization of the primary beam was achieved by
means of a curved Ge crystal. Scattered radiation was measured
using a Nonius CPS120 position-sensitive detector. The resolution
of this detector in 2@ is 0.018°. The Rietveld refinement was
performed using the programme FULLPROF.> The phase compo-
sition of the investigated compound was determined from the
refined values of scale factors using the Hill and Howard
approach.”® The profile function was chosen to be the modified
Thompson-Cox-Hastings pseudo-Voigt (TCH pV) method,
allowing a straightforward size analysis. In this approach, we
assumed that the line-broadening of the deconvoluted profile
was attributable solely to the small crystallite size. The values
of half-width parameters U, V, W and X were kept constant
at instrumental values determined by using the crystalline
standard LaBs. The background profile was modelled by cubic
interpolation of predetermined background points with refin-
able heights. In the final run, a total of 62 parameters were
varied including lattice parameters, zero point of detector,
background heights and profile parameters. The quality of
Rietveld refinement was evaluated in terms of the discrepancy
factor (profile weighted residual error), Ry, and the goodness-
of-fit indicator, GoF. Crystal structures were drawn using the
programme VESTA.*”

XPS spectra were run on a Perkin-Elmer ¢#5600ci spectrometer
using standard Al-K, radiation (1486.6 eV) working at 350 W. The
spectrometer was calibrated by assuming the binding energy (BE)
of the Au 4f;), line to be 83.9 eV with respect to the Fermi level.
The standard deviation of the BE values was 0.15 eV. The reported
BE values were corrected for the charging effects, assigning the
BE value of 284.6 eV>® to the C1s line of the carbon contaminant.
Survey scans (187.85 pass energy, 1 eV per step, 25 ms per step)
were obtained in the 0-1300 eV range. Detailed scans (58.7 eV
pass energy) were recorded for the O1s (0.1 eV per step, 50 ms per
step), C1s (0.1 eV per step, 50 ms per step), W4f (0.05 eV per step,
200 ms per step) and W4d (0.1 eV per step, 100 ms per step)
regions. The atomic composition, after Shirley type background
subtraction,® was evaluated using sensitivity factors supplied
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by Perkin-Elmer.*® The depth profile was carried out by Ar"
sputtering at 2.5 kV with an Argon partial pressure of 5 x 10™° Pa.
A specimen area of 2 x 2 mm? was sputtered. Samples were
introduced directly into the XPS analytical chamber by a fast
entry lock system. The assignment of the peaks was carried out by
using the values reported in ref. 30 and 31.

Krypton sorption measurements were conducted at 77 K
using an Autosorb 1 from Quantachrome GmbH. The films were
degassed at 150 °C prior to the sorption measurements.

The electrochromic properties of the WO; films were investi-
gated using the films on FTO-covered glass as working electrodes,
a silver wire as the reference electrode and Pt as an auxiliary
electrode. As electrolyte solution, 1 M LiClO, in propylene carbo-
nate was used. The potential range was determined to be +1 V vs.
Ag using an Autolab 12 potentiostat/galvanostat from Eco Chemie
and using GPES software for collection and analysis of data.

Transmission electron microscopy (TEM) investigations were
performed using a CM3OST microscope (Philips; LaBs cathode,
operated at 300 kv, point resolution of 2 A).

3. Results and discussion

3.1. Characterization of WO; films

Fig. 1 shows the results of the electron microscopy study of an
oriented WO; film treated at 585 °C. The TEM image (Fig. 1(a))
displays a loose packing of nanoparticles. Selected-area electron
diffraction (SAED) and high-resolution TEM (HRTEM) analyses
confirm the high crystallinity of the sample (see Fig. 1(b) and (c)),
respectively. The obtained SAED pattern exhibits a non-uniform
azimuthal distribution or Debye-Scherrer rings superimposed
with some discrete Laue spots. Such findings indicate a rather
inhomogeneous grain size distribution of the film including the
departure from spherical crystal morphology.

In Fig. 2(a), XRD patterns of WO; films prepared with C;smimCl
obtained after annealing at 565 °C, 570 °C and 585 °C are shown.
The film treated at 565 °C is still completely amorphous, indicating
that the crystallization of the films starts only at temperatures above
ca. 570 °C. The phase identification and reflection assignment
are not straightforward from the XRD analysis due to several
factors. Owing to the preferred orientation effect, certain reflec-
tions show decreased intensity (if compared to an ideal poly-
crystalline material), while others are enhanced. In addition to
that, the XRD patterns of monoclinic and orthorhombic WO,
are very similar, differing mainly in the peaks that are masked

_

Fig. 1 Characterization of oriented WOs films via electron microscopy
after temperature treatment at 585 °C; (a) TEM image; (b) SAED pattern of
the same area; and (c) HRTEM image.
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Fig. 2 (a) XRD pattern of thin WO3 films treated at 565 °C (a), 570 °C (b)
and 585 °C (c). (b) XRD pattern of WOs scratched off films annealed at
570 °C. The assignment of the peaks according to results of the Rietveld
refinement represents the monoclinic polymorph (black indices) as well as
the orthorhombic polymorph (underlined black indices).

due to the oriented growth. Moreover, the orientation effect is
weak, so that not the whole XRD pattern is affected. In order to
explore and quantify the aforementioned crystallographic features,
Rietveld analysis of the corresponding XRD patterns of WO,
was carried out. The results of the analysis performed for two
crystalline WO; films (treated at 570 or 585 °C) are summarized
in Table S1 in the ESL. Both samples present monoclinic (space
group P2,/n) as well as orthorhombic (space group Pmnb) WO;
phases, although in different proportions, with high prevalence
of the orthorhombic one. This is even more pronounced at the
annealing temperature of 585 °C, where the material consists
almost entirely of an orthorhombic (95.9 wt%) phase of WO;.
Such findings are in agreement with the structural stability and
the phase diagram of WO; thin films produced by laser ablation:
monoclinic — orthorhombic — hexagonal. The first reported
transition occurs at 350 °C, while the second one begins at
500 °C.** The calculated average crystallite sizes are in agree-
ment with the expected influence of annealing temperature,
i.e. films treated at higher temperatures show larger crystallites,
as particularly evidenced for the monoclinic phase. Finally, an
important issue deduced from the Rietveld analysis of XRD
patterns is the presence of the preferred orientation effect,
being in line with our previous observations. Such an effect is
confirmed by the XRD pattern recorded for films scratched off
the Si-substrate. In this case, the masked 020 and 002 reflec-
tions of monoclinic WO; or orthorhombic WO; are present (see
Fig. 2(b)). Therefore, in the Rietveld refinement we assumed
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that the WO; nanocrystals are preferentially oriented to the thin
film plane in the [200] direction, ie. along the a-axis. This
assumption was supported by the fact that all calculated XRD
peaks matched well with the experimental pattern applying
Rietveld refinement that included a parameter for the preferred
orientation (Fig. 3). However, the orientation effect is rather
weak, since measurements in asymmetric reflection (rocking
curve) do not reveal a sharp peak as expected for pronounced
orientation. The degree of preferred orientation can be quantified
by comparison of values of preferred orientation parameters
(exponential coefficient in the preferred orientation correction
function) from Table S1 (ESIt). It can be seen that despite being a
minor phase in the prepared films, the monoclinic polymorph
exhibits a higher preferred orientation compared to the ortho-
rhombic one. In addition, XRD experiments were performed in
grazing incidence geometry using a 2D detector, in order to study
the preferred crystallographic orientation (see ESLt Fig. S1). The
observed 2D XRD pattern of a sample heated at 575 °C shows an
anistropic intensity distribution for the reflection, i.e. a signifi-
cant deviation from Debye-Scherrer rings. Thus, these data also
point to a weakly preferred crystalline orientation. A preferred
orientation can also be observed when using other ionic surfac-
tants differing only in the head group, e.g. CTAC and CTAB as
well as using different counterions, e.g. C;gmimBr.

However, the degree of preferential orientation is lower com-
pared to IL surfactants, as indicated by differences in the relative
intensity of the 020 reflections in XRD (see ESL Fig. S2). Varying
the concentration of the IL surfactant in the starting solution does
not alter the degree of orientation, but a preferred orientation can
be achieved already at a quite low concentration of the surfactant.
The presence of these surface-active agents alone even at a low
concentration directly leads to the oriented growth of the crystal-
lites on the surface, which is in line with previous studies.""

The surfactant thus exerts an interesting effect on the crystal-
lization of tungsten oxide. First, crystallization is inhibited (crystal-
lization of tungsten oxide using sol-gel precursors usually starts
at lower temperatures, around 400 °C). Moreover, heat treatment
involves orientation effects, exposing the (100) surface, even
though the unit cells of monoclinic and orthorhombic tungsten

Intensity (a. u.)

TR T YT TR T
AL R TN T

20 30 40 50 60 70 8 90 100

2Theta (deg.)
Fig. 3 Rietveld refinement of XRD data for a WOz sample treated at
585 °C (Rwp = 6.1%). The observed (red) and calculated (black) intensities,
and their difference curve (blue) are shown. In addition, the calculated
Bragg positions of the monoclinic (1. Row)-WOsz and orthorhombic
(2. Row)-WO3 are indicated by vertical ticks.
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oxide are only slightly anisotropic. Interestingly, such effects
were not observed when WO; films were prepared via a similar
procedure using the block copolymer KLE (poly(ethylene-co-
butylene)-block-poly(ethylene oxide)) as a template,>***
though orientation effects on other transition metal oxide films
with anisotropic unit cells have been observed using KLE."" The
orientation due to the presence of surface-active agents in the
case of metal oxides with anisotropic unit cells was attributed to
the balance between the interfacial energy of the surface and the
oxide, increased mobility due to surfactant lubrification, and
finally screening of the induced polarization on the polarisable
oxide by a polar substrate. The first two arguments can also be
applied to the orientation of tungsten oxide by ionic surfactants.
Due to the low structural anisotropy (as visible in Fig. 4, both WO,
polymorphs exhibit almost cubic-like crystal structures), it seems
that the electric polarization of tungsten oxide will be rather
isotropic. However, the measurement of optical properties per-
formed on orthorhombic single WO; crystals revealed a high
birefringence An = 0.42.3* Moreover, WO, belongs to the class of
biaxial crystals characterized by three refractive indices corres-
ponding to three principal axes of the crystal (12, = 2.703, ng = 2.376,
and n, = 2.283). The birefringence of WO; can be accounted for on
the basis of an anisotropic molecular electronic polarisability.
Hence, the third argument, the screening of the induced aniso-
tropic polarization by a polar substrate, plays an important role in
the observed preferred orientation of WO; films. We ascribed
therefore the improved orientation in the present case to the
stronger ionic interaction of C;smimCl and CTAC. This observa-
tion is in agreement with the recently described orientation effects
of WO; nanocrystals on BF, -ions.** The authors attributed the
preferred orientation along the z-axis to adsorption of BF,  ions
onto the (001) facet. We assume that in our case, the presence
of a surfactant and the low concentration of negatively charged
ions, in comparison to the work of Zhang and coworkers,
produce a different orientation effect. On examining the unit
cells of monoclinic and orthorhombic WO; (see Fig. 4), the
tungsten atom density is found to be the lowest on the (100)
facet. The lengths of the unit cell are nearly equal for all three
sides (see Table S1, ESIT), with the a-axis being shorter than the
b- and c-axes. Therefore, the (100) surface has the lowest density
of atoms. Thus, the screening of charges by the ionic surfactant
attached to the substrate (e.g. glass or Si wafer) is facilitated for
the WO; surface with the lowest density of atoms due to spatial
resolution, avoiding repulsion between the head groups of the
surfactants. The preferred interaction between the surfactant
and the (100) surface results in a preferred growth on the
substrate, along the a-direction.

The surface and in-depth compositions of the films treated
at 570 °C were analyzed by XPS to obtain information on the
oxidation state, the chemical environment as well as the surface
and in-depth distribution of the species. To this latter aim, we
performed some sputtering-analysis cycles on the surface of the
films. The survey spectrum plotted in Fig. 5(a) refers to the sample
after 20 minutes of sputtering and evidences the presence of W,
O and C. The O/W atomic ratio of the surface is 4, higher than
that expected by the stoichiometry of the title compound (i.e. 3)

even

Phys. Chem. Chem. Phys., 2015, 17, 18138-18145 | 18141


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp01869b

Open Access Article. Published on 27 May 2015. Downloaded on 12/9/2025 12:40:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

View Article Online

Paper

Fig. 4 Unit cell of orthorhombic (top row) and monoclinic (bottom row) tungsten oxide shown with orientation along the a-axis, b-axis and c-axis (from

left to right).

since oxygen is also present as a contaminant. Accordingly, the
atomic percentage of adventitious carbon is also high (88 at%),
whereas after mild sputtering it is noticeably decreased to
23 at%. Upon sputtering, the W/O atomic ratio also decreases
due to the preferential sputtering phenomenon involving oxygen,
which in turn determines a relative enrichment of W on the
exposed surface of the film. In Table 1, the atomic percentages
of the species in the sample calcined at 570 °C are reported at
different sputtering times.

The films contain no other impurities such as chloride species
from the precursor, revealing an overall high purity of the film.

Concerning the chemical state of the two main species, i.e.
oxygen and tungsten, the former has BE values ranging between
530.4 and 530.7 eV, according to the different points sampled by
performing the depth profile. These values are not diagnostic for
the type of oxygen involved since the BE values of both WO,
(530.3-530.8 eV) and WO, (530.4-530.8) are similar.>> The Waf
region of tungsten (see Fig. 5(b)) is instead characterized by
different BE values on the surface and in the inner layers emerged
after sputtering. On the surface, the value is 35.3 eV, which is in
agreement with the one reported for WO; (35.3-35.8 eV);>
furthermore, the W4f doublet is symmetric and consists of only
one component, ascribed to W', whereas the presence of further
oxidation states could be ruled out. Also the value of the W4d;,
region, i.e. 247.0 €V, is in good agreement with data reported in the
literature for WO;, whereas the value of W would be remarkably
lower (i.e. 243.5 eV).>® Nevertheless, already after the first cycle of
sputtering, a considerable broadening was observed (data not
shown) which can be traced back to the copresence of different
oxidation states (WY, W" and W"). This reduction and the
presence of tungsten in a lower oxidation state are likely not
intrinsic in the sample, but rather determined by the already
mentioned preferential sputtering of oxygen, which in turn deter-
mines the formation of an understoichiometric amount of oxygen
around tungsten. It is well known from the literature that ion

18142 | Phys. Chem. Chem. Phys., 2015, 17, 18138-18145
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Fig. 5 XPS analysis of a crystalline WO3 film after heat treatment at
570 °C. (a) Survey spectrum. (b) High resolution spectrum of the W4f
region on the surface of the film, before sputtering (data not corrected for
charging effects).

bombardment on oxides and WOs;, in particular, can cause
reduction to lower stoichiometric and non-stoichiometric oxides,
due to the preferential sputtering of oxygen. Driscoll et al.*®
reported that surface sputtering of thermally evaporated WO,
films determines the formation of an altered layer composed of
W, WO,, and WO, (with x = 2.6), and the presence of low binding
energy features has already been observed in crystalline WO;
exposed to Ar” bombardment.*® On the basis of this consideration,
the original presence of WO; can reasonably be assumed.
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Table 1 Atomic fractions of different species upon sputtering of the film
calcined at 570 °C

Sputtering time (minutes) O (%) W (%) C (%) wW/O
0 9.1 2.2 88.7 0.2
10 38.8 38.4 22.8 1.0
20 36.6 33.5 29.9 0.9
40 45.7 37.1 17.2 0.8

Krypton sorption analysis shows that a substantial amount
of krypton is adsorbed by the films (see Fig. 6), indicating
mesoporosity with an average pore size around 3 nm, as
determined by BJH analysis on the adsorption branch. How-
ever, the analysis contains quite a large margin of error, since
the evaluation method is based on nitrogen sorption thermo-
dynamics. Besides, the specific BET surface area cannot be
determined as the exact amount of WOj; used in the analysis
can only roughly been estimated.

3.2. Electrochromic properties

The electrochromic performance of WO; is influenced by
several factors, e.g. the morphology, porosity and crystallinity.
With respect to application as self-coloring windows or charge
storage, the impact of temperature variations and long-term
stability is also of interest. Therefore, in the following, the
influence of crystallinity, temperature and time on the electro-
chromic properties of the oriented C;smimCl-templated WO,
films is studied and compared to non-oriented films prepared
under analogous conditions using a block copolymer.>* Films
treated at 560 °C (film a), 570 °C (film b) and 585 °C (film c)
were investigated. The experiment was conducted by adopting
the following procedure: initially, the films were cycled at 20 °C
for 130 min, then at 50 °C and 70 °C for 100 min each and
finally again at 20 °C. As can be seen in Fig. 7, the charge
insertion depends on the temperature and the annealing
temperature of the films. At the beginning, insertion is not a
stable process, which is often observed due to electrode effects.

The high current exchange of the amorphous film in com-
parison to the crystalline films can be explained by facilitated
Li-insertion into the amorphous structure. In crystalline films,
the energy barrier for Li-insertion increases due to the presence
of crystallites.”” At elevated temperatures, the current exchange
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Fig. 6 Krypton sorption adsorption branch of WOs films treated at
400 °C. The measurement was performed at 77 K.
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Fig. 7 Temperature dependence of the charge insertion into WOs films
treated at 560 °C (filled squares), 570 °C (filled triangles) and 585 °C (open
circles).

of Li is higher in all cases while stability and reversibility are
maintained. This higher current exchange can be partially
explained via accessibility of less favored sites at elevated tempera-
tures and a better contact between the ITO-substrate and the WO,
film, resulting in enhanced electron transport across the interface.
Another important aspect in this context is the stability upon
heating and cooling. After heating to 50 °C and 70 °C and cooling
to 20 °C, the films exhibit the same behavior as before heating,
which is an important feature with respect to application.

In Table 2, the characteristic times of coloration and bleaching
at different temperatures are summarized for all three films. The
characteristic time is defined as the time needed to reach 90% of
the coloration maximum or minimum. Coloration/bleaching
is the quickest for the amorphous film at all temperatures.
However, after 400 min of heating and cooling, the amorphous
film shows a significant increase of the characteristic time,
demonstrating the instability of the long-term performance of
the film. The increase of the characteristic time in the case of
film b can be explained when considering that more charge is
inserted at elevated temperatures (see also Fig. 7). Finally, film c
shows rather a large discrepancy between the characteristic
time of coloration and bleaching - bleaching of this film occurs
extremely rapidly.

Since upon increasing the temperature the charge density
also increases, it is reasonable to calculate the rate of reduction v,
where v is defined as

V=gt )

Table 2 Characteristic time of coloration and bleaching of WO3 films
treated at different temperatures

Teol (Thi)/s Teol (To1)/S Teol (To1)/s
Time/min Temperature/°C  of film a of flmb  of filmc
100 20 12 (12) 15 (15) 24-27 (9)
200 50 12 (15) 30 (30) 21 (9)
250 70 12 (12) 36 (30) 18-21 (6)
400 20 15-20 (15-20) 12 (9) 21-24 (9)

Teo Characteristic coloration time; 7p,: characteristic bleaching time.
The characteristic time is defined as the time needed to achieve 90% of
the coloration maximum/minimum. Film a: calcined at 560 °C; film b:
calcined at 570 °C, and film c: calcined at 585 °C.
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with g, the charge density, and ¢, the time needed for oxidation/
reduction. All three films show an increasing reduction rate
with increasing temperature (see ESIT).

Another interesting feature to be considered is the colora-
tion efficiency CE. The coloration efficiency is defined as the
change in the optical density OD relative to the amount of
charge ¢q inserted per square centimeter.

CE = AOD/q (2)
with
AOD = 10g(Iox/I'red) = AbSpeq — Absox (3)

and I', the optical transmittance in the oxidized or reduced state,
respectively.*® The coloration efficiency is the lowest for the amor-
phous film a, and nearly three times higher for films b and c (see
Table 3). This observation further confirms the recently reported
higher coloration efficiency of crystalline films as compared to
amorphous sol-gel derived films,”*?° and is even more pronounced
for the present films. Finally, in Table 4, the charge reversibility of
the films is presented. All films have a high charge reversibility of
about 95%, with film a being most stable upon temperature
changes. In fact, such a high reversibility for amorphous films is
surprising, since usually ion trapping occurs in amorphous net-
works.***" The performance of the amorphous film might be due to
the high annealing temperature of 560 °C and the related low water
content. Usually crystallization of WO; occurs at lower temperatures,
therefore amorphous films annealed at such high temperatures
as 560 °C have not been studied yet. Moreover, the amorphous
film might contain already preorganized crystallites, which are
not detectable by X-ray diffraction.

In Table 5, the main features of the oriented films treated
at 560 °C, 570 °C and 585 °C are compared to crystalline non-
oriented films.?* While the reversibility is high for all films, the

Table 3 Temperature and time dependence of the coloration efficiency
CE of the WOs films treated at different temperatures

CE/cm® C™' CE/cm®’C™' CE/em®C™!
Time/min Temperature/°C of film a of film b of film c
100 20 13 29 30
200 50 9 23 27
250 70 8 20 26
400 20 11 31 31

Film a: calcined at 560 °C; film b: calcined at 570 °C, and film c:
calcined at 585 °C.

Table 4 Temperature and time dependence of the charge reversibility CR
of the WOs films treated at different temperatures

CR/% CR/% CR/%
Time/min Temperature/°C of film a of film b of film c
100 20 96 94 95
200 50 96 92 93
250 70 96 87 92
400 20 96 94 96

Film a: calcined at 560 °C; film b: calcined at 570 °C, and film c:
calcined at 585 °C.
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Table 5 Electrochromic properties of oriented and non-oriented WO3
films

Coloration  Characteristic

efficiency time Teo)
Sample Reversibility’/% CE%/em® C™" (1p)%s
Non-oriented film?>? 95 25 20 (34)
Amorphous film 560 °C >95 11 20 (20)
Oriented film 570 °C >95 31 12 (9)
Oriented film 585 °C >95 31 22 (9)

“ Values taken from Tables 2-4 after 400 min of experiment.

here-studied films show improved coloration efficiency and
insertion/desertion kinetics. Coloration and bleaching occur
ca. twice as quickly as in the case of the crystalline oriented
films treated at 570 °C. Two aspects come together in our case:
first, the films are oriented with the orientation being more
pronounced for the monoclinic part. Second, the size of the
WO, crystallites is ca. 7.5 nm for the orthorhombic structure
which is significantly smaller than the films studied in ref. 22
(13 nm). Both aspects facilitate Li insertion: a smaller crystallite
size shortens the mean ion diffusion path length and the orienta-
tional growth diminishes grain boundaries, thereby facilitating the
diffusion of polarons into the crystal. Moreover, the growth along
the (100) plane with its larger unit cell offers more space for the
polarons to integrate into the crystal structure. However, with
increasing annealing temperature, the characteristic time of
insertion/desertion increases again, as seen from the film
treated at 585 °C. This important result can be attributed to
several effects. As shown by Rietveld analysis, the fraction of
monoclinic WO; is significantly higher for films treated at
570 °C. Faster kinetics for the 570 °C treated film thus demon-
strate the advantage of a monoclinic oriented system. The lower
kinetics of films treated at 585 °C can also be the consequence
of a higher compaction of the film, ie. the presence of larger
grains due to coarsening at higher temperatures. Also, the meso-
pores collapse at higher temperatures, which makes diffusion of
the ions from solution to the film more difficult. As a conclusion,
oriented crystalline WO; films with a small crystallite size show
superior electrochromic characteristics with respect to coloration/
bleaching in comparison to amorphous films or non-oriented
crystalline films. The electrochromic performance of the WO,
films can therefore be mainly attributed to the orientation of the
crystallites, since the porosity of the films is probably quite low.
Mesoporous materials synthesized using C;emimCl usually
have relatively small pores (3-5 nm”*) and thus collapse easily
upon heat treatment at elevated temperatures. Another impor-
tant feature of the films presented here is their performance
stability after insertion/desertion at elevated temperatures,
where the initial properties of the films are retained.

4. Conclusions

In this work, the synthesis of WO; films with preferred crystal-
lographic orientation, applying EISA using C;smimCl, C;smimBr,
CTAC and CTAB as surfactants is described. The important role
played by the surfactant in this context is its ability to inhibit
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crystallization and direct the crystallization towards oriented
WO; at higher temperatures. In contrast to other transition
metal oxides with a highly anisotropic unit cell, orientation of
tungsten oxide films cannot be achieved by nonionic block
copolymers. This observation indicates a stronger interaction
between the (100) surface of WO; and the ionic surfactant. With
respect to application, the electrochromic properties, especially
the coloration efficiency and the characteristic time of coloration/
bleaching, are superior to recently reported mesoporous non-
oriented WO; films and exhibit good temperature and time stability.
Moreover, the amorphous modification also exhibits good stability
upon temperature changes and over time, which has not been
observed yet. The good electrochemical performance of the amor-
phous films might be attributable to the higher annealing tempera-
ture and consequently a higher degree of condensation.
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