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ABSTRACT: We report for the first time the synthesis of

monoclinic WO; quantum dots. A solvothermal processing at
250 °C in oleic acid of W chloroalkoxide solutions was
employed. It was shown that the bulk monoclinic crystallo-
graphic phase is the stable one even for the nanosized regime
(mean size 4 nm). The nanocrystals were characterized by X-
ray diffraction, High resolution transmission electron micros-
copy, X-ray photoelectron spectroscopy, UV—vis, Fourier
transform infrared and Raman spectroscopy. It was concluded
that they were constituted by a core of monoclinic WOj;,
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surface covered by unstable W(V) species, slowly oxidized upon standing in room conditions. The WO; nanocrystals could be
easily processed to prepare gas-sensing devices, without any phase transition up to at least S00 °C. The devices displayed
remarkable response to both oxidizing (nitrogen dioxide) and reducing (ethanol) gases in concentrations ranging from 1 to S
ppm and from 100 to S00 ppm, at low operating temperatures of 100 and 200 °C, respectively. The analysis of the electrical data
showed that the nanocrystals were characterized by reduced surfaces, which enhanced both nitrogen dioxide adsorption and
oxygen ionosorption, the latter resulting in enhanced ethanol decomposition kinetics.
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B INTRODUCTION

Tungsten trioxide (WO,) attracts continuously renovated
attention, due to its intricate structural properties and, above
all, the broad range of applications disclosed by its properties:
electrochromic devices,'™* gas sensors,”~1* photoelectrochem-
ical systems,'>™"
sensors,26 just to mention some examples. Further interest
has been raised by the possibility of growing an enormous
range of WO; nanostructures’’ by several synthetic approaches.
In wet chemical syntheses, the typical precursors are
tungstates®*>® or WClg,*' ~>® which are processed in hydrolytic
or even water-free’>** conditions. The formation of W oxide
nanostructures most probably takes place by progressive
polymerization of the polyions present in solution. The
synthesis products are, very commonly, substoichiometric
(like W1g0,40)*" ™" or metastable phases,* and the final WO,
phase can be obtained upon heat treatment.*>**** Only in a
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few cases the WO, phase is directly obtained from the solution
synthesis,”” but only 2D nanostructures have been reported.
Surprisingly, there are no reports concerning the direct
synthesis of monoclinic WO, quantum dots (0D structures).
This topic is of remarkable interest: (i) from a fundamental
point of view, for investigating the size effect on the properties
of WOj3: in particular, for probing the phase stability of WO; in
the small size regime; (ii) from a synthetic perspective, for
understanding whether the chemical properties of the W ions
intrinsically exclude the formation of quantum dots. In this
paper we show that it is possible to synthesize WO; quantum
dots by wet chemical approach at low temperature, which
allowed the preparation of 4 nm sized nanocrystals. We show
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that the typical monoclinic crystallographic phase, which is the
most stable for bulk WO; in ordinary conditions, is kept even
for such small size regime. The heat-treated materials were
characterized by enhanced surface oxygen vacancy concen-
tration, as evidenced by basic electrical measurements. This
property suggested the exploitation of the materials for the
preparation of sensing devices, where it is essential to tune the
surface chemistry by highly reactive sites like oxygen vacancies.
In fact, the sensing properties of the nanocrystals were
surprisingly remarkable for both reducing (ethanol) and
oxidizing (nitrogen dioxide) gases, with responses ranging
over 2—3 orders of magnitude.

B EXPERIMENTAL SECTION

Tungsten chloroalkoxide solutions were synthesized from WCl, as
reported in detail in previous work.** For the solvothermal step, 2 mL
of the solution was mixed with 10 mL of oleic acid (technical grade),
and poured into a 45 mL Parr autoclave. The autoclave was heated for
various times ranging from 1 to 4 h at 250 °C into a furnace.
Alternative syntheses were carried out by using oleylamine or n-
dodecanol instead of oleic acid. After the solution was cooled, a blue
precipitate was collected by methanol addition and centrifugation, and
dried in air at 90 °C.

X-ray diffraction (XRD) measurements were performed on a
Panalytical diffractometer working with the Cu Ka radiation (4 =
1.5406 A) using a Bragg—Brentano geometry.

Fourier Transform Infrared (FTIR) measurements were carried out
with a Nicolet 6700 spectrometer in diffuse reflectance setup, after
dispersing the sample powders in KBr.

UV—visible (UV—vis) optical absorption spectra on the solutions
were measured with a Thermo Fisher Evolution 300 spectropho-
tometer. Samples were further diluted in methanol. Diffuse reflection
(DR) spectra on the powders were measured by using a DRA-EV-300
integrating sphere.

Raman spectroscopy was performed by means of a Jasco NRS-5100
spectrometer with a green laser in a micro-Raman configuration with
100X objective and with a laser power of 10 mW.

X-ray photoelectron spectroscopy (XPS) was performed using a
PHI ESCA-5500 instrument working with the Al Ka radiation (1486.6
V). The powders were fixed on the sample holder with a biadhesive
film, giving them a certain amount of surface charging on all of the
peak positions of the main narrow scan spectra acquired. They were all
properly corrected with respect to the adventitious C 1s present on the
surface with respect to the tabulated and literature value of 284.6 eV.

High resolution transmission electron microscopy (HRTEM)
analyses of the powders were carried out with a field emission gun
microscope (FEI Tecnai F20), working at 200 kV.

The gas-sensing tests were carried out using a standard
configuration for resistive sensor measurement, with 300 nm thick
Pt-interdigitated (ID) electrodes and a Pt-resistive-type heater printed
onto an alumina substrate (size: 2 X 2 mm). The ID electrodes were
deposited by UV lithography step. The active ID contact area was
1400 X 1400 pm with the individual ID contact fingers S0 ym wide
and separated by 50 pm gaps. Finally, Pt heaters were realized on the
backside of the sensor wafers by sputtering a S00 nm Pt layer that was
subsequently patterned via lift-off. The deposited heaters had a
meander-shaped geometry. For adhesion improvement, a 50 nm Ti
layer was predeposited onto the alumina substrate before the Pt
deposition. Sensors were fabricated by depositing a paste made by
mixing the as-prepared WO; nanocrystals with 1,2-propanediol onto
the just described substrates. Before measurements, the sensors were
kept at a temperature of 400 °C, provided by the sensor heaters, in
order to decompose the organic residuals and stabilize the electrical
signal. For this aim, and for sensing tests, the sensor devices were
placed in a sealed chamber with a constant flux of 0.3 L/min of humid
synthetic air (40% RH at 20 °C) into which the desired amount of test
gases was mixed. The sensor response was defined as 1Gg,, — Gol/ Gy,
where G, was the sensor baseline electrical conductance in synthetic

air and G, indicated the sensor electrical conductance after exposure
to the target gas. The gases tested in the present work were nitrogen
dioxide and ethanol, in concentrations ranging from 1 to S ppm and
from S0 to 500 ppm, respectively. The same devices were used for
carrying out conductance measurements in the presence of different
oxygen concentrations. For these last measurements, after equilibrating
the sensors at a given oxygen concentration, nitrogen was again
introduced in the cell in order to recover the pristine conductance
value, then the following oxygen injection in the cell was carried out.
The sensing devices selected for the gas tests had base conductance
values dispersed within 10% of the results showed in the manuscript.
In this case, the measured responses were also comprised in such
range. Error bars were hence not included in the plots for clarity sake.
Repeated experiments under the same operational conditions yielded
stable and reproducible sensor responses for several months
(estimated uncertainty = + 10%).

B RESULTS AND DISCUSSION

Upon a prolonged stay at room temperature, the chloroalk-
oxide solutions precipitated a yellow product. It was not further
analyzed, but indicated the concrete possibility of producing
polymerized W(VI) species from the solution.

Solvothermal conditions were used to force the trans-
formation of the initial solution species to WOj, and to provide
a coordinating environment for controlling the size growth.
Nevertheless, finding the proper synthesis conditions required
extensive investigation. Figure 1A shows the XRD patterns of
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Figure 1. XRD patterns of the samples prepared by heating for 1 h at

250 °C in different solvents (A) and at 250 °C in oleic acid with
different heating times (B).

the as-dried samples prepared with various solvents at 250 °C
with a fixed heating time of 1 h. The patterns of the samples
prepared with oleylamine and dodecanol did not belong to the
required WO, phase. In particular, the pattern of the sample
prepared with dodecanol was typical of W30, nanorods.””~*'
More interesting was the pattern of the sample prepared with
oleic acid after heating for 1 h, which resembled more closely
the structure of pure WO;, in this case recalling the pattern of
small tetragonal nanocrystals, as reported recently, but with
large differences at high angles.”® Hence, longer processing
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times were attempted for preparing fully crystallized product,
and the results are shown in Figure 1B.

After 2 h, the pattern features were resolved, with the most
intense peaks slightly shifted to higher angles with respect to
the sample heated for 4 h, for which the complete pattern of
WO, was obtained (JCPDS card 00-043-1035). Moreover, after
heating for 2 h, the less intense reflections were not observed,
which can be attributed to the small size of the nanocrystals,
about 4 nm (see TEM below). As usual, the XRD patterns did
not allow distinction between the monoclinic (y) and triclinic
(6) crystallographic phases of WO;. TEM results (see below)
revealed the presence of the y phase. In the rest of the work, we
will refer to the samples obtained after heating for 2 h. In fact,
the Raman data in Figure 2 show that even after heating for 2 h,
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Figure 2. Raman (A) and IR (B) spectra measured on WO, sample
prepared by heating for 2 h at 250 °C in oleic acid. The Raman regions
marked in the figure are described in the text.

the observed bands are in complete agreement with the known
modes of WO;,** without any obvious difference. The
regions indicated in the figure correspond to the usually modes
in crystalline WO;: (a) stretching (v O—W—0) between 900
and 600, (b) deformation (§ O—W—0) between 400 and 200
and (c) lattice modes of WO, below 200 cm™'. This result
confirms the interpretation of the XRD data, in particular as
concerns the absence of complex tungstate species. Even the IR
curve displayed the typical WO; bands in the low energy
region. More interesting were, aside the water band at 1620
cm™, the extremely weak features at 1420 and 1530 cm™,
which are due to the formation of oleate complexes.*’~*
The absence of methyl/methylene bands around 3000 cm™
also helped us to conclude that oleic acid was loosely bonded to
the nanocrystal surface and was removed after the purification
steps. In the high energy region, OH bands were practically
absent, hence solvothermal conditions favored extensive
inorganic condensation between the W-containing species.
Cheon and co-workers>® used WCl, derived solution to prepare
W3O, nanorods by processing in oleylamine and oleic acid
solutions. Park and co-workers® prepared the same phase
starting from W(CO) processing in oleylamine. It seems that
the presence of oleylamine favors substoichiometric products
and/or metastable phases, in agreement with recent work.*’
Even in the present work, the final product (Figure 1) in the
presence of oleylamine did not resemble the desired WO,
phase. Instead, pure oleic acid favored the formation of
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monoclinic WO;. Moreover, the just quoted references
reported the preparation of colloidal nanostructures, indicating
surface capping by oleylamine. The IR spectrum in Figure 2
shows weak binding of oleic acid to the WO; nanocrystals, as
discussed above. Hence, oleic acid alone acted as a weak size-
limiting environment.

This weak capping tendency resulted in the isotropic growth,
thus avoiding the formation of nanorods, and, above all,
probably allowed more extensive structural reorganization of
the nanocrystals into WO; structures, with W species achieving
the proper final coordination by oxygen ions. This would also
explain that, after 4 h at 250 °C, much larger WO; nanocrystals
were obtained (about 15 nm, as estimated by Scherrer
equation). The color of all the as-dried samples was blue,
which indicated the formation of reduced tungstates. On the
other hand, we have just seen that XRD and other techniques
clearly showed the presence of only WO;. For investigating this
puzzling finding, first the color was characterized by optical
techniques. The DR UV—vis spectra were compared with that
of the yellow WO; sample obtained after heating 400 °C. The
results are shown in Figure 3. The 400 °C sample displayed an
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Figure 3. DR UV—vis spectra measured on the indicated samples.

abrupt increase of reflectance above about 400 nm, in
agreement with the typical bandgap values for WO,.***> On
the contrary, the reflectance of the as-prepared sample showed
a broad maximum centered at about 500 nm, then it rapidly
decreased. This result was interpreted by comparing it with the
UV—vis spectrum of the starting solution, shown in Figure 4. A
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Figure 4. UV—vis absorption and DR spectra measured on the starting
solution and the as-prepared sample, respectively.
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broad band at about 830 nm, typical of W(V) (d'
configuration) ions absorption structure,**™>® confirmed their
presence in the solution, resulting from partial reduction of
W(VI) by alcohol molecules.>”®

Another weaker band at shorter wavelengths indicated the
presence of other species, probably with different coordination.
The DR spectrum of the as-dried sample had a complementary
structure with respect to the solution absorption, which clearly
confirmed the relationship between the ions in solution and the
surface structure of the WOj; nanocrystals. Hence, we
concluded that the structure of the as-dried materials was
constituted by a crystalline WO, core covered by W(V) species,
which solved the above-described discrepancy. The fact that the
blue color became fainted after a few days of standing at room
temperature suggested that the W(V) species made a very thin
layer around the WO; nanostructures. The XPS data also
corroborate such a view. The decolored sample (after standing
at room temperature for 2 weeks) signal could be fitted with
only W(VI) components, as shown in Figure S. The W 4f;,

Figure 6 reports representative HRTEM micrographs on the
sample heated in oleic acid for 2 h at 250 °C. In agreement with
the FTIR results, showing absence of oleic acid in the sample,
the nanocrystals tend to aggregate in ensembles. The
nanocrystals had sizes less than S nm (about 4 nm in general).
Figure 6 also shows a detail of a nanocrystal (white square) and
its corresponding power spectrum, which reveals that it is
compatible with the monoclinic WO, phase (space group =
P2,/c) with lattice parameters of a = 0.7301 nm, b = 0.7539 nm
and ¢ = 0.7689 nm, and a = f = 90° and y = 90.89°. It is
visualized along the [001] axis. We have found the same WO,
phase for every nanocrystal we checked. TEM analysis
ultimately confirmed the successful preparation of monoclinic
WO; quantum dots. The processing of sensing devices required
thermal stabilization before operating the gas tests. Hence, the
thermal behavior of the nanocrystals was investigated after high
temperature treatment.

In Figure 7, the XRD patterns of the samples heat-treated at
400 and 500 °C are shown, compared with that of the as-

—— PeakSum
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40 35
Binding energy (eV)

Figure S. W 4f and W Sp regions of the XPS spectra measured on the
sample heated in oleic acid for 2 h at 250 °C.

and W 4f;, peaks were found at 36.0 and 38.1 €V, respectively,
which agree with the range of values reported for W03, %~
The XPS data for the Cl 2p region (Supporting Information)
showed complete absence of Cl. Hence, the solution processing
resulted in complete solvolysis of the starting W—CI bonds,
improving the material purity. This result is in agreement with
the low stability of the W chloroalkoxide solution, due to
enhanced hydrolysis of the W precursor.
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Figure 7. XRD patterns of the WO; samples heat-treated at the
indicated temperatures.

prepared sample. We remind once again that by “as-prepared”
we mean the sample prepared by heating at 250 °C in oleic acid
for 2 h. It can be seen that only the peak width and intensity
were affected, due to the grain growth induced by heat
treatments (grain size was about 35 nm mean after heating at
400 °C, as calculated by the Scherrer equation). No obvious
changes of the crystallographic phase could be observed. The
400 °C sample was then chosen for the sensing devices

[001] WO,

Figure 6. General HRTEM micrographs showing ensembles of about 4 nm spheroidal nanoparticles. Magnified image of a single crystalline
nanoparticle and its corresponding power spectrum. The sample was obtained by heating in oleic acid for 2 h at 250 °C.
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Figure 8. Dynamic response curves of WOj; sensors to S ppm nitrog
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Figure 10. Calibration curves for nitrogen dioxide and ethanol sensing.

processing, because the grain growth was less enhanced than at
500 °C.

Figure 8 shows the dynamic response curves to 5 ppm
nitrogen dioxide and 500 ppm ethanol, chosen as oxidizing and
reducing gases examples, respectively. The sensors exhibited
remarkable conductance variations to both kinds of gases. The
sensors showed fast response and recovery, with response and
recovery times in the range of 2—5 min and 4—10 min, and 1—
2 min and 5-10 min for nitrogen dioxide and ethanol,
respectively. The recovery time after testing nitrogen dioxide at
100 °C was much longer, due to the commonly observed
persistent adsorption of this gas in such conditions. As expected
from the interaction with n-type semiconductor like WO,
nitrogen dioxide sensing resulted in conductance decrease,

contrarily to ethanol. The largest conductance variations for
nitrogen dioxide were observed at low operating temperatures,
due to the adsorption based sensing mechanism. For ethanol,
surprisingly the maximum response occurred at remarkably low
operating temperatures: it can be seen in Figure 8 that already
at 300 °C the conductance change was less remarked with
respect to 200 °C. These qualitative observations were
translated into response data, reported in Figure 9 for 5 ppm
nitrogen dioxide and 500 ppm ethanol. The response for
nitrogen dioxide at 100 °C ranges over almost 4 orders of
magnitude of conductance variation, which is an outstanding
value for WOj sensors. The data for ethanol confirmed that the
best performance was obtained at 200 °C, with almost 2 orders
of magnitude of conductance increase.

16812 dx.doi.org/10.1021/am504158r | ACS Appl. Mater. Interfaces 2014, 6, 16808—16816
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This trend was confirmed by the calibration curves, shown in
Figure 10. For each nitrogen dioxide concentration, the
response steadily decreased from 100 °C to higher operating
temperatures. The extrapolation of the calibration curves
showed that the material would even allow detection of
subppm concentrations. From the response trend the nitrogen
dioxide sensing mechanism can easily be attributed to gas
adsorption onto the sensor surface: the slope of the calibration
lines ranged around 1, as expected from adsorption based
sensing mechanism.*>

Only for 150 °C, where overlapping NO, adsorption and
oxygen dissociation mechanisms may be present, the slope rose
to 1.2. For ethanol, the highest response was always obtained at
a temperature of 200 °C, and the curve extrapolation still shows
an appreciable response to 10 ppm of ethanol. The response
trends for all concentrations were in agreement with those of
Figure 9.

WO; is a widespread sensing material, and it has been tested
against a broad variety of gases, also including nitrogen dioxide
and ethanol. With respect to the best results reported in the
literature for nitrogen dioxide,63’_67 the responses that we have
measured in the present work are comparable or even larger,
despite the heat treatment at 400 °C resulted in grain growth.
This was a stimulus to deepen the understanding of the sensing
phenomena. Although this task can be extremely complex and
needful of a multitechnique approach, it is still possible to draw
important indications from the basic electrical properties of the
sensing devices. For this reason, simple conductance measure-
ments were carried out at different oxygen concentrations, and
the results are shown in Figure 11, replotted in Figure 12 as a

) ——100°C —*—200°C —=—300°C
107 T T T T
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60 80 100

40
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Figure 11. Electrical conductance data of WO; nanocrystals heat-
treated at 400 °C in the presence of increasing oxygen concentrations.

function of the temperature. The same devices used in the
sensing tests were employed for these measurements, hence the
nanocrystals were those heat-treated at 400 °C. In Figure 11, it
is seen that in pure nitrogen the conductance values increase
with increasing the temperature, as expected from n-type WO5.

As soon as oxygen was introduced, the conductance showed
a remarkable drop, more and more enhanced with increasing
the temperature. This was due to more favored oxygen
ionosorption as the temperature was increased.”® For high
oxygen concentrations, the 100 °C measurements were less
affected by oxygen adsorption, which takes place at 150—200
°C. For all the operating temperatures, increasing the oxygen
concentration resulted in slowly decreasing conductance. If we
observe the same data replotted in Figure 12, it is clear that a
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Figure 12. Electrical conductance data of WO; nanocrystals heat-
treated at 400 °C as a function of the operating temperature.

conductance minimum occurred at about 200 °C. This is a
typical effect for many semiconductors and, as explained above,
it is easily interpreted as due to the formation of adsorbed O~.%
What is important is that, with respect to the curve in pure
nitrogen, a huge conductance drop occurred. Oison et al®
investigated the interaction between O; and WO; surface by ab
initio methods, concluding that the presence of surface oxygen
vacancies is essential for O3 adsorption and reduction. In their
work, the reduction outcome was O adsorption onto WO;. We
can fit their simulation scenario to our case because even for
NO,, adsorption phenomena are at the base of the sensing
mechanisms. Hence, we conclude that the electrical data of
Figures 11 and 12 indicate the presence of oxygen vacancies,
favoring the oxygen ionoadsorption from the surrounding
atmosphere and largely influencing the conductance. In
particular, the large conductance drop even after introduction
of the smallest oxygen concentration allowed supposing the
presence of extensively reduced surfaces in our samples. In
further studies by Oison et al,”® a large concentration of oxygen
vacancies resulted in efficient nitrogen dioxide adsorption and,
hence, enhanced detection. These consideration helped
explaining the huge NO, response values obtained in our
work, despite the relatively large grain size resulting from the
heat treatment at 400 °C. The situation becomes more complex
for the ethanol sensing mechanism because it is not
straightforward and investigated as deeply as for nitrogen
dioxide. It was proposed’’ that ethanol adsorption occurs as
ethoxy species, followed by subsequent hydrogen and
acetaldehyde desorption. On a stoichiometric surface, adsorp-
tion toward surface lattice oxygen cations was proposed. In our
case, as seen above, the conductance drop upon injection of
small oxygen concentrations revealed that the surface is rich of
adsorbed oxygen species. Large conductance variation with
respect to pure nitrogen was observed when O concentration of
21% was used (see Figure 12), which was the value in the
synthetic air used for gas-sensing tests. We could conclude that
the reduced WOj surfaces were easily enriched, in the operating
conditions, with adsorbed OT species that favor ethanol
adsorption. This is the first rate limiting step in ethanol sensing
mechanisms, hence the reduced surface accelerate the ethanol
decomposition kinetics just in the temperature range where
surface enrichment by adsorbed oxygen is more efficient. Even
for ethanol, the need for further understanding the sensing
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behavior was stimulated by the remarkable performances, when
comparing our results with literature data.”'"7>7** The
comparison was facilitated by the common use of 100 ppm
of ethanol in the sensing tests. First of all, we found that the
best operating temperature used in the present work (200 °C)
was much lower than the usual values, ranging about 300 °C.
Moreover, for such operating temperature, the response values
reported in Figure 10 outperform the reported values for many
different morphologies and structures (nanoplatelets, nano-
sheets, nanocubes, etc.). Far from establishing a sterile race for
the best performances, this comparison should be stimulating
to continuously remind the importance of the surface chemistry
in gas sensors. Even after grain growth due to the heat
treatment, the sensing performances remain remarkable, and
we have established the presence of surface oxygen vacancies as
a working hypothesis for detailed mechanism understanding.

B CONCLUSIONS

The proper combination of oleic acid and synthesis times can
force the W chloroalkoxide precursor species to form cross-
linked tungsten oxide products, in the shape of quantum dots
and with a crystallographic phase fully ascribable to the bulk
monoclinic counterparts. Detailed characterization of the
materials showed that the nanocrystal formation most probably
occurred by condensation of the precursor species controlled
by weak steric hindrance by oleic acid, which mainly modulated
the mass transport to the growing species. The prediction about
the influence of the surface chemistry of the materials on the
remarkable sensing performances was confirmed by the analysis
of the conductance data in various oxygen atmospheres. The
main feature of the materials was the sensing enhancement
attributed to surface oxygen vacancies.
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XPS data of the Cl 2p region of the as-prepared sample by
heating for 2 h in oleic acid at 250 °C. This material is available
free of charge via the Internet at http://pubs.acs.org.
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