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Several synthetic approaches have been used to obtain nano-sized monoclinic WO; (m-WO3) powders. All of
these methods begin with a standard preparative method where H,WQ, is first generated by passing a Na,WO,
solution through a cation-exchange resin. It is shown that high surface area particles are produced by dripping
the HyWO, exiting from the ion-exchange column into a solution containing oxalate and acetate exchange
ligands or alternatively, into a water-in-oil (w/o) based emulsion. In comparison to commercial WO; powders,
the surface area of the m-WOj3 powders were higher by factors of 10 and 20 times when prepared in the
presence of acetate/oxalate chelating agents and w/o emulsions, respectively. The much higher surface areas
enable infrared spectroscopic identification of surface sites along with detection and monitoring of gaseous
reactions and adsorbed species on the surface of this metal oxide. This is demonstrated with the adsorption of
a nerve agent simulant, dimethyl methyl phosphonate. In general, little is known about the reactions of gaseous
molecules on m-WOj; surfaces and the fabrication of high surface area m-WOj5 particles will aid in gaining an
understanding of the chemical processes occurring in WOj3 based sensors.

Introduction

The development of sensors based on semiconductive mono-
clinic tungsten oxide (m-WOQO;) has generated considerable
interest because of their high sensitivity for the detection of
gaseous adsorbates and because they are amenable to
microfabrication techniques.'™ Typically, the active sensor
element consists of an ultrahigh vacuum (UHV) controlled
fabrication of a thin film of m-WO3; mounted on a sapphire
substrate containing the necessary electrodes, heating element
and associated electronics. Alternatively, nano-sized metal
oxide particles can be used to fabricate thick film sensors using
a screen-printing process.”™ In both cases, the sensor generates
a signal when the adsorption of gaseous molecules on the
m-WOj sensor surface leads to a detectable change in conducti-
vity of the oxide. However, as was found for all metal oxide
based sensors, the lack of detection selectivity and sensor-to-
sensor reproducibility continues to interfere with the fabrication
of reliable devices for field operation.

Little is known about the source of poor selectivity and
reproducibility. This is due in part to a lack of knowledge of the
surface sites on WOj3 and surface reactions and species that
occur on the WO; surface are exposed to various gases. In
contrast, there is abundant literature on surface reactions
occurring on other metal oxide surfaces.!* '8 A primary source
of this data has been derived for infrared spectroscopic studies
on nano-sized powders. The high surface area of the nano-
particulates enables spectroscopic detection of bands due to
surface bonds and adsorbed species on the surface. Similar
studies on thin film oxides are difficult because the thin films
typically have 3—4 orders in magnitude less surface area probed
by the infrared beam. Often the powders are used as model
surfaces for predicting the reactions that occur on the
corresponding thin film.

In the case of m-WO;, collecting infrared data on surface
reactions is difficult because, to the best of our knowledge,
nano-sized m-WOj3 powders are not commercially available.
Commercial WO3; powders are larger than 1 pm in diameter but
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are poor materials for infrared studies because they have a low
surface area and strongly scatter the infrared beam. Given that
nano-sized metal oxide particles can be used to fabricate thick
film sensors, the ability to produce small particles of WO;3
would provide dual purposes; it would render the necessary
surface area for IR studies of reactions of gaseous molecules on
the surface and at the same time, provide material opportu-
nities for the use of nano-sized powders in thick film sensors.

A sol-gel synthesis is the most widely used method to
prepare m-WO; films.'”?® A sol can be easily obtained by
exchanging a Na,WOQ, solution through a strongly acidic
cation-exchange resin.?!?> The H,WO, exiting the column is
dripped into a reservoir containing water and condenses to
form a hydrated tungsten oxide gel. Depending on the reaction
conditions, the gel collapses into particles that precipitate from
solution. These hydrated tungsten oxide particles convert to
micron sized monoclinic WO; particles by calcination at
500 °C.

The approaches we use to accomplish a reduction in particle
size involve modifying the conditions for the condensation of
the H,WO, to form particulate sols. In one synthetic approach,
the H,WO, exiting from the ion-exchange column is added to a
solution containing oxalic and/or acetic acid. Chelating ligands
such as oxalate,?"?? acetylacetone,24 and 2,4-pentanedione25
have been used to generate stable WOj; sol-gel films. The rate
of condensation occurring between two WOH groups is
reduced as the number of non-condensable chelating agents
attached to the central W atom increases. The slower
condensation or cure produces less stress between a sol-gel
film and the substrate and this minimizes the cracking that
occurs when the film is annealed at elevated temperatures.
Sun et al.?*?° have recently reported that the use of oxalate
chelating agents also leads to the formation of nano-crystalline
WO; thin films. While this suggests that nano-particles of
m-WOj; could also be fabricated using a chelating agent, we are
unaware of any literature devoted to this particular subject. It is
expected that the coordination of the tungstic acid with the
oxalate will slow the condensation reaction and inhibit the
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growth of larger hydrated tungsten oxide particles. It is also
likely that the presence of coordinated ligands will inhibit
sintering during the calcination step.

In a second approach, the HWO, exiting from the ion-
exchange column is dripped into a water-in-oil (w/o) emulsion.
While this represents a new approach for the fabrication of
nano-sized WOj; particles, the use of emulsions (w/o0) using
ionic or non-ionic surfactants has been widely used to prepare
monodispersed nano-particulate metallic oxides. Copper
oxide,” silica,?®?° Fe,0; and TiO,,*° as well as nano-
structured mixed metal oxides were prepared using emulsion
based methods.*!

A w/o emulsion is composed of continuous phase containing
solvent, micro-water-droplets, micelles and free surfactant (see
Scheme 1). The conditions leading to droplet-stabilized emul-
sions for polymerization reactions depend on parameters such
as the type and concentration of surfactant, the surfactant:
water : organic solvent ratio, the rate of stirring and tempera-
ture.>? In our case, we are limited to non-ionic surfactant
systems as traditional cationic or anionic surfactants are salts.
These salts have counter-ions such as Na™ or Cl~ and their
presence would lead to mixed tungstates.

The size of the droplet depends on several factors such as
molar concentration ratios (water : surfactant : oil),>* nature
and length of the alkyl chain of the oil**>® type of
surfactant®3® and cosurfactant,>®3° temperature,”’37 stirring
rate and the nature and concentration of the electrolyte
solubilized in the water droplets.*® The main factor influencing
the micelle size and droplet size is the molar ratio of water to
surfactant. When the concentration of the surfactant in the
solvent is higher than the cmc (critical micelle concentration),
stable emulsions are formed with micelles containing 50-100
surfactant molecules with a size of 4-6 nm.** Micron-sized
water droplets are also formed in the emulsion, the size of these
droplets is determined by the molar ratio of water : surfactant
and is influenced by the stirring rate. In general, the more
vigorous the stirring, the smaller the droplets.

The polymerization of the H,WO, occurs in the aqueous
phase inside the surfactant stabilized droplets. The surfactant
stabilized water droplet behaves as a micro-reactor in which the
condensation and hence growth and size of the particle is
dependent on the amount of tungstic acid inside each droplet
and is ultimately limited by the droplet size. The size of the
droplet is in the submicron to micron range and at this size
provides a potential means for substantially increasing the
surface area of m-WOj; particles. Furthermore, there is
potentially less loss of surface area during the calcination
step as individual particles would be encapsulated by surfactant
and this should sterically restrict the amount of interparticle
sintering.
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The synthesized powders derived from the three systems
(water only, chelating agents, emulsion) are characterized using
scanning electron microscopy (SEM), BET (N,) surface area,
X-ray diffraction (XRD), Raman, and FTIR spectroscopy.
Furthermore, we demonstrate the potential use of these nano-
sized powders for IR spectroscopic surface studies. Specifically,
we compare the infrared data obtained for the adsorption of
dimethyl methyl phosphonate (DMMP), a model compound
for nerve agents on the synthesized and commercial m-WO;
powders.

Experimental
Materials

Oxalic acid dihydrate, tungsten(vi) oxide powder 1-5 microns,
DMMP, Dowex® 50WX2-200 ion-exchange resin as well as the
nonionic surfactants, sorbitan monostearate (Span 60) and
sorbitan monooleate (Span 80) were purchased from Aldrich
Chemical Company. Glacial acetic acid was purchased from
Fisher Scientific Company and toluene was purchased from
Alfa Aesar. All chemicals were purchased at their highest
commercially available purity and used as received without
further purification. Deionized and distilled water (denoted as
dd-H,0, 18 MQ) was obtained from a Millipore purification
system.

Ion-exchange column

Particular care was used to avoid trace sodium ions in
generating H,WO, during the condensation step as this
would lead to mixed products of WO; and sodium tungstate.*’
Furthermore, the presence of counter anions affect the
polymerization process and the final solid product.*=* All
glassware was rinsed thoroughly with dd-H,O several times
before use. Approximately 35 g of the ion-exchange resin was
loosely packed in a standard 50 mL burette (1 cm internal
diameter). Water was added to the column until the eluant pH
was at a stable value of about 5-6. Unless specified otherwise, a
0.12 M Na,WO,4-2H,0 solution was added to a hydrogen ion-
exchange column and 20 mL of the eluant was collected at a
rate of 0.5 mL min~'. Experience has shown that using higher
concentrations of Na,WO, or less resin in the column leads to
mixtures of WO; and sodium tungstate whereas, using more
resin clogged the column with polymerized WOj5 sol.

Sol synthesis

The H, WO, exiting the ion-exchange column was dripped into
a beaker containing either water, a solution containing oxalate/
acetate ions or a w/o emulsion. In the water only processes, the
reaction parameters that were varied included the volume of
water (200 mL—4 L), pH (1.5-9) and stirring times from 24 h to
72 h at temperatures from ambient to 45 °C. The natural pH of
the tungstic acid in water was about 1.5 and was adjusted by
adding NH4OH. The excess water was then decanted from the
precipitated hydrated tungsten oxide (WO3-2H,0) and the
powder was dried at 150 °C to remove the remaining water.
The WO;5-2H,O was converted to m-WO;3; by calcination at
500 °C. The temperature was ramped from 25 to 500 °C in
increments of 5 °C min~! and held constant at 500 °C for 2 h
followed by cooling to room temperature.

When using chelating agents, the sol was dripped into
aqueous solutions containing various concentrations of acetic
acid, oxalic acid, and both oxalic-acetic acid mixtures.
Additional variables included pH and reaction time. As with
the water only synthesis, excess water was evaporated at 150 °C
and the powders were heated to 500 °C at increments of
5°C min ! and held constant at 500 °C for 2 h followed by
cooling to room temperature. This calcination step eliminated
the coordinated oxalate/acetate and generated m-WOs.



For emulsion based methods, we are limited to non-ionic
surfactant systems and the choice of surfactants is based upon
their HLB (hydrophilic-lipophilic balance) value. This should
be between 3 and 6 for a w/o emulsion. The HLB values have
been tabulated for a number of surfactants and for our research
we have selected two non-ionic surfactants, Span 60 and Span
80 dissolved in toluene. This system has been used to generate
w/o emulsions.** The structures of Span 60 and Span 80 are
shown below.
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The surfactant: toluene ratio was first prepared by dissolving
a known quantity of Span 60 or Span 80 in 200 mL of toluene.
The water : surfactant : toluene ratio was determined by adding
the tungstic acid exiting the ion-exchange column directly into
a vessel containing the surfactant-toluene at a rate of about
0.5 mL min~'. During the addition of the tungstic acid, the
surfactant-toluene was vigorously stirred at 1000-1600 rpm. In
some experiments the concentration of tungstic acid added to
the surfactant-toluene was varied. The concentration of
tungstic acid was adjusted by changing the concentration of
the Na,WO,4-2H,0 solution added to the top of the ion-
exchange column. In all cases, the addition of the aqueous
solution caused an immediate clouding of the stirred surfac-
tant-toluene solution indicative of the formation of an
emulsion.

The high-speed stirring continued for 5 min after the
addition of tungstic acid followed by a gentler magnetic
stirring (300 rpm) for the following 72 h. During the entire
stirring, a single cloudy phase suspension was observed. The
emulsion was then left to sit in a sealed container for an
additional 48 h to ensure complete reaction.

Removal of the water and toluene was accomplished by
evaporation to dryness at room temperature. This typically
required 24 h. During the evaporation, the water : surfactant :
toluene ratio is constantly changing and a different behavior
was observed for the Span 60 and Span 80 based systems. In the
Span 60 emulsion, a clear upper phase (toluene) appeared and
the lower phase remained cloudy. The lower cloudy phase
remained until removal of all solvent. In the case of Span 80
based systems, as the evaporation proceeded, three phases
appeared; an upper toluene phase, a middle cloudy slice, and a
lower aqueous phase region.

In order to remove the surfactant, and to convert the
hydrated tungsten oxide to m-WOj;_the powder was calcined at
500 °C. Samples were transferred to a furnace, heated to 500 °C
atarate of 5°C min~ ' and kept at that temperature for 6 h, and
then cooled to room temperature at a rate of 20 °C min~'. The
oxidation of the surfactant at 500 °C was more difficult to
accomplish than observed for the removal of the chelating
agents. In some samples, particularly high surfactant loading,

removal of the surfactant required prolonged heating (12 h) at
higher temperature (550 °C).

Characterization

The calcined powders were first analyzed by Raman and
infrared spectroscopy. Raman was used because of the ease in
identifying characteristic bands for sodium tungstates,
hydrated tungsten oxide and WO5.222%4¢4 For all samples,
characteristic sodium tungstate bands at 940-960 cm ™' were
not detected.?” Fig. la,b shows the Raman spectra of the
commercial powder and a typical sample prepared either using
the chelating agents or emulsion method. For comparison, a
spectrum of the hydrated tungsten oxide is shown in Fig. 1c.
The similarity in the spectra of both samples (Fig. 1a and 1b)
show that little, if any, hydrated tungsten oxide remains upon
calcination. Major Raman bands at 809 and 718 cm ™' (W-O
stretching modes) and 271 and 131 ecm™' (W-O bending
modes) as shown in Figs. la and b and are characteristic of
monoclinic WO;. Miyakawa er al*> have shown that the
Raman bands at 809 and 718 cm™! were observed for m-WO5
and do not change as a function of temperature indicating the
formation of a highly stable monoclinic crystalline WO;5 at
temperatures up to 500 °C. On the other hand, the Raman
spectrum of the hydrated WO3 powder shows that the W-O
stretching modes became broad and the Raman mode at
718 cm™ ! is shifted to 702 cm ! (see Fig. 1c). Both the shift and
the shape of the 718 cm ™! peak are mainly due to the change in
crystal symmetry as well as to lattice distortion.® Raman
spectra were collected using a Renishaw Raman Imaging
Microscope System 1000. The system is equipped with a diode
laser having Ao, = 785 nm. Signal detection is achieved through
the used of a sensitive charge coupled device (CCD) array
detector.

Infrared spectroscopy was used to ensure removal of residual
surfactant or chelating agents (absence of C—-H modes) and as a
quick assessment of particle size and surface area. In brief, a
smaller particle size exhibits less scattering of the infrared beam
and higher surface area particles are accompanied by more
intense surface WOH and adsorbed water modes. Diffuse
reflectance infrared Fourier transform (DRIFT) spectra were
recorded on the neat powder and the ratio of intensity of
the adsorbed water mode at 1620 cm ™' to a bulk mode at
2063 cm ™! was used to quickly assess relative surface areas of
the WO; particles.

In DMMP adsorption experiments, transmission spectra
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Fig. 1 Raman spectra for: (a) Aldrich m-WOj; powders; (b) m-WOs3

powders prepared using a non-ionic surfactant and treated at 500 °C
for 6 h; and (c) hydrated WO; powders.
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Fig. 2 XRD spectrum of WO; powders prepared with oxalic and acetic
acids annealed at 500 °C.

were recorded using a thin film technique.®' Standard vacuum
line techniques were used to introduce the DMMP gas.
Difference spectra are plotted where the reference spectrum
is recorded using the thin film m-WO; evacuated at room
temperature. Therefore, positive bands are due to bonds that
formed on the surface and negative bands represent bond
removal from the surface due to DMMP adsorption. The
results obtained on the synthesized nano-sized particles were
compared to the results obtained with the commercial m-WO;
powder. FTIR spectra were recorded on a Bomem MB-Series
with a liquid N, cooled MCT detector. Typically 200 scans
were co-added at a resolution of 4 cm™ .

Although we used DRIFT spectra as a quick gauge of
relative surface area, all samples were eventually measured for
BET (N,) surface area. BET (N,) data were recorded on a
Gemini 2360 surface area analyzer Micromeritics instrument.

Representative samples were analyzed by powder XRD
and particle size/shape by SEM. XRD measurements were
performed using a X2 Advanced Diffraction System equipped
with a copper anode and a single crystal lithium doped silicon
Peltier detector, which has a 100% energy absorption from
2-20 keV with a beryllium window thickness of 0.005 in. Fig. 2
shows the XRD pattern for the calcined WO3 powder that
has a surface area of 22 m? g~ ! and is identical to the pattern
expected for monoclinic WO;. All samples calcined at 500 °C
gave the same XRD patterns. SEM micrographs were taken on
an AMRay 1000. This instrument has a resolution of 7 nm, a
magnification range of 20-100 000 x, and an accelerating
voltage range of 1-30 kV. The powders were mounted on an
eucentric goniometer stage, which enabled both tilt and
rotation about the viewing axis.

Results and discussion

A search for a commercial source of high surface area m-WO;
particles met with little success. The best commercial particles
that we measured had a surface area of 1.7 m?> g~ ! and these

particles scattered the infrared beam and had too low a surface
area to be suitable for surface infrared transmission studies.
From this work with commercial WO3; powders, we estimated
that a particle size reduction of at least a factor of 10 (i.e., about
20 m*> g ") is desired for our infrared studies. Given this
requirement, our attempt at producing smaller m-WO;
particles centered on methods of altering the condensation
conditions. The results presented in this paper are a summary
of the trends obtained for approximately 50 samples prepared
in water only, 50 samples with chelating agents and another
25 with emulsion based synthesis. Each sample represented
a specific set of reaction conditions for carrying out the
condensation of the tungstic acid. Many samples were repeated
2-3 times to test reproducibility and to investigate various
calcination schemes. In examining the data in toto, there are
clear divisions in ranges of surface areas obtained with the three
methods. A summary of these findings is listed in Tables 1 and
2. Generally, the surface areas of the samples prepared in water
were 3-5 m> g~ !, chelating agents gave 16-22 m> g~ ! and for

emulsion based samples they were in the range of 40-45m> g~ '.

Water only synthesis

This is the simplest synthetic approach and the results obtained
would serve as a benchmark for our work using chelating
agents or emulsions. Samples were prepared by varying
dilution, (the H,WO, solution from the ion-exchange column
was dripped into various quantities of water giving final
H,WO, concentrations ranging from 2.4 x 1072 to 2.4 x
10* M, resident stirring times (24-102 h), temperature
(ambient to 45 °C), and pH (1.5-7). The precipitated hydrated
tungsten oxide particles were dried and calcined at 500 °C for
2 h. We found that the above reaction conditions have little
effect on the final surface area of the particles. The BET (N,)
analysis shows that the surface area obtained by this method
was in the range of 3-5 m* g~ !. While this is below our desired
value of 20 m> g~ !, it was an improvement over the best
commercial powders (1.8 m? g™ !).

The post-processing curing of the hydrated tungsten oxide at
500 °C is needed to convert the hydrated tungsten oxide to a

Table 2 A summary of the experimental details used to prepare m-WOj;
powders via the emulsion method. All samples were stirred for 72 h in
200 ml of toluene

Amount of
the surfactant Surface
Surfactant Eluant/mol added/g area/m”> g~!
Span 60 24 x 1072 5 20.7
10 45.0
20 42.7
6.0 x 1073 10 30.0
1.2 x 1072 10 27.4
Span 80 12 x 1073 5 9.7
10 3.8
20 13.0

Table 1 A summary of the experimental methods that led to the synthesis of m-WO3 powders with the highest surface area using each method

Eluant Ligand Gel Surface
Strategy” added/mL added/mol Water/mL pH time/h area/m? g~!
Sol-gel in water 20 — 400 7 72 5.0
Freeze-fracture, liquid N, 20 — 400 1.23 48 7.5
AA ligand 20 0.7 1000 2.28 72 3.8
AA ligand 20 0.7 1000 7 72 9.3
OA ligand 20 0.22 1000 1.2 24 17.5
OA ligand 20 0.22 1000 7 24 19.0
AA and OA mixture 20 1:1 1000 1.19 72 17.4
AA and OA mixture 20 1:1 1000 7 72 22.0

“YAA, acetic acid; OA, oxalic acid.
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monoclinic WOj3 and this step plays a role in dictating particle
surface area. In a sol-gel synthesis, the higher the calcination
temperature, the greater the sintering and thus the higher the
reduction in particle surface area. In our case, we obtain a
reduction in surface area (factor of 2.5) for water only samples
and those prepared using chelating or emulsion based methods
by simply raising the calcination temperature from 500 to
550 °C. However, at temperatures below 500 °C the conversion
to m-WO3; is not complete and with time, the material reverts
back to an amorphous hydrated tungsten oxide. Therefore all
calcination was done at 500 °C.

The temperature ramp also affects particle size. A slower
ramp is generally preferred, as a fast temperature rise often
leads to a collapse of the network structure and a reduction in
surface area. We observed a progressively higher surface area
with slower temperature ramps in going from 20 °C min~! to
5 °C min~ ' and little change with slower ramps below
5 °C min~!. The typical change in slowing the ramp from
20 °C min~! to 5 °C min~' was an increase of 50% in surface
area. Given this result, the general heating protocol was to raise
the temperature to 500 °C at a 5 °C min~ ' ramp.

Some success in increasing the surface area for water based
samples was obtained by the addition of a post-processing step.
A 0.12 M tungstic acid solution from the ion-exchange column
was collected in a beaker. Aliquots were extracted at different
gel incubation times, placed in a test-tube and cooled rapidly by
immersing in liquid N, for 10 min. It required about 1 min to
immerse a tube containing the sample into the liquid nitrogen.
After 10 min, the tube was removed and allowed to warm to
ambient conditions. The gel was destroyed by the rapid cooling
process and yellow particles appeared at the bottom of the test-
tube. A rapid reduction in temperature leads to a shattering of
the gel structure and smaller particulate fragments. After
calcination at 500 °C, the liquid N, process produced particles
that had surface areas of between 6 and 7 m” g~ ! as compared
to 4-5 m> g~ ! obtained without this step.

Acetate/oxalate chelating agents

It is a common practice to use chelating agents to slow the
condensation step in the sol-gel formation in order to form
stable and robust metal oxide films. The chelating agents
bind to the H;WO,4:2H,0 [or W(OH)¢] and this inhibits the
condensation and growth of individual particles. The number
of bound chelates per W atom is established by several
competing equilibrium reactions and therefore depends on
several factors such as the type of chelating ligand, the ligand to
H,WO,:2H,0 concentration ratio and pH. Over 50 samples
were synthesized by varying the above three factors and the
following trends were observed. For both oxalic and acetic
acid, the surface area increases with an increase in acid: H,WO,
concentration ratio to a plateau value. Typically this value was
0.2 M for oxalic acid and 0.07 M for acetic acid and as a result,
all synthesis was performed at a concentration ratio that was a
minimum factor of two above this plateau value.

The surface area obtained is highly sensitive to pH for acetic
acid and relatively insensitive for oxalic acid based solutions.
Addition of the H,WOQOy, to a solution containing acetic acid
results in m-WO; particles with a low surface area of
3.8 m? g~ L. This is not surprising because the natural pH of
the H,WOy, is 1-2 and given that the pK, of acetic acid is 4.76
there would be few acetate ligands available to bind to the
tungsten acid. However, when the pH of the acetic acid
solution is adjusted to 7 using NH4OH, we obtain particles
with surface areas increasing to about 9.3 m> g~ ..

While acetic acid based preparative methods produced
slightly higher surface area particles compared to water only
synthesis, a marked increase was observed in oxalic acid based
solutions. Unlike the predominately monodentate acetate
ligand [eqn. (1)], the oxalate is a bidentate ligand [eqn. (2)]

and is more strongly bound to the tungstate.

W(OH)s + H;CCO,H = W(OAc)s + H,O (1)

HO

&/OH
‘|) o
HO
/
WOHs + H,C,0y — > O>W\ + HO0 2)
Mo,
H Q

Y
H

A nano-sized WO; powder with a surface area of 19 m? g~
(BET N,) was obtained using oxalic acid based solutions at a
pH of 7 and no significant change in the particle size was
observed by varying the pH from 1 to 7. The oxalate is less
sensitive to pH because pK,; for oxalic acid is 1.23 and thus the
oxalate anion will be formed at the pH of the sol solution. The
surface area of the particles obtained with oxalic acid represent
a 10-fold increase in particle size over commercially available
material. Varying oxalate concentration (from 0.2-3 M), the
pH, and the final volume of the sol-gel solution had little effect
and in all cases particles ranging from 16 to 20 m? g~ ! were
obtained.

A further, smaller yet reproducibly higher increase in surface
area is obtained when the sol was added to a mixture containing
a 1:1 molar ratio oxalic to acetic acid. BET analysis showed
that these particles had a measured surface area of 22 m? g~ '.
The origin of this slight increase is unclear but is most likely due
to a slightly higher coordination number of ligands per W atom
occurring with a monodentate-bidentate mixture.

For infrared studies there is a need for both high surface area
and small particle size. For example, it is easy to record
transmission spectra of a 300 m> g~ ' fumed silica (nonpor-
ous, 10 nm) whereas it is difficult to record the spectrum of a
300 m? g~ ' silica gel because of scattering of the infrared beam.
The scattering obtained with silica gels is due to the larger
particle size. The silica gels are typically micron diameter in size
and the high surface area arises because these materials are
highly porous. In our case, each m-WO; sample was measured
for a BET surface area and from this value an average particle
size was computed. For example, using a hard spherical model,
a surface area of 20 m”> g~ ! gives a particle diameter of about
40 nm. However, a BET measurement does not take into
account that the surface area could be due to the porosity of the
material. Thus, surface area measurements are not sufficient
to determine the differences in particle size. Therefore, we
periodically recorded SEM pictures of our synthesized WO;
particles to examine particle size. In all cases, there was good
agreement with the calculated particle diameter based on
surface area measurements and SEM pictures. Fig. 3 shows the
SEM photograph for m-WO; powders prepared using oxalate
chelating agents (19 m> g !). The SEM results show that the
oxalate prepared m-WO; samples were found to be nano-sized
particulates with primary particle sizes of 30-50 nm, which is
consistent with the size computed from surface area data.

1

Wilo emulsion synthesis

In the first experiment the amount of Span 60 in 200 ml of
toluene was varied and the volume and concentration of
tungstic acid added to the surfactant-toluene was held
constant. In principle, the higher the surfactant concentration
in toluene, the smaller the droplet size.>> The measured surface
area of the m-WOj; particles obtained using three surfactant
amounts is given in Table 2. There is a notable increase in
surface area for the emulsion based synthesis over those
obtained using chelating agents. The lowest surface area
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Fig. 3 SEM photographs of the WO; samples prepared via the sol-gel
method using an oxalic acid ligand at pH 7.

obtained using emulsions were on par with the best materials
obtained using chelating agents. There was a substantial
increase in surface area by doubling the surfactant concentra-
tion from 5 g to 10 g and this value leveled with little increase in
surface area by adding more surfactant. There is actually a
drawback to using too much surfactant, as it was difficult to
oxidize and remove the excess surfactant prepared using 20 g of
Span 60.

This difficulty in removing the surfactant was experienced in
the next experiment where the effect of lowering the amount of
tungstic acid in the system was examined. This was accom-
plished by decreasing the concentration of the tungstic acid.
Given that the droplet size is fixed by keeping the surfactant:
toluene ratio, stirring rate and volume of elutent constant, a
decrease in concentration limits the particle growth because the
amount of tungstic acid per droplet is lowered. The surface
areas obtained for these samples are given in Table 2 and show
that a lowering in concentration of tungstic acid requires a
higher calcination temperature to fully remove the surfactant,
which, in turn, leads to fusing of the particles and subsequent
reduction in surface area.

Examination of the samples by Raman spectroscopy showed
that the samples prepared with lower concentrations or lower
volumes of tungstic acid contained a significant amount of
hydrated tungsten oxide. This was a common feature found for
samples that had high surfactant to tungstic acid ratios (i.e.,
increased surfactant loading or lower tungstic acid amount). In
order to convert the samples to m-WO; we found that we
needed to heat the samples to a higher temperature of 550 °C
for a longer time of 12 h. This calcination protocol leads to a
reduction in surface area. We find that m-WO; samples
prepared with water only or chelating agents that are heated
under these same conditions showed a decrease in surface area
by a factor of 2.5 times over those samples calcined under the
standard conditions of 500 °C for 2 h.

The surface area measured for samples prepared using Span
80 are shown in Table 2. In these samples the volumes of
toluene and tungstic acid were held constant and the amount of
surfactant was varied. All samples produced surface areas
much below those obtained with Span 60 or with oxalate
chelating agent (see Table 2). We attribute this lower surface
area to the three-phase separation leading to an aqueous phase
during the initial solvent evaporation stage. One of the
principle roles of the surfactant or chelating agent is to prevent
aggregation and sintering during the calcination stage. With
Span 80, the solvent evaporation leads to the loss of stabilized
water droplets and an aqueous phase containing the hydrated
tungsten oxide appears. The particles aggregate to larger
structures with few surfactant molecules available to sterically
prevent sintering upon calcination.
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Fig. 4 DRIFT spectra for: (a) Aldrich WO3; powders and (b) WO;3
samples prepared by dripping the sol into a mixture of acetic and oxalic
acids and treated at 500 °C for 6 h.

IR studies

The DRIFT spectra of a medium range area (about 19 m? g~ })
powder synthesized using oxalate chelating agent and that
recorded for a commercially available powder is shown in
Fig. 4. The higher surface area enabled detection of bands due
to surface OH and adsorbed water in the 3700-3100 cm
region. Specifically, the broad bands at 3450 and 3692 cm ™' are
due to various O-H stretching modes and a sharp peak at
1620 cm™ ! is the H,O bending mode. In contrast, no bands
were observed in the region 3400-3700 cm™ 'or at 1620 cm ™!
(see Fig.4a) in the DRIFT spectrum of the commercial
samples. The relative amount of water adsorbed on the surface
(and hence the relative surface areas of the powders) can be
measured by ratioing the intensities of the 1622 cm ™' water
bending mode to that of the surface overtone mode at
2063 cm~!. In recording spectra for various samples (not
shown), it was found that the relative amount of water
adsorbed agreed with the trend in measured BET surface
area and followed the order: emulsion > oxalic/acetic acid
mixtures > oxalic acid > acetic acid > sol-gel in water only >
commercial WO; powders.

There is one additional difference between the spectra of the
commercial powders and the nano-fabricated samples. The
infrared spectrum for the nano-sized WO; also shows a sharp
band for CO, at 2342 cm ™! and this band is not present in the
commercial samples or those prepared using water only. This
band did not reduce or change upon evacuation and elevation
of the temperature up to 400 °C and represents trapped CO,
formed during decomposition of the surfactant or chelating
agents during the calcination step.

Adsorption of DMMP

Fig. 5a,b shows the infrared spectra of the adsorbed DMMP on
thin films of commercial WO; powders and on the prepared
nano-sized m-WOQO3;, respectively. The infrared spectrum of
DMMP adsorbed on a nano-sized WO3; powder exhibits very
intense bands (see Fig. 5b) whereas we do not detect any bands
due to adsorbed species on the commercial powders (see
Fig. 5a). The amount of the adsorbed DMMP on these two
WO; samples can be estimated from the DRIFT spectra (not
shown) using the integrated peak area of the CH3; mode at
1314 cm ™' to that of a band due to a W-O overtone mode. The
amount of DMMP adsorbed on the sample (19 m* g™') is
about 15 times larger than the amount of DMMP adsorbed on
the commercial powder.

With these higher surface area particles it is now possible to
use infrared transmission spectroscopy to monitor the reaction
of gaseous molecules with the surface. The advantage of
transmission using thin films is that the entire infrared region
can be accessed. In DRIFT, the region below 1300 cm ™! is not
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Fig. 5 IR spectra of DMMP adsorbed on: (a) Aldrich WO; 7powders
and (b) nano-sized WO; powder with a surface area of 45 m> g~ !.

accessible because of the strong W-O fundamental bulk modes
in this region. The importance of the region below 1300 cm ™' is
shown with the adsorption of DMMP. In this particular
example, the O-CHj stretching modes of gaseous DMMP at
1042, and 1069 cm ! did not shift upon adsorption. However,
the P=0 stretching mode shifts from 1276 cm™! in the gas
phase to 1209 cm ™! upon adsorption. Therefore, adsorption of
DMMP on m-WOj; occurs through the P=O moiety and not
through the two methoxy groups.

Conclusion

Synthesis of m-WOj; in water only, in oxalate/acetate solutions
and in w/o emulsions produces particles with surface areas
between 2 and 7.5 m> g~ ', 16 and 22 m> g~ !, and 40 and
45m? g~ !, respectively. A particle of 45 m? g~ ! is equivalent to
a 17 nm diameter particle size and this is on par with the
smallest particles of metal oxides produced by solution based
synthetic methods. For samples prepared using chelating
agents, the highest surface areas are prepared using mixed
oxalate/acetate solutions. Particles synthesized using only
acetic acid had surface areas lower by a factor of 2 than
those obtained with oxalic acid. Although emulsion based
samples produce the highest surface areas, the use of a high
surfactant to tungstic acid ratio should be avoided because this
leads to difficulty in removing the surfactant in the calcination
of hydrated tungsten oxide to m-WO;. An important role
for both chelating agents and surfactant is that they play a
significant role in minimizing the sintering occurring in the
calcination step.

It is shown that the high surface area particles are amenable
for gas adsorption infrared transmission studies. Specifically, it
is shown that DMMP is strongly adsorbed on WO3 via the P=0
moiety and no adsorption occurs through the two methoxy
groups.
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