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Single phase tungsten-molybdenum mixed oxide films
(W1-Mo,0;) were successfully synthesized by automated
parallel electrodeposition, and distinct structural changes were
observed as a function of composition. A monoclinic structure
(B-phase) was observed in mixed oxides with less than 90% Mo,
and above 90% Mo, orthorhombic structure (a-phase) was
identified.

Tungsten oxide (WOs) and molybdenum oxide (M0Os3) areindirect
bandgap semiconductors with interesting photoelectrochemical
properties. They are presently used in electrochromic devices and
chemical sensors and show promise as low cost materials for solar
energy applications.2-3 Tungsten—molybdenum mixed oxides
(W1-xM0,03) have been of interest because of improved electro-
chromic performance. Tungsten—-molybdenum mixed oxides have
been prepared by high temperature calcination of apowder mixture
of tungsten oxide and molybdenum oxide,4 thermal co-evaporation
of WO3 and M00O3,5 and chemical vapor deposition.6.7 There have
been several reports of electrodeposition of tungsten—molybdenum
mixed metal oxides8® however, there was minima structura
analysis and no evidence for or against phase separation. In this
communication, we apply automated parallel chemistry for the
electrodeposition of the first reported atomically mixed tungsten—
molybdenum oxides (W;_xM0,03, x = 0.0, 0.05, 0.1, 0.2, 0.3, 0.5,
0.7, 0.8, 0.9 0.95, 1.0) and their detailed structural and functional
analysis.

The electrolyte was prepared by first grinding mixtures of
tungsten and molybdenum metal powdersin a porcelain mortar and
pestle. The mixed metal powder wasthen dissolved in 60 ml of 30%
hydrogen peroxide solution. Excess hydrogen peroxide was
subsequently decomposed with platinum black. A 50:50 water and
isopropanol mixture was used to dilute each solution to atotal metal
(W + Mo) concentration of 50 mM and the concentration of
molybdenum vs. tungsten was varied from 0 to 100 mol% for each
eectrolyte. Library synthesis (5 X 9 arrays) was performed in a
parallel electrochemical reactor on ITO-coated glass substrates
which had been cleaned with aqueous detergent, acetone and
isopropanol. The cathodi c-potentiostatic deposition was performed
in a parallel electrochemical cell array.10 In brief, the assembly
consisted of a 1 inch thick polypropylene block with 1/4 inch
diameter holes. Using independent o-rings for sealing, the block
was affixed to the ITO substrate, forming 45 isolated working
electrodes. An array of 45 stainless steel pins was inserted into the
polypropylene wells and used as a counter electrode, forming 45
individual two-electrode cells. Diversity in composition was
achieved by variations of W:Mo ratios in the metal mixture. All
filmswere deposited for 10 minutesat —1.8 V vsthe stainless steel
counter electrodes. This potential correlatesto —0.4 V vs. SCE in
a 50 mM metal—peroxo electrolyte.

The film compositions were analyzed by energy dispersive
spectroscopy (EDS) and correlated remarkably well to electrolyte
compositions within the error range of +5% (data not shown). The
composition of W,_,M0,03 can be readily controlled by varying
the ratio of metals in the electrolyte.

The air-dried tungsten—molybdenum mixed oxide films were
confirmed to be amorphous as-deposited, and XRD patterns
obtained from the library after calcination at 450 °C for 4 h are
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shown in Fig. 1(a). Severa different phases were observed for the
mixed oxide films. For example, the XRD pattern of the
W sM0g 503 film shows three characteristic peaks at 23.3, 25.1,
and 26.6°, which clearly distinguish itself from either pure WO or
pure MoOs. Pure tungsten oxide and pure molybdenum oxide
exhibit a monoclinic and an orthorhombic «-phase, respec-
tively.12-13 There is no evidence of superpositional peaks of pure
tungsten oxide and pure molybdenum oxide except for the
extremely tungsten rich compound (Wq gM0g.203), which indicates
that for the most part the mixed oxides (W;_xMo,O3) are not
simply mixed phases of the two pure oxides.

Raman spectra were obtained by photoexcitation with a 514.5
nm Ar ion laser (Spectra Physics). Raman scattering signals were
collected in a back-scattering geometry using a thermoelectrically
cooled CCD detector (Jobin-Yvon/ISA Spectrum One). Raman
spectraof selected library membersare shownin Fig. 1(b). For pure
tungsten oxide, two broad peaks were observed at 715 and 807
cm—1, which are characteristic of the corner-shared oxygen (W—O—
W) of the monoclinic WO; structure.24 Pure molybdenum oxide
shows three characteristic peaks of the «-phase at 668, 821 and 997
cm—1, which represent edge-shared oxygen (Mosz-O), corner-
shared oxygen (Mo—-O-Mo), and termina oxygen (Mo=0), re-
spectively.15 Asthe composition of W;_,M0,O3 varies, systematic
spectral changes are observed. Three bands at 765, 844 and 901
cm~—1 are observed in the Raman spectrum of Wq sM0g 503; hone of
which isfound in either pure tungsten oxide or pure molybdenum
oxide. These bands are consistent with those of [3-phase-Mo00Os,
which has two characteristic peaks at 776 and 850 cm—1 aswell as
asmall shoulder at around 900 cm—1,12.13 These bands were shifted
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Fig. 1 (@) X-Ray diffraction patterns and (b) Raman spectroscopy of
tungsten—molybdenum mixed oxides with respect to film compositions. (c)
Raman shift with respect to film compositions. The values at x = 1.0 are
fromref. 12. When 0 < x = 0.9, monoclinic phase was dominant, but when
x > 0.9, the «-phase was dominant.
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to lower frequency, compared to B-phase-MoOs. Interestingly,
when the molybdenum concentration (X) islessthan or equal to 0.9,
a monoclinic phase was clearly observed. Above 0.9, a distinct
phase transformation had taken place from monoclinic to or-
thorhombic (o phase). The bandwidths of the new Raman peaks
become gradualy narrower (by ~50%) with an increase in
molybdenum composition, which reveals a significant increase in
structural homogeneity. The abrupt structural change at approx-
imately x = 0.9isconsistent with the results of Puranset al 1617 To
confirm the lattice structure, we compared the Raman bands of all
monoclinic phase mixed oxides with pure 3-phase-M 003, Fig. 1(c)
shows the frequency shifts of the Raman bands with respect to film
composition. With increasing molybdenum concentration (x) from
0.2 to 0.8, the positions of the Raman bands of W;_,M0,03
asymptotically approach those of pure 3-M 0Oz, which supportsthe
notion of W;_,M0,03 as having the $-MoOs structure. Although
thefundamental 3-phase structureis maintained in this composition
region, the W-doping results in moderate structural changes and
greater crystallographic disorder, as observed by broader Raman
bands compared to pure B-MoOs;. A large shift in the Raman
spectrum between pure WOz and W gM0 203 is evidence of a
substantial structural change, implying a transition from mono-
clinic WOs3 to the 3-phase monoclinic MoO; structure, despite the
fact that the material is W-rich. We summarize the structural
change with compositionin Table 1. Thisfinding is consistent with
the XRD results which showed no evidence of phase separation of
either pure tungsten oxide or pure molybdenum oxide.

We investigated the photocatalytic activity of the tungsten—
molybdenum mixed oxide library after calcination at 450 °C.
Current measurement was obtained while the sample was illumi-
nated with a chopped Xe light source (Oriel) with a light intensity
of 25 mW cm-2. A trend in photoresponse as a function of
molybdenum composition was clearly observed, Fig. 2(a).

The values of zerobias photocurrent for pure tungsten oxide and
molybdenum oxide are 12.3 and 5.9 uA cm—2, respectively. All the
films showed n-type semiconducting behavior and the maximum

Table 1 Structural change of W;_,M 0,03 with respect to film composition
x)

0=x<02 Similar to monoclinic WO5
02=x=09 Similar to monoclinic 3-MoO3
09<x=1 Similar to orthorhombic «-MoOs
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Fig. 2 (a) Zero bias photocurrent of tungsten—molybdenum mixed metal
oxide films in 0.1 M sodium acetate. All samples were n-type semi-
conductors. Illumination was provided by a 150 W Xe lamp. (b) Cyclic
voltammograms for potassium intercalation/deintercalation of WO5 (solid
line), MoO; (dashed line) and W sM0g 505 (dotted line); 0.1 M KCl was
used as electrolyte. The scan rate was 100 mV s—1.

photoresponse was observed for WosM0ops03 with photoactivity
decreasing as film composition approached either pure oxide. The
photoresponse of the WosM0psO3; mixed oxide film, 18.5 uA
cm—2, was 50% higher than that of the pure tungsten oxide film.

Cation intercalations were carried out for the as-synthesized
tungsten—molybdenum mixed oxide library using H+, Li+, Na+ and
K+. The electrochromic process of metal oxides has been explained
by the double intercalation of a proton and an electron to form a
colored metal bronze.2 The cyclic voltammograms measured for
tungsten—molybdenum mixed oxides during potassium (K+) inter-
calation are shown in Fig. 2(b). The integrated cathodic current
density is a measure of the intercalation capacity. Interestingly, as
the ratio of tungsten to molybdenum approaches unity, electro-
chromic properties improve. Compared to either pure tungsten
oxide or pure molybdenum oxide, the mixed oxides show
considerably enhanced intercalation properties, with the
Wy 5sM0g 503 film exhibiting the highest intercalation properties of
al. All cations (H*, Li*, Na*) revealed the same trend as K+ (data
not shown). We are currently investigating the specific mechanism
for photocatalytic and el ectrochromic improvementsin these mixed
oxide materials. Previous work has attributed such improvements
to the six major ionic species (W6&+, W5+, W4+, Mo6+, Mo5+, M%)
present in the mixed oxide, which alow for increased inter- and
intra-valency charge transfer.6 Presumably, lattice geometry plays
an important role which will be investigated in future work.
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