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Automated systems for electrochemical synthesis and high-throughput screening of photoelectrochemical
materials were developed and used to prepare tungsten-based mixed-metal ox@gd W = Ni, Co,

Cu, Zn, Pt, Ru, Rh, Pd, and Ag], specifically for hydrogen production by photoelectrolysis of water. Two-
dimensional arrays (libraries) of diverse metal oxides were synthesized by automated cathodic electrodepo-
sition of the oxides on Ti foil substrates. Electrolytes for the mixed oxides were prepared from various
metal salts added to a solution containing tungsten stabilized as a peroxo complex. Electrodeposition of the
peroxo-stabilized cations gave rise to three distinguishable oxide groups: (1) mixed-metal oxides [Ni], (2)
metal-doped tungsten oxides [Pt, Ru, Rh, Pd, Ag], and (3) metatal oxide composites [Co, Cu, Zn].

The oxides typically showed n-type semiconducting behavior. Automated measurement of photocurrent
using a scanning photoelectrochemical cell showed theNiimixed oxide had the largest relative zero

bias photocurrent, particularly at a low Ni concentration-{B® atomic percent Ni). Pt and Ru were also
found to increase the photoactivity of bulk tungsten oxide at relatively low concentrations; however, at
concentrations above 5 atomic percent, crystallization ofW&» inhibited and photoactivity was diminished.
Addition of Co, Cu, and Zn to W@was not found to improve the photoelectrochemical activity.

1. Introduction electrochemical methods has been applied to catalyst screen-

Tungsten oxide (Wg) is an indirect bandgap semiconduc- N9 a’?d synthesis! AuFomated elgctrochemlcal m(.af[hods for
creating and screening collections of compositionally or

tor with interesting photoconducting behavior. It is presently . . . .
. . : . . structurally varied materials (libraries) for photoelectro-
used in electrochromic devices and chemical sensors and is

. . L chemical performance have recently been describ#&d.
a potentially low-cost material for solar energy applicatibis.

. Electrochemical methods lend themselves well to the com-
WO;, with numerous crystal structures, has been prepared . : . . . .

. . . binatorial synthesis of inorganic materials because of the
by a variety of physical and chemical methéd<Electro-

chemical aeposion mehods have been used for,wo () SYEES Veraes el dreccontol st 2 votage
deposition by dissolving N&O, in sulfuric acid® or Y, yie,

tungsten powder in hydrogen peroxithThe electrodepo- deliberate manner, resulting in great diversity of structure

sition method has many advantages over other synthesisand composition. We used methods of automated electro-

routes in terms of economics and flexibility for making large chem!cal §ynthe5|s and screening to "%‘ddress_ the following

surface area films. The low conductivity of tungsten oxide guestions: (1) Can combinatorial libraries of diverse metal-
NS Lo . . doped tungsten oxides be rapidly synthesized and screened

has limited its application in photovoltaic devices; however, . ) .

efforts to improve the properties using dopants such as Ni electrochemically as potential photovoltaic and photoelec-

and Co have shown promi&ei2Progress, however, has been trochemical materials? (2) What are the photoelectrochemical

) o -
slow, and there is limited theoretical basis for selecting fuhn;ttc')zg?;egithOOfgg;zgooTEf:'té?gr?locxr;gggbeesi'm(320?/23 tge
dopants or dopant concentrations. P YUc prop 9 P y

doping? (4) Are there trends in photoelectrochemical per-

Auk;[_om::\te_dlelecttr:O((:jhleml_cal rs]ynth%&s an(rj] scre?nl_ng USING s rmance as a function of composition that might improve
combinatonal methodologies have been SNown fo INCrease,, understanding of compositiefiunction relationships?
the rate of investigation of the effects of composition and

structure on materials performance. Combinatorial chemistry
is the deliberate synthesis and screening of very large
numbers of diverse new materials from different combina-  Tungsten cations were stabilized as peroxo complexes in
tions of specific building block atoms and molecutés® an electrolyte prepared by dissolving 1.8 g of tungsten
Applied to functional inorganic materials, these methods have powder in 60 mL of 30% hydrogen peroxide solution. The
been used to rapidly investigate large numbers of mixed- excess hydrogen peroxide was subsequently decomposed
metal oxides as potential phosphors, catalysts, dielectricwith platinum black. The solution was diluted to 50 mM
materialst®~8 and inorganic support8.The versatility of with a 50:50 mixture of water and 2-propanol. Additional

2. Experimental Section
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’ O O O O O (a) as-synthesized calcined in air at (b) 4@ and (c) 600°C.

Pwos OO O OO
Ruwos O OOOO A library consisting of tungsten oxide with added Pt, Ru,
Rvwos O OO OO Rh, Pd, and Ag was also synthesized (library B). All wells
pawos OO0 00O except for the first control row contained a mixture of
rawo; OO0 00 tungsten and noble metals (Figure 1b). The concentrations

. . ) . . of noble metals in the electrolytes were varied from 1 to 5
Figure 1. Library designs for (a) library A and (b) library B. The 5] 94 with deposition for 5 min at-1.0 V vs Pt reference

individual electrolyte contained peroxo-stabilized tungsten with . - .
metal salts added at the individual mole percentage for diversity. ?é:e(f:trogeﬁ Aftgr deposition, the library was calcined at 600
or inair.

Library screening for photoelectrochemical activity was
performed by measurement of photocurrent at 0 and 1 V
bias. A scanning electrochemical probe, which is described
i detail elsewhere, was usé&dUnder computer software
control, the probe is translated to each library location and
lowered onto the film, forming an O-ring seal. The probe
contains a Pt working electrode and a Pt reference electrode
connected to an EG&E 273A potentiostat. Sodium acetate
(0.1 M) electrolyte is pumped automatically into the probe,
and currentvoltage data are obtained while the area is
illuminated with a chopped light source. The source was an
Oriel Xe 150 W lamp coupled by an optical fiber to the
scanning probe with a measured output at the sample of 2.25
mW/cn¥. The current is monitored and stored throughout
the voltage ramp cycle (0.01 V/s voltage ramp).

Selected library samples underwent more detailed quan-
titative analysis. Scanning electron microscopy (Philips, XL-
30 ESEM-FEG) and electron stimulated energy dispersed
X-ray spectroscopy (Princeton Gamma Tech, IMIX) were
performed to determine surface morphology and composition.
X-ray diffraction (Scintag, X2) was used to examine the
crystal structures.

metal species were introduced by adding different volumes
of 50 mM metal chloride solutions to the tungstenperoxo
solution. Library synthesis was performed on titanium foil
substrates that were cleaned with aqueous detergent, aceton
and 2-propanol.

The films were deposited cathodically under potentiostatic
control in an assembly of individual cells that formed an
array. In brief, the assembly consisted of a polypropylene
block 30 mm in thickness with 6310.8 mm diameter holes.
Each cell had an O-ring for sealing against the substrate.
The block was affixed to the titanium foil substrate, forming
up to 63 independent working electrodes. For maximum
control of electrochemical synthesis, we developed a scan-
ning electrode probe containing a platinum reference elec-
trode and a platinum counter electrode. After the individual
cells were filled with various electrolytes, the electrodes are
scanned under computer control to each electrolytic well.
Different structures and compositions of the oxides are
electrodeposited in each well by varying the electrolyte
composition and voltage across the library.

The library design shown in Figure 1a represents>ab
array of tungsten-based oxides (library A), with diversity
achieved by variations in dopant species and metal chloride
concentration. The library was deposited on titanium foll
using the parallel reactor block. All wells except for the first
row contained a mixture of tungstenperoxo electrolyte and The as-deposited tungsten oxide control films (after drying
metal salt. The first row served as a control and contained at room temperature) were confirmed to be amorphous
no added metal salts. Six metal chlorides were used in library (Figure 2a). The film crystallized at 40C (Figure 2b), and
A: Pt, Ru, Ni, Co, Cu, and Zn. The concentration of each XRD patterns were obtained from the film annealed at 600
species was varied from 5 to 50 mol %, and all films were °C consisting of highly crystalline tungsten oxide (Figure
deposited for 5 min at-1.0 V vs Pt reference electrode. 2c). X-ray diffraction was conducted on samples from library
After deposition, the library was calcined at 600 for 6 h A synthesized from the electrolyte with 15% dopant con-
in air. centration (4th column in library A). For nickel, a mixed

3. Results and Discussion
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Figure 4. Deposition voltammogram of PMW—peroxo mixture
as a function of Pt concentration.

similar results were found with Ru. Thus, when either Pt or
Ru was an additive, only metal phases were distinctly
observed in W@films even after 600C calcination (Figure
3c). These observations for tungsten are in contrast to
findings by Zhitomirsky et a#3?4in titanium dioxide, where
a RuQ—TiO, mixed oxide was synthesized by cathodic
electrodeposition using an aqueous Ru@hd Ti peroxo
mixture and calcination above 40C. In this system, no
phase separation was noted and the authors reportedly could
control the composition between the two oxides.

SEM images of Pt-doped W@ilms are shown in Figure
5 for both low and high concentrations of Pt in the
electrolyte. There are no discrete features observed that would
suggest phase separation in materials deposited from low Pt
concentrations (Figure 5a), whereas large distinct clusters

of platinum particles (2061000 nm) were easily seen on
the tungsten oxide surface for the films synthesized from
high Pt concentration electrolyte (Figure 5b). The thickness
of the film was approximately 1:52.5 um (Figure 5c),
depending on the deposition conditions. The film composi-
tions determined by EDX for Ni/W@and Pt/WQ are plotted
in Figure 6. As expected, with increasing concentration of
additive metal ions in solution, the atomic fraction of the
new substituent increased for both Ni/W and Pt/W in the
oxide of tungsten and nickel was formed, WNi@Figure film deposited. The Pt fraction showed a greater percentage
3a) and no discrete nickel metal or nickel oxide phases wereincrease with concentration than the Ni.
observed. Cobalt was observed to exist as mixed phases of From structural and morphological evaluation, the addition
cobalt oxide and cobalt metal in the W@Ims (Figure 3b). of metal salts to the tungsten-based electrolyte gave rise to
Copper and zinc were incorporated into the Wi©a similar three distinguishable oxide groups: (1) mixed-metal oxide
fashion as cobalt. [Ni], (2) metal-metal oxide composites [Co, Cu, Zn], and
Figure 4 shows the voltammogram of-R&/—peroxo (3) metal-doped tungsten oxide [Pt, Ru, Rh, Pd, Ag].
electrolyte (before deposition). In the case of low Pt Whereas the peroxo-stabilized tungsten is deposited as an
concentration (below 5%), the voltammogram is nearly oxide, we speculate that the metal cations from the salts are
identical to that of the pure tungsten electrolyte. At high Pt deposited as metal, and subsequently, several are at least
concentrations, however, the shape is similar to that of the partially oxidized at elevated temperature where noble metals
pure Pt electrolyte. When comparing XRD data from the remain metallic.
film deposited from 15% Pt electrolyte and that from the  The photoelectrochemical response of tungsten oxide is
50% solution, we found that for lower concentrations of Pt, shown in Figure 7a. Tungsten oxide shows n-type semi-
both Pt metal and tungsten oxide were formed. In the caseconductor behavior and, under illumination, a zero bias
of high Pt concentration, however, only crystalline Pt metal photocurrent of 1.6:A/cm? and a photocurrent of 8.6A/
is observed with no evidence of crystalline tungsten oxide; cn? at 1 V bias. Figure 7b shows the change of zero bias

Il
Ti
WO;TiOZ(RutiIe) I ‘l ‘I Rju
L
MMMW \J,MW;LLumm M.m
20 30 40 50 60
20
Figure 3. XRD patterns of (a) Ni-doped W£(b) Co-doped WQ
and (c) Ru-doped Wgxsynthesized from electrolyte with concentra-
tion of 15% of each dopant.
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Figure 5. Scanning electron micrographs of electrodeposited PH¥Wi@s: (a) synthesized from 3% Pt electrolyte; (b) synthesized from

50% Pt electrolyte; (c) cross-sectional view.
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Figure 6. EDS measured atomic ratios of dopant to host (Ni/W
and Pt/W) in films deposited at varied Ni or Pt salt concentrations.
Dashed lines were added to guide the eye.

work,2> which also reported that bandgaps of tungsten oxide
can be decreased by crystallization from 3.1 to 2.8 eV.

Automated photoelectrochemical screening of the libraries
(libraries A and B) was performed. Figure 8 shows the
photocurrents at zero bias obtained from libraries A and B.
For the undoped tungsten oxide films (10 samples in both
libraries A and B), a value of 1.6 0.05 uA/lcm? was
observed. Substitution of KN&and HCIQ for acetate shows
no significant change in the measured photocurrent, consis-
tent with water (not acetate) oxidation at the photoanode.
For zero bias photocurrent within the same row (same dopant
at different concentrations) in library A, each dopant showed
a different trend. Overall, addition of Ni showed the largest
increase of the six dopants investigated; however, Co and
Cu showed similar trends toward improved performance.
Samples deposited from 5% to 15% of Ni concentrations
showed nearly twice the photoresponse, 2@4/cn?,
compared to the undoped control. There is a clear maximum
at approximately 5 atomic percent, indicating that the
improvement is not due to a separate NiO phase. This

photocurrent with respect to calcination temperature. The as-represents, for the broadband illumination spectrum, an IPCE
synthesized film was amorphous and showed no photore-(incident photon conversion efficiency) of 0.27%. Consider-
sponse; however, with calcination there was an increase ining that only approximately 10% of the incident photon flux
photoactivity, presumably due to increased crystallinity and was of energy greater than or equal to the bandgap 0§, WO
decreased defect density. This result was shown in previousthe internal quantum efficiency is expected to be greater than
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Figure 7. (a) Potentiodynamic scans under chopped illumination in jibrary A and (b) noble metal doped tungsten oxides in library
(2.25 mwy/cnd) for tungsten oxides and (b) zero bias photocurrent g

of tungsten oxide as a function of calcination temperature. Dashed
lines were added to guide the eye. 20

2.7%. The results in both Figures 6 and 8 were reproduced
with negligible error in two additional libraries prepared , ° 1 Volt Bias
identically. o T~

Figure 9 shows photocurrent at Ocad V bias for Ni/
WO; (fourth row in library A) during illumination with a
chopped light source in a 0.1 M sodium acetate solution. A
trend in photoresponse as a function of nickel content was
clearly observed. The photoresponse increased and reached
a maximum when Ni content in the film was from 5 to 10 I
atomic percent and then decreased as the concentration of oL TTo--.m
Ni content increased. Nickel is expected to exist & dind, N
like We*, favors octahedral coordination. As a direct sub- _ . _ . _
stituent for W, Nf* in the composite WNi@Qwould give 0 10 20 30 40 50
rise to increased donor majority carriers and higher conduc- Atomic Fraction Ni/W(%)
tivity. It is believed that the increased photoactivity in the Figure 9. Photocurrents in 0.1 M sodium acetate solution at zero
composite is a result of a combination of increased absorptionPias anl 1 V bias for Ni-doped tungsten oxide as a function of Ni
and increased conductivity. When large amounts of nickel SOntent. Dashed lines were added to guide the eye.
were added, however, phase-separated NiO was observedentration. When we used metal nitrates (Ni, Cu, Co) as
and is believed to decrease the photoresponse by trappingrecursors instead of metal chlorides, the performance trends
carriers at the phase boundaries. Maximum photoresponsevere identical (not shown), indicating that the improved
was observed when 10% or 15% Ni salt concentrations werephotoactivity is independent of the specific precursor.
used (5-10 atomic percent in film). For Cu, Co, and Zn, For Ru and Pt, the zero bias photocurrent decreased as a
the photoresponse was nearly independent of dopant confunction of dopant concentration (from 5 to 50 mol % in
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library A). Phase separation was observed by SEM/EDX No. DE-FC36-01G011092) and the Cycad Group (Santa
between W@and the metal dopants at large concentrations Barbara, CA). Partial funding and facilities were provided

of Pt or Ru. Such materials would not be expected to be by the NSF-MRSEC funded Materials Research Laboratory
photoactive because of recombination at the metal (UCSB) and the California Energy Commission (CEC Grant
semiconductor interfaces. The zero bias photocurrent of eachiNo. 51539A/99-36). The authors appreciate the technical

film in library B is shown in Figure 7b. For Rh, Pd, and Ag,
there is negligible change in photoresponse for the range of
dopant concentrations studied. A large increase in photoac-
tivity was observed for moderately low concentrations of Pt
or Ru. Previous work by Chen et &%’ reported that Pt-
doped WQ was a very effective electrocatalyst for oxidation
of low molecular weight compounds, not a photocatalyst.
In that case, the atomic ratio of Pt to W was very high
(approximately 1:1). Pt metal acts as an active site for the
reaction, while the tungsten oxide supports and disperses Pt.
Our results indicate that materials with a large atomic ratio
of platinum to tungsten tend to be photoinactive, although it
is confirmed that platinum particles were well dispersed on
the surface of tungsten oxide. Photoactive materials could
be obtained only when small amounts of highly dispersed
platinum were added. The requirements for an electrocatalyst
are very different from those for a photocatalyst. We clearly
observed that platinum exists in metallic form. The mole
fraction of Pt in Pt/WQ films shows a strong dependence
on concentration of Pt in electrolyte. Interestingly, there is
no tungsten oxide peak in the case of high Pt concentration,
although the existence of tungsten was confirmed by SEM/
EDX. Therefore, we can conclude that high concentrations
of platinum can inhibit the deposition and crystallization of
WOQO;, resulting in a photoinactive material.

4. Conclusion

Combinatorial libraries of diverse metal-doped tungsten
oxides were rapidly synthesized and screened with high-
throughput photoelectrochemical systems. Tungsten oxide
showed typical n-type behavior, and its crystallinity and
photoactivity strongly depended on calcination temperature.
Electrochemical deposition of the peroxo-stabilized tungsten
and several metal cations gave rise to three distinguishable
oxide groups: (1) mixed-metal oxides [Ni], (2) metal-doped
tungsten oxides [Pt, Ru, Rh, Pd, Ag], and (3) metaktal
oxide composites [Co, Cu, Zn]. The semiconducting oxides
typically showed n-type behavior.

By introduction of various dopants into W{changes in
photoactivity were observed. Nickel was found to be the most
effective photoelectrochemical dopant for tungsten oxide,
probably by increasing the conductivity and decreasing
charge carrier recombination in the WPt and Ru, at
concentrations above 5%, inhibited the crystallization of
WO;, resulting in decrease of photoactivity. Concentrations
of Pt and Ru below 5% were found to be effective for
increasing the photoactivity of tungsten oxide probably by
forming well-dispersed metallic clusters that reduced the
overpotential for oxidation.
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