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ABSTRACT: The photoelectrochemical behavior of materials
based on binary Bi−V oxides was investigated by preparing
libraries of ternary metal oxides using high-throughput
combinatorial inkjet printing of oxide precursors onto
conductive glass substrates. Subsequent pyrolysis of the
printed films, with addition of various levels of a third metal
oxide precursor, produced libraries of metal oxides that were
immersed under potential control into an electrolyte solution
and evaluated for water photooxidation or photoreduction
activity using a laser scanning technique to produce photo-
current images. It was found that the photoelectrolysis activity
of the Bi−V oxides of various stoichiometries was best at a Bi/V ratio of 1 to 1 or the BiVO4 phase. The photocurrent generation
of this phase was improved by the addition of various amounts of W, Cu, Fe, Mg, and Mn. Addition of W led to the largest
increase in photocurrent of up to 18 times; however the electronic band gap was increased compared to that of unsubstituted
BiVO4.
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■ INTRODUCTION

The report of the photooxidation of water with rutile electrodes
in 19721 set off a search for highly efficient, inexpensive, and
stable water splitting photocatalysts. Many extensively inves-
tigated photocatalyst materials, such as TiO2, only absorb UV
light (Eg > 3.0 eV) which constitutes only 4% of the solar
spectrum; therefore, suitable visible-light-driven materials need
to be discovered and optimized.2 BiVO4, with a band gap of 2.4
eV, could be a promising photocatalyst material if used in a
tandem photoelectrolysis cell with a lower bandgap semi-
conductor photoelectrode.3,4 However, BiVO4 till now has had
rather poor photocurrent response resulting from inefficient
separation and collection of photogenerated electron hole
pairs.5,6 Efforts to overcome these difficulties, such as the
construction of a WO3/BiVO4 composite,7 preparing a n-
BiVO4/p-Co3O4 heterojunction8 and Eu or Ag addition to
BiVO4,

5,9,10 have resulted in only modest improvements in
photoresponse. Some recent work, where the BiVO4 films were
electrodeposited11 or produced by spray pyrolysis,12 produced
some substantial increases in photocurrent response. Other
recent work includes alloying BiVO4 with Mo or W13−16 or
depositing catalyst layers on the surface to enhance the
photodriven oxygen evolution rate.17−20 Theoretical work by
Walsh et al.21 on the electronic structure of BiVO4, suggested
that future work should consider adding nd0 (including Ti4+,
V5+, Mo6+, W6+, Zr4+, Nb3+, Ta5+, Ce3+, Pr3+, and Nd3+) and
ns2/nd10 cations (including Cu2+, Zn2+, Ga3+, Ge4+, Ag+, Cd2+,
In3+, Sn4+, Bi3+, and Pb2+) to both reduce the oxide band gaps
and increase the hole conductivity.21 A very recent review has

summarized the progress in BiVO4 photoanodes for solar water
oxidation.22

The band gap of BiVO4 is too large for it to be highly
efficient either by itself or in a tandem photoelectrolysis cell.
Addition of other transition metals to the material may be able
to lower its band gap to produce a potentially more efficient
material. To efficiently produce and screen the many possible
new oxide semiconductor compositions, combinatorial chem-
istry approaches need to be employed. Inkjet printing has
played an important and increasing role in high-throughput
combinatorial discovery and optimization of materials.23−36

Our group has pioneered this combinatorial approach to
identify and optimize the composition of visible-light-driven
photocatalyst materials for water splitting.37,38 Herein we
extend this technique to quickly produce a diverse series of
complex oxides based on Bi−V oxides. Recently Bard’s group
has also done a similar combinatorial study of photocatalysts
related to BiVO4 by using scanning electrochemical microscopy
to study the photoactivity of libraries of Bi−V oxides with the
addition of various third elements.15 Herein we expand the
number of compositions by using our ink jetting method to
prepare ternary and quarternary Bi−V oxides by adding W, Mo,
Mn, Co, Cr, Mg, Fe, or Cu and investigate their photo-
electrolysis activity.
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■ EXPERIMENTAL PROCEDURES
Materials. Fe(NO3)3·9H2O and ammonium molybdate

were obtained from Fisher Scientific. Cu(NO)3·2.5H2O,
Co(NO3)2·6H2O, Bi(NO3)3·5H2O, Cr(NO3)3·9H2O, Mg-
(NO3)2, Mn(NO3)2·xH2O were all obtained from Alfa Aesar.
Ammonium metatungstate hydrate and VCl3 were obtained
from Sigma Aldrich and Acros, respectively. All chemicals were
used as received. Precut flourine-doped tin oxide (FTO) coated
glass (TEC 8, 8-ΩR, 3.0 in. × 3.0 in.) was obtained from
Pilkington Industries. The FTO glass was cleaned first by
detergent, after rinsing with deionized water, then sonicated in
the deionized water for 30 min, finally soaked in KOH solution
and isopropyl alcohol for 24 h, and stored in methanol prior to
printing. This procedure increased the hydrophilicity of the
glass resulting in more uniform printing.
Preparation and Characterization of Combinatorial

Printed Thin Film Libraries. All the material libraries were
printed using a Dimatix model DMP-2800 piezoelectric ink jet
printer. A formulation, suitable for the Dimatix inkjet printer,
used solutions of the appropriate metal salts (0.3 M), except for
ammonium molybdate (0.3 M) for which 8 drops of glycerol
was added, with 35%, by volume, diethylene glycol and 1%, by
volume, diethylene glycol monobutyl ether to serve the
respective roles of viscosity agent and surfactant. Bi(NO3)3
was dissolved in 10% by volume solution of concentrated nitric
acid in water. The solutions were then injected into empty
Fujifilm Dimatix 1pL drop volume printer cartridges after a 10-
min sonication. The following steps were similar to those
reported by Woodhouse et al.37 The stoichiometries of the
various compositions were varied and controlled by both
multiple printings of precursor and the variation of the
precursor drop spacing. Often, to increase the thickness of
the printed films, each metal precursor solution was overprinted
up to 5 times because of the limited solubility of some of the
metal precursors in the aqueous “inks”. These 5 layer printed
films had a thickness of about 30 nm as measured by cross
sectional SEM images. The cartridges, because of their high
acid content, were not stable for extended storage periods but
were usable over several weeks of use before any corrosion of

the copper contacts was apparent. When corrosion was
apparent the cartridges were discarded. It is unlikely that the
“inks” were exposed to copper since the corrosion was outside
of the cartridges affecting only the contacts to the printer
electronics.
A 9-row-by-8-column printing template, shown in Figure 1,

was created with 3 mm × 3 mm individual squares spaced by 3
mm where in each square a predetermined amount of the metal
salt precursors were printed.38 The labels A, B, and C represent
different metal oxide precursors. In the binary metal systems,
only A and B are used; in ternary metal material systems, A, B,
and C stand for the three different oxide precursors respectively
whereas in the quarternary metal systems B stands for the Bi
and V precursors printed at the same position from different
cartridges, while A and C stand for the other two oxides
precursors.

A series of printed libraries corresponding to the template
above were then fired for 12 h at 500 °C in a ThermoLyne type
1300 furnace to decompose the precursors into metal oxides.
The printed films were then connected as the working
electrode to a Princeton Applied Research 174A potentiostat
in an electrochemical cell containing a 0.1 M K2SO4 solution
with a graphite rod acting as both the counter and the reference
electrodes in a two-electrode configuration at biases ranging
from −0.5 V (for the p-type materials) to 0.5 V (for the n-type
materials). The custom built laser scanning station has
selectable laser wavelengths of 405 nm (laser diode 40 mW),
473 nm (laser diode 35 mW), and 532 nm (frequency doubled
CW-YAG 80 mW) but for most measurments λ = 405 nm was

Figure 1. Printing templates used for optimizing the stoichiometry in all of the material systems. (A) Shows the scheme used for ternary mixtures.
(B) Shows the template used for binary mixtures that produces groups of four squares with identical stoichiometries. The density of precursor drops
(and the resulting stoichiometry) is shown in Table 1. The stoichiometries of the printed regions will be referred to using the values in column 4 of
Table 1. For instance spot A2−B4−C3 in the template in Figure 1A would have a stoichiometry of A1.7B14.4C3.7. Some squares such as A14.4B14.4C14.4
(A4−B4−C4) and A1.7B1.7C1.7 (A2−B2−C2) would have the same 1:1:1 stoichiometry but the A4−B4−C4 square would be about 8.5 times thicker
than the A2−B2−C2 square (the thickness of the features on the diagonal increases from the bottom left to the upper right). Regions of Fe2O3 and
CuO, as n and p type internal standards respectively, are prepared by printing four thicknesses of their precursors along the top row.

Table 1. Density of the Printed Precursor Drops Used to
Produce the Mixtures Shown in Figure 1

label drop spacing (μm) drops per mm2 relative stoichiometry

1 160 45 1.0
2 120 75 1.7
3 80 169 3.7
4 40 642 14.4
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used. The laser power was measured with a Thorlabs PM 100
power meter and modulated with a mechanical chopper
operating at 13 Hz. Note that the photocurrents for different
experiments are not directly comparable because of variations
in the laser power. Incident photocurrent efficiency (IPCE)
values were calculated using the following equation:

λ λ λ λ= × × J IIPCE%( ) 100 1240 ( ( )/ ( ))0 (1)

where λ is the wavelength, J(λ) is the photocurrent (μA) under
illumination at λ, and I0 (λ) is the incident-light power (μW) at
λ. The obtained IPCE vs position data was used to generate
false color images of the IPCE values. False color images are
useful for quick comparisons between the internal standard and
the other oxides printed on the same FTO substrate. However,
the actual IPCE values are needed to compare the photo-
catalytic activity of the different oxide compositions especially
under different wavelengths of laser illumination. The majority
of the prepared thin films are very thin with very small optical
absorption and correspondingly low IPCE values. Very thin
films are printed to minimize the need for carrier diffusion to
produce photocurrent in these low mobility materials.
Larger-area thin films (2 cm × 2 cm) of specific compositions

were prepared for SEM-EDS and X-ray diffraction (XRD)
measurements to analyze their composition and structure. The
XRD measurements were done either directly on the film at
low angle or after scraping off some of the film and performing
a conventional powder measurement using a SCINTAG
XDS2000 automated powder diffraction system. The photo-
electrochemical activity of these printed thin films were then
investigated in a 3-electrode cell with a platinum wire, a
saturated calomel electrode (SCE), and the thin film oxide
electrode serving as the counter, reference, and working
electrodes, respectively. Photocurrent measurements using
various laser light sources were carried out in 0.1 M K2SO4
electrolyte that was nitrogen was purged 20 min prior to the
experiments and then blanketed the electrolyte.

■ RESULTS AND DISCUSSION
Bi−V Binary Oxides. Since there are a number of known

Bi−V oxides, such as Bi4V2O11, Bi8V2O17, Bi25VO40, we first
investigated whether the usual stoichiometry of BiVO4 was the
optimum composition for the Bi−V binary oxide system.
The generic template used for binary Bi−V oxides, where B

stands for Bi, and A stands for V is shown in Figure 1B. Figure
2 shows the false color IPCE map with a +0.5 V applied bias
where the best n-type photoresponse spot corresponds to a Bi/
V ratio of 14.4/14.4 or 1/1, as shown by the group of four
features in the upper left of the image. There are three known
crystal forms of BiVO4, monoclinic sheelite, tetragonal zircon,
and tetragonal scheelite. XRD was performed on a larger area
film printed with a 1 to 1 Bi to V stoichiometry to determine
which phase was produced from our precursors and firing
conditions (Figure 3). The diffraction pattern shows peaks at
15.0°, 18.5°, 35.0°, and 46.0° corresponding the monoclinic
scheelite phase of BiVO4.

39 However, even the most photo-
active square of Bi−V oxides has a 100 times lower
photoactivity at 532 nm than at 405 nm since 532 nm light
is very near the band gap of BiVO4.
Bi−V−M Ternary Oxides. To attempt to improve the

photocatalytic activity and spectral response of Bi−V oxides, a
series containing a third metal (M), including Fe, Cu, Mn, Cr,
Mg, W, and Mo, were prepared. Although we established that a
1:1 ratio of Bi and V has the best photoresponse for oxides

containing only Bi and V, to investigate the ternary Bi−V−M
oxides over a broad composition range, the template in Figure
1A was used where the ratio of Bi and V varied from 14.4:1 to
1:14.4. Figure 4 shows the IPCE values, for addition of the third
metals listed above to a 1:1 Bi and V ratio, relative to the
internal standard Fe2O3. All of the new materials showed n-type
behavior with the exception of Bi−V−Cu oxides that are p-
type. The introduction of tungsten brought about the most
significant increase to the photocatalytic activity of Bi−V oxides
whereas the addition of Mo or Cr decreased their photo-
response while Fe, Mn, Cu, and Mg resulted in only small
improvements. The photocurrent of the best Bi−V−W
combination under 405 nm illumination is 9 times more than
that of the internal standard Fe2O3 and 18 times more than that
of the binary BiVO4. Bard et al. and others also identified the
Bi−V−W oxides system as a promising combination.13−16

Since addition of W to the Bi−V combinations produced
dramatic increases in IPCE values, further studies of this system
were done. Three different laser wavelengths (405 nm, 473 nm,
and 532 nm) were used to measure the wavelength dependence
of the photoresponse of the Bi−V−W oxide library as shown in
Figures 5A−C. It is apparent that (1) the addition of W

Figure 2. IPCE false color map of the binary Bi−V oxides with 405 nm
laser illumination in 0.1 M K2SO4 solution with +0.5 V applied bias in
a two-electrode cell.

Figure 3. XRD pattern of (A) the thin film printed with the
stoichiometry of Bi and V equal to 1 on the FTO glass and (B)
monoclinic BiVO4 (JCDPS 14-688).
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increased the photoresponse at 405 nm for most of Bi−V oxide
combinations, (2) at 473 nm only W improved the photo-
response for the Bi−V oxides in which the ratio of Bi and V is
larger than 1:1, and, (3) W did not increase the photoresponse
of Bi−V oxides at 532 nm. Analysis of the three false color
photocurrent images (Figures 5A−C) revealed that the largest
photocurrent was located at the A4−B4−C3 square, correlating
to the ratios Bi14.4V14.4W3.7, and had a maximum IPCE of
approximately 0.15%, about 10 times that of the internal
standard Fe2O3 at 473 nm. (Note that that the stoichiometries
reported herein only correspond to the printed ratios of the
metal oxide precursors and the pyrolyzed films may contain
multiple phases.) Another square with a similar stoichiometry,
Bi3.7V3.7W1.0 (A3−B3−C1), was also better than the Fe2O3
internal standard but not as high as the Bi14.4V14.4W3.7 (A4−
B4−C3) square. This is probably related to the different drop
spacings resulting in the different thicknesses of the produced
thin films. The most promising square was in Group #1, and to
study this in detail squares from Group #1 to Group #4 on the
diagonal in Figure 5A were chosen to further optimize of the
composition and thickness. The template shown in Figure 1A
was employed to make BiV−W oxides. In this pattern, Bi and V
were printed 5 times at the same position of B separately, and
then W was printed the same number of times at the position
of A. Thus the squares from Group #1 to Group #4 in Figure
5A and 5D were comparable, and the same trend was observed
in the photocurrents demonstrating the good reproducibility of

Figure 4. Relative IPCE at 405 nm of the best Bi−V combinations
with the addition of a third metal with a +0.5 V applied bias in a two-
electrode cell in in 0.1 M K2SO4 solution. The value of Bi−V−Cu
oxide is relative to a CuO internal standard because it shows p-type
photocatalytic activity and was scanned at a −0.5 V bias. Bi−V−O
refers to BiVO4 with no additional metals added. The best Bi−V−M
metal ratios for the added metals were 3.7:3.7:1.7 for Mo, 3.7:14.4:1
for Cr, 14.4:14.4:3.7 for Mn, 14.4:14.4:3.7 for Fe, 14.4:14.4:1.7 for Mg,
1:1:14.4 for Cu, and 14.4:14.4:3.7 for W.

Figure 5. False color IPCE maps of compositional libraries of Bi−V−W prepared using the template from Figure 1A where A stands for V, B stands
for Bi, and C stands for W with (A) 405 nm laser illumination, (B) 473 nm laser illumination, (C) 532 nm laser illumination with approximately the
same photon flux. (D) False color IPCE map for BiV−W combinations using the template in Figure 1B where A stands for W, B stands for Bi and V
printed one by one from different cartridges. All measurements were carried out in 0.1 M K2SO4 solution with +0.5 V applied bias.
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our inkjet printing method. Moreover, as was expected, the
photocurrent of Bi3.7V3.7W1.0 (A3−B3−C1) in Group #3 was
improved, to be almost equal to the photocurrent of
Bi14.4V14.4W3.7 in Group #4 in Figure 5D, when the thickness
was increased. However, it is still only half of the photocurrent
of the Bi14.4V14.4W3.7 (A4−B4−C3) square in Figure 5A. To
further clarify the results, the 12 stoichiometries represented in
the three groups of four in Figure 5A, showing the highest
average photocurrent response, were chosen to more closely
measure their properties.
Twelve larger-area thin films with compositions of the

Groups 3−5 were prepared as shown in Table 2. Photo-
current−potential curves measured with 405 nm laser light
chopped at 5 s intervals with a potential sweep rate of 5 mV/s
with both front and back side illumination for the Bi14.4V14.4W1.7
film are shown in Figure 8. The onset potential of the
photocurrent is around −0.2 V providing an estimate of the flat
band potential which in an n-type material is near the potential
of conduction band. The band gap Bi14.4V14.4W1.7 was measured
to be around 2.6 eV making the potential of the valence band
around 2.4 V (3.0 V vs NHE at pH = 0). Therefore the
conduction band of this material appears to be lower than the
potential for the reduction of H2O whereas the valence band is
more positive than the potential for O2 evolution, indicating
that this material can photooxidize water but cannot accomplish
water splitting without an additional bias or another photo-
electrode.
The inset of Figure 6 shows photocurrent versus time for

slowly chopped illumination of a Bi14.4V14.4W1.7 oxide electrode
with 9.5 mW of 405 nm laser power. The calculated IPCE is
around 8% at 0.5 V vs SCE. The bias for IPCE measurements
in a two-electrode cell was set at 0.6 V. Sample B,
Bi14.4V14.4W1.7, is presented as an example. The IPCE spectra
in 0.1 M K2SO4 solution are shown in spectra A and B of Figure
7. The IPCE of BiVO4 was increased by about 10 times after
addition of the appropriate amount of W. Because the printed
film is so thin, we assume that the photocurrent, and
subsequently the IPCE, is directly proportional to the
absorption coefficient (α) for the material and that carrier
diffusion length plays almost no role in the photocurrent since
back illumination produces less photocurrent since most light is
absorbed outside the space charge layer. Figure 6 shows that
the photocurrent for a Bi14.4V14.4W1.7 film is about twice as large
from front side illumination than from backside illumination as
would be expected from a short minority carrier diffusion
length and most photocurrent arising from separation in the
space charge layer. Since the thickness of the film measured in
Figure 6 is only about 30 nm it is much thinner than the films
fabricated to absorb much of the light.17−20 Insight into carrier
transport in a semiconducting thin film in a photoelectrochem-

ical cell can often be obtained by comparison of the
photocurrent obtained from front side and back side
illumination. When illuminated from the front side, photo-
excited electrons generated near the surface need to traverse

Table 2. Summary and Band Gaps and Maximum IPCE Values for 12 Larger-Area Samples Identified from Figure 5A

group #4 group #3 group #5

Bi14.4V14.4Wx Bi/V/W (3.7/3.7/x) Bi/V/W (14.4/3.7/x)

A B C D E F G H I J K L

x 1.0 1.7 3.7 14.4 1.0 1.7 3.7 14.4 1.0 1.7 3.7 14.4
W%a 3.4 5.6 11.4 33.3 11.9 18.7 33.3 66.1 5.2 8.6 17.0 44.3
Eg (eV)

b 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.6 2.7 2.7 2.7 2.7
IPCE%c 1.8 2.2 2.1 1.3 0.9 0.35 0.9 0.7 0.1 0.4 0.1 0.2

aW% was the theoretical mole ratio of W in Bi−V−W oxides. bEg (eV) band gap calculated from fitting the photocurrent spectra as in Figure 8.
cIPCE%, was measured at 450 nm at 0.6 V in a two-electrode cell.

Figure 6. Current−potential curves for a Bi14.4V14.4W1.7 oxide
electrode under chopped illumination of 65.5 μW 405 nm laser in
0.1 M K2SO4. The solid dark blue curve is from back-side illumination
while the dashed light blue curve is from front illumination. Inset is the
corresponding photocurrent density-time curve at 0.5 V vs SCE in 0.1
M K2SO4 at different 405 nm laser powers.

Figure 7. Wavelength dependence of IPCE for different printed
samples. The right Y axis is for (A), the left Y axis is for (B), (C), and
(D). Where (A) = BiVO4 and (B) = Bi14.4V14.4W1.7 are at 0.6 V in a
two-electrode cell with 0.1 M K2SO4 solution in the AC method. (C)
and (D) are Bi14.4V14.4W1.7 at 0.5 V vs SCE in a three-electrode cell
with 0.1 M K2SO4 solution in the AC and DC methods, respectively.
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the thickness of the thin film to the back contact whereas
excited minority carrier holes, either generated in the space
charge region or within the diffusion length of the space charge
region, are more likely to reach the electrolyte interface to
oxidize water. Back side illumination requires the minority
carrier holes generated near the back contact to traverse the
thickness of thin film, and fewer of them will be produced in
the near surface space charge layer.
The band gap energy of Bi14.4V14.4W3.7 was calculated by

extrapolating the energy dependence of the photoreponse to
the energy intercept. The indirect and direct transitions are
around 2.6 eV, a little bigger than that of BiVO4, as shown in
Figures 8A and 8B. Using the same method, we measured the
IPCE spectra and band gaps for 12 larger area samples of
various compositions as shown in Table 2.

The samples were then analyzed to determine their phase
composition. The SEM-EDS does not provide an accurate ratio
of detected elements (Bi, V, W, and Sn from the substrate)
because of the diverse composition in different areas is often a
result of the spacing between the inkjetted drops. Combined
with XRD, shown in Figure 9, some basic analysis of the
composition could be done. In Group #3, only FTO peaks
were found because the film was too thin. In Group #4 only
BiVO4 and FTO peaks were found for Samples A and B
without any detectable WO3. However a WO3 peak was
observed in Samples C and D indicating that the solubility limit
of W in BiVO4 had been exceeded and WO3 and BiVO4 phases
coexist in these films. Considering the fact that the band gap of
the phases that are present is 0.2 eV larger than that of BiVO4
we can say that a small percentage of W is substituting for
vanadium in the BiVO4 structure which could act as an n-type
dopant (W having one more electron than V) but also may be
in high enough percentage to increase the band gap by 0.03 eV.

■ CONCLUSION
Inkjet printing was successfully employed to produce libraries
of bismuth and vanadium containing metal oxide semi-
conductors to screen for improved photocatalytic properties
compared with that of the parent Bi−V binary oxides. The best
photoresponse was obtained from Bi−V−W semiconducting
oxide, of nominal stoichiometry Bi14.4V14.4W1.7, that is about 15
times of that of the BiVO4 parent material at 450 nm. However,

the band gap of the W containing phase was increased
compared with that of the parent BiVO4 phase, and the
conduction band is still too low in energy to photoelectrolyze
water into H2 and O2 without an applied bias or addition of a
photocathode.
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