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ABSTRACT: To affordably utilize sunlight as a renewable energy source, earth-abundant metal oxides are needed as photoanodes for pho-

toelectrochemical water splitting. However, since individual metal oxides have not performed well in previous tests, this experiment focused

on various mixed metal oxides in different ratios. Using the Solar Energy Activity Laboratory apparatus, the prepared materials were analyzed

in terms of the photocurrent produced when illuminated with visible light-emitting LEDs in a two-electrode system. The experimental data

demonstrated that bismuth vanadate had the highest photoactivity when cobalt(II) oxide was layered on top to act as a catalyst. It was also

seen that lanthanum(III) oxide increased the photoactivity of iron(III) oxide. Other metal oxide combinations and ratios tested resulted in
lower photoactivity, suggesting that specific mixed metal ratios are necessary for larger photocurrent. The high results from the bismuth vana-
date and cobalt oxide indicate that an additional catalyst may be necessary or at least better than a metal oxide semiconductor alone.

1. INTRODUCTION

Atmospheric CO; is quickly rising to potentially concerning levels
due to the current rates of fossil fuel consumption.' As such, alter-
native renewable energy resources are necessary, and solar energy is
attractive because of its abundant availability."” Though solar pan-
els have been developed and distributed internationally, their lack
of energy storage limits solar-powered electricity usage to times
when the sun is out, which can be less than 12 hours even in sunny
areas.' To create a constant solar energy source, photocatalytic
water splitting can be used to store solar energy in chemical bonds
via the production of hydrogen fuel (H.) and environmentally-
friendly oxygen gas (O.)."* However, the current challenge for
photocatalytic water splitting lies in the need for cost-efficient pho-
toelectrodes and catalysts to effectively produce enough hydrogen
fuel to meet the world’s energy demand."?

The approach taken in this experiment for solar-driven water split-
ting was based on a photoelectrochemical (PEC) device, where the
semiconductor is directly in contact with the electrolyte. The
charge carriers produced from sunlight on the semiconductor move
to the semiconductor-electrolyte interface before traveling to the
hydrogen- or oxygen-evolution catalyst, which ultimately splits
water through a redox reaction.*

Earth-abundant metal oxide semiconductors with sufficiently ener-
getic charge carriers are good potential photoelectrodes, particular-
ly as photoanodes because of their cost-effective stability in oxygen
evolution.’ Specifically, hematite (a-Fe>Os) has been studied for its
optimal band gap of 2-2.2 eV and high photoactivity, however its
short hole lifetime and carrier recombination in hematite pho-
toanodes cause a high overpotential that prevents it from being a
viable material for water splitting due to its inefficiency.” Bismuth
vanadate (BiVO.) has also been tested due to its light absorption

properties,” as well as the highly catalytic cobalt oxide that works
well on top of a semiconductor photoanode.”” However, mixed
metal oxides are more promising in terms of photoanodes com-
pared to individual metal oxides, because of their combination of
metal oxides with different properties (e.g. light absorption and
catalytic ability)."

The Solar Energy Activity Laboratory (SEAL) apparatus tests for
photoanode semiconductors by analyzing the photocurrent pro-
duced (Figure 1)." For this research, the SEAL kit will be used to
test various mixtures and ratios of metal oxides such as bismuth
vanadate, cobalt(II) oxide, iron(III) oxide, lanthanum(III) oxide,
and other transition metal oxides. The objective of this research is
to analyze the effects of mixing metal oxides on their ability to pro-
duce photocurrent when irradiated with artificial sunlight in the
form of LEDs.

2. EXPERIMENTAL SECTION
2.1. Preparation and Testing of Metal Oxides

To create the metal oxides, metal nitrate salts were dissolved in
deionized water to a 0.1 molarity (with the exception of iron(III)
nitrate and ammonium metavanadate). These solutions were drop
casted in a checkerboard fashion (Figure 2) as 10 yL spots onto 3-
inch square ozone-cleaned fluorine-doped tin oxide (FTO) coated
glass plates with a 20 or 100 microliter pipette. The plates were
then placed on a hot plate to dry before being annealed with an
Evenheat Set-Pro kiln at 500 °C to convert the metal nitrates to
metal oxides.

To create the electrode, about 0.5 inches were stripped off of the
ends of an insulated copper wire approximately 4 inches long. One
end was then adhered to the top right corner of the plate with a
strip of copper tape, which was then covered with S-minute epoxy.
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Figure 1. The SEAL kit while testing (SMD program not shown)2.
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After the epoxy dried, the electrode was placed into a glass crystalli-
zation dish and covered with 0.1 M NaOH solution. A graphite rod
was taped to the side of the dish. After turning on the current inte-
grator and the Solar Materials Discovery (SMD) computer pro-
gram, the exposed wire attached to the plate was then connected to
the working electrode from the integrator while the counter elec-
trode was clipped to the graphite rod. With a forward bias of 0.100
V and a dark current less than 0.5 V, the SEAL apparatus was set to
perform a 3-cycle scan. When scanning, the metal oxides were illu-
minated with LED pulses (OVLEWI1CBY9, Optek Technology,
Inc.) lasting 100 ms to produce photocurrent detected by the cur-
rent integrator.
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Figure 2. The pattern used to spot the FTO plates with 10 pL of
metal nitrate/sulfate solution.

2.2, Preparation of Metal Nitrate Solutions

The 0.05 M iron(III) nitrate solution was prepared by diluting a
previously made 0.2 M iron(III) nitrate solution, which was made

by dissolving 2.02 g Fe(NOs)3-9H20 in 25 mL of water. Similarly,
the 0.1 M cobalt(II) nitrate solution was created through diluting a
0.2 M solution consisting of 1.46 g Co(NO3),-6H20 and 25 mL of
water. The 0.1 M bismuth nitrate solution consisted of 1.21 g
Bi(NO3)3-SH20 in 2 mL of 2 M nitric acid and enough water for a
25 mL solution. The 0.05 M ammonium metavanadate solution
was made of 0.15 g NH,;VO; in 25 mL of water while the 0.1 M
ammonium metavanadate solution was prepared with 029 g
NH,VOs; in 25 mL of water. The 0.1 M zinc nitrate solution was
obtained by dissolving 0.38 g Zn(NO3),-6H20 in 20 mL of water.
The 0.2 M lanthanum(I1I) nitrate solution was created by dissolv-
ing 0.43 g La(NOs)3-6H20 in S mL of water.

Figure 3. FTO plate with 0.1 M bismuth vanadate (yellow) and
0.05 M iron oxide control spots (red).

2.3 Preparation of Metal Oxides.

The different metal oxide combinations used were iron(III) oxide,
iron(II) oxide mixed with 1% lanthanum(III) oxide by volume,
bismuth vanadate with bismuth and vanadium in a 1:1 ratio, bis-



muth vanadate with bismuth and vanadium in a 2:8 ratio, bismuth
vanadate mixed with cobalt(1I) oxide in varying concentrations, 1:1
bismuth vanadate with cobalt(II) oxide layered on top, 2:8 bismuth
vanadate with cobalt(II) oxide layered on top, 2:8 bismuth vana-
date with zinc oxide made with zinc sulfate layered on top, and 2:8
bismuth vanadate with zinc oxide made with zinc nitrate layered on
top.

Unless otherwise specified, the amount of metal oxide layered on
top of bismuth vanadate was S pL.

3. RESULTS
3.1. Individual Metal Oxides

For the iron oxide, the highest photocurrent was 1.27 pA, produced
by the spots made with 0.05 M iron(III) nitrate, which appeared
solid, rust-red. However, the iron oxide control spots made with the
same solution on other plates usually did not go past 1 pA.

The highest bismuth vanadate photocurrent with a 1:1 ratio of
bismuth nitrate and ammonium metavanadate was 7.33 pA. The
more time that passed after the bismuth nitrate and ammonium
metavanadate solutions were made, the lower the photocurrent of
the bismuth vanadate created with the solutions, ending up with
photocurrent around 2 yA. Replacing the solutions only resulted in
2.94 yA when in a 1:1 ratio, but the new solutions in a 2:8 ratio of
bismuth nitrate and ammonium metavanadate resulted in 7.44 pA
(Table 1).

Table 1. Photocurrent of different ratios of bismuth nitrate
and ammonium metavanadate.

Bi(NO3)3:NH4VOs; (uL) Photocurrent (pA)
8:2 0.83
6:4 2.08
S:S 2.94
4:6 5.61
2:8 7.44

3.2.Iron oxide with lanthanum oxide

Mixing iron oxide with 1% of lanthanum oxide helped improve the
photocurrent. For the specific plate, the iron oxide with 1% lantha-
num oxide produced 1.11 pA, while iron oxide alone had 0.86 pA.

3.3. Bismuth Vanadate and Cobalt Oxide

For mixing bismuth vanadate and cobalt oxide, the highest photo-
current was produced by 40% cobalt oxide (Table 2). However, the
photocurrent varied extremely depending on how old the bismuth
vanadate was and how well it was made. The photocurrent for co-
balt oxide layered on bismuth vanadate changed based on the mi-
croliters of cobalt(Il) nitrate drop casted on top of 10 pL of bis-
muth vanadate. The largest photocurrent was produced by lower
amounts of cobalt oxide on top (Table 3). Layering created higher
photocurrent compared to mixing (Table 4).

Table 3. Photocurrent for different amount of cobalt(IT) ni-
trate on top of bismuth vanadate.

Amount of Photocurrent (pA)
Co(NOS): (uL)

0 8.19

1 7.12

2 6.49

3 4.25

4 3.55

S 4.20

Table 4. Photocurrent for different preparation of cobalt(II)
nitrate with bismuth vanadate

Preparation method | Photocurrent (pA)
Layered 6.05
Mixed 1.19
BiVO4 5.23

3.4. Bismuth Vanadate and Others

Zinc sulfate spotted on top of bismuth vanadate produced higher
photocurrent than zinc nitrate spotted on top of bismuth vanadate;
7.20 pA compared to 3.12 pA. The spots with zinc sulfate actually
performed better than the bismuth vanadate spotted on the same
plate (Table S).

Table 2. Photocurrent of different amounts of cobalt(II) oxide
with bismuth vanadate

Percent of CoO Photocurrent (HA)
0% CoO 0.62
1% CoO 2.01
10% CoO 4.37
20% CoO 5.27
30% CoO 5.99
40% CoO 6.30

Table 3. Photocurrent for different solutions of zinc layered
on top of bismuth vanadate.

Solution spotted on Photocurrent
BiVO, (uA)
ZnSO,4 7.20
Zn(NO3)» 3.12
BiVO4alone 4.13

4, DISCUSSION
4.1.Iron Oxide and Iron Oxide with Lanthanum Oxide

The iron oxide performed worse than expected; iron oxide has
been known to produce a photocurrent of around 1.5 yA when the



spot appears a solid rust-red color, as the spots tested appeared.
This may have been because of the SEAL kit, however this is un-
likely since it detected the high photocurrent from bismuth vana-
date. Thus, the problem with the iron oxide may have been from
the iron(III) nitrate solution, but this is currently unknown.

For the lanthanum oxide-iron oxide combination, lanthanum oxide
seems to improve the photoactivity of iron oxide, but it does not
increase the photocurrent drastically. Also, since lanthanum is a
rather expensive element further down the periodic table, it does
not seem conducive to a cheap metal oxide semiconductor.

4.2, Bismuth Vanadate

The bismuth vanadate was incredibly inconsistent in terms of per-
formance over time. A week after making the bismuth nitrate and
ammonium metavanadate solutions, the bismuth vanadate made
with the solutions had dramatically lower photocurrent uncharac-
teristic of bismuth vanadate (Figure 4) that was partly fixed by the
creation of new solutions. However, the new solutions still did not
meet the original photocurrent of the first plate of bismuth vana-
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Figure 4. Comparison between bismuth vanadate plate after the
solutions were newly made (top) and after a week (bottom).

date. This either could have been the result of the SEAL apparatus
breaking after the first plates of bismuth vanadate, or it could be
from the metal salts gaining too many impurities. Even with the 2:8
bismuth nitrate to ammonium metavanadate ratio, the photocur-
rent of the new bismuth vanadate could barely match that of the
first plate, meaning that the other results with the new bismuth
vanadate may not be entirely accurate.

4.3. Bismuth Vanadate with Cobalt Oxide

The use of cobalt oxide fulfills the catalyst that is typically used with
the photoanode for solar-driven water splitting. However, whether
layering cobalt oxide on top of bismuth vanadate increases the pho-
tocurrent cannot be completely determined because of the fluctuat-
ing photoactivity of the bismuth vanadate. In some cases, especially
with the low photoactive bismuth vanadate, layering and mixing
cobalt oxide with bismuth vanadate performed much better than
bismuth vanadate alone. Yet with the 2:8 ratio of bismuth nitrate
and ammonium metavanadate, this was not always the case. For
most plates, layering cobalt oxide on top of dried bismuth vanadate
spots before annealing typically produced larger photocurrent than
mixing cobalt oxide and bismuth vanadate, most likely because it
used the semiconductor-catalyst model for photoanodes.

Since cobalt oxide is a known oxygen evolution catalyst, the high
photocurrent was expected. However, since bismuth vanadate is
the light-absorbing semiconductor, it is still a necessary component
of the photoanode in order to absorb enough light to bypass the
band gap and pass its electrons to the catalyst, which in this case is
cobalt oxide. The 40% combination may have shown the best ratio
of catalyst and semiconductor when mixed together, while the best
layering combination has yet to be found. Tests with the Heteroge-
neous Anodes Rapidly Perused for Oxygen Overpotential Neutrali-
zation (HARPOON) illustrated that while bismuth vanadate does
well absorbing visible light, cobalt oxide is the material that actually
completes the water splitting redox half-reaction to produce oxygen
and bismuth vanadate does not contribute much in that aspect.
With UV light, cobalt oxide is more optimal material for water split-
ting, but since UV light is only a small fraction of sunlight, the ma-
jority of solar energy is not utilized. Because of this, bismuth vana-
date is still a crucial part of the photoanode.

4.4 Bismuth Vanadate and Others

Bismuth vanadate had high photocurrent when zinc oxide was
spotted on top of it, which could have been because the zinc oxide
acted as an oxygen evolution catalyst for bismuth vanadate. But the
difference between zinc sulfate and zinc nitrate illustrated the im-
portance solutions make on the final metal oxide. This could possi-
bly mean that the final spots may not be only the metal oxide de-
sired, but with many impurities that can make an extremely large
difference on the photocurrent, potentially to the point where it is
doubled, as seen with the zinc sulfate and zinc nitrate comparison.
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Details of making and testing metal oxides and mixed/layered metal
oxides, photoanode semiconductors, water oxidation catalysts, the
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