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BiVO, as a Visible-Light Photocatalyst Prepared by Ultrasonic Spray Pyrolysis

Scott S. Dunkle, Richard J. Helmich, and Kenneth S. Suslick*
School of Chemical Sciences, University of Illinois at Urbana—Champaign, 600 S. Mathews Avenue,

Urbana, Illinois 61801

Received: April 23, 2009; Revised Manuscript Received: June 6, 2009

BiVO, powders with unique particle architectures have been synthesized using ultrasonic spray pyrolysis
(USP). Gases created from the evaporation of solvent and the decomposition of precursor materials shape the
morphology of the particles as the solids are formed in the heated aerosol. The BiVO,4 powder was tested as
oxygen evolving photocatalysts by monitoring the kinetics of O, formation from a AgNOj; solution irradiated
with 4 > 400 nm light. USP prepared BiVO, was found to have significantly superior photocatalytic activity
compared to commercial BiVO, and WO;, likely due to differences in particle morphology.

Introduction

Fossil fuels have supplied a majority of the world’s energy
requirements for hundreds of years, but with rising energy
demands and dwindling fuel-stocks, dramatic new emphasis is
now being placed on solar energy conversion technologies.! ™
Since the experiments of Fujishima and Honda that demon-
strated the electrophotolysis of water using a TiO, catalyst,’ a
flurry of attention has been directed toward developing photo-
catalysts for water splitting. Metal oxides are a popular choice
for water splitting applications,**~° but their band gaps are
generally wide, which makes photocatalysis possible only with
UV radiation. Since a substantial portion of the sun’s radiation
lies within the visible spectrum, finding visible-light active
photocatalysts is of particular importance.'~!2

BiVOy, is well-known for its ferroelastic properties' and its
use as a nontoxic, bright yellow pigment'*!> and has received
some attention as a visible-light active photocatalyst.'*"!® The
oxide has been synthesized by various means, including
traditional solid state,'~2! hydrothermal,”>** sonochemical,** and
aqueous/coprecipitation.'®?>26 With a bandgap of 2.4 eV, BiVO,
absorbs well into the visible spectrum and has shown significant
visible-light activity for O, evolution from AgNOj; solutions,
which act as the oxidizing agent.'®"!® The monoclinic sheelite
polymorph of BiVO, is known to possess the highest photo-
catalytic activity,'® however two other forms of the material do
exist (tetragonal zircon and tetragonal sheelite).?’ Previous
photocatalytic experiments conducted in methanol solutions
(which provide hole-scavenging) have shown that BiVOy is
unable to evolve hydrogen,!” which implies that the conduction
band of the semiconductor lies more positive than the H/H,
redox potential. Despite this shortcoming, BiVO, remains an
interesting oxygen evolving photocatalyst that can be applied
to Z-scheme systems with a separate H, evolving photocatalyst
to complete the overall water splitting reaction.??

Ultrasonic spray pyrolysis (USP)**~32 is a powerful synthetic
method for the production of a diverse range of micro and
nanostructured products that include metal chalcogenide quan-
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tum dots** and catalysts, metal oxides, and novel
morphologies of high surface area carbons.**~* With USP,
ultrasound is applied to a precursor solution in order to create
an aerosol that is then swept by a carrier gas through a furnace.
Upon heating, the precursor solvent evaporates and precursors
decompose resulting in a product with a generally spherical
shape. With low volatility precursors, each droplet in the aerosol
can be thought of as an individual subpicoliter reactor (subum
diameter) that guides particle morphology. In addition, gases
created from the evaporation of solvent and the decomposition
of precursor materials shape the nanostructure the solids formed
in the heated aerosol.

Herein, we describe a facile one-step process using USP
without the use of preformed templates to generate micrometer
sized BiVO, particles with unique architectures. In addition, as
is the case for all USP methods, the process is continuous and
easily scalable. Lastly, the BiVO, powders were tested for
visible-light photocatalytic activity toward O, evolution from
AgNO; solution, and the USP prepared BiVO, was found to
have significantly superior photocatalytic activity compared to
commercial BiVO, and WO;.

Experimental Section

USP Apparatus. The USP experimental setup has been
described elsewhere in more detail 4! In brief, a piezoceramic
transducer operating at 1.65 MHz was used to nebulize a
precursor solution into a micrometer-sized mist. The mist was
then carried by air flow (~1 standard liter/min) into a furnace
at a temperature of 700 °C. The products were collected in
water-filled bubblers at the furnace outlet. A schematic of this
setup is shown in the Supporting Information (SI Figure S1).

Materials and Precursor Solution Preparation. Bismuth
nitrate pentahydrate (Bi(NOs;);+5H,0, 99.99+% purity) was
obtained from Sigma-Aldrich, whereas ammonium metavana-
date (NH,VO;, 99% purity) was obtained from Strem. All
materials were used as received. In a typical precursor solution
preparation, a 1:1 mol ratio of Bi(NOs3);+5H,0 and NH,VO;
were dissolved in a ~3 M solution of nitric acid. Precursors
were added to obtain a final concentration of 0.2 M. Stirring is
recommended to ensure a homogeneous solution mixture.
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Product Isolation. USP products were isolated from the
aqueous bubbler suspensions by centrifugation and washed a
minimum of three times with purified water and then once with
absolute ethanol. The powder was then dried under vacuum at
room temperature for ~12 h prior to characterization.

Characterization of BiVO, Powders. All powder X-ray
diffraction (XRD) measurements were conducted with a Rigaku
D-MAX diffractometer using Cu Ko radiation and operated at
45 kV and 20 mA with a scan rate of 1°/min and step size of
0.02°. To observe particle morphology, scanning electron
micrographs (SEM) were taken using a JEOL 7000F operating
at 15 kV while transition electron microscopy (TEM) was
conducted using a JEOL 2100 Cryo operating at 200 kV. Diffuse
reflectance UV—vis measurements were taken using a Hitachi
3300 double monochromator UV —vis spectrophotometer. Sur-
face area measurements taken with a Nova 2200e Surface Area
and Pore Analyzer (Quantachrome Instruments) at liquid
nitrogen temperature (—196 °C), whereas surface areas were
obtained using the BET method.

Photocatalytic Testing. Photocatalytic reactions were carried
out using a standard inner-radiation reaction vessel with a water-
jacketed Pyrex immersion well connected to a closed gas
handling system. Oxygen evolution was detected with an online
gas chromatograph (GC) equipped with a thermal conductivity
detector (Agilent 6890 GC, G1532—60720 TCD). All reactions
were run in 500 mL of a 50 mM AgNOj; solution and were
irradiated with a 450 W medium-pressure Hg lamp. Flowing
within the water-jacket of the immersion well was a 1 M solution
of NaNO, used to block wavelengths of light shorter than 400
nm. A total of 500 mg of catalyst was used in each reaction
and was kept suspended with magnetic stirring. The quantum
efficiency of O, production of the BiVO, generated by USP
was performed using a 300 W Xe CERMAX lamp with 50 mg
of catalyst and 50 mL of AgNO; solution (which is optically
dense) and was calculated employing the equation

number of evoluted O, molecules x 4

QE.(%) = number of incident photons X100
(0

where the number of incident photons was measured at various
wavelengths using narrow band-pass filters (half width = 10
nm) and chemical actinometry using potassium ferrioxalate
solutions.*® All photons were assumed to be absorbed by the
photocatalyst (i.e., light scattering is ignored so the QE is
therefore a lower limit).

Results and Discussion

Particle Morphology. BiVO, powder prepared by USP
contains particles with unique architectures. SEM and TEM
micrographs (Figure 1) clearly show mostly hollow shells
(Figure 1E) or fractions of hollow shells (while retaining the
generally spherical shape typical of USP synthesized products).
In addition, many of these shell structures contain macropores
(Figure 1C) or “blow-outs” (Figure 1A). It was also found that
some of the hollow shells even contain smaller spheres sitting
inside, creating a “ball-in-ball” type structure (Figure 1, panels
B and F). The development of these types of intriguing particle
morphologies lead to considerably higher surface areas than for
materials made using traditional solid state reaction techniques.
Nitrogen adsorption studies show that BiVOy, created using USP
has a surface area of 3.2 m%g while a commercially available
BiVO, powder (Alfa Aesar) has a surface area of only 0.45
m?/g.
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Figure 1. (A—D) SEM and (E and F) TEM micrographs illustrating
typical particle morphologies obtained during USP synthesis of BiVO,.

SCHEME 1: Mechanism of Particle Formation for
BiVO, Powder Prepared by USP
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The mechanism behind the BiVO, particle formation is of
particular interest considering that the hollow shell morphology
is obtained without the use of templating. Previous work
performed by Okuyama and co-workers®’ studied the synthesis
of ZrO, by spray pyrolysis in order to understand the conditions
necessary for hollow particle formation. Their studies showed
that at high furnace temperature (500—700 °C), hollow and often
broken shells would form due to the quick evaporation of the
solvent, producing a high precursor concentration at the surface
of the droplet. Okuyama and co-workers propose a product shell
can thereby be created from the supersaturation, precipitation
and decomposition at the droplet surface. The center of the
particle is then filled with remaining precursor and solvent,
which evaporates or decomposes, exerting pressure from the
inside of the particle, creating hollow particles or broken shells.

We believe the formation of BiVO, particles occurs by a
similar mechanism (Scheme 1). The thermal decomposition of
Bi(NOs); and NH4VO; results in the evolution of NO,, NHj,
and H,O gas*’*® which, if formed inside a shell of BiVOy, could
form the blow-outs, pores, and broken shells seen in the final
product. In addition, the ball-in-ball type structure is likely the
result of remnant precursor decomposition inside the already
formed outer shell.
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Figure 2. Powder X-ray diffraction pattern of USP prepared BiVO,.
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Figure 3. Diffuse reflectance spectra obtained for (a) commercially
available BiVO,, (b) BiVO, prepared by USP, and (c) commercially
available WOs;.

There is a notable difference, however, between the prior
work with ZrO, and our observations on BiVOy: ZrO, did not
show signs of pores or blow-outs, only broken shells. ZrO, has
a melting point of approximately 2700 °C, whereas the melting
point of BiVO, is much less, ~940 °C. During synthesis at 700
°C, BiVO, is most likely in a softened state, leading to the
formation of pores (i.e., localized blow-outs, instead of complete
fragmentation), finger-like appendages (where gases have left
the inner core), and smoothing of the outer edges of all the
particles. At the same temperature, ZrO, is rigid and simply
fractures after sufficient build-up of internal gas pressure.

Powder X-ray Diffraction. Powder X-ray diffraction was
performed on BiVO, prepared by USP to determine the phase
of the synthesized product. The low temperature phase of BiVO,
is tetragonal zircon and converts irreversibly at 397—497 °C to
the high temperature monoclinic phase.?! Given the reaction
conditions (700 °C), monoclinic is the expected phase of the
material. As can be seen in Figure 2, the XRD pattern shows a
pair of peaks at 26 = 18.68° and 18.98°, which is representative
of the monoclinic sheelite phase. No other phases are seen in
the diffraction pattern, and the narrow line widths indicate a
high degree of crystallinity (crystallite size >150 nm).

Photocatalytic Activity. Since previous work has shown that
BiVO, is an active material for O, evolution from AgNO;
solution under visible light irradiation, the photocatalytic activity
of BiVO, prepared by USP was tested and compared to
commercially available BiVO, (Alfa Aesar) and WOj; (Sigma-
Aldrich). Figure 3 shows diffuse reflectance spectra taken for
each of the materials. Each of the samples absorb well into the
visible spectrum, suggesting each should be active for visible
light photocatalysis. Based on extrapolations of the straight
portions of the absorption edge, it can be estimated that BiVO,
prepared by USP has a band gap of 2.4 eV. Commercial BiVO,
has a similar band gap of 2.3 eV, and the band gap of
commercial WOj is about 2.6 eV. BiVO, is unique in that its
valence band is comprised of a coupling between the Bi 6s and
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Figure 4. (A) Plot indicating the amount of oxygen evolved over time
from BiVO, prepared by USP, and commercially available BiVO, and
WO; in a 50 mM AgNOs; solution with A > 400 nm irradiation and (B)
a comparison of maximum and average photocatalytic activities of each
of the photocatalysts (averages for first 5 h of activity).

O 2p orbitals which causes a destabilization and forces the
valence band upward.*~>! Conversely, the conduction band
involves a coupling between the V 3d, O 2p, and Bi 6p, which
lowers the band. This results in a direct band gap semiconduc-
tor’! with a smaller band gap than most oxides and enhanced
visible light absorption, leading to its bright yellow color. In
addition, the coupling of the Bi 6s and O 2p in the valence
band allow for improved hole mobility,” which is beneficial
for photocatalytic oxidation reactions.

Figure 4A shows the results of photocatalytic experiments
with the above-mentioned oxides in AgNOj; solution irradiated
>400 nm. BiVO, synthesized by USP is considerably more
active for O, evolution than either commercially available
BiVO, or WO;. The observed decline in activity over extended
periods of time can be attributed to the buildup of Ag metal on
the surface of the photocatalysts from photoreduction. A
summary of the photocatalytic activity of each of the materials
can be found in Figure 4B. Maximum O, evolution rates for
BiVO, prepared by USP and commercial BiVO, and WO; were
433, 60, and 137 umol/h, respectively. Based on this informa-
tion, the synthesis of BiVO,4 by USP results in a photocatalyst
that is roughly seven times more active than commercially
available BiVO, and about three times more active than
commercial WO;, which is the most commonly used photo-
catalyst for O, generation.* Actinometry measurements indicate
the USP product has a quantum efficiency of 2.58% at 1 = 400
nm for oxygen evolution.

The increased O, evolution observed for USP generated
BiVO, appears to be a function of higher surface area due to
the hollow particle morphology, rather than crystallinity or
absorption edge. The improved activity is not due to the extent
of crystallinity, since all of the catalysts are highly crystalline,
as shown by the XRD (cf. Figure 2 and SI Figure S2).
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Furthermore, there is no drastic difference between the absorp-
tion at 400 nm of the BiVO, catalysts (Figure 3), yet there is a
large difference in photocatalytic activity. In addition, WO;
absorbs less visible light than BiVOy, but its activity is higher
than that of commercial BiVO,. This is likely due to the O 2p
valence band of WOj; lying at a more positive potential®? than
the mixed Bi 6s O 2p valence band of BiVO,. This gives WO;
an increased driving force for the oxidation of water compared
to BiVO,. While this is enough for the WO; to outperform the
activity of commercial BiVOQy, it is not enough to outperform
the USP prepared product.

Both commercial materials have a similar particle morphology
(cf. SEM micrographs in SI Figure S3) which are large (~2
um) particles due to traditional solid state synthesis techniques.
In stark contrast, the USP synthesized product is composed of
thin shells. Previous work with BiVO, nanoparticles has shown
that particles with larger dimension have decreased photocata-
lytic activity toward oxygen evolution associated with the
distance electron—hole pairs must travel through the material.>?
When electron—hole pairs are generated in an irradiated solid,
the charge carriers must move through the material and reach
the surface in order to perform the desired redox reactions. If the
pair is generated deep inside a large particle, the probability of
the electron and hole recombining before they reach the surface
is increased substantially compared to a nanostructured material.
In a nanostructured material, the electron and hole inherently
are already very near the surface, discouraging recombination.
This phenomenon would result in the increased photocatalytic
activity from the USP generated BiVO, compared to conven-
tional BiVO, powders.

Conclusions

USP provides a one-step, continuous, and scalable process
for the template-free production of nanostructured BiVO, with
particles ranging from thin hollow and porous shells to ball-
in-ball type structures. Particle morphologies are likely due to
the initial formation of an oxide shell on the aerosol droplet
surface and subsequent ballooning from the evaporation of
solvent and development of precursor decomposition gases
inside the shell. Photocatalytic testing reveals BiVO, synthesized
by USP is significantly more active for O, evolution under
visible-light irradiation in AgNOj; solution than commercial
BiVO, and WO; powders. The increased photocatalytic activity
is likely due to the short distances electron—hole pairs must
move to reach the surface of the shells in the USP product.
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