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Complex oxides can present interesting semiconductor properties since the simultaneous
presence of different metallic cations can modulate the conduction and valence band edges, affecting
the bandgap energy, the onset potential for reactions and also the photocatalyst long-term stability.
Here, we demonstrated that the synthesis of multinary oxides, very challenging using “traditional”
methodologies, can be fast achieved by melting the precursor binary oxides in an arc furnace. As
a proof of concept, arc-melting a mixture of Bi,O; and V,05 (Bi:V molar ratio of 1:1.05) resulted
in almost pristine BiVO, (97.3% from Rietveld refinement of X-ray diffraction (XRD) data);
photoelectrochemical (PEC) measurements indicated a promising application as a photoanode
for O, evolution reaction. Conversely, the arc-melting of Bi,0; and WO, mixture (Bi:W molar
ratio of 2:1.15) resulted in the biphasic Bi,WO/Bi,W,0,; preliminary PEC analysis revealed
characteristics of n-type semiconductor electrode with photoactivity under UV irradiation. Finally,
the hierarchical Ag@a-AgVO,/Fe,O; consisted of micrometric Fe,O;, particles decorated by AgVO,
nanoribbons and Ag nanoparticles, was obtained from melting Ag,0O, Fe,O; and V,0O; as precursors
(Ag:Fe:V molar ratio of 3:1:2); PEC measurements also revealed possible application as a
photoanode. The results for these three materials demonstrated the arc-synthesis as a fast, effective

and scalable methodology for synthesizing complex oxides.
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Introduction

Complex oxides, which are oxides composed of
two or more types of metallic cations, can be promising
functional materials for application in several fields. These
materials usually present a semiconductor character: after
collecting solar radiation, the generation of electron-hole
pairs can accelerate redox reactions of interest, such as
photo-catalytical oxidation of organic contaminants in
water, green hydrogen production from water splitting and
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CO, reduction to produce carbon-based fuels in a more
sustainable way.'?

In general, the most well investigated photoactive
materials for such photoelectrochemical (PEC) applications
are common binary oxides. Complex oxides can present
improved properties compared to their binary counterparts
and can offer promising opportunities in materials sciences
and in PEC area. The simultaneous presence of different
metallic cations can modulate the conduction and valence
band (CB, VB) edges, affecting the bandgap energy (Eg), the
onset potential for reactions and also the photocatalyst long-
term stability.>* Copper and silver oxides are elucidative
examples: the binary oxides Cu,O, CuO and Ag,0 would
be interesting photoelectrodes considering their narrow
Eg could provide excellent sunlight harvesting; however,
these semiconductors present significant photocorrosion in
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aqueous media. The introduction of a second metallic cation
can tune the optoelectronic properties and the CB and VB
edges, resulting in ternary copper (or silver) oxides with
improved photostability in aqueous solution.>¢

Furthermore, the combination of the different
transition metals results in thousands of possible
compounds,’” and very few are really known and well
investigated, such as the case of BiVO,, that is considered
one of the most successful materials for the PEC oxygen
evolution reaction (OER).®

Despite the promising features of ternary, or even
quaternary (comprising three different cations) oxides,
these materials can be very challenging to be synthesized
via one single technique. Recently, our research group’
reviewed the available methods to synthesize complex
oxides. Generally, the resulting structures need very high
temperatures for several hours to be formed (in some
cases, near 1000 °C through traditional ceramic’s solid-
state reaction (SSR)). Furthermore, SSR usually results
in relatively large grains, due to the agglomeration caused
by the long periods of heating, and subsequent milling
treatments are also required.'” Wang et al.," for instance,
used a combination of milling and SSR reaction to obtain
a vanadium doped ZrSiO,. Although milling can be an
effective way to decrease the size of particles, it must be
carefully used to avoid drawbacks, like cross-contamination
and even structural modifications.’

There are also several studies reporting the synthesis
of complex oxides using well-known solution-based
methods, like co-precipitation, hydrothermal, or sol-gel,
which usually takes place at milder temperature conditions.
Although these methods generally result in smaller
particles compared to SSR, and in many cases, with well-
defined morphology, the synthesis of complex oxides by
these techniques usually require extra calcining steps,
to improve crystallinity. As an example, Cai et al.'?
prepared by hydrothermal synthesis nanocomposites of
CuWO0,/CuO (crystallite sizes of ca. 50 nm) for
photodegradation of 4-nitrophenol. After the synthesis in
autoclave (160-180 °C for 4 h), the sample was calcined at
600 °C for 3 h. Although faster than SSR + milling process,
it is still a time-consuming synthesis procedure.

Moreover, these conventional methods generally
result in the thermodynamically stable phases, which are
not always the most active crystallographic structure of a
material."* Alvarez-Roca et al.'* obtained by co-precipitation
Ag,WO, polymorph, with three main crystallographic
phases, the a-Ag,WO, (orthorhombic), the B-Ag,WO,
(hexagonal), and the y-Ag,WO, (cubic), by varying the
co-precipitation parameters, and using stabilizing agents.
The B-Ag,WO, showed the highest antimicrobial activity
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against methicillin-resistant Staphylococcus aureus, as well
as the greatest performance for amiloride degradation under
ultraviolet irradiation.'*

Another challenge is the usual formation of secondary
products or sub-stoichiometries.* However, this can occur in
different synthesis methods, depending on the temperature,
and reactants proportions. Thus, a phase diagram of the
material, when available, can help to provide the best
synthesis conditions.'

Compared to these currently used techniques, the use
of the arc melting process can be a suitable alternative to
the other methods since it permits the achievement of very
high temperatures very quickly (seconds). For example,
while traditional laboratory ovens can reach a maximum of
approximately 1200 °C, in an arc furnace even temperatures
as high as the vaporization of carbon (ca. 4500 K) can be
attained.'® Not surprisingly, breakthrough structures such
as carbon nanotubes and fullerenes could arouse from the
use of this technique.'”!®

There are several types of melting systems, which
can be divided in two larger cathegories: one using fuel
as energy source (fuel-burning melting furnaces) and the
other using electricity (electric melting furnaces). Electric
melting systems can be subdivided in eletric-arc, plasma
melting, and others. The basic principle of electric arc
melting consists of an arc discharge caused, for example, by
the short-circuiting of two electrodes like carbon, resulting
in extreme high temperatures. In the case of the plasma
melting, there is also the formation of a plasma formed
from air or inert gas.'® These conditions can be sufficient for
melting metals and other precursors, sometimes producing
rare structures, that are precluded in long-time reactions
since they are not the most thermodynamically stable
ones. Additionally, these short-time reactions not only
prevent the agglomeration of grains problem that occurs
in SSR, but also the necessity of further annealing steps to
improve cristalinity generally required after solution-based
techniques.

Arc melting method was scaled up by the metal melting
industry and it has been used in several fields. For instance,
an arc furnace is used in the first step to produce metallurgic
grade Si from quartz crystals to be further treated and
purified in different levels, either for the microelectronics
or optoelectronics manufacture, among other industries.?*?!
Additionally, arc melting is also largely used to produce
metal alloys.”>? For example, Caram and co-workers***
have been studying the composition variation of Cu in
high-entropy CrCuFeMnNi and CoCrCu,FeNi alloys
with semi-solid applications, among others, produced
with arc melting technique, parting from practically pure
elements’ ingots. Moreover, arc melting synthesis can be
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a facile and time-efficient method to tune the band gap of
oxides materials.?

Despite the varied applications, and singular advantages,
according to our knowledge, the use of an arc furnace to
produce complex oxides is relatively new. Our research
group, in collaboration with worldwide researchers, already
reported®?’ the synthesis of novel or rare complex oxides
such as Cu,WO, and AgBiW,Oq, a ternary and a quaternary
oxides with p-type semiconductor character, respectively.
Both materials are being investigated as photocathodes
in PEC reactors either for water decontamination, or for
production of solar fuels from the CO, reduction reaction,
CO,RR." Also, using arc-furnace, for the first time the
crystallographic phase p-AgBiW,04 was obtained with
scheelite structure type with tetragonal space group 141/a
and lattice parameters a=b =5.3019 and ¢ = 11.678 A %
Before that, only a crystallographic phase with monoclinic
symmetry and C2/m space group of the oxide was
synthesized via solid-state, hydrothermal and solution
combustion syntheses.>*"*

In this work, we present the use of an arc furnace
equipment to obtain three interesting materials based
on complex oxides: practically pure monoclinic
BiVO,, multiphase Bi,WO./Bi,W,0, and hierarchical
Ag/a-AgVO,/Fe,O,. The main structural and morphological
characterizations were presented, and some preliminary
PEC characterizations, and possible applications are
discussed.

First, as a proof-of-concept of the arc synthesis,
we discuss the preparation of BiVO,, one of the most
investigated n-type semiconductors for photocatalysis
and photoelectrochemistry.® In this work, BiVO, was fast
obtained by arc melting synthesis, and exhibited structural
and photoelectrochemical properties comparable with those
reported in literature for BiVO, obtained using different
methodologies.

Bismuth tungstates have also been considered promising
photocatalysts for several PEC systems. Bi,WO, has an
n-type conductivity, hence this ternary oxide can be applied
as photoactive material to promote light-assisted oxidation
reactions such as OER, alcohols oxidation reaction and
pollutants degradation.?'-** Furthermore, Bi,W,0,, a
well-known ferroelectric material, exhibits interesting
properties for application as photocatalyst for OER and
degradation of organic pollutants.>* Compared to single
bismuth or tungsten oxides, multiple metal species can be
considered more favorable materials for ion storage, and
charge transport, being pointed out as alternatives anodes
to Li-ion battery.™ Thus, we present the synthesis and
properties of a multiphase material composed of different
bismuth tungstates, Bi,WO,/Bi,W,0,.
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Finally, we discuss the arc synthesis and properties of
a novel micro-nano composite, the Ag/a-AgVO,/Fe,0,.
Silver-based oxides, like silver vanadates, also present
interesting optical properties, like band gap energies
in the visible light range, but they are less studied for
photoelectrochemical applications, in contrast with
hematite, that is one of the most investigated photocatalysts
and is an abundant and stable material.’

With this work we intend to present the versatility
of arc melting technique in the synthesis of promising
functional materials. This method is an alternative synthesis
approach to produce well-stablished materials, or for lower
investigated or novel structures among the plethora of
possibilities from the combination of different metal oxides
to generate more complex structures.

Experimental
Chemicals

All chemicals were used without further purification.
Bi,0;, 99.9% purity, V,0s, 99.6% purity, WO;, 99.9%
purity, Fe,0;, 96%, powder < 5 um, and Ag,0, purity 99%,
all from Sigma-Aldrich, Sant Louis, USA.

Arc furnace

The electric arc furnace (FCA Brasil, Campinas, Brazil)
consisted of a stainless-steel chamber with a lateral glass
window, copper, and tungsten electrodes, as represented
in Figure 1.

Ar (out)
View port

Vi Moving \
&l W cathode

(Uv filter)

Samples

Ar (in)

water (out)

Figure 1. Scheme of arc furnace equipment.
General arc synthesis procedure

First, we prepared a mixture of pre-determined amounts
of the binary oxides precursors, using an agate mortar;
then, each mixture was compressed in a hydraulic press,
resulting in pallets. The prepared pallets were placed,
separately, on a water-cooled Cu hearth of an arc-melting
furnace. The system was evacuated and then saturated
with ultra-high pure argon (to form plasma), followed by
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arc melting ignition (90 A) for approximately 30 s. The
obtained products were further grinded using the agate
mortar, resulting in powder samples that were washed
several times, grinded and sieved.

BiVO,

V,05 and Bi,0, were used as precursors, and 6 different
vanadium to bismuth molar proportions were evaluated,
including 1:1.05, 1:1.03, 1:1.01, 1:1, 1.03:1 and 1:05:1.
Each mixture was homogenized, pressed in pallets, and
melted in the arc furnace as previously described.

Bi,WO,/Bi,W,0,
Bi,0, and WO, were used as precursors, in a Bi:W
molar ratio of 2:1.15.

Ag@a-AgVO,/Fe, 0O,
Ag,0, Fe,0; and V,05 were mixed up in a Ag:Fe:V
molar ratio of 3:1:2.

Electrodes preparation

First, a suspension of particles (ink) of each complex
oxide was prepared. BiVO, and Bi,WO//Bi,W,0, inks
were prepared by mixing the particles with polyethylene
glycol (PEG) 20000 (Sigma-Aldrich, St. Louis, USA)
and deionized water (mass proportion of 10:30:60). The
Ag@a-AgVO,/Fe,0, ink was prepared by mixing 30 mg
of particles with 185 pL of isopropanol (analytic grade,
Synth, Diadema, Brazil) and 15 pL of Nafion™ (5% in
alcoholic solution, Sigma-Aldrich, St. Louis, USA). Then,
every suspension was magnetically stirred for 2 h. After
that, thin films of each ink were deposited on the conductive
substrate, glass with F-doped SnO, (FTO) (pieces with
1 x 3 cm). The FTO pieces were previously washed with
Extran® (Sigma-Aldrich, St. Louis, USA), sonicated in a
mixture of deionized water and ethanol (1:1) for 10 min,
and then rinsed with deionized water. After delimiting
the FTO surface with Kapton tape, 25 pL of the ink was
dripped on 1 cm™ of the FTO; after drying, the electrode
was calcinated in muffle furnace (450 °C per 30 min, or
150 °C in one case for Ag@a-AgVO,/Fe,0, electrodes.

Morphological and structural analysis

The X-ray diffraction analyses (XRD) were performed
in a XRD-7000 diffractometer (Shimadzu, Tokyo, Japan),
with 40 kV and 30 mA, Cu Ko radiation (A = 1.5406 A). The
Rietveld refinements were performed in Profex software*
v 5.2.9 using the ICSD database. The UV-Vis-NIR (near
infrared) spectra were recorded in reflectance mode in a
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spectrophotometer UV-2450 (Shimadzu, Tokyo, Japan)
equipped with a sphere of integration. The morphology of
the samples was examined with a Quanta FEG-250 field
emission scanning electron microscope (FE-SEM, FEI
Co., Hillsboro, USA), equipped with an Oxford X-MAX50
energy dispersive spectrometer (EDS) (Oxford, UK). Only
for Ag@a-AgVO,/Fe,O, the microscopies were made on
the LNNano Facility at CNPEM, in an equipment Thermo
Fisher Scientific Helios Nano Lab 660 (Waltham, USA).
The thermogravimetric (TGA) and differential calorimetric
scanning (DCS) analysis were performed in a SDT Q-600
(TA Instruments, New Castle, USA).

(Photo)electrochemical measurements

All (photo)electrochemical measurements
were performed at room temperature (24 °C), in a
three-electrodes cell configuration. An Ag/AgCl1 (3 M KCl)
(+0.197 V vs. reversible hydrogen electrode (RHE)) was
used as reference electrode, and a Pt coil as counter-
electrode. The (photo)currents were recorded under the
illumination of a multimetallic vapor lamp (Osran Powers
Star, 400 W). The cell was controlled by a potentiostat/
galvanostat PGSTAT 128-N (Metrohm Autolab, Vantaa,
Finland). The registered potentials were converted from
the Ag/AgCl to the RHE scale by the following equation 1:

Egue (V) = Epgagar (V) + 0.0591pH (D
Results and Discussion
Arc synthesis proof of concept: BiVO,

Bismuth vanadate is a polymorph with a few known
crystallographic structures, being the monoclinic
scheelite (ms) the most relevant for water-splitting
and biomass conversion.”” This is due to its band gap
(ca.2.5eV), with absorption of blue-violet light, low onset
potential, and suitable band edge potentials for important
oxidation reactions, for instance, OER. In this work, the
ms-BiVO, particles were fast obtained by the arc-melting
process.

Based on our previous experience, the main variable for
the arc synthesis of BiVO, is the molar ratio between V,O;
and Bi,0,. Figure Sla (Supplementary Information (SI)
section) displays the XRD of the as-synthesized oxides with
different ratios of precursor. All samples mainly consisted
of ms-BiVO, (ICSD No. 100603). The diffraction peaks
18.7°,19.0°,28.7°,30.5°,34.5°,35.3°,46.7°,47.3°,49.9°,
50.3° and 53.3° were associated to the (1 0 1), (0 1 1),
(013),(040),(202),(020),(240),(2-20),(220)
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and (1 1 6) planes, respectively. However, a further analysis
also reveals a secondary phase with Bragg angles 11.2°,
23.6°,32.6°,37.1°,48.4° and 53.3°, which matches with the
v-Bi,VO; pattern (ICSD No. 82271). Rietveld refinement
of XRD data, performed for samples synthesized with
V:Bi molar ratio corresponding to 1:1.05, 1:1 and 1.05:1
(Tables S1 and S2, SI section), revealed that these samples
contained, respectively, 9.5, 3.8 and 2.7% of y-Bi,VO;.
Thus, the relative amount of Bi,VOs in arc-synthesized
BiVO, increased with the Bi quantity in the precursors.
The sample synthesized with 5% excess of V,0; consisted
of 97.3% ms-BiVO, (Figure 2a), with refined lattice
parameter a = 5.192 A, b = 5.089 A, ¢ = 11.696 A and
B = 90.39°, in accordance with early reported results.*®
These results agree with the reported phase diagrams:
various ternaries Bi-V oxides are expected to be formed
in the bismuth-rich region, but only BiVO, is expected in
the vanadium-rich region.?

Figure 2b shows the scanning electron microscopy of
the sample synthesized with an excess of V,0; (ca. 5%).
For this analysis the resulting BiVO, pellet was manually
ground in agata mortar, which resulted in particles with sizes
varying from a few micrometers to sub-micron structures,
with unidentified morphology. Here an important fact may
have to be pointed out, the grain size may be impacted by
the sample pulverization.

Figure 2c displays the thermogravimetric analysis of
the as-synthesized powder, in oxidizing atmosphere. This
measurement reveals the stability of the as-synthesized
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BiVO, at temperatures up to 600 °C. Additionally,
the differential scanning calorimetry displays a small
exothermic event at 200 °C, which was ascribed to the
reintegration of oxygen from the atmosphere to the crystal.
Probably, considering the absence of oxygen inside the
arc-melting chamber, the fast melting could promote the
oxygen vacancies on the resulting BiVO,.*!

The BiVO, UV-Vis absorption spectrum (Figure
S1b, SI section), obtained through diffuse reflectance
(DRS), displays a sharp absorption region of blue and
ultraviolet light (A < 510 nm). Figure 2d shows the Tauc
plot calculated from this measurement assuming a direct
transition (ahv)?; then, the estimated band gap (Eg)
corresponds to 2.45 eV, in excellent agreement with the
literature.*

The potentiodynamic profile of the FTOIBiVO, (sample
prepared with 5% excess of V,05) was obtained in aqueous
solution of 0.5 mol L' borate buffer (pH 9.2). The linear
sweep voltammetry acquired under intermittent irradiation
(Figure 2e) revealed that positive photocurrents were
generated at potentials higher than the open-circuit potential
(ca. +0.4 V vs. RHE), which is expected to occur in n-type
semiconductors. The photocurrent densities display similar
values to electrodes of BiVO, particles synthesized by the
hydrothermal process.** Considering the Buttler-Gértner
approach,® from the variation of the square of photocurrent
density as a function of applied potential (J*> x Eapp) the
flat band potential (EFB) was estimated at +0.42 V vs.
RHE (Figure 2f).
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Figure 2. Characterization of the as-synthesized BiVO, powder (5% V,Os excess). (a) X-ray diffraction, and Rietveld refinement; (b) scanning electron
microscopy; (c¢) thermogravimetric analysis in oxidizing atmosphere; (d) Tauc plot for direct transition (cthv)? x hv. Photoelectrochemical properties of
the FTOIBiVO, electrode in 0.5 mol L' borate buffer; (e) linear sweep voltammetry under intermittent irradiation; (f) Buttler-Gartner plot, J*> x Eapp.
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These results revealed that arc-synthesis can be
considered a fast and simple method of generating pure
BiVO, in the single monoclinic phase. Moreover, the
particle size can be decreased by using high-energy
pulverization methods and, since it is known that smaller
particles present better catalytic and charge transport
properties, the results obtained for the arc synthesized
BiVO, can be improved.’’+

Arc synthesis of multiphasic materials: Bi,WO4/Bi,W,O,

The n-type semiconductor Bi,WO, can exist in
orthorhombic structure at temperatures lower than
<960 °C, while at higher temperatures, the existing phase
is monoclinic.* The Bi,WO, presents orthorhombic
Aurivillius perovskite structure, composed of [Bi,0,]**
and WOy octahedral layers, while Bi,W,0, is another
representative of the Aurivillius phases with a layered
arrangement of [Bi,0,]* layers interleaved by [W,0,]*
sheets, as can be seen in (Figure 3).

(a)

QW
J B
do

Figure 3. Schematic crystalline cell of (a) Bi,WO, and (b) Bi,W,0, in
the polyhedron mode.

Herein, we present the synthesis of Bi,WO./Bi,W,0,
samples synthesized through arc melting; to the best of our
knowledge, it is the first time this multiphase material was
synthesized by this methodology.

The XRD analysis of gray particles obtained through
the arc melting method showed defined diffraction
peaks, which could be assigned to Bi,W,0, and Bi,WO,,
indicating the formation of a Bi,WO/Bi,W,0, multiphasic
material (Figure 4a). Heating the obtained material up to
600 °C did not change the mass of multiphasic sample
(Figure S2, SI section), indicating that Bi,WO/Bi,W,0,
was thermically stable up to 600 °C. Tian et al.* did not
observe obvious weight change in the TGA curve of
Bi,W,0, single crystal sample in the temperature range

60f 13

Complex Oxides Synthesized via Arc Furnace: a Fast, Direct and Effective Approach to Obtain Functional Materials

between 50 and 950 °C. In the same way, Zhai et al.*
did not distinguish a perceptible change in the weight of
Bi,WO, material in the TGA curve obtained from 100 to
800 °C.* Thus, it is not expected a phase transition for
Bi,W,0, and Bi,WO, between 100 and 800 °C. Moreover,
the XRD analysis of Bi,WO/Bi,W,0, electrode calcinated
at 450 °C did not show diffraction peak related to a third
crystalline phase (Figure S3, SI section). However, in the
arc-melting method the complex oxide is synthesized
in an inert atmosphere (Ar) and in a fast melting and
solidification processes, we expect the generation of oxygen
vacancies in the semiconductor structure prepared by this
method. Therefore, the small increase (ca. 0.3%) in the
weight of Bi,WO/Bi,W,0, in temperatures above 250 °C
and oxidative atmosphere can be associated with oxygen
incorporation into the oxygen vacancies present in the
Bi,WO//Bi,W,0, lattice. DRS UV-Vis absorption spectrum
of Bi,WO¢/Bi,W,0, (Figure 4b) exhibited only a strong
broad absorption band in the range from 330 to about 450
nm. Probably, the limited visible light absorption of sample
based on Bi,WO, and Bi,W,0, is caused by relatively large
band gap of individual components which were estimated
around 2.80 and 2.76 eV, respectively.*>¥47

SEM images (Figure 4c and inset) showed that
Bi,WO//Bi,W,0, sample is constituted of agglomerated
particles with size range from submicrometer to 50 pm and
ill-defined morphology. Chae et al.*' grow nanostructures
based on Bi, WO, through two-step hydrothermal synthesis
with subsequent thermal treatment, while Hill and Choi*®
reported a microporous film of Bi,WO, obtained from a
porous WO; electrode annealed with Bi** solution precursor
on its surface. Regarding to Bi,W,0, there are few studies
exploring the morphology of this material. Feteira and
Sinclair*® observed large-plate grains of Bi,W,0, obtained
by SSR, otherwise, Bi,W,0, crystallites with plate-like
shape were prepared by Maczka er al.*® using Pechini
method. Thus, it is important to note that different synthesis
mechanisms can generate several structures based on
Bi,WO, and Bi,W,0, with distinct size and morphology
that can be appropriate in accordance with the desired
material application.

Figure S5b (SI section) shows cross-section image of
Bi,WO/Bi,W,0, film with the semiconductor particles
adhered on the surface of FTO-glass substrate as well as
the Bi,WO./Bi,W,0, particles interconnected between
them, indicating that FTOIBi,WO,/Bi,W,0, photoelectrode
has suitable electrical contact to allow the migration of
charge carriers between the particles and their extraction
through the external circuit. The (photo)electrochemical
properties of FTOIBi,WO//Bi,W,0, were investigated
in aqueous solution with 0.2 M Na,SO; as hole acceptor

J. Braz. Chem. Soc. 2024, 35, 12, e-20240140
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Figure 4. Characteristics of Bi,WO/Bi,W,0, powder synthesized by arc-melting method. (a) XRD patterns; (b) UV-Vis absorption spectra; (c) SEM;
(d) voltammogram obtained under intermittent irradiation for FTOIBi,WO,/Bi,W,0, in aqueous 0.2 M Na,SO, solution with 0.2 M Na,SO; as hole acceptor.

specie. The linear sweep voltammetry under intermittent
irradiation (Figure 4d) revealed a positive photocurrent
which is an indicative of that electrode can be applied as a
photoanode to promote oxidation reactions. However, the
photocurrent is relatively low (ca. 3 pA cm™) in comparison
to photoanodes prepared with semiconductors such as
WO,, BiVO, and Fe,0,.>"3* As previously discussed, the
wide band gap values of Bi,WO, and Bi,W,0, can limit
the photon absorption and, consequently, the generation of
charge carriers in the FTOIBi,WO/Bi,W,0,.

Furthermore, Moss et al.>* studied the origin of low
photocurrent generated by Bi,WO, photoanode using
transient absorption spectroscopy (TAS) and highlighted
that electron extraction in this material is at least 10 times
slower than the slowest kinetics previously reported for
TiO,, BiVO, and WO, photoanodes. As a result of the
wide band gap of Bi,WO, and Bi,W,0, and low charge
carrier transportation, a low photocurrent was expected
for sample in comparison to other semiconductors
such as BiVO, and Fe,O,. These intrinsic limitations of
Bi,WO, for photoelectrochemical application can be also
observed in other synthesis method chosen for the material
preparation. For example, Bera ef al.> showed that Bi, WO,
sample synthesized by hydrothermal method generate
ca. 6 A cm™ for OER at 1.23 V vs. RHE. Concomitantly,
Zhang et al.*® demonstrated that Bi,WO, semiconductor
prepared by template-directed synthesis generated 5 and
20 pA cm™? at 1.0 V vs. RHE for OER with a nonporous
and porous films, respectively.

J. Braz. Chem. Soc. 2024, 35, 12, e-20240140

To overcome this challenge, several strategies have
been applied to improve the photoactivity of Bi,WO,
and Bi,W,0, such as heterojunction with different
semiconductors to improve the charge carrier extraction,*
cocatalyst modification,” and doping.”®* In addition,
since Zhang et al.®® showed that n-n junction between
n-type semiconductor Bi,W,0, and n-type semiconductor
WO, increased the response of the WO,/Bi,W,0, as
H,S gas sensor, this could also be an application for
Bi,WO/Bi,W,0, material. Therefore, Bi, WO, and Bi,W,0,
exhibited interesting properties that can be improved for
application as photocatalyst in PEC systems.

Arc synthesis of multiphasic materials: hierarchical
Ag@a-AgVO,/Fe,0O,

AgVO, is a polymorph with different known
crystallographic phases, namely a-AgVO,, -AgVO,,
5-AgVO,, and y-AgVO;. The best known are the
monoclinic phases B-AgVO; (space group C2/c) which is
thermodynamically stable, and the metastable a-AgVO,
(Cm). This last one is generally obtained in room
temperature, or by quenching the melt of AgVQ,.6!%3

In this work we describe a novel material synthesized
via arc synthesis, from a mixture of Ag, Fe, and V binary
oxides in a 3:1:2 molar proportion, respectively. The
diffractogram patterns exhibited in Figure 5a presents peaks
of a-Fe,0; (hematite), o-AgVO,; and metallic Ag, as can be
seen from the comparison of the experimentally obtained
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sample and the respective ICSD patterns. Figure 5b exhibits
the absorbance profile, derived from UV-Vis DRS data,
where it is possible to observe a stronger absorption from
UV light in the blue region of visible-light spectrum, and
with a similar profile to other a-Fe,O; composites found
in literature,**% like Fe,0,/g-C;N,, showing a possible
predominance of Fe,O, optical properties. This is expected
since the absorption profile is generally governed by the
lowest band gap material. While a-Fe,O, presents an Eg
of ca. 2.0-2.2 eV,’ experimental values for a-AgVO, are
in the order of 2.4-2.7 eV.6266

The obtaining of the a-AgVO; metastable
crystallographic structure in the high temperatures of
arc melting instead of the thermodynamically stable
-AgVO, is interesting, since the first is usually obtained
at low temperatures. However, this kind of result is not
uncommon, since these high temperatures are reached very
quickly. However, after synthesized, a-AgVO, is known to
be irreversibly converted to the 3-AgVO; in temperatures
above 200 °C. The thermogravimetric and differential
thermal analyses of the sample are depicted on Figure S4a
(ST section), showing an event starting a little before
400 °C. According to Kittaka er al.,*® a large exothermic

peak appears at 381 °C, followed by an endothermic peak
(474 °C), from DTA analysis in air of a mixture of Ag,O-
V,0; precursors. The first peak is assigned to the formation
of B-AgVO, and the second with its melting point. They also
mentioned that the crystal enthalpy decreases in the order
a-AgVO,, 5-AgVO,, and B-AgVO,, being the B-AgVO,
the most stable phase.®

SEM combined to EDS microanalysis (Figure 5) provide
important information about the morphology, and the local
composition of the sample. Figures 5c-5e bring SEM
micrographs of the composites in different magnifications.
Figures S5c and 5d are secondary electrons (SE) detector
images, that evidence the topographic details of the
sample. In the first image it is possible to see clusters with
micrometric size covered with needle-like nanostructures.
In the higher magnification image in Figure 5d, it is more
evident that the structures are nanoribbons-like, which
can be better visualized in the Figure S4b (SI section).
Figure 5e brings an image made with backscattered (BS)
electrons detector, where the contrast is associated to
compositional details. It is possible to observe the presence
of brighter nanoparticles on some regions of the ribbons.
This higher brightness is associated with higher atomic

(a) Arc synthesized sample (b)
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Figure 5. (a) Normalized XRD patterns of powder sample synthesized via arc melting technique and ICSD patterns of component materials; (b) absorption
spectrum from UV-Vis DRS data for Ag/a-AgVO,/Fe,0, arc melting obtained powder sample; (c-e) FE-SEM images of the synthesized powder composite;

(f) EDS compositional mapping of selected region of image.
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number elements; thus, the particles are probably formed
by silver. To confirm the composition distribution, EDS
compositional analysis mapping was performed for the
same region in Figure 5f, which points out that iron is more
distributed along the micro grains, while vanadium and
silver appears along the nanoribbons. Silver also appears
strongly on the brighter nanoparticles observed for the BS
images, confirming the composition of NPs. In this sense,
the collected images indicate that micrometric grains of
hematite are decorated with silver vanadate nanoribbons,
that are also covered with Ag nanoparticles on the surface,
forming an interesting hierarchical material. Literature
reports frequently show the morphology of a-AgVO; as
fine needle-like (or ribbons/rods) crystallites. Hierarchical
materials, i.e., organized with a multi-length scale, can be
very interesting for different technological applications.
Nature itself, for instance, builds up hierarchical biological
structures like bones, a composite of hydroxyapatite and
proteins organized into a multilength-scale structural
hierarchy.®’

Additionally, the presence of metallic Ag
nanoparticles (NPs) can provide quantum effects due to
the diminutive size, presenting peculiar properties such as
localized surface plasmon resonance effect (LSPR). The
LSPR phenomenon involves the collective oscillation of
conduction band electrons of plasmonic nanostructures,
established when the illumination frequency is resonant
with the natural oscillation frequency of metals free
electrons.®® This can be an important addition to applications
that require visible light illumination, helping, e.g., to
broaden the spectral absorption range, enhance the local
electromagnetic field and generate thermal effect.”

Photoelectrodes of the hierarchical composite were
prepared by depositing an alcoholic dispersion of
Ag/a-AgVO,/Fe,0, particles on FTO. Generally, the
electrodes preparation involves the addition of PEG in
the dispersion and a thermal treatment near 450 °C for
PEG elimination. Since this thermal treatment could not
be used with a-AgVO,, an alcoholic suspension of the
semiconductor particles was directly deposited on FTO
followed by heat treatment up to 150 °C, resulting in a
dark-green electrode. Figure S5c (SI section) is a cross
sectional image of the as-prepared electrode, showing good
film adhesion (also visually observed during experiments).
For comparison, the electrodes were also prepared by
doctor blade coating, followed by heating at 450 °C
(which causes the phase transition from a to -AgVO,);
then, orange electrodes were obtained, but also with good
visual adhesion.

Then, it was performed some PEC measurements with
both electrodes in a neutral electrolyte (0.2 M Na,SO,
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aqueous solution), in N, saturated medium and with
0.2 M Na,SO; as hole scavenger. Figure 6a displays the
potentiometries zero current to registry the open circuit
potential (OCP) variation in dark and after polychromatic
irradiation. Both the electrodes show a potential decay
after illumination, which is a typical behavior of n-type
semiconductor electrodes, and the electrode heated at
450 °C shows a significative value. Linear voltammetries
registered under intermittent irradiation revealed that
only the electrode heated at 450 °C (B phase) presented
a positive photocurrent density, circa of 10 pA cm™.
Considering that silver vanadates usually behave as
p-type semiconductor electrodes, the PEC properties of
FTOIAg/AgVO,/Fe,0; thus revealed the prevalence of
hematite (n-type semiconductor).

In addition, the cyclic voltammetries also show a higher
dark current for the electrode containing -AgVO;. The
increase on the capacitive current can be associated with
morphology changes or even the enlargement of porosity on
the electrode surface. As mentioned, the thermal treatment
altered the electrodes color from dark green (heating at
150 °C) to orange (heating at 450 °C) (see Figure S4c,
Sl section). The absorbance spectra for both the electrodes
were presented in Figure 6d.

The color of the electrodes also changed, going from
dark green (electrode heated at 150 °C) to orange (electrode
heated at 450 °C) (see Figure S4c). These changes can
also be pointed out on the absorbance spectrum, which is
broader in the case of the second one, with some variations
in the band positions and a tail in the infrared region.

In accordance with literature reports,” the B-AgVO,
exhibits improved optical properties and better performance
for PEC applications. Also, a non-aqueous electrolyte could
be more convenient, however, we preferred the aqueous
media considering a greener strategy. A p-n junction of
AgVO0,/Mo-BiVO, was constructed by Gao et al.”' for
PEC water oxidation reaction. The AgVO,/Mo-BiVO,
photoanodes boosted the photocurrent density by 7 folds at
1.23 V vs. RHE and moved the onset potential negatively by
387 mV compared to the bare BiVO,. The composites were
prepared via a simple successive ionic layer adsorption
and reaction. The nanostructures of AgVO; (3-5 nm) were
grown on the molybdenum dopped BiVO, surface.”

To the best of our knowledge, the only report of a
successful direct use of the a-AgVO, phase of silver
vanadate for photoelectrochemical PEC application was
reported by Chowdhury et al.®® First, they synthesized
a-AgVO; nanorods (NRs) via co-precipitation method at
relatively low temperature (35 °C); then a-Fe,O,-NPs@
AgVO,-NRs were prepared trough wet-impregnation
method followed by solvent evaporation, with a-Fe,O,
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Figure 6. Characterization of electrodes prepared with arc-synthesized Ag/AgVO,/Fe,O; with a post thermal treatment at 150 or 450 °C, in 0.2 M Na,SO,
solution with 0.2 M Na,SO, as hole acceptor. (a) Potentiometry zero current; (b) photovoltammogram under intermittent irradiation (20 mV s™); (c) cyclic
voltammetries (in dark) (20 mV s™'); (d) UV-Vis DRS absorption spectra for both electrodes.

previously prepared via hydrothermal method. The
semiconductors were combined in a final Z-scheme
heterojunction, with porous structure and the electrode was
used for OER. The photoanode exhibited OER overpotential
of 1.05 mV vs. RHE and photocurrent density of around
6.2 mA cm™ in 0.5 M KOH under standard illuminations
conditions AM 1.5 G.% Authors did not mention a possible
phase change during preparation step and they attributed the
high performances to the high surface area and abundant
active sites. The exposed Fe,O, nanoparticles on the surface
of silver vanadate is also a possible explanation.

It is also worth discussing the presence of Ag NP
on the arc-synthesized Ag/AgVO,/Fe,0,. Ag NPs, as
well as Ag* ions, act as effective antimicrobial agents;
also, Ag oxides generally act as efficient photocatalysts
for organic pollutants degradation. As an example,
a-AgVO,/hydroxyapatite composites with photocatalytic
and anti-fungal properties were synthesized through
co-precipitation method by da Silva ez al.’”> The composites, in
different proportions, showed improved results compared to
the isolated counterparts on dye discoloration; the 22.5 wt.%
HA/a-AgVO, resulted in 85% of discoloration after 60 min
under UV illumination. The composites could also inhibit
the growth of Fusarium and Colletotrichum species,
in vitro.”” Thus, considering the interesting properties of
Ag/AgVO,/Fe,O, components, this arc-synthesized material
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can be evaluated as photocatalyst for decontamination and
disinfection of water.

Conclusions

In this work we presented three types of materials
recently obtained by our research group using an arc
furnace facility. The first was the well-known m-BiVO,,
traditionally used as photocatalyst in the OER and other
applications. The synthesized BiVO, shows similar
photoelectrochemical properties of the same material
synthesized via widely employed hydrothermal synthesis,
for example, and the performance can be improved by
efficient comminution methods. The second material was a
n-n junction based on two different bismuth tungstates, the
Bi,WO,/Bi,W,0,, that can also be applied as photocatalyst
absorbing UV light. Finally, a novel composite of Ag NPs,
the metastable o.-AgVO, and the traditional binary oxide
Fe,0O,. This last is a multiscale material, here named as
hierarchical, since it is composed of micrometric particles
of Fe,O, decorated by a-AgVO, nanoribbons, which are
covered with Ag NPs. More than focus on the materials
applications, the aim of this work was to present the
arc melting methodology as a fast, direct, and scalable
technique on the production of several promising complex
structures and metastable materials.
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Supplementary information consists of five separate
figures, and two tables, composed by additional
characterization and is available free of charge at
http://jbcs.sbq.org.br as PDF file.
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