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nanometric sized BO3 powder was continuously obtained by spray oxidation, where its collection efficiency depends

on processing parameters and showed spherical morphology and a highly pure tetragonal phase with narrow visible light
absorbance (E, = 2.26 ¢V). These optical characteristics indicate that the obtained £-BirO3 powder is suitable for

high-performance visible-light photocatalyst.

Introduction

During the past decades, bismuth-based oxides, such as perovskites, pyrochlores, Aurivillius, among others have
stimulated extensive research related to the preparation, modification, and applications in alternative energies,

advantage of the photocatalytic properties of bismuth-based materials are nowadays of big interest.

Bismuth-based semiconducting materials can be excited by visible light irradiation due to their electronic structure and a
narrow band gap energy, E,,, which is lower than 3 eV. For instance, bismuth oxide (BpO3) has received much attention
as a potential visible light active photocatalyst for both solar energy conversion and environmental remediation because
of'its efficient photocatalytic activity, high stability, low cost, and nontoxicity (Ref 6). Its photocatalytic performance is
itself closely related to the phase, morphology, structure, size, band gap, surface area, crystallinity, rate of the charge
transfer, efficiency of charge separation, among others (Ref 1). The narrow band gap energy of B,,O5 is dependent on

its crystal structure (2.2-2.8 eV), which is found in seven polymorphs: low-temperature stable monoclinic a (Ref7)
high-temperature stable fcc J and the metastable tetragonal £, bee y (Ref 8), orthorhombic & (Ref9), triclinic  (Ref
10) and high-pressure hexagonal phases (Ref 11).

The tetragonal 5 phase has an £, of ~ 2.3 eV and higher photocatalytic performance than the other B,,O3 polymorphs.

b-phase has a unique tunnel structure caused by the special orientation of B*" lone electron pairs (LEPs). Its tunnel
structure is ideal for the transfer of the photogenerated electrons and holes, preventing their excessive recombination and
enabling more free carriers to participate in the photocatalytic process (Ref12, 13).

It is well known that the physical and chemical and therefore photocatalytic behavior of bismuth-based materials are
also strongly dependent on their synthesis method (Ref 14).

The synthesis of f-Bi,O3 powder has been reported by several routes that include conventional chemical methods (Ref

oxidation of granulated bismuth under air or vacuum atmospheres (Ref20,21,22). For instance, liquid phase microwave
irradiation allowed the synthesis of f-BhO3 nanoparticles with an £, 0f2.77 ¢V using BiNO3)3-5H,0 as a precursor.
The obtention of yellowish precipitate has been reported to take place under irradiation with 500 W of power for 90
min and then centrifugated and washed several times before drying. This precipitate was finally calcined at 300 °C for 4
h to stabilize the f-B,O5 (Ref23).

The hydrothermal process has also been frequently reported for the synthesis of f-Bi,O3 powder with specific
morphology, e.g., flower-like (Ref 17) or nano-sized sheets (Ref 24). Both methods use consistently BiNO5)3-5H,O
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It is clear that methods of chemical synthesis of 5-Bi,O 3 powder with mteresting morphological characteristics and a

narrow band gap energy with high photocatalytic activity for organic pollutants degradation are available in the literature.
However, the necessity of an alternative method to synthesize photoactive f-Bi,O3 powder n one-step and high

volumes with desired physical and chemical properties still exists.

Flame spray is a low-cost, high-performance thermal spray technique typically used to manufacture coatings (Ref25).
The process consists of atomizing particles in a compressed gas that have been melted or are in a semi-molten state
thanks to the energy released by a heat source. Combustion between premixed acetylene and oxygen gas provides the
energetic jet stream. Particles with velocities below 100 mv/s are generally achieved. The lower speed experienced by
the in-flight particles compared to other TS techniques can be exploited to increase the particle’s dwell time inside the
jet, thus improving their temperature (Ref26). The flame temperature is in the range between 2727 and 3077 °C, where
particles only reach, however, 70% of this temperature depending on their residence time in the flame (Ref 25).

Therefore, flame spray oxidation of bismuth seems to be promising to control oxidation characteristics of semimetallic
bismuth, the phase transformation of the formed oxides as well on their physicochemical properties. However, the
synthesis of highly pure tetragonal bismuth oxide with controlled physical and chemical properties by flame spray is still
challenging since the process is highly chaotic. The analysis of process parameters by design of experiments is required
seeking to obtain specific particle size distribution, morphology, and phase transformations. Particularly, key factors to
stabilize metastable f-BiO3 at room temperature are dependent on the residence time and intrinsic high cooling rates

(Ref27, 28).

In this work, flame spray oxidation was used to synthesize /-B,O3 by using bismuth pellets obtained from mineral
compounds from Mexico (Ref29). The structural and microstructural properties of the oxidation products were studied

by varying feedstock particle size, and standoff distance (SOD) by a 22 factorial design of experiments. Oxidation
characteristics of bismuth particles are presented and discussed.

Experimental Methods

Powder Synthesis

Bismuth needle-shaped pellets obtained from mining beneficiation of 1-2 ¢m in size (Industrias Pefioles SA, Mexico)
were used as precursor material and milled in a planetary mill (PM400 Retsch, Hann, Germany) for 30 mmn using a 10:1
ball to powder ratio at 250 rpm. Milled bismuth powder was classified in fine and coarse particles by sieving, passing
through 600, 325, and 140 mesh sieves.

The synthesis of f-Bi,O5 was carried out by flame spray oxidation using a 6PII gun (Oerlikon Metco, New York,

USA) with a ceramic-type nozzle. 99.999% pure nitrogen gas (Atlas-Copco NPG + SKID plant) was used for particle
feeding with a Sulzer Metco SMPE powder feeder (New York, USA). The combustion atmosphere was fixed for an

fuel/oxygen ratio of 1:1.15 (lmin_lzlmin_l) (acetylene/oxygen) that corresponds to a neutral flame (Ref30).

The fed powder was heated and oxidized thanks to the energy released during the reaction in the flame spray process,

in which the combustion of 03 ' ’ e
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Table 1 Flame spray parameters and particle size distribution of thermal sprayed nanometric and
micrometric sized powder
Full size table ?

Structure and Microstructure

Phase identification was performed by XRD with a Rigaku TX, USA Dmax 2100 diffractometer with monochromatic
radiation CuKa: (A = 1.5406 A) operating at 30 kV and 20 mA. Diffraction patterns were collected in the range of 20°
to 60° of 20 scale with a 0.02 step size and a step time of 0.5 s with a fixed angle of 5°. Phase quantification was
determined by Rietveld refinement using GSAS® software (Ref31).

The size distribution of bismuth feedstock was measured using the laser diffractometer (HELOS/BR, Sympatec GmbH,
Germany). The technique for measuring the dry powder was REDOS, where samples were placed in the powder
feeder and air pressurized at 200 kPa.

Analysis of morphology and particle size distribution of synthesized powder was done by field-emission scanning
electron microscopy (FESEM) using a JEOL 7610F microscope (Tokyo, Japan) with secondary electron (SE) detector
at 2 kV and backscattering electron (BSE) detector at 15 kV electron acceleration voltage. The cumulative size

distribution of flame sprayed powder was determined by ImageJ® (Ref32). For each sample, the average particle size
was measured in at least 5 micrographs.

The oxidation mechanism of the obtained micrometric powder was analyzed by cross-sectional area of the as-
synthesized powder. The powder was embedded in epoxy resin and polished until the particle cross section was
observed in an optical microscope. These samples were analyzed with a scanning electron microscope XL30 ESEM-
Philips (Massachusetts USA) using energy-dispersive spectroscopy (EDS) for semiquantitative chemical composition
characterization. The oxidation characteristics of bismuth were identified by tracking the oxygen distribution with EDS
using a backscattering electron detector. The semiquantitative chemical characterization was analyzed with an atomic
and mass percentage on at least 3 zones of sample cross sections.

Thermal Transformation Analysis

Phase transitions of commercially available a-Bi,O3 powder (Sigma-Aldrich S. de RL. de CV.) have been studied using
differential scanning calorimeter/thermogravimeter DSC-TGA (SETSYS Setaram, Caluire-et-Cuire, France). DSC-
TGA was run using 70 mg of the powder in platinum crucibles. The heating stage was performed from 400 up to

800 °C at a rate of 1 °C/min in air. The cooling stage was performed from 800 up to 25 °C varying the cooling rate up
to 10 °C/min.

Optical Properties

UV-VIS NIR spectrophotometry was used to determine the band gap energy of the prepared Bi,,O3 powder with a

Varian spectrophotometer (Cary 5000) coupled to a PTFE integration sphere (Malvern, UK). The band gap was
determined by measuring reflectance spectra and using Tauc plot (Eq 1), of the intersection of the extrapolated tangent,
which is based on the Kubelk

F(R)hv = k(hv — E, SPRINGER NATURE
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)

The band gap energy value was obtained by plotting (F (R)hv)l/ 2 versus hv and extrapolating a linear fit to the abscissa
axis (Ref34).

Results and Discussion

Characterization of Precursor Bismuth Powder

As mentioned in the experimental section, bismuth feedstock powder was classified in fine and coarse by milling and
sieving with different mesh number. Figure 1(a) and (b) shows the SEM micrographs of both milled powders. The
powder morphology is irregular with flat faces and pronounced corners at the edges, which is expected due to the
milling process. Figure 1(c) shows the cumulative particle size distribution 03% (black lines) and the distribution density
q3 (blue lines) of both powder types. Fine powder presents a maximum frequency of 38.8 pm, while the maximum
frequency for coarse powder is 78.7 um. 90% of the cumulative distribution of fine particles has a maximum size of 60
and 122 pm for coarse particles. Geometry and particle size distribution are relevant characteristics of the fed powder
because of'its direct influence in energy and mass transfer with the gas flow during the oxidation process.
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03 by DSC

Phase transformations were analyzed n a commercial a-BiO3 powder by DSC. Figure 2 shows the DSC plot, where
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Based on these results, it is possible to envisage retaining the 5-Bi,O5 by flame spray if abrupt cooling (high cooling
rates) from temperatures above 650 °C is undertaken, which can be easily achieved by collecting evaporated or water
quenched in-flight particles.

Thermally sprayed oxidized powder was collected in two ways, from evaporated particles and quenched in water
mferring two mechanisms of bismuth oxidation. Bigger particles dropped into the water leading to partial oxidation,
whereas, a certain number of fine particles evaporated and were completely oxidized due to the high temperature of the

flame.
Characterization of Nanometric-Sized Bismuth Oxide Powder

The evaporated powder presents a characteristic bright yellowed color and nanometric particle size. This powder was
labeled as “nanometric” and its physicochemical properties were as follows. Figure 3 shows typical SEM micrographs
recorded at high magnifications of the nanometric powder obtained by varying the SOD and particle size of feedstock
powder.

Fig. 3
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The cumulative size distribution of this powder is shown in Table 1. For each sample, at least 5 micrographs were
measured reporting the average particle size. The 90% (dg) of the cumulative distribution of nanometric particles has a

maximum size between 227 and 163 nm for fine feedstock powder and 188-133 nm for coarse powder.

An increase in the SOD decreases the size of the nanometric oxidized powder (see dg in Table 1). Additionally, an
increase in the size of feedstock powder decreases the size of the nanometric oxidized powder. Specifically, fine P/
feedstock generated agglomerates of nanometric sized particles, which are larger than those obtained with coarse P2
feedstock.

X-ray diffraction and Rietveld refinement patterns of as-synthesized powder are shown in Fig. 4. A typical XRD pattern
of 20P1 sample is shown in Fig. 4(a). All samples exhibit a high pure Bi,O5 phase with a tetragonal structure. No
evidence of secondary phases or impurities was observed. All diffraction lines can be indexed to a tetragonal phase with
a=b=7.742 A, c =5.631 A unit cell parameters identified with PDF 27-0050 with a space group P421-c.

Fig. 4
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(a) X-ray diffraction and (b) Rietveld refined patterns of nanometric sized thermal sprayed f-Bi,O

powder
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Rietveld refinement allowed us to calculate the structural parameters of as-synthesized powder. Figure 4(b) shows the
refined pattern of 20P1 sample. The calculated lattice parameters are a = b = 7.7405 A and ¢ = 5.6328 A, which are

in good agreement with theoretical values. The goodness coefficient ()(2 ) and the structural factor (Ry) are 3.07 and
0.03, respectively, which represent the refinement quality (Fig. 4b). The Ry-value suggests an excellent relationship
between the calculated model and the experimental XRD pattern.
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Characterization of Micrometric-Sized Bismuth Oxidized Powder

The quenched powder (collected in water) was labeled as “micrometric” and can be distinguished by a dark green
color.

The morphology of the micrometric sized oxidized powder recorded with a BSE detector is shown in Fig. 6. The
micrometric powder showed particles with a rough surface and an approximately spherical morphology joined to the
hemispheres of other smaller particles. Molten in-flight particles collided with each other leading to particular
agglomeration features between few elements leading to the formation of'the so-called snowman-like morphology (Ref
36, 37). These particles show different colors, associated with at least two different phases. Clear zones Z; correspond

to bismuth while the dark zones Z, are bismuth oxides (see arrows from Fig. 6¢) according to their molecular weight.

Samples 20P1 and 30P1 (Fig. 6a and b, respectively) present smaller particles < 50 pm compared to samples 20P2
and 30P2 > 50 um (Fig. 6¢ and d, respectively).

Fig. 6
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Table 1 shows the cumulative size distribution of the micrometric oxidized powder. The size of this powder decreases as
the SOD distance increases. The dg of this powder using fine P/ feedstock is 37 um and 33 um for SOD of 20 ¢cm and

30 cm, respectively. In the case of coarse P2 feedstock, the dg size is 68 pm and 64 um for SOD of 20 cm and 30 cm,

respectively. Thus, the size of the obtained powder directly depends on the size of the feedstock material and is
mversely proportional to the SOD distance, i.e., the size of the obtained micrometer powder decreases as the spray
distance increases.

A change in the morphology and size of the feedstock powder is expected to take place interacting with the flame spray.
It is well known, that the shape changes from irregular/angular morphology to a spherical shape (droplets formation) due
to the flame process (Ref25). The particles are subject to conductive heat transfer and become spherical after reaching
their melting point (271 °C) while passing through the flame. All particles exhibit rough surfaces generated due to the
quenching into cool water and in some cases address fractures because of the thermal shock. During the in-flight, the
particles start evaporating (1564 °C) after reaching their melting point, where the amount of evaporated mass depends
on the size, thermal conductivity, speed, and trajectory followed by each particle, leading to a decrease in size of the
oxidized particles (Ref 25).
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(a) X-ray diffraction and (b) Rietveld refined patterns of micrometric sized thermal sprayed bismuth
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Rietveld refinement was done to all x-ray patterns to quantify the phase content of samples and evaluate the effect of the
flame spray process on the structure of bismuth oxide (Fig. 7b). Each refinement is composed by four curves: (a) the
experimental patterns (shown in black), (b) the adjusted patterns (red), (c) the adjusted background to calculate the
phase content and lattice parameters (green) and d) the error line (blue) generated from the difference between the
experimental and adjusted patterns. The obtained y° and Rywere 3 and 0.1, respectively (Table 2). The quantification
confirmed that samples prepared with fine feedstock powder (sample 20P 7 and 30P1) exhibit a higher content of -
Bi,O3 77% and 91%, respectively. The increase in SOD generates an increase in the amount of oxidized bismuth, which

was consistently observed for fine and coarse feedstock powder.

Table 2 Structural parameters of micrometric sized thermal sprayed powder obtained from
Rietveld refinement

Full size table > SPRINGER NATURE
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It is worth mentioning that the physicochemical characteristics of this powder make it suitable to be used in spraying
deposition processes, €.g., by cold spray.

Influence of Flame Spray Parameters on Oxidation Characteristics of Bismuth

The influence of thermal spray parameters is evidenced in the content of bismuth oxide. As mentioned before, a smaller
feedstock size leads to a higher oxidation content. If the particle possesses a smaller diameter the heat transfer from the
surface onto the core is favorable and the oxidation process is promoted. A similar effect is obtained with longer
standoff distances. The residence time of the in-flight particle in the flame increases by increasing the SOD. The particle
is surrounded by oxidant gas for a longer time. Smaller particles have a higher surface area which maximizes the total
content of formed bismuth oxide. Under these conditions, bismuth coarse powder does not completely oxidize due to its
big size. The low surface area carries out poor contact with oxygen molecules. Moreover, the residence time of the n-
flight particles in the heat zone of the flame is not enough to reach a melting state dimmishing the conditions promoting
oxidation (Ref 25, 30).

For the sake of clarity, the effect of flame spray parameters, feedstock size, and SOD combinations on the oxidation of
bismuth and the size of the micrometric as-synthesized powder is shown in Fig. 8. This figure provides a good summary
of previously described effects, where the formation of 5-Bi,O5 is promoted by using fine bismuth feedstock powder
and small SOD (Fig. 8a). The same effect is evidenced in the synthesis of small micrometric -Bi,O particles (Fig. 8b).
This analysis agrees with the literature that establishes that oxidation of particles increases with the temperature, a higher
residence time of in-flight particles in the flame by increasing SOD and with an adequate size of feedstock powder.

Fig. 8
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(a, b) SEM micrographs of particle cross sections for 30P1 and 30P2 samples, respectively, and (c)
heterointerface area between B/f-Bi,O3
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Sample 30P2 (Fig. 9b) shows a similar heterointerface between bismuth (clear zone) and bismuth oxide (dark zone).
Whereas, the oxidation mechanism is the opposite than 30P/ sample since the snowman-like particle possesses a higher
content of bismuth than bismuth oxide. Although, the semisphere of bismuth is partially oxidized on its core.

Regarding the heteromterface between Bi and S-BiO3, the inset of Fig. 9(c) shows a magnification of a 30P2 particle

mterface. This micrograph evidences the formation of a composite sharing different compositions in a heterogeneous
interface between a metal and a metal oxide Bi/f-B,O5.

These composites are usually classified as Janus particles and have a particular shape and surface chemistry showing
different physical and chemical properties (Ref37). Janus particles may show different magnetic, electrical,
semiconductive, optical, optoelectronic, and catalytic properties (Ref36). Due to the nature of as-synthesized
snowman- like Bi/f-Bi,O5 Janus particles, the photocatalytic properties of B,,O5 are expected to be enhanced because

of the nterfacial interactions originated from electron transfer across the mterface. It has been reported that Bi;O5

shows an enhancement in its photocatalytic activity by depositing metallic particles to serve as electron scavenger to
decrease photorecombination of the electron-hole photogeneration and then induce charge separation to carry out
redox reactions with pollutants (Ref40,41,42,43). Electrodes of Bi/f-Bi,O5 have shown stronger visible light

absorption and high photoactivity for hydrogen generation due to the electron transfer from Bito f-Bi,O3 (Ref44). The
current as-synthesized micrometric snowman-like Bi/f-Bi,O5 Janus particles are a promising candidate for
photocatalytic applications.

The obtained powder with 30P2 conditions kept the snowman morphology but showed as expected different oxidation
characteristics. An internally partially oxidized big bismuth particle appears attached to a smaller one (see Fig. 9b). This
behavior can be explained based on the heat transfer mechanism that takes place immediately after the particles interact
with the hot gas, where they are heated from the surface to their nuclei. The kinetic of this process depends on several
parameters, such as size and particle trajectory inside the flame, thermal conductivity, etc. Small particles (P 1) get
uniformly heated and reach faster conditions of fusion, vaporization, with the simultaneous oxidation process. On the
opposite, bigger particles (P2) have mtrinsically lower kinetics leading to an overall lower oxide content.

Heat and mass transfer play a SPRINGERNATURE
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(5.67x% 1078 W/m?K?, h is the heat transfer coeflicient between the hot gas and the particle and expressed in terms of
the Nusselt number (Nu) defined in Eq 4 (Ref25, 30):

_ hd,

u =

“4)

KR

where K is the thermal conductivity of the gas.

For a particle to reach a uniform temperature, it is required that its thermal conductivity «,is higher than the « of the gas,
described as the Biot number B7 = Kk / Kp and should be Bi <0.01 (Ref25, 30).

A schematic representation of the oxidation mechanism that corresponds to an in-flight particle oxidized by combustion
thermal spray as described elsewhere (Ref25) can be adapted to the current results. In the referred figure, the oxidation
mechanism of an in-flight particle interacting with hot gas depends on the heat transfer processes and the size of
feedstock powder. Under melting and/or evaporation conditions, oxidation of the particles takes place and their
diameter naturally decreases mside the flame plume, which is a time-dependent process influenced by their trajectory
within the heat zone (Ref 30).

Conclusions

Controlling flame spraying parameters (standoff distance, flame temperature, Bi-powder morphology, and size) allows
the synthesis of photoactive tetragonal bismuth oxide powder with nanometric and micrometric sizes. Morphology of
micrometric sized powder corresponds to Janus particles of a Bvf-B,O3 snowman-like morphology, where the

heterostructure potentially allows the electron transfer between a semiconductor (5-Bi,O3) and an electron scavenger

(Bi). This powder is ready to be used in spraying deposition processes, €.g., by cold spray. The obtained nanometric
sized powder corresponds to highly pure S-Bi,O3, which is highly photoactive with a band gap energy £, =2.26 eV.
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