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Abstract Visible-light photoactive (Na0.5Bi0.5)TiO3

(NBT)-based heterojunctions have demonstrated their

applicability in environmental remediation. The photocat-

alytic properties of NBT-based coatings are here reported.

NBT-based materials were deposited by oxyacetylene

flame spray (FS). The physicochemical properties were

analyzed as a function of the spraying parameters: fuel/

oxygen ratio (F/O), stand-off distance (SOD), and total gas

flow (TF). A flame with reducing characteristics promotes

the formation of TiO2 (anatase and rutile) and Bi4Ti3O12,

while an oxidizing flame results in coatings rich in NBT

and Bi4Ti3O12. The SOD mainly influences the degree of

crystallinity, which is higher at shorter distances. Optical

properties estimated by UV–VIS diffuse reflectance con-

firmed an increase in light absorption after the FS process,

with an Eg red shift from 3.32 eV of the NBT powder to

2.63-2.96 eV of the coatings. These values are dependent

on the F/O, with a significant Eg narrowing under reducing

conditions. Photoelectrochemical measurements revealed

that faster electron collection is obtained due to the trans-

formations occurring throughout the FS process while still

retaining nearly 70 and 88% of the photocurrent density

(jph) at UV and visible light, respectively. These results

suggest the great potential of the FS methodology to pro-

duce multiphase photocatalytic coatings by tuning the

processing parameters.

Keywords bismuth-based heterojunctions � ceramics �
flame spray � sodium bismuth titanate � thick coatings �
visible-light photoactive

Introduction

Nowadays, enormous industrialization and consumption of

natural resources are causing the world to face problems

that require urgent attention, including environmental

protection and remediation, along with the storage and

conversion of alternative energies (Ref 1-3). Air and water

pollution are harmful and pose a higher risk to life. In this

regard, photocatalysis has emerged as an environmentally

friendly, low-cost, and non-toxic technology for the min-

eralization of recalcitrant hazardous pollutants (Ref 4). For

this purpose, semiconductor oxides such as TiO2, ZnO,

WO3, and perovskites (ABO3) have been used as highly

efficient photocatalysts for pollutant removal (Ref 5).

Semiconductor design and selection are critical to

achieve efficient photocatalytic performance. A
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semiconductor must possess desirable physical and chem-

ical properties such as a high density of charge carriers (n-

type or p-type semiconductors), and the conduction and

valence band edge potentials (ECB and EVB, respectively)

must be adequate to carry out the photocatalytic degrada-

tion reactions. In a photocatalytic reaction, a semiconduc-

tor is irradiated by light with a wavelength equal to or

higher than its Eg, exciting electrons (e-) from the valence

band (VB) to the conduction band (CB), leaving behind

holes (h?). These photogenerated charge carriers migrate

to the semiconductor surface and directly or indirectly take

part in redox reactions (Ref 6). In this regard, it is desirable

that charge recombination be suppressed, allowing their

availability to participate in the reactions, and finally, it is

favorable that the optical absorbance be extended to the

visible (VIS) and near-infrared (NIR) regions of the sun-

light to harness photons from the major portion of the solar

spectrum. Some of the strategies for the development and

design of efficient photocatalysts include tuning the band

gap (introducing structural dopants or defects) and the

formation of heterojunctions by coupling two semicon-

ductors with appropriate band positions to improve charge

separation and transfer as well as to reduce recombination

rates (Ref 7).

Bismuth-based oxide semiconductors have received

considerable attention as potential photocatalysts due to

their structural characteristics. In the (Na0.5Bi0.5)TiO3

(NBT) perovskite, hybridization of the orbitals O 2p and Bi

6s in the valence band and the high dispersion Bi 6s orbital

in the electronic structure is reported to increase the

mobility of photogenerated charge carriers, decrease the

band gap, and extend the visible-light response (Ref 8).

The covalent–ionic type bonding between Bi and O is

expected as Bi3? shows lone pair 6s effect (Ref 9). In

addition, the crystal structure of titanates constructed by a

sheet of edge- and/or corner-sharing TiO6 octahedra

forming zigzag ribbon or tunnel structures is suitable for

the accommodation of the catalytic active phases to raise

the efficiency of the separation of photoexcited charges

(Ref 10).

Perovskites based on NBT are a family of lead-free

piezoelectric ceramics (Ref 11) that have excellent photo-

catalytic properties for wastewater treatment (Ref 12). In

addition, NBT ceramics present cost-effective fabrication

conditions because they can be synthesized by mixed oxide

powders, high-energy ball milling, and solid-state reaction

(SSR) (Ref 13, 14). Pure NBT is a semiconductor with an

optical bandgap of around 3.2 eV, so it can only be acti-

vated under UV light, which limits its functional applica-

tion in sunlight conditions.

Recently, it has been reported that the sintering process

(Ref 15) of spray-dried microspheres (Ref 16) reduces the

optical bandgap of pure NBT powder synthesized by SSR

from 3.23 to 3.08 eV, and the flame-sprayed coating pro-

cess reduces it to 1.93 eV. Therefore, NBT prepared in

powder form or as a coating is potentially a UV–vis-active

catalyst for environmental remediation. However, only a

few studies have demonstrated the photocatalytic activity

of NBT. As mentioned before, an effective strategy to

enhance the photocatalytic activity of a UV-active catalyst

and carry out the desired redox reactions is by engineering

the coupling of semiconductors into heterojunctions that

assemble two or more catalysts (Ref 17). A properly

functioning heterojunction exhibits efficient charge carrier

separation, transfer, and reaction phenomena. As already

reported, the energy levels must be staggered, and the

catalyst with a higher ECB must be capable to be a pho-

toactive semiconductor in visible light driven to inject

electrons into the CB of the other semiconductor (Ref 18).

Some studies have reported the activity of NBT assembled

in heterojunction with TiO2 (Ref 19) or Bi2O3 (Ref 20, 21).

For instance, the b-Bi2O3/NBT heterojunction, which is

active in visible light and has remarkable efficiency for

methanol photooxidation, was prepared by high-energy

ball milling. The authors reported a red shift in the light

absorbance of NBT heterojunctions and an enhanced per-

formance of their photocatalytic activity due to the stag-

gered band alignment that enables the mobility of charge

carriers (Ref 21).

An interesting photocatalyst processing methodology to

obtain immobilized semiconductors is by thermal spraying.

There are few studies on perovskite coatings by thermal

spray (TS) process for photocatalytic applications. Most of

them are related to TiO2 coatings deposited by TS pro-

cesses, including atmospheric plasma spraying (APS),

suspension plasma spraying (SPS), flame spraying (FS),

high-velocity oxy-fuel (HVOF) spray, and cold-spray for

photocatalytic applications (Ref 22-24). Some reports of

NBT (Ref 25) and KNN (Ref 26) coatings deposited by

APS mainly discuss their ferroelectric and piezoelectric

performance.

The processing of functional ceramic coatings by TS

poses significant challenges to keep their performance

comparable to that of bulk sintered ceramics. However, TS

techniques rely heavily on the optimization of processing

parameters to achieve the desired results. In particular,

perovskite-type functional coatings deposited by TS can

undergo significant physical and chemical transformations

during particles in-flight through the plasma (PS) (Ref 27).

Preferably, the goal in the literature has been to achieve

single-phase, fully crystalline, dense, or defect-free coat-

ings, which is not a simple task for perovskite-type mate-

rials. However, several processing difficulties are

encountered in practice. For instance, it has been reported

that in the case of NBT or KNN-based materials deposited

by PS, severe loss of Bi2O3 or Na2O occurs, which can be
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solved by excess addition of these volatile oxides (up to

10 mol.%) to maintain the perovskite stoichiometry (Ref

28, 29) Another problem is associated with the high cool-

ing rates in PS that prevent complete recrystallization. On

the other hand, it has been reported that fuel-rich com-

bustion conditions lead to oxygen vacancy formation due

to Ti3? defects, which affect the dielectric properties (Ref

30). However, the reactions that take place during the TS

process are not always negative, especially when pursuing

applications where multiple interlayers are required, for

instance, between two or more semiconductors for photo-

catalytic applications.

FS is a versatile, cost-effective, and simple thermal-

spray combustion method, in which multiple parameters

can be adjusted to achieve different results. Some of its

processing parameters are material type, morphology, size

distribution, fuel/oxygen (F/O) ratio, gas flow rate (TF),

stand-off distance (SOD), etc. (Ref 31). FS uses the

chemical energy from the combustion of oxygen (O2)-

acetylene (C2H2) gas to generate a hot flame in the spray

torch. Particles or droplets of the fed material are accel-

erated toward the workpiece by the expanding hot gas

flow and air jets. Adjusting the F/O ratio on either side of

the stoichiometric ratio will cool the flame, producing

oxidizing or reducing (fuel-rich) plume conditions, which

can be selected according to the desired characteristics of

the sprayed material (Ref 32). The highest combustion

temperature reached at atmospheric pressure is 3410 K,

and the maximum temperature that the particles can

achieve (Tp) relative to the gas temperature (Tg) after their

flight is about 0.7 to 0.8 Tg (Ref 31). Flame velocities in

FS are typically below 100 m/s, generating particle

velocities up to 80 m/s before impact. The microstructure

and properties of the sprayed coatings are highly depen-

dent on all phenomena occurring during particle flight

(Ref 33).

Recently, a novel process for obtaining in situ hetero-

junctions of different semiconductors by FS processing

with photocatalytic applications was reported (Ref 16, 34).

For instance, Bi/b-Bi2O3 heterojunctions in powder that are

photoactive in visible-light were obtained by FS. The flame

chemistry and the high temperature reached in the com-

bustion reaction allowed efficient semiconductor coupling,

leading to the formation of Janus particles (nano or

microparticles whose surfaces have two or more distinct

physical properties), enhancing charge carrier transfer and

reaction. This work builds on the experience observed in

powders with the objective of tuning the optical properties

in NBT-based coatings for photocatalytic applications by

in situ formation of heterostructures within the in-flight

particles in the plume of the FS process.

NBT coatings deposited by FS have not yet been

reported. Considering the reactivity phenomena of ceramic

compounds promoted by the high temperature and stoi-

chiometric conditions of the FS plume, in which interfaces

of a multiphase material are obtained from the heating

history until reaching the formation of liquid phases and

their subsequent extreme cooling processes, there is a great

opportunity for the study of coatings containing a multi-

phase microstructure constituting bismuth-based hetero-

junctions with photocatalytic properties active in visible

light.

For environmental remediation applications, the oppor-

tunities lie in the non-toxicity of Bi-based perovskites such

as NBT and their advantageous multifunctional properties,

as well as obtaining heterojunctions in the deposited

coatings by low-cost techniques.

Previous work reported the deposition of NBT coatings

by FS, where the effect of processing parameters such as

the size of microspheres obtained by spray drying was

mainly discussed. Partial phase decomposition of the

perovskite in the coating was observed (Ref 16), leading

to the formation of heterojunctions distributed throughout

the coating that considerably improved its optical prop-

erties. In this work, the effect of the flame-spraying

parameters on the structural, microstructural, and optical

properties of coatings prepared from spray-dried and pre-

sintered NBT microspheres is reported. In addition, the

photoelectrochemical properties of NBT powder and

coating samples were evaluated by cyclic voltammetry,

open circuit potential, Mott–Schottky plots, and

chronoamperometry.

Experimental Procedure

Synthesis and Processing of Feeding Powder

NBT powder was synthesized by mixing commercial

oxide precursors by ball milling followed by a calcina-

tion-activated solid-state reaction. Stoichiometric amounts

of Bi2O3 (Sigma-Aldrich, 99.9%), Na2CO3 (Meyer,

99.5%), and TiO2 (Sigma-Aldrich, 99.0%) were mixed

and milled in a planetary mill (PM 400, Retsch) for 2 h at

250 RPM. Yttria-stabilized zirconia (YSZ) balls and

methanol contained in an Al2O3 jar were used as milling

media. Heat treatment for solid-state reaction step (cal-

cination) was performed twice at 920 �C for 5 h and then

milled in a planetary mill for 1 h at 150 RPM. This step

was performed based on our research group previous

experience of in the synthesis of NBT-based materials

which has shown that the calcination step performed

several times improves the purity of NBT (Ref 13). Next,

the NBT powder was agglomerated into particles with

spherical morphology and a size distribution of

d10 = 10 lm, d50 = 32 lm, and d90 = 60 lm by spray
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drying using laboratory scale equipment (DL 410, Yam-

ato). Subsequently, a slurry was prepared with 20 vol.%

NBT powder in distilled water and ammonium poly-

methacrylate (Darvan C-N, RT Vanderbilt, Norwalk, CT)

as a binder. Spray-drying parameters were set at 1 kPa

atomization pressure, 10 mL/min feed rate, 220 �C inlet

temperature, 0.4 m3/min airflow rate, and a 2.55 mm

nozzle (No.5) was used. The agglomerated particles were

consolidated by a sintering at 1000 �C, for 2 h. Further

details of the NBT powder fabrication process and its

microstructural characteristics are described elsewhere

(Ref 16).

Flame Spray Coatings Process

NBT coatings were deposited by FS using an oxygen-

acetylene torch (6P-II ThermoSprayTM Gun, Oerlikon

Metco) with a P7C-K nozzle. The spray gun was

manipulated with a 6-axis robotic arm (KRC2, Kuka).

NBT microspheres were fed to the nozzle torch using a

volumetric powder feeder (P-50, Flame Spray Technolo-

gies) with N2 as the carrier gas. The powder was

deposited on 26 9 26 9 3 mm copper substrates (Cu

101). Before the FS process, the surface of the substrates

was grit-blasted with ANSI G-24 alumina at an air pres-

sure of 100 psi, cleaned, and degreased in an ultrasonic

bath with acetone and ethanol separately. The spray

parameters F/O, SOD, and TF of oxygen and acetylene

gases were varied to study the effect on the characteristics

and properties of the coatings. The spray parameters that

were kept fixed are summarized in Table 1. The two

selected F/O correspond to a fuel-rich flame with a tem-

perature of 3430 K , and an oxidizing type of flame with

a lower temperature (3276 K). TF was set at 37 nlpm for

the reducing flame and varied between 37 and 47 nlpm

for the oxidizing. The SOD used for the three processing

conditions was 10 and 15 cm, labeled as A and B,

respectively (Fig. 1a).

Structure and Microstructure

The phases and crystal structure of the NBT coatings were

identified by X-ray diffraction (XRD) in a Rigaku Smar-

tLab diffractometer with a Bragg–Brentano geometry using

Cu radiation (kCu = 1.542 Å), 40 kV, and 44 mA, a step

size of 0.01� and a scan rate of 4�/min from 20 to 80� in

2-theta. The degree of crystallinity (DOC) was calculated

from the total areas under the defined crystalline and

amorphous components as DOC = Acryst/(Acryst-

? Aamorph), where Acryst and Aamorph are the crystalline and

amorphous peak areas, respectively. For this purpose, the

X-ray diffraction areas of the coatings were determined by

deconvoluting the peaks of the patterns with the Fityk

software (Ref 35), using a Gaussian function. The identi-

fied crystal phases of the coatings and their quantification

by weight percent (wt.%) were performed by Rietveld

refinement using the GSAS software (Ref 36), obtaining in

all cases refinement quality parameters of goodness coef-

ficient (v2) and structural factor (R) values of\ 1 and\
0.3, respectively.

X-ray photoelectron spectroscopy (XPS) was performed

in an ultra-high vacuum (UHV) using a K-AlphaTM X-ray

photoelectron spectrometer equipped with a monochro-

matic Al-Ka source (1486.7 eV, 13 kV). The steps were

1 eV and 0.1 eV for the general and high-resolution

spectra, respectively. The binding energies (BE) were

measured by taking the C1s peak at 284.8 eV as a refer-

ence. The peak area was calculated after fitting the

experimental spectra to a mixture of Gaussian and Lor-

entzian curves or Lorentzian asymmetric line shapes.

Quantification of the atomic fractions at the surface of the

solids was obtained by integrating the normalized peaks

with atomic relative sensitivity factors (RSF).

The microstructure of the coatings and powder particles

was characterized by micrographs measured with sec-

ondary electrons (SE) and backscattering (BSE) detectors

using an environmental scanning electron microscope

(XL30 ESEM, Philips). A chemical composition map of

coating sample 1-A was measured using an energy dis-

persive spectroscopy analyzer (6I10 XFLASH, Bruker)

coupled to the Philips XL30 microscope. The coating

samples were encapsulated in acrylic resin, grinded, and

polished sequentially with SiC paper of different sizes and

colloidal silica in the final polishing step to reveal the

microstructure of cross sections.

Optical Properties

The optical absorption properties and bandgap of the

coatings were measured by recording diffuse reflectance

spectra (DRS) in the range of 200-1100 nm using an

Agilent Technologies Cary Series UV–vis-NIR

Table 1 Flame spray parameters that were kept constant during the

deposition process of NBT coatings

Flame spray parameters Value

Carrier gas (N2) flow 12 nlpm

Air pressure 20 Psi

Oxygen pressure 30 Psi

Acetylene pressure 10 Psi

Powder feed rate 25 g/min

Pre-heating gun passes 2

Spraying passes 10

Raster speed 0.4 m/s
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spectrophotometer with an integrated sphere. The mea-

sured reflectance data R were transformed to the Kubelka-

Munk function F(R) (Eq 1) to determine the value of the

band gap via the Tauc plot (Eq 2) by plotting (F(R)hv)1/n

versus hv.

F Rð Þ ¼ 1� Rð Þ2

2R
ðEq 1Þ

F Rð Þhvð Þ1=n¼ C hv� Eg

� �
ðEq 2Þ

where F(R) is a function of reflectance and is proportional

to the extinction coefficient a used for highly scattering

samples. R is the reflectance measured by UV–Vis spec-

trophotometry, hm is the energy of the photons induced, n is

the optical transition, C is a constant, and Eg is the band

gap energy of the bulk of the semiconductor. The optical

transition can be n = � for a direct transition and n = 2 for

an indirect transition.

Photoelectrochemical Measurements

Cyclic voltammetry (CV), open circuit potential (OCP),

chronoamperometry (CA), and Mott–Schottky (M-S)

measurements were carried out to study the photoelectro-

chemical properties of the coatings.

Electrochemical characterization was performed in a

standard three-electrode electrochemical cell configuration,

in which deposited fluoride-doped tin oxide (FTO) glasses,

Ag|AgCl(sat), and a graphite rod served as working,

reference, and counter electrodes, respectively. A 0.3 M

K2SO4 (pH = 7) solution was used as the supporting

electrolyte. The working electrodes were prepared by using

a spray pyrolysis deposition technique. For this purpose,

the powder was dispersed in isopropanol, formulated with

10 gL-1 and sprayed onto transparent electrically conduc-

tive FTO glasses (15 X�sqr), which were cleaned in an

ultrasonic bath with acetone, isopropanol, and deionized

water for 0.5 h before use. Two samples were prepared, the

synthesized NBT powder and the NBT coating 1-A, which

prior to deposition on FTO, was detached from the Cu

substrate and milled in a mortar. The samples prepared on

FTO were annealed at 500 �C, for 2 h in air at a rate of

5 �C/min. CA measurements were performed under UV

irradiation (k = 365 nm, irradiance I0 = 2 mW/cm2) and

visible LED light (10W, 3500 K).

Results and Discussion

Figure 1(a) shows the deposition conditions of the coatings

(1, 2, and 3) defined by the equivalence ratio (/), the

adiabatic flame temperature (AFT) calculated at 1 atm and

initial temperature of 298 K (Ref 37), and the TF as a

function of the acetylene and oxygen gas flow (nlpm). In

combustion reaction processes, the flame temperature

depends on the F/O ratio. For most systems, the maximum

temperature is reached around the stoichiometric mixture,

at which the combustion reaction is complete (Eq 3). The /

Fig. 1 (a) Flame spray conditions (1, 2, and 3) for the processing of

NBT coatings, defined by the equivalence ratio (/), total gas flow

(TF), and flame temperature as a function of the oxygen and acetylene

gas flow. (b) Images of the coatings deposited at a SOD of 10 and

15 cm (A and B respectively)
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described in Eq 4 is a normalized mixing ratio to express

the deviation from the stoichiometric condition defined as

the actual F/O ratio relative to the stoichiometric on a

molar or mass basis, where F corresponds to fuel and A to

the comburent (volume or mass). For a stoichiometric

mixture / = 1, fuel-rich systems /[ 1 and fuel-poor

systems /\ 1 (Ref 31) as shown in Fig. 1(a). The peak

flame temperature of the oxy-acetylene combustion system

is reached on the fuel-rich side due to the higher bond

dissociation energy of CO, which manifests itself in a

lower dissociation of the combustion products and the

consequent higher temperature (Ref 38). The AFT is a

good estimate of the maximum temperature reached during

a combustion reaction and can be calculated as the energy

balance of a steady-flow combustion process, assuming a

chemical equilibrium of the gaseous mixture (/) with no

heat loss, subjected to pressure and enthalpy constraints.

2C2H2 þ 5O2 ! 4CO2 þ 2H2O ðEq 3Þ
/ ¼ F=Að Þ= F=Að Þstoichiometry ðEq 4Þ

The conditions under which the coatings were deposited

on the AFT show differences in their color, as observed in

the images of coatings deposited at a SOD of 10 cm

(A) and 15 cm (B), respectively (Fig. 1b). For instance,

coating 1-A falling on the darkest color was deposited with

the highest amount of fuel (/ = 1.7) at the shortest distance

(SOD = 10 cm) and a lower flow of gases (TF = 37 nlpm),

while coating 2-B falling on the lightest area corresponds

to the sample deposited with a flame with an excess of

oxygen (/ = 0.8) at a longer distance (SOD = 15 cm), and

low total flow gases (TF = 37 nlpm). The effect of the

processing conditions is discussed below.

Structural and Microstructural Properties

Figure 2(a) shows the XRD patterns of the as-sprayed

coating samples 1-A, 1-B, 2-A, 2-B, 3-A, 3-B, and the NBT

powder fed to the flame gun for comparative purposes.

Peak positions and relative intensities of the NBT lattice

plane reflections corresponding to a perovskite crystal

structure of rhombohedral symmetry (R3c), indexed with

COD ID 2103295 (d), which was also identified in the

feeding powder diffractogram (gray color) can be observed

in the diffraction patterns of the coatings. XRD patterns of

coatings 1-A,1-B, 2-B, 3-A, and 3-B show additional low

intensity diffraction peaks in the 2h range of 24-29�. In the

coatings deposited with spraying condition 1, TiO2 of

anatase and rutile phases were identified and indexed with

COD ID 9008215 (A) and 9004142 (R), respectively. In

addition, in these coating samples and samples 2-B, 3-A,

and 3-B, a low intensity peak centered at 30.1� corre-

sponding to the Aurivillius Bi4Ti3O12 (B) phase, indexed

with COD ID 1528445 was identified. The diffraction

patterns of the coatings also show a distinct broad diffuse

background at 2-theta 25 to 35� corresponding to a non-

crystalline phase. This feature has been observed previ-

ously in NBT flame-sprayed coatings (Ref 16) and in other

perovskite ceramic coatings thermally sprayed in the as-

sprayed condition (Ref 39-41). During the thermal-spray

process, after the particles reach a molten state due to their

exposure to the flame temperature and subsequently impact

against the substrate, accelerated heat transfer phenomena

will occur with high cooling rates, which prevents the

formation of a long-range ordered phase. Figure 2(b) shows

the Rietveld refinement analysis of the as-sprayed sample

1-A, where a combination of amorphous and crystalline

Fig. 2 (a) XRD patterns of the as-sprayed NBT coatings and the powder fed to the flame gun, (b) Rietveld refinement analysis of the

diffractogram of 1-A NBT coating sample
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phases is observed. The information from the structural

analysis, DOC, and phase weight fractions of the coatings

are summarized in Table 2. According to the results, the

DOC is higher at spray distances of 10 cm (39.6-48.5%)

than at 15 cm (24.3-35.1%).

The crystalline phases of the coatings, NBT perovskite,

TiO2-Anatase, TiO2-Rutile, and Bi4Ti3O12 were identified

and quantified in weight percent (wt.%) by Rietveld

refinement. The predominant crystalline phase (free of

amorphous phases) in all coatings is NBT perovskite, with

sample 2-A having the highest content (100 wt.%). The

crystalline fraction of Bi3Ti4O12 content was less than 10.6

wt.% in all coatings. The presence of TiO2 phases only in

coating samples 1-A and 1-B (up to 19.2 wt.% as anatase

and 14.2 wt.% as rutile) is attributed to the higher heat

input and a reducing flame atmosphere provided by /
= 1.7. A significant effect of the thermal spray process on

the structural properties of NBT is evident. The reactions

started with the melting of the in-flight NBT particles

occurring at * 1225 �C, which is the temperature of NBT

(congruent) melting (Ref 42). Since the flame temperatures

produced are[ 2000 �C, a melting state of the particles

can be reached. It has been reported that processing of

NBT ceramic at high temperatures result in loss of Bi2O3/

Na2O starting at * 1150 �C with significant volatilization

of Bi2O3 (Ref 42). Subsequent cooling of the Bi-deficient

melt resulted in recrystallization of NBT, TiO2, and Bi4-
Ti3O12, and a remanent amorphous phase was formed by

rapid cooling (Eq 6 and 7).

The initial formation of the metastable TiO2 anatase

phase and further transformation to the rutile phase require

sufficient thermal energy to facilitate the rearrangement of

the atoms. This transition occurs above 600-700 K, and it

has been reported that heating under low oxygen partial

pressure conditions in a reducing or neutral atmosphere

enhances the transformation by increasing the density of

oxygen vacancies (Ref 43).

Solid-state reaction

Bi2O3 sð Þ þ 4TiO2 sð Þ þ Na2CO3 sð Þ �!
1273K

4 Na0:5Bi0:5ð ÞTiO3 sð Þ
þ CO2 gð Þ

ðEq 5Þ

Na0:5Bi0:5ð ÞTiO3 sð Þ �!/¼1:7 3432K
0:27 Na0:5Bi0:5ð ÞTiO3 sð Þ

þ 0:03Bi4Ti3O12 sð Þ þ 0:10 TiO2 sð ÞAnatase

þ 0:06TiO2 sð ÞRutile þ 0:6 Bi;Na;Ti;Oð ÞAmorph

ðEq 6Þ

Na0:5Bi0:5ð ÞTiO3 sð Þ �!/¼0:83276K
0:46 Na0:5Bi0:5ð ÞTiO3 sð Þ

þ0:02Bi4Ti3O12 sð Þ þ 0:52 Bi;Na;Ti; eð ÞAmorph

ðEq 7Þ

As mentioned before, the chemical composition and

elemental oxidation state of the elements present in the

NBT, and the coatings obtained at 10 cm (1-A, 2-A, and

3-A) were investigated by XPS. Table 3 shows the quan-

tification according to the XPS survey scan spectrum,

revealing that the NBT sample includes Bi (42.1 wt.%), Ti

(13.9 wt.%), O (26.2 wt.%), Na (8.0 wt.%), and adventi-

tious C (9.8 wt.%). After the coating process, the chemi-

sorbed C increases to 64.1, 71.1, and 49.4 wt.% for 1-A,

2-A, and 3-A, respectively. On the other hand, the amount

of Ti with respect to Bi (Bi wt.%/Ti wt.%) increases from

3.0 in NBT to 10.3 for 2-A, which shows that the surface of

the coatings is richer in Bi compared to NBT. This is

because the Bi volatilizes and subsequently recrystallizes

on the coating surface. The high Bi/Ti ratio on the surface

can be correlated with a lighter color of the material, as

shown in Fig. 1(b) for samples 2-A and 2-B. The surface of

the coating also shows the presence of traces of N 1 s, less

than 1.0 wt.%, which are likely formed by the N2-rich

atmosphere used as a carrier gas to feed the NBT powder.

Table 2 Summary of processing parameters and properties of NBT coatings

Sample F/O (/) TF, nlpm SOD, cm Thickness, lm Eg, eV DOC, % Crystalline phase fraction, wt.%

NBT TiO2 (Anatase) TiO2 (Rutile) BTO

1-A 1.7 37 10 162.0 ± 17.2 2.63 39.6 67.6 9.9 14.2 8.5

1-B 1.7 37 15 152.4 ± 12.0 2.81 32.0 61.4 19.2 8.8 10.6

2-A 0.8 37 10 117.0 ± 17.5 2.96 40.4 100 … … …
2-B 0.8 37 15 69.6 ± 8.10 2.95 24.3 90.2 … … 9.8

3-A 0.8 47 10 173.8 ± 26.5 2.90 48.5 95.1 … … 4.9

3-B 0.8 47 15 113.6 ± 10.4 2.93 35.1 94.9 … … 5.1

Microstructural, structural, and optical properties.
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Figure 3(a), (b), and (c) show the high-resolution XPS

spectra of Bi 4f, Ti 2p, and O 1s, respectively. Comple-

mentarily, Table 4 shows the assignments of the main

spectral bands based on their binding energies (BE) and

weight percent (wt.%). The Bi 4f spectrum for NBT shows

two sharp peaks at 159.0 and 164.3 eV, corresponding to the

binding energies of Bi 4f7/2 and Bi 4f5/2, respectively. The

high-resolution XPS spectra for the coating (1-A, 2-A, and

3-A) showchangesmainly inBi 4f andO1s. The signal forBi

4f can deconvolute into two doublets; the new signal for Bi

4f7/2 is present around 159.0-159.1 eV and can be assigned

Table 3 Quantification of the different elements according to the

XPS survey spectra for powder feedstock (NBT) and the coatings

deposited at a SOD of 10 cm (1-A, 2-A, 3-A)

Sample Element, wt.%

C O Na Ti Bi N Bi/Ti, wt.%/wt.%

BNT 9.8 26.2 8.0 13.9 42.1 0.0 3.0

1-A 64.1 18.8 4.2 1.9 10.0 1.0 5.2

2-A 71.1 16.7 5.9 0.5 5.1 0.7 10.3

3-A 49.4 19.9 4.6 3.1 22.2 0.8 7.2

Fig. 3 High-resolution XPS spectra for Bi 4f, Ti 2p, and O 1s for the powder feedstock (NBT) shown at the top, and the coatings deposited at a

SOD of 10 cm (1-A, 2-A, and 3-A)
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either to Bi4Ti3O12 (Ref 44) or bismuth oxides (Ref 45). In

the Ti 2p spectrum, a broad peak is observed around 465 eV,

which is due to the partial overlap of Ti 2p1/2 and Bi 4d3/2.

According to the peak deconvolution, the binding energies

for Ti 2p3/2 and Ti 2p1/2 are observed at 457.5 and 463.3 eV,

respectively, implying the existence of a Ti4? oxidation

state. The XPS spectra for O 1 s show the signal corre-

sponding to oxygen in the lattice (529.0-529.2 eV, M-O).

Other signals at 530.0-530.6 eV may correspond to the

presence of other oxides, such as those present in amorphous

phases (see Eq 6 and 7). Moreover, the signal (531.7-

532.1 eV) can be assigned to oxygen vacancies (Ov) (Ref

46). However, there has been a recent discussion about the

wrong assignment of this signal, which can be due to the

adventitious hydroxyls of water adsorbed on the oxides

under ambient conditions forming (M-O-H) (Ref 47). The

signal at higher binding energy corresponds to the chemi-

sorbed oxygen in the single and double bonds of the O-C=O

specie (indicated by an asterisk) at 531.7-532.1 eV (O-

C=O*) and 532.3-533.2 eV (O*-C=O), whereas the signal

for chemisorbed H2O is found at values of 534.7-535.6 eV

(Ref 47). The results show that a higher number of Ov or

M-O-H is related to a higher amount of chemisorbed C, as

well as to a higher amount of Bi3? on the surface. Finally, the

position of Na 1 s does not change significantly.

To estimate the efficiency of the deposition process, the

thickness of the coatings was measured by analyzing at

least 10 optical microscope cross sectional images of each

sample. Varying the spray parameters produced different

average thicknesses (Table 2), ranging from 70 to 174 lm.

Figure 4 shows backscattered cross sectional micrographs

corresponding to as-sprayed NBT coatings deposited at

10 cm: 1-A (a, d), 2-A (b, e), and 3-A (c, f). Some of the

features observed in the coatings are a typical laminar

microstructure produced by the building-up of splats

(Fig. 4d). Circular solid structures (Fig. 4d) and some

cracks are also observed. Globular-like porosity and semi-

molten particles are mostly observed in sample 3-A

(Fig. 4f). The microstructural heterogeneities probably

originate from differences in the melting state of particles

reached during the FS process, which is highly dependent

on their in-flight particle distribution. Micrographs of NBT

in-flight particles sprayed with condition 1 and collected in

water (Fig. 5c) show coarse unmelted particles with the

fine-grained microstructure of the fed powder (Fig. 5b) and

fully melted finer particles with a smooth surface.

Depending on the microstructural features observed in the

cross section of the coatings, the former type of particles

may be trapped in the microstructure, bounced off, or fail

to reach the substrate, and the latter forms splats or due to

re-solidification their spherical shape is retained within the

laminar structure.

Samples deposited with / = 1.7 show splats of darker

gray tones, indicating variations in chemical composition.

On the other hand, samples deposited with / = 0.8 show

no significant shade contrasts, which may be related to

temperature and oxidizing or reducing atmospheres pro-

vided by the F/O ratio. Chemical composition mapping of

the cross section sample 1-A (Fig. 6a) shows that the

tonality contrasts in the splats are mainly associated with

differences in Bi and Ti content. The lighter regions show a

composition richer in Bi and Na (Fig. 6c, d), while the

darker gray ones are Bi-deficient and Ti-rich (Fig. 6b).

Optical Properties of NBT Coatings

Figure 7(a) shows the absorbance spectra of NBT powder

and coatings obtained from the measured diffuse reflec-

tance spectra. The spectrum of the NBT powder (gray

color) shows a steep absorbance edge in the UV region up

to 410 nm. In the case of NBT as-sprayed coatings, the

absorbance edge shifts to the visible-light region,

Table 4 Assignments of main

spectral bands based on their

binding energies (BE) and

weight percentage (wt.%) for

powder feedstock (NBT) and

the coatings deposited at a SOD

of 10 cm (1-A, 2-A, 3-A)

Element Assignments Sample

NBT 1-A 2-A 3-A

BE, eV wt.% BE, eV wt.% BE, eV wt.% BE, eV wt.%

Bi 4f7/2 Bi3? in NBT 158.3 100.0 158.4 86.7 158.5 70.3 158.4 82.5

Bi3? in BTO 0.0 0.0 159.1 13.3 159.0 29.7 159.1 17.5

Ti 2p3/2 Ti4? 457.5 100 457.6 100.0 457.7 100 457.6 100.0

O 1s O-M, Lattice 529 72.1 529.2 18.6 529.0 6.4 529.1 26.8

O-M 530.6 12.1 530.5 20.0 530.1 12.8 530.0 10.2

Ov, M-O-H 531.8 8.9 531.2 31.0 531.0 45.5 530.9 24.2

O-C=O*, 0.0 0.0 532.1 16.8 531.9 20.2 531.7 20.9

O*-C=O, O-C-O 533.2 3.1 533.1 8.4 532.9 6.4 532.3 14.8

H2O 534.7 3.7 535.3 535.3 535.6 8.7 535.6 3.1

Na 1s Na? 1070.8 100.0 1070.9 100.0 1071.0 100.0 1071.0 100.0
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indicating a reduction of the band gap (Eg). The observed

differences in the light absorption properties of the coatings

compared with pure NBT powder suggest an effect of FS

processing on the structural properties. The light absorption

capacity in the visible region of the coatings is shown in the

Tauc plot (Fig. 7b) obtained from the K-M theory. A direct

electronic transition n = 1/2 was used for the bandgap

calculations, since theoretical studies on the NBT band

structure, as well as electronic and optic properties show a

direct band gap (Ref 48).

The optical band gap energy values were estimated

using the Tauc method by a linear fit and extrapolating the

slope to (F(R)ht)1/n = 0, where the x value corresponds to

Eg as shown in Fig. 7(b) and the resulting values are

summarized in Table 2. In general, it is observed that

coating 1-A shows the highest absorption light capacity.

Although the coatings are multiphase after the FS pro-

cessing resulting in the assembled heterojunction and

considering that the Kubelka-Munk theory can only be

applied to measure the band gap energies for homogenous

catalysts, this analysis provides intuitive insight into the

photoactivity of the coatings. The synthesized NBT powder

has an Eg of 3.3 eV, indicating that NBT synthesized by

mixed oxide and solid-state reaction is a catalyst that can

only be activated under UV light. The effect of flame

processing NBT to obtain all coatings is considered as a

top-down approach in which a partial dissociation of NBT

into different phases takes place, depending on the spray

parameters. These features cause an Eg shift toward lower

energies (2.63 - 2.96 eV), which in turn implies a poten-

tial red shift in the visible range. The narrow band gap

energies of the NBT coatings can be attributed to observed

differences in the crystal structure such as the secondary

phases Bi4Ti3O12, TiO2 (rutile and anatase), and lattice

structure defects, such as Ov produced due to the high

temperature of the thermal spray process. For instance,

coating 1-A presents the narrowest Eg, with a value of

2.63 eV. These microstructures allow the transfer and

Fig. 4 Cross sectional micrographs of the NBT coatings deposited with spraying conditions 1 (a), (d), 2 (b), (d), and 3 (c), (f) at a SOD of 10 cm

Fig. 5 SEM micrographs of NBT fed powder particles. (a) As-spray-dried, (b) Spray-dried and sintered, and (c) Water-quenched after the flame

spraying process
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migration of charge carriers between the different catalysts

so that these novel heterojunctions can absorb light at

lower energies.

The differences in the color shades of the coatings are

consistent with the observed changes in their optical

properties. In general, shade changes from light to dark

gray resulted in broader optical absorption in the visible

light region and lower Eg values. Similar color variations to

darker shades have been reported for reduced or partially

reduced TiO2 and BaTiO3 coatings deposited by thermal

spray in reducing atmosphere or low oxygen conditions

(Ref 30, 49).

Fig. 6 EDS elemental mapping of the 1-A coating (cross section)

Fig. 7 (a) Absorbance spectra and (b) Tauc plot of the NBT synthesized powder and flame-sprayed coatings
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Effect of FS Deposition Parameters on the NBT

Coatings Properties

Figure 8 shows the results of the analysis of coatings

properties, thickness, DOC, NBT phase content, and opti-

cal bandwidth as a function of F/O, SOD, and TF.

According to the results, the coating is thicker at lower

SOD in all cases, where conditions with / = 0.8 have a

more significant effect. This can be attributed to the fact

that the greater the distance fewer particles reach the

substrate to build up the coating. The contribution of the

TF is also observed, since the higher the TF, the thicker the

coating. The kinetic and thermal input provided by a higher

TF or a hotter flame (/ = 1.7) also promotes the increment

of melting particles and their velocity which causes more

particles to be deposited on the substrate. The DOC of the

coatings changes as a function of the SOD and TF, being in

all cases higher at a SOD of 10 cm and for / = 0.8 at 47

nlpm. These parameters provide a higher thermal input to

the substrate, producing an annealing effect on the coating

layers through each pass of the torch, which reduces the

cooling rate and enhances the recrystallization process.

The crystalline fraction of NBT was affected by the F/O

composition, where the NBT content of coatings deposited

at / = 1.7 decreases significantly due to the formation of

secondary phases. No significant effect of the SOD or FT

Fig. 8 Effects of the processing parameters on the NBT coatings properties as a function of the SOD, F/O, and TF
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on the NBT content was observed. This suggests that the

NBT phase transformation is mainly affected by tempera-

ture and flame chemistry. Similarly, Eg was observed to be

mainly influenced by the F/O ratio, with higher /, narrow
Eg values were obtained. In addition, a significant effect of

SOD is observed at / = 1.7, where the shortest distance

coating showed the lowest Eg.

Photoelectrochemical Activity of NBT Powder

and Coatings

Photoelectrochemical (PEC) measurements were per-

formed to understand the mobility, transfer, and recombi-

nation of charge carriers in photoelectrodes of the as-

synthesized samples in a PEC cell to determine the pho-

tocurrent density (jph), photovoltage generated under light

irradiation (Eph), and the flat band potential (Efb) of

semiconductors of the NBT samples.

Cyclic voltammograms (CVs) are used to evaluate sta-

bility and quality of a photoelectrode. Figure 9(a) shows

the CVs of the NBT electrode for the precursor and flame-

sprayed coating samples. FTO substrate results are shown

(blue line) for comparison. In general, good ohmic contact

between FTO and the materials is observed, as the elec-

trode capacitance in the anodic range (E[ 0.2 V versus

Ag|AgCl) is higher than that of the substrate, asymptotic

behavior is obtained at the zero-current line, and no far-

adaic signals are present. The accumulation regime for a

typical n-type semiconductor is present for both materials

deposited at the cathodic end of the CVs sweep. For NBT

coating sample, a broad potential shoulder develops with

partially reversible behavior at E\ 0.2 V versus Ag|AgCl.

This feature, in TiO2-based materials has been previously

associated with the occurrence of charge carrier reactions,

such as surface states, crystalline defects, or dopants (Ref

50). The irreversibility of the features suggests that the

cathodic processes dominate over their anodic counter-

parts. The extent of the feature supports the idea that

charge accumulation takes place in this potential range.

The absence of this feature in the NBT powder sample can

be explained in terms of the microstructural properties, as

pointed out in section ‘‘Structural and Microstructural

Properties’’, due to a higher DOC, and consequently, better

electrical properties. The capacitive current observed in the

most anodic region in the voltammograms indicates the

potential range in which the space charge region can be

studied in subsequent analyses (i.e., Mott–Schottky plots).

OCP measurements are carried out to observe the sta-

bility of the electrode without applying any potential or

current perturbation under darkness or light irradiation. The

first evidence of the photocatalytic activity of the catalysts

under light irradiation is observed in the OCP curves.

Figure 9(b) presents the photovoltage developed under UV

light irradiation (ON) after an initial period in darkness

(OFF). During these measurements, several photophysical

processes occur concomitantly, such as exciton (electron-

hole) generation, recombination, electron scavenging, etc.

Therefore, both conditions (ON and OFF) are held for

600 s to achieve steady-state values since no external

potential bias is applied to the materials. The NBT 1-A

coating has a higher stability than the NBT powder,

revealed from the initial OFF period. The measured mag-

nitude for Eph is 0.07 and 0.06 V for NBT powder and

NBT 1-A samples, respectively. The ON stabilization time

is similar for both materials. Faster stabilization in the

OFF-recovery period is observed for the NBT powder

sample, possibly attributed to faster electron transfer within

the material layer, which is supported by the higher DOC.

CA measurements are conducted to examine the sta-

bility of the photoelectrode. This test provides information

on the change in photocurrent density (jph) with the time

and the charge transport ability before recombination.

Figure 9(c) shows the generated jph versus time curves

(chronoamperograms) at a fixed potential for the samples.

All samples show a fast response to the ON cycling, which

supports previous observations of favorable ohmic contact.

Fig. 9 (a) Cyclic voltammograms, (b) Open circuit potentials, and

(c) Chronoamperograms at open circuit potentials to measure the

photovoltage generated, of NBT electrodes for precursor powder and

flame-sprayed coating 1-A at 0.8 V vs. Ag|AgCl, with a supporting

electrolyte of 0.3 M K2SO4
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However, a clear distinction is observed between the

powder and 1-A samples during the jph relaxation, which is

slower in the powder sample and with visible LED light.

The jph relaxation is associated with electron migration

after the abrupt interruption of irradiation, leading to the

electron percolation phenomenon (Ref 51). The decay rate

was fitted to the exponential function, J tð Þ ¼ Ae�
t
sc ,

reported by Lagemaat et al. (Ref 52), where sc is the time

constant for electron collection, and A is a constant. The

equation considers the charge transfer mechanisms of

electron collection in the range of milliseconds and longer

times. Although several decay mechanisms take place

during this time, such as hole recombination and scav-

enging from acceptor molecules in the electrolyte, it was

assumed that the main mechanism must be electron col-

lection through the film until reaching the back collector

(FTO), since the potential bias is applied during the whole

experiment. The sc calculated for the powder sample

(UV = 18.6 s, VIS LED = 21.5 s) turned out to be 62%

slower than those obtained for the sample 1-A (UV =

11.5 s, VIS LED = 13.2 s). Conversely, the magnitude of

the generated jph is 45 and 14% higher for the powder with

UV and VIS LED light, respectively. These opposite

behaviors suggest that although the powdered material can

separate a higher density of electron-hole pairs, it presents

less favorable electron conductivity. It is also possible to

attribute the higher jph to the higher DOC of the powder

sample. However, the faster electron collection is favored

in the sample 1-A, possibly due to the complex interface

system created by the FS.

M-S was employed for the determination of the flat band

potential (EFB), one of the key factors in the analysis of the

photoelectrochemical characteristics of a semiconductor

that provides information on the electronic band structure

of the photoelectrode and consequently its photoactivity.

M-S measurements were performed for the NBT material

in powder form and after the flame spray (1-A) process,

which are shown in Fig. 10(a), and (b), respectively. For

these measurements, a frequency sweep was performed

from 100 kHz to 100 mHz, measuring 6 points per decade,

averaging the response from three measurements with a

perturbation amplitude of 10 mVrpms. A validity analysis

was performed in terms of capacitive behavior, which is

characterized by the criterion qlogZ’’/qlog f = - 1 (Ref

53). In our measurements, the criterion was fulfilled at

frequencies between 10 and 200 Hz found in the Bode-

modulus plot, with slopes of - 0.93 and - 0.95 for the

powder and the 1-A samples, respectively. Linearity was

evaluated by measuring total harmonic distortion

(TDH\ 5%) and stability was evaluated using non-sta-

tionary distortion (NSD\ 3%). Figure 9(a), and (b) show

the M-S curves where a positive slope is found for both

samples, confirming n-type semiconductivity. The flat band

potential, EFB can be determined using Eq 8.

1

C2
SC

¼ 2

ee0qND
Eappl � EFB �

kBT

q

� �
ðEq 8Þ

Where e0 is the vacuum permittivity, e is the material

dielectric constant, ND is the acceptor/donor density in the

material, Eappl is the applied potential, EFB is the flat band

potential, kB is the Boltzmann constant, T is the absolute

temperature, and q is the elemental charge. Typically, the

EFB can be determined from the interception of the curve.

For undoped n-type semiconductors, the EFB can be

assumed to merge with the conduction band potential ECB

(Ref 54). Therefore, the valence band potential, EVB, can

be estimated by adding the band gap energy to this value.

For the samples evaluated, it should be noted that a mixture

of complex phases with individual properties is present.

Therefore, although it is not possible to determine the EFB

for each phase, it is plausible to obtain a statistical average

value representing the energy value where that the accu-

mulation regime relies on, i.e., an average EFB. The anal-

ysis yielded convergence for the EFB determination

between 11 and 171 Hz, with values of - 1.14 ± 0.07 V

and - 0.59 V ± 0.02 versus Ag|AgCl for the powder and

1-A samples, respectively. The difference found in these

values suggests that the flame spray process influences the

reducing character of the material, promoting an anodic

shift in this property. A smaller dispersion is also found in

Fig. 10 Mott–Schottky plots of NBT (a) powder and (b) 1-A coating, and (c) Schematic band edge alignment of NBT powder and 1-A coating
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the 1-A sample, which can be explained in terms of the

annealing of the phases during the spraying process,

resulting in a smaller distribution of microstructural

defects. The magnitude of the C2
sc for a given frequency is

smaller in the 1-A sample than that of the powder pre-

cursor, confirming a better electrical conductivity along the

electrode thickness. This observation agrees with the pre-

vious findings in this section. The ECB and EVB band edge

potentials of NBT powder and NBT coating (sample 1-A)

are shown schematically in Fig. 10(c). Both materials

exhibit a negative ECB potential of photogenerated elec-

trons that can scavenge molecular oxygen (O2/O2
-).

However, the photogenerated holes potential in VB is

sufficiently positive for O2/H2O water oxidation. These

novel semiconductors synthesized by solid-state reaction in

a single-phase and processed/coupled by flame spraying to

obtain multiphasic conditions possess an advantageous

band alignment to promote the redox reactions addressed in

photocatalysis.

Considering the results presented, it can be concluded

that the NBT material after FS process generates multi-

phase heterojunction coatings that clearly improve its

photocatalytic properties, as shown by the anodic jph val-

ues. However, there seems to be a tradeoff between the

DOC and the red-shifted absorbance for the sample 1-A.

The tradeoff implies that a higher electron collection rate is

achieved at the expense of a lower crystallinity. The latter

can be explained by the coupling of the different phases

and their corresponding band energy levels, as evidenced

by M-S plots. Therefore, individual measurements for each

phase are required to propose a mechanism to confirm this

hypothesis.

Conclusions

In the processing of photocatalytic materials under the top-

down approach by flame spray processing, (Na0.5Bi0.5)-

TiO3 powders lead to the decomposition of a single-phase

perovskite -structure to form multiphase coatings in

heterojunctions. The results indicate that a flame with

reducing characteristics (/ = 1.7) favors the formation of a

combination of anatase and rutile TiO2, and Bi4Ti3O12,

while an oxidizing flame results in a coating rich in NBT

and Bi4Ti3O12. The spray distance also plays a key role, as

it influences the degree of crystallinity and the coating

thickness, both parameters being higher for a shorter spray

distance (173.8 ± 26.5 lm and 48.5% DOC). The increase

in total flow gases also generates thicker coatings. The

significant structural disorder induced by the high thermal

input of the flame spray process showed a large effect on

the optical properties of the coating. For as-sprayed NBT

coatings deposited under reducing conditions (/ = 1.7)

photoactivity characteristics in visible light with the nar-

rowest Eg of 2.81-2.63 eV were obtained. Moreover, PEC

measurements reveal that a faster electron collection is

obtained due to the flame spray process, while still

retaining almost 70, and 88% of the jph, at UV and visible

light, respectively. These results demonstrate the great

potential of flame spray processing for the fabrication of

heterostructured photocatalytic coatings, which enhances

the charge transfer between the different semiconductors

formed. This processing for the modification of NBT

semiconductors and the coupling of the obtained phases is

fast and efficient, adapting their characteristics by adjusting

the flame spray processing parameters.
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