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This study presents a comprehensive investigation on the aerosol synthesis of a semiconducting
double perovskite oxide with a nominal composition of KBaTeBiOg, which is considered as a
potential candidate for CO, photoreduction. We demonstrate the rapid synthesis of the
multispecies compounds KBaTeBi1Og with extreme high purity and controllable size through a
single-step furnace aerosol reactor (FuAR) process. The formation mechanism of the perovskite
in the aerosol route is investigated using thermogravimetric analysis to identify the optimal
reference temperature, residence time and other operational parameters in the FuUAR synthesis
process to obtain the highly pure KBaTeBiO4 nanoparticles. It is observed that particle
formation in the FuAR is based on a mixture of gas-to-particle and liquid-to-particle
mechanisms. The phase purity of the perovskite nanoparticles depends on the ratio of the
residence time and the reaction time. The particle size is strongly affected by the precursor
concentration, residence time and the furnace temperature. Finally, the photocatalytic
performance of the synthesized KBaTeBiOgs nanoparticles is investigated for CO,
photoreduction under UV-light. The best performing sample exhibits an average CO production
rate of 180 umol g~! h™! in the first half hour with a quantum efficiency of 1.19%, demonstrating

KBaTeBiOg as a promising photocatalyst for CO, photoreduction.
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1. Introduction

The rapidly growing demand on clean energy and environmental protection has triggered the
development of new materials with high catalytic performance for electro- or photo-reduction
of greenhouse gases such as CO,. Perovskites, with a stoichiometry of AMX;, where 4 and M
are cations and X is an anion, have long been recognized as catalysts with low cost and
compositional flexibility.l'l However, they are known to exhibit insufficient activity and
unsatisfactory stability.[?) Recently, double perovskites — that incorporate more than one
element at either or both of the 4 and M cation sites and thus provide a large combinatorial
space for tuning structure and properties — have been proposed as attractive alternatives to
single perovskites showing better stability and performance, and demonstrating great potential
for application as photovoltaics, electrocatalysts and photocatalysts.l>#*] The general formula
for double perovskite is A'A"M'M"'Xs, where A’ and A" are larger-sized cations, and M’ and M"
are smaller-sized cations. M'X and M" X, octahedra form a three-dimensional corner connected
framework with the larger A" and 4" cations occupying the voids formed within the octahedral
framework. X 'is commonly an oxide or halide ion. The broad diversity of chemical and physical
properties of double perovskites is attributed to the possibility of various combination of 4', 4",
M’ and M" with different sizes and valences.[’>-%] There are thousands of experimentally reported
double perovskites,!”l with many more that have been predicted to be stable theoretically.
However, most of them are difficult to synthesize and still remain to be produced and
characterized.[®]

Double perovskites containing bismuth at either the one of the octahedral sites (M) are
attractive as they offer a good combination of bandgap in the visible region to harness solar
energy, stability, and are environmentally benign, as opposed to the popular lead-halide
perovskites.!> 1% They have been widely applied in catalytic CO, conversion to fuels using solar
energy.l!-131 Cs,AgBiXs with bandgaps range from 1.9 eV to 2.19 ¢V (X = Br) and 2.2 eV to

2.77 eV (X = Cl) were synthesized through both co-precipitation and solid state reaction
2
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routes.!4+161 Zhou et al.l'!] prepared Cs,AgBiBrs nanocrystals with an indirect bandgap 2.52 eV
via a hot injection method, achieving a total electron consumption of 105 pmol g™! over 6 h for
CO; photoreduction. Other perovskites containing Bi at the A4-site, such as Bi,WO¢ and
Bi;MoOg, have also been explored for CO, photoreduction. Sun et al.l'?] reported ball-flower-
like Bi,WOg with an experimental bandgap 2.63 eV by a hydrothermal method, exhibiting CO
yield of 2.5 umol g™! in 5 h. Bi;M0oOg microspheres were fabricated via a facile hydrothermal
approach by Dai et al..l'3] The production rates of methanol and ethanol are 6.2 umol g™! h™!
and 4.7 umol g ! h™!, respectively. However, the reported photocatalytic activities of all the Bi-
based compounds are below that of other advanced catalysts, such as gas synthesized Pt-TiO,
thin films having a CH, yield of 1361 umol g™! h™'.[17] Recently, Thind et al.l’] employed
density-functional-theory (DFT) calculations and materials informatics to predict a stable
bismuth-containing oxide double perovskite KBaTeBiOg, from a vast composition space of
over 29,000 4'4"M'BiOg theoretical compounds. In contrast to most oxides that show wide
band gaps, KBaTeBiOg was predicted to have a band gap of 1.94 eV and low effective mass of
the charge carriers, which make it a promising catalyst for CO, photoreduction. This new
compound was subsequently synthesized using the conventional wet-chemistry method and
showed an experimental band gap of 1.88 eV and excellent stability under ambient conditions.
However, the as-prepared perovskite by this simple shake and bake method exhibited impurity
phases and had large particle sizes, which are expected to result in a low photocatalytic
efficiency. In addition, a very long time for both reaction and post-treatment also limits its large-
scale application. Therefore, to realize the potential of KBaTeBiO4 double perovskites for CO,
photocatalysis and large-scale production, a rapid and continuous method to synthesize highly
crystalline and phase pure nanoparticles of this compositionally complex material, with
controllable size and improved physicochemical properties is highly desirable.

There are a number of methods that can be used to fabricate perovskite materials apart from

the conventional wet-chemistry method,[® such as solid state reaction,['®]
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hydrothermal/solvothermal synthesis, [’ sol-gel?% | and aerosol synthesis(?>'?2l. Among these
methods, aerosol spray pyrolysis has emerged as a popular route for the preparation of
perovskites. Compared to other synthesis techniques, it has the following advantages: (1) simple
and continuous operation; (2) high purity of the synthesized material; (3) short time to obtain
the final product; (4) controllable size from micrometer to nanometer and ability to tune the
morphology, and (5) excellent control of chemical uniformity and stoichiometry in multi-
component systems.!?3) Thus, the aerosol spray route is well suited for the synthesis of
nanoparticles of compositionally complex double perovskites.

To overcome the limitations and challenges in synthesizing multicomponent perovskite
materials, we report herein an innovative rapid and continuous aerosol synthesis of phase pure
perovskite nanoparticles with nominal formula KBaTeBiOg with controllable nanometer sizes
in a furnace aerosol reactor (FuAR). The operating conditions of this well controlled process
are established to obtain the desired functional material in a single step. First, the reference
temperature and residence time for the formation of the perovskite phase in FuAR were
carefully evaluated based on the decomposition characteristics of a mixture of nitrate salts,
which were studied by thermogravimetric analysis (TGA). Then a series of oxide perovskite
powders were synthesized via one-step FuAR by controlling the operation parameters, such as
the furnace temperature, the aerosol flow rate, and the precursor component concentration. The
as-prepared nanoparticles were characterized in detail to relate its properties to processing
conditions. Particular attention is paid to phase purity and the size of the nanomaterials. The
phase pure nanoparticles were only found under a specific combination of operating conditions
(barium concentration: 0.025 M, K:Ba:Te:Bi=1:1:1:0.8, furnace temperature:900 °C, the aerosol
flow rate: 1.8 L min™!). Particle sizes less than 100 nm could be readily produced. The detailed
analysis of the perovskite formation mechanism in the aerosol route can be very helpful for the

future synthesis of other multispecies perovskites with high purity. Finally, the photocatalytic
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performance of the new perovskite was tested for CO, reduction, achieving 180 pumol g! h™!

in the first half hour, much higher than that of most oxide perovskites reported in literature.

2. Experimental Section

2.1 Precursor solution preparation

In this experiment, a mixture of cost-effective nitrate salts was used as the precursor. Potassium
nitrate (KNOj), barium nitrate (Ba(NOs),), telluric acid (Te(OH)s), and bismuth nitrate
pentahydrate (Bi(NOs3);-5H,0) were purchased from Sigma-Aldrich (St. Louis, MO) and used
as raw materials for the cation sources. All reagents are commercial materials of reagent grade
and were used without further purification. All the cation sources, except for bismuth, were
prepared by dissolving its corresponding reagent separately into deionized water (DI water).
For the bismuth precursor, Bi(NOj3);-5H,0 was dissolved in a mixture of nitric acid (HNOs,
Sigma-Aldrich) and DI-water (1:7 ratio of HNO3/H,0). Then all precursors were mixed in DI
water while stirring. Due to the different solubilities of these chemicals in acid, there exists a
very narrow pH window, only within this range all chemicals can be dissolved. HNO; was
added to the mixture to modify pH value between 0 to 1, so that a transparent and stable solution

was obtained for further spraying.

2.2 Phase formation experiments by TGA

The mechanism for the formation of KBaTeBiOg and the kinetics of the pyrolysis of a mixture
of nitrate salts were studied using a TGA (TA Instruments, New Castle, DE). The precursor
solution (0.025 M equimolar concentration) was firstly allowed to dry at 100 °C for 24 hours.
The dried precursor was later ground to obtain a uniform material. Samples of 20 mg were used
for each run and all experiments were carried out with a flow of air of 25 mL min! to maintain
the oxidative environment. The thermogravimetric (TG) and differential thermogravimetric

(DTG) curve were recorded at heating rates of 10, 20, 50 and 100 °C min~! from room
5
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temperature to 900 °C. According to the TGA results, kinetic parameters, such as the activation
energy, reaction order and pre-exponential factor were calculated by the Coats-Redfern

approximation method.**]

2.3 Synthesis of KBaTeBiOg nanoparticles in the furnace aerosol reactor

The KBaTeBiOg nanoparticles were synthesized using a single-step furnace aerosol reactor.
Figure 1 shows a schematic diagram of the experimental set up used in this study. The
concentration of each cation in the precursor solution was set from 0.01 to 0.05 M in all
experiments. The solutions were atomized into fine aerosol droplets by using a Collison
nebulizer and delivered by air to the furnace aerosol reactor with a flow rate ranging from 0.9
L min! to 4.5 L min~!. A home-built diffusion drier was used to promote the complete
evaporation of solvent before entering the furnace. The pyrolysis furnace (1 m long x 25 mm
ID) was programmed between 650 °C and 1000 °C, where dried precursor particles undergo
decomposition and reaction to form the final perovskites. The resulting powders were collected
on a glass fiber membrane filter. A portion of the aerosol flow at the end of the furnace tube
was sampled and analyzed by a scanning mobility particle sizer to obtain the particle size

distribution in real-time.
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Figure 1. Schematic diagram of the furnace aerosol reactor and CO, photoreduction system

6



Page 7 of 32

Nanoscale

2.4 Characterization of KBaTeBiOg powder

The crystal structure of the fabricated powder was examined by X-ray diffraction (XRD, D8
Advance, Bruker, USA) with a Cu Ka radiation source, which is operated at 40 keV and 40
mA. The measurement was performed in 20range of 10 — 60 degree at a step size of 0.02°.
TOPAS 4.2 software was used for Rietveld refinement. The morphology of samples was
characterized through transmission electron microscopy (TEM, FEI Tecnai G2 Spirit) at an
accelerating voltage of 120 kV. The UV-vis spectrum was recorded through a UV-—vis
spectrophotometer (UV-2600, Shimadzu, USA). The valence band, conduction band and Fermi
level position were determined by performing ultraviolet photoemission spectroscopy (UPS,
5000 VersaProbe II) measurements. The chemical composition of the powder samples was
analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES,
PerkinElmer: Optima 7300DV). The surface chemistry was characterized by X-ray
photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II).

A scanning mobility particle sizer (SMPS, TSI Inc.) was used to measure the size distribution
of as-fabricated samples. SMPS includes a differential mobility analyzer (DMA, model 2081,
TSI Inc.) for particle size classification and a condensation particle counter (CPC, model 3010,
TSI Inc.) for particle number counting. In this system, the aerosol was firstly neutralized by a
radioactive source to obtain a known equilibrium charge distribution. These particles were then
introduced into the DMA and classified depending on their electrical mobility. CPC was

employed to count the number of particles with a specific electrical mobility.

2.5 CO;, photoreduction experiments
CO, photoreduction experiments were performed in a continuous flow reactor with a
cylindrical-shaped reaction cell, which is described in our previous publications!!”-25-27] in detail.

For each test, the glass filter loaded with powder samples is placed in the reaction cell with a
7
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quartz window allowing the incidence of light. A mixture of CO, and H,O was generated
through DI water bubbled by a compressed CO, with high purity (99.999%). Then the gas
mixture was continuously introduced to the reaction chamber as reactants. Before irradiation,
the reactor system was purged with CO, and H,O for 1 hour at a high flow rate of 100 ml min™!
to make sure there were no air and carbon residue. Then the flow rate was fixed at 20 ml min™!
and the light source was switched on for the whole 3h analysis. Here a Xe arc lamp (Oriel 66021,
Newport Co.) operated at 400 W without a filter was used to provide light, which has an
accumulated intensity of 3.6 mW cm™ in an effective UV range of 250-354 nm. During the
experiments, 3 ml min~! of effluent gases was sampled from the reaction cell at a given time
interval and analyzed by a gas chromatograph (GC, 6895N, Agilent Technologies, Inc.). The
GC was equipped with a thermal conductivity detector (TCD), using Helium as the carrier gas.
The product yield was calculated based on the flow rate, catalyst mass and irradiation time.
Control tests were conducted under the following three conditions: (1) glass filter without
catalysts; (2) no light illumination; (3) no CO, and H,O.
An overall experimental plan in this study is given in Table 1.

Table 1. Experimental plan

Test Instruments

4 Objective used Description
. Study the reaction mechanism and kinetic
1 Per(f)‘(\)frsrl;gtei(}))r}llase TGA. XRD of KBaTeBiO¢ formation from a mixture of
mechanism ’ the nitrate salts under different heating rate:
10, 20, 50, 100 °C /min
Optimize the operation parameters to
. obtain nanosized perovskite nanoparticles
Tlggs}fgglieglsiﬁf XRD, TEM, with high purity. (1) Furnace temperature:
2 FuAR angi SMPS, ICP-  650-1000°C ; (2) Precursor concentration:
characterization OES, UV-vis  0.01-0.05 M; (3) The aerosol flow rate: 0.9-
4.8 LPM; (4) Precursor element ratio:
K:Ba:Te:Bi=1:1:1:1, 1:1:1:1:0.8
(1) Confirm that carbon containing
Téqfe Ié)]esraf%renéeilgce hOtOSeCC)hzl ction products resulting from the reaction of CO,
3 for CO 6 P analvsis and water vapor; (2) Evaluate the catalytic
photoredu cztion syst}ém performance of phase pure powders for

CO, photoreduction

Page 8 of 32
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3. Results and Discussion

3.1 Formation mechanism of KBaTeBiOg; nanoparticles

A deep understanding of the mechanism for the formation of the perovskite phase is tantamount
for the optimization of synthesis processes in FuAR. In this study, KBaTeBiOg formation was
studied by TGA on powder samples resulting from complete drying of 0.025 M equimolar
precursors. Figure la shows the thermal analysis of dried samples under heating rate 10 °C
min~!. Four stages can be observed during the perovskite formation process. XRD data was
provided at each stage. Figure S1 shows the XRD patterns at 260, 490 and 600 °C, which
correspond to the second, third and fourth stage, respectively. In the first stage (0 - 160 °C), the
weight loss is around 5%, which is normally attributed to the evaporation of absorbed water
molecules. In the second stage (160 - 260 °C), bismuth potassium dioxide dinitrate
(B1;.7K(.90,(NO3),) is generated, which indicates the Ba(NOs); may decompose and react with
KNO; to form new compound resulting in a weight loss of 10.3%. Bismuth oxides are produced
in the third stage, which lead to a weight loss of 5.5% from 260 °C to 490 °C. In the fourth
stage (490 - 690 °C), barium nitrates decompose and react with other metal salts to form the
perovskite phase. The remaining mass is around 62.8 wt%, which agrees well with the
calculated ratio 61.7% of the molecular weights of KBaTeBiOg and initial salts.

The effect of the heating rate on the formation process was also investigated. As shown in
Figure 2a, a similar TGA curve was observed for mixed nitrate salts at a higher heating rate of
100 °C min~!. It can be observed that higher heating rates results in higher decomposition
temperatures. In addition, at a heating rate of 100 °C min™!, the remaining mass after the fourth
stage was at ~61.6% of the original mass, suggesting that a small amount of evaporation may
have occurred. Zhang et al.[?®8] have reported a similar trend that increasing the heating rate

promotes the evaporation of the metal salts. Therefore, when metal nitrates are exposed to high
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temperatures, there exists a competition between the evaporation and decomposition of the

metal salts, which depends on the heating rate, temperature, and the properties of the nitrates.

(a) 110 (b) 0 \/ W
— 10°C/min . 2 W
100 | —— 100 °C/min g
_ £ 4
& 160°C(94.7%) -2
7 90f gz o1
R &
— - gt
T ogol 260°C(84.4%) =)
= 490°C(78.9%) 2 ot
° i —— 10 °C/min
2or 27 —— 20°C/min
e 4l —:50 °C/min
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200 400 800 800 -16 . . .
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Temperature/°C o
Temperature/°C

Figure 2. a) Thermogravimetric analysis of 0.025 M equimolar precursors under the heating
rate of 20 and 100 °C min™!; b) DTG curves of 0.025 M equimolar precursors decomposition
at a heating rate of 10, 20, 50 and 100 °C min™!

Figure 2b shows the derivative thermogravimetric (DTG) curve of the dried precursor at the
heating rates of 10, 20, 50 and 100 °C min! in air environment. There are two main peak
temperatures for each DTG curve, which correspond to the highest decomposition rate at the
second and the fourth stages. As the heating rate increases, the decomposition rate shifts to a
higher value. The peak temperature in the fourth stage increased from 567 to 637 °C.

The kinetic parameters can be derived based on the non-isothermal TGA curves. The general

kinetic equation is expressed as:

%=Aexp(—R£T)(1 —a)" (1)

where a is the conversion degree, ¢ is time, 4 is pre-exponential factor, £ is the energy of
activation, R is the universal gas constant, 7 is the temperature, » is the reaction order. The
Coast and Redfern approximation method>*l was used to determine the apparent activation
energy, reaction order and frequency factor in each decomposition stage. The detail of this
methodology is described in the Supporting Information. We assume that the kinetic parameters

are constants under different heating rate. Then, the energies of activation were calculated as

10
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79.284+2.77 kI mol™!, 63.53+2.27 kJ mol™!, and 147.31+£7.61 kJ mol™! for the second, third, and
fourth steps, respectively. The kinetic parameters for various steps are summarized in Table 2.

Table 2. Kinetic parameters of 0.025 M equimolar precursor

Stage E (kJ mol™?) n In 4 (1 min™?)
Second stage 79.28+2.77 1 18.80£1.20
Third stage 63.53+2.27 2.1 11.47+0.21
Fourth stage 147.31£7.61 1.6 19.67+1.39

In FuAR, the heating rate is ~10,000 °C min! at the inlet of the furnace tube. In order to
make sure all precursors fully decompose to corresponding oxides and then form the perovskite,
it is necessary to set the furnace temperature larger than the peak temperature of the last
decomposition process at 10,000 °C min~!. Based on the Kissinger method,?*! the peak
temperature under 10,000 °C min! in the last decomposition stage is calculated as 971 °C,
which provides a reference temperature to set the furnace. Under the constant temperature of
971 °C, the time required for the decomposition of nitrate salts and the reaction of mixed oxides
to form perovskite is 10.8 s, which provides the reference residence time. It should be noted
that this is a qualitive analysis, where the effects of particle size and evaporation on the
perovskite formation have been neglected. However, in aerosol spray pyrolysis, the particle size
is normally sub micrometer, much smaller than the bulk size. The evaporation may also become
significant due to the high heating rate and thus cannot be disregared,?8] which leaves room for
further optimization in the future. Based on the reference temperature and residence time, the
furnace temperature can be varied from 650 to 1000 °C. The residence time is set on the order
of one second.

Based on the TGA results, we can see that the synthesis of KBaTeBiOg in the furnace aerosol
reactor may involve not only the droplet-to-particle process but also the gas-to-particle process
due to the evaporation of nitrate salts under a high heating rate. In our experiments, the primary
droplets form in the aerosol generator and then pass through the diffusion dryer, where the

solvent evaporates completely, leaving behind only the metal nitrates remaining in the droplet.

11
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From the diffusion dryer, the precursor particles enter the furnace reactor. Three possible
particle formation mechanisms for spray pyrolysis have been proposed,*%3!] as seen in Figure
3. The first mechanism is the liquid-to-particle conversion, wherein the precursors completely
decompose to their corresponding oxides and there is no vaporization. In this case, one droplet
leads to one large particle. The second mechanism is the gas-to-particle conversion, where the
precursors undergo complete evaporation to form vapors. Then the precursor vapors undergo
nucleation, condensation, and coagulation to generate the aggregated particles.’?! The third
mechanism is a mixture of the two mechanisms described above. When the precursor droplet
is suddenly subjected to a very high temperature, the precursors can be vaporized before they
decompose. In this case, some of the precipitates could be vaporized rather than decomposed
to metal oxides. Then, at high temperature precursor vapors turn into small particles. This case
is most likely to happen in FuAR due to its extreme high heating rate, which is confirmed in

the next section.

Shrinkage
S @ @
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and vaporization i >—,
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Figure 3. Particle formation mechanisms

3.2. The synthesis of KBaTeBiOg in FuAR
In this section, we discuss the optimization of the synthesis process to obtain the pure perovskite

phase. The crystal structure and phase composition of perovskite oxide KBaTeBiOg fabricated

12
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by the one-step FuUAR were investigated using XRD. Figure 4a shows the XRD results of
samples grown under different temperatures. The precursor component concentration and the
aerosol flow rate are fixed at 0.025 M, and 1.8 L min™!, respectively. The precursor is equimolar.
Figure 4a also includes the simulated Bragg position of KBaTeBiOg as a reference. Apart from
the sample synthesized under 650 °C, all results show major diffraction peaks at 29.71°, 42.52°,
and 52.74° that correspond to (020)/(112), (004)/(220), and (024)/(132) planes of perovskites,
respectively. Therefore, the creation of the perovskite phase occurs at 750 °C. Below 750 °C,
the amount of perovskite phase is not significant enough, while the secondary phase was
promoted above 950 °C. It indicates that there exists a narrow temperature window, within
which the powders show an overwhelming perovskite phase. However, only the sample
synthesized under temperature 900 °C exhibited minimum impurities. The influence of the
temperature on phase purity for the precursor concentration of 0.01 M is also investigated. The

results are shown in the Supporting Information (see Figure S2).
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(e)
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Figure 4. Particle XRD patterns of KBaTeBiOg under a) different temperatures (0.025 M,
equimolar, 1.8 L min!); b) different concentrations (equimolar, 900 °C, 1.8 L min-!; ¢)
different flow rates (0.025 M, equimolar, 900°C); d) different elemental ratios (0.025 M,

900 °C, 1.8 L min'!); e) Rietveld refinement of the experimental XRD data for phase pure

KBaTeBiOg and the quality of the fit

The effects of the precursor concentration on the phase purity are shown in Figure 4b. The
temperature is fixed at 900 °C and the flow rate is fixed at 1.8 L min~!. The precursor is
equimolar. It was observed that the sample showed the minimum impurities for the precursor
concentration of 0.025 M. Decreasing or increasing the concentration from this optimal value
resulted in an increase in the impurities. However, it should be noted that the impurity in
samples prepared at the concentration of 0.05 M and 0.025 M both corresponds to bismuth
oxides, while the impurity in the sample prepared for 0.01 M precursor is an unknown secondary
phase.

Figure 4c shows the XRD pattern of samples synthesized under different aerosol flow rates
ranging from 0.9 L min~! to 3.6 L min~!. The temperature and concentration are fixed at 900 °C
and 0.025 M, respectively. The sample with minimum impurities was found at the flow rate of
1.8 L min!. Increasing the flow rate leads to an increase in the fraction of bismuth oxide phase,
while decreasing the flow rate results in the appearance of a secondary phase.

In fact, the phase purity depends on the ratio of the reaction time 7z, of mixed oxides and the
residence time 7,.;,. When 7, is on the same order of 7,, all solutes react to form the perovskite

structure with little impurities. If 7, is far smaller than z,, a part of the solutes does not

14
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participate in the reaction and remain as the impurity phase. If 7., is far larger than 7,, a
secondary phase is promoted. In the furnace aerosol reactor, the residence time 7., is calculated

according to Equation 2 assuming the temperature is uniform:33]
nD?L(To\ (1—yw
Tres = 4Q (7) (1 — y](/)v) (2)

where D is the diameter of the tube, L is the length of the tube, Q is the volume flow rate, 7' and

T}, are room temperature and tube temperature, respectively. y,, is the molar fraction of water

vapor in air. The reaction time 7, of mixed oxides is calculated by:

7,= A texp (%)fg'gg(l —a) 'da 3)

where E and n are 147.31 kJ mol™! and 1.6 according to the kinetic parameters of fourth stage
in TGA curve. 4 is an adjustable parameter to fit the experimental data obtained from the
synthesis of perovskite in FuAR. If we assume 7, = 7,,; for 0.025 M equimolar precursor at
900 °C and 1.8 L min’!, then 4=5.6x108 min™!.

7, and 7,.; can be determined using Equation 2 and 3 for all experimental conditions, which
are listed in Table S1. From this table, we can find that below 900 °C, 7,.,/7, is smaller than 1.
Part of the precursors remains as impurities. Above 900 °C, t,.,/7, is larger than 1, promoting
the formation of the secondary phase. Increasing the flow rate decreases the residence time. As
a result, the precursor does not have enough time for the complete transformation into
perovskite oxides, which causes more impurities. But further decreasing the flow rate increases
the residence time, leading to the appearance of a secondary phase. Because Equation 3 does
not account for the effects of the precursor concentration, the reaction time for different
concentrations is the same. However, the influence of the concentration on the reaction time
may be significant. For the precursor concentration of 0.05 M, it needs a longer time to
completely transform all metal salts into perovskite oxides, due to ineffective heat transfer of
the larger particles. Thus, under the same residence time, more impurity phase appeared for the

concentration of 0.05 M. In contrast, for the precursor concentration of 0.01 M, it needs shorter
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time for the complete reaction. Although the impurity of bismuth oxide disappeared, relative
long residence time to reaction time promotes the appearance of the secondary phase.

Until now, the best conditions for a 0.025 M equimolar precursor are 900 °C and 1.8 L min!.
But samples under this condition still contained small number of impurities, which are not
desirable for further application. From the XRD pattern, this impurity phase was identified as
bismuth oxide. In order to further decrease the number of impurities, the bismuth concentration
in the precursor was lowered to 0.02 M while the concentrations of other three elements were
kept at 0.025 M. The XRD result after changing the element ratio of bismuth to barium is shown
in Figure 4d. No additional impurity peaks were detected, implying a high purity of the
perovskite oxide. Figure 4e presents the Rietveld refinements of the XRD pattern for the phase-
pure powders. The space group is P2;/m. The experimental lattice constants are a = 6.0492 A,
b=6.0004 A, c = 8.4890 A, which are very close to calculated values (a = 6.0095 A, b=5.9903
A, c=8.4771 A) by DFT.

ICP-OES was used to measure the actual cation ratio. The mass concentration of each
element was converted to the molar ratio based on the barium concentration. The measured
values for all samples are listed in Table S2. Results show that the stoichiometry ratio for all
powders is not same as the nominal ratio 1:1:1:1. There is less potassium and more barium,
which was also observed for powders synthesized by the wet-chemistry method.[®! This is
understandable due to the difference in the decomposition and evaporation kinetics among the
different nitrate salts. The amount of loss of each element is closely related to their vapor
pressure. The higher the vapor pressure of a material at a given temperature, the faster the
evaporation rate. Based on the literature, 4371 barium, bismuth, tellurium and potassium
compounds used have a vapor pressure of 63.3, 90.5, 4.0x10% 3.5x10* Pa at 900 °C,
respectively. That is, the potassium precursor has the highest evaporation rate, whereas the
barium nitrate has the lowest evaporation rate. This explains why there is more loss of

potassium than barium. Figure 5a shows the influence of temperature on the elemental ratio for
16
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the 0.025 M equimolar precursor. With increasing temperature, Te/Ba and Bi/Ba decrease firstly
and then increase. The results indicate that below 900 °C, the evaporation rates of bismuth and
tellurium salts increase more rapidly than that of barium as the temperature goes up. However,
above this temperature, the evaporation rate of barium salts becomes more sensitive to
temperature and increases sharply, which results in an increased loss of barium. From Figure
5a, we can also see that K/Ba shows an overall decreasing trend with an increase in temperature,

which shows the faster evaporation rate of potassium salts compared to that of barium salts.

(a) (b)
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Figure 5. Particle formation mechanisms Elemental ratios of nanoparticles synthesized by
FuAR under a) different temperatures (0.025 M, equimolar, 1.8 L min!); b) different flow
rates (0.025 M, equimolar, 900 °C); ¢) different concentrations (equimolar, 900 °C, 1.8 L
min 1)

The effects of the acrosol flow rate on the elemental ratio are presented in Figure 5b. It shows

that K/Ba, Te/Ba, Bi/Ba all increase with increasing the aerosol flow rate. The reason is that

increasing the aerosol flow rate decreases the residence time, which leads to increased amount
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of mass of K, Te, Bi compared to that of Ba due to the slower evaporation of Ba. Increasing
concentration also increases the elemental ratio of Te/Ba, Bi/Ba and K/Ba, as seen in Figure 5c.
It is noted that in all these figures, the ratio of 4 sites (K and Ba) and M sites (Te and Bi) has a
maximum value 1.03 at a temperature of 900 °C and flow rate of 1.8 L min™! for 0.025 M
equimolar precursors. From the XRD results, we know this condition corresponds to the sample
with minimum impurities. This is as expected that when A/M is around 1, an overwhelmingly
perovskite phase can be formed. If 4/M is far smaller or larger than 1, a significant secondary
phase will appear.

SMPS was used to measure the particle size distribution of the as-synthesized perovskites
under different experimental conditions. Figure 6a shows the influence of the temperature on
the nanoparticle size distribution for 0.025 M equimolar precursors. The furnace temperature
was changed from room temperature to 1000 °C. We can see that at room temperature, the size
distribution is broad, and the particle has a geometric mean diameter (GMD) of 78 nm. In this
case, nanoparticles are formed resulting from the complete evaporation of droplets without
further decomposition or sintering. One droplet leads to one spherical solid particle. Based on

the mass balance, the initial droplet size can be calculated using the following equation:[3®]

1
TlCiMwi) I

(4)

do = df(Zi pi

where dj 1s the initial droplet diameter, d,is the final particle size, C;, M,; and p; are the

concentration, molecular weight and density of species i, respectively
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Figure 6. The particle size distribution of a) perovskite oxides synthesized at different
temperatures (0.025 M, equimolar, 1.8 L min™') b) perovskite oxides with high purity
synthesized at different experimental conditions (K:Ba:Te:Bi=1:1:1:0.8, aerosol flow rate: 1.8
L min1)

According to Equation 4, the geometric mean diameter of droplets generated by our home-
made Collison nebulizer is estimated as 390 nm. When the furnace temperature was increased
to 650 °C, the size distribution became bimodal, with one peak around 70 nm, and the second
peak centered at 25 nm. The total number concentration increased by more than 6 times
compared to that at room temperature. This is attributed to a mixture of gas-to-particle and
droplet-to-particle conversion. Dry nanoparticles entered the furnace from the diffusion dryer
and were suddenly subjected to a high temperature. The nitrate salts evaporate partially before
decomposition. The vapor mixture of precursors then undergoes homogeneous nucleation to
form new particles. Therefore, the total number concentration increased, and a new peak
appeared at small particle size. At the same time, the peak at large diameter shifts to left due to
the evaporation and decomposition of nitrate salts. Upon further increasing the furnace
temperature, the number concentration of small particles increased dramatically, and the peak
at large size continued shifting to smaller sizes, which finally leads to a unimodal distribution.
From Figure 6a, it can also be observed that the small diameter mode slightly increased in

particle size from 650 °C to 1000 °C. This is because more precursors evaporate from large

particles at higher temperature, which leads to increased homogeneous nucleation of smaller
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particles. Higher vapor and particle concentrations promote faster particle growth and
coagulation, thus the particle size increased slightly.

Figure S3 shows the influence of the furnace temperature, the precursor component
concentration and aerosol flow rate on the geometric mean diameter of as-synthesized powders.
The particle size is increasing with increase in temperature as discussed above. Increasing
concentration also increases the GMD of the nanoparticles due to a greater number of solutes
within one droplet.

However, the final particle size is not proportional to cubic root of the precursor
concentration, as in Equation 4, because of a partial gas-to-particle mechanism. Surprisingly,
the particle size increases with increasing the flow rate. This is attributed to the design of the
Collison nebulizer. In our experimental system, the flow rate is modified by controlling the gas
pressure entering the nebulizer chamber, which will change the number concentration and size
distribution of initial droplets simultaneously. Although the residence time decreases, a higher
number concentration at a larger flow rate results in more collision and coagulation.

From what has been discussed above, the particle size distribution can be controlled by
changing the furnace temperature, the flow rate and the precursor concentration. Only under
certain conditions, powders with high purity can be synthesized. We successfully fabricated
perovskite oxides with high purity for the precursor concentration 0.05M, 0.025M and 0.01M.
The particle size distributions are shown in Figure 6b. It can be observed that the particle size
increases with increasing concentration and temperature. The GMD for highly pure powders at
0.05M, 0.025M, 0.01M are 33.96, 38.60 and 47.33nm, respectively.

Figure S4 shows a TEM image of single-phase perovskite KBaTeBiOg synthesized under the
optimum conditions (barium concentration: 0.025 M, K:Ba:Te:Bi=1:1:1:0.8, furnace
temperature: 900 °C, the aerosol flow rate: 1.8 L min™!). There are two type of nanoparticles,
small one and large one. Large irregular nanoparticles are generated through the droplet-to-

particle route, whereas the small agglomerates result from the gas-to-particle pathway. The
20
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morphology of large nanoparticles is not solid sphere as expected. In contrast, the powders have
irregular shapes. This may be because of the low melting and boiling temperate of metal
nitrates.3%) Under the high temperature in the furnace, the nitrate salts melt, boil and evaporate
before the decomposition, which leave pores inside the particle. Then those pores are removed
in the cooling stage, which result in irregular solid particles. It was also found that the operation
parameters, such as the furnace temperature, aerosol flow rate and the precursor concentration
have little influence on the particle morphology. All of them result in irregular shapes. HR-
TEM was further performed to confirm the crystal structure, indicating high crystallinity of as-
prepared nanoparticles.

The UV—visible absorption spectra of phase pure powders are shown in Figure 7. It indicates

the fundamental absorbance stopping wavelength at 354 nm. It cannot absorb visible light due

to the wide bandgap.
4.0
/
. 30
\. B
i 3
5 3 /
; \ 1.0 //
L \ /
Q 0.0
g \ 0.0 ] - T !
o]
—
2 Energy (eV)
<
<
“-\‘ e
300 350 400 450 500 550 600

Wavelength/nm
Figure 7. UV-vis of phase-pure perovskite oxide KBaTeBiOg synthesized by FuAR

The inset of Figure 7 plots (ahv)'? as a function of energy. Based on Tauc method, the
indirect band gap of KBaTeBiOg is calculated to be 3.5 eV, which is different from the
theoretically predicted value of 1.94 eV by DFT, and of those obtained using wet-chemistry.[°}
This is because the actual cation ratio of the as-prepared perovskites is 0.4:1.6:1.14:0.86 from

ICP-OES data, rather than 1:1:1:1 used in the DFT calculation. From previous report,!'7] it
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concluded that the chemical composition plays a significant role in determining the bandgap.
Bi-rich composition can significantly reduce the bandgap. However, in this study, to eliminate
the bismuth oxide impurities and obtain the phase pure perovskite, the bismuth content was
reduced. According to the ICP-OES result, Bi/Ba is 0.5 far less than 1 which is used for DFT
calculations. Therefore, the bandgap of phase pure perovskite synthesized in FuAR is raised
from 1.94 eV to 3.5 eV. This also indicates that the huge bandgap of the furnace made
KBaTeBiO¢ may be tuned to the narrow bandgap for efficient utilization of solar spectrum in

future.

3.3. CO; photoreduction
The wide band gap of as-synthesized perovskites limits its applications in photovoltaics.
However, semiconductor materials with wide band gap are possible to be used as photocatalysts
for CO, reduction in the presence of water vapor.[4%411 The photocatalytic performance of phase
pure double perovskite oxides synthesized by FuAR was investigated in our experimental
system as described above. Prior to that, control tests were conducted under the following five
conditions: (1) glass filter without catalysts; (2) no light illumination; (3) no CO, and H,O with
light illumination; (4) only introducing CO, with light illumination; (5) only introducing H,O
with light illumination. No hydrocarbons are detected by the GC under these five cases, which
indicates the absence of CO, photoreduction. However, in the presence of all catalysts, CO,
and H,O, and light illumination, CO was detected. The results show that CO is produced by the
photoreduction of CO, and H,O, instead of decomposition of surface carbon residue on the
catalyst.

It was found that CO was the main product in our flow reaction system. The mechanism of
photoreduction of CO, is quite complex and still in a controversy, single-electronic versus
multi-electronic processes. Many researchers[> 431 believe that the photoreduction of CO, is

based on the proton-assisted multi-electron transfer mechanism (MET) rather than single
22

Page 22 of 32



Page 23 of 32

Nanoscale

electron transfer, because the high photoreduction potential for a single-electronic process of C
0, + e —=C0;~ (E°=—1.90V vs. NHE) is unfavorable compared to redox potential of -0.2-
0.8 V for the multi-electron process. Based on MET mechanism, the conversion of CO, requires
multiple electrons and a corresponding number of protons participating. The products could be
different depending on the number of electrons and protons. To produce CHy, it requires 8
electrons and 8 H atoms on the same catalysts, while the formation of CO only needs two
electrons and protons. CO as the main product on the gas-solid interface in many previous
studies(>32744] is possible due to the lack of protons. In contrast to that, CHy and other
hydrocarbons are often obtained in aqueous solutions for CO, photoreduction possible due to
more protons provided by water.[*>4¢] In addition, one plausible pathway for the formation of
CH, is: CO;—C0—C05~ »CHy—CH4.1*7-%1 The desorption of CO from the surface before it
fully reduced can also limit the formation of CHy. All these above-mentioned reasons make it
more difficult to produce CH, than CO on the gas-solid interface. Therefore, CO was found as
the main product in our reaction system.

CO; photoreduction experiments were repeated four times using fresh samples. The average
CO production rates with the standard derivation versus the irradiation time for 3 h are shown
in the Figure 8a. It can be observed that the CO yield achieved the highest value of ~ 180 umol
g ' h7lin the first half hour. However, it gradually decreased with reaction time after the optimal

value. In the last half hour, the CO production rate is around 25 pumol g~ ! h™1.
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al.3%), and EDA-rGO-TiO, (Yao et al. 37)

The initial high catalytic performance is likely attributed to the unique properties and
structure of perovskites. For KBaTeBiOg perovskite oxides, K and Ba occupy A sites, while B
sites host Te and Bi cations. B site cations and oxygen anions form corner-sharing BOg
octahedra. Using alkali or alkaline-earth metals such as K and Ba as the A-site cations is
beneficial to the CO, adsorption according to Lewis acidity of CO,. B site cations play a key
role in the electronic structures. Thind et al.l’l employed DFT calculation to simulate the
electronic structures of KBaTeBiOg. They found that the valence band is mainly comprised of
O 2p and Bi 6s states with a small fraction of Te 4d states, whereas the conduction band
predominately consists of Bi 6p and Te 5s states. The presence of Bi 6s orbitals in the valence
band is likely to reduce the bandgap.[*°! In addition, DFT studies show that the heavy Bi** cation
with its 6p state leads to a widely dispersed band with a low effective mass of the electrons and
holes, thus improving the electron transfer and CO, reduction.

To understand the CO, photoreduction in depth, the band diagram of the as prepared
perovskite was constructed by performing UV-vis spectra and UPS measurement. The optical
band gap was determined to be 3.5 eV from the Tauc plot. The valence band maximum (VBM)
with respect to the vacuum level was determined to be -6.8 eV, as seen in Figure 9a. Conduction
band minimum (CBM) was calculated to be -3.3 eV with respect to the vacuum level by using

the measured bandgap and VBM. The constructed band diagram of the as-synthesized
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KBaTeBiOg is shown in Figure 9b, where the CBM and VBM position corresponded to -1.2
and 2.3 eV versus the normal hydrogen electrode (NHE) at pH 0. That is, the CBM is more

negative than the reduction potential of E°(C0,/C0) = —0.52 V vs. NHE; the VBM is more
positive than the oxidation potential of E°(0,/H,0) = 0.82 V vs. NHE, indicating a good band

alignment for CO, photoreduction.!]
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Figure 9. a) Valence band characterization by UPS; b) The band diagram of as-synthesized
perovskite for CO, photoreduction

The surface compositions of fresh sample and spent catalysts were characterized by XPS, as
shown in Figure S5 (see the supporting information). Figure S5a shows a typical survey XPS
spectrum of fresh sample with high purity, where the signal of potassium(K), barium (Ba),
bismuth (Bi), tellurium (Te) and oxygen (O) are obviously identified. A carbon peak is also
detected, which is likely attributed to adventitious carbon contamination. Considering the
synthesis process performed in the air, the adventitious carbon contamination is unavoidable.
To further investigate the carbon peak before and after photoreduction, high-resolution C 1s
spectra of fresh samples and spent catalysts are shown in Figure S5b. The deconvolution of the
C 1s spectra for the fresh sample only yields one peak at 284.8 eV, which originated from
contamination carbon (C-C). There is no any component of carbonate at higher binding energy.
The deconvolution of the C 1s of the spent catalysts shows two strong peaks at 284.8 eV and
288.5 eV, which are assigned to adventitious carbon contamination and carbonate, respectively.
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This is consistent with XRD results, as seen in Figure S6. Compared to the fresh sample, the
used one shows a significant secondary phase, which corresponds to barium carbonate (BaCO3).
Carbonates are only generated after photoreduction. Before the reaction, the fresh samples don’t
contain surface carbonates. This further confirm the CO is from the CO,, not from the surface
carbonate prior to catalysis.

The surface chemistries of the catalyst exposure to only CO, and only H,O were also
investigated by XPS. From Figure S5c, it can be observed that carbonate COs* is formed even
only introducing CO, into the reactor. The surface CO;>" is formed possible due to CO,
molecules bonded to the surface oxygen atom through its carbon atom.[’? The CO;? as active
intermediate is able to form CO by reacting with the protons generated from H,0.[33-5
However, due to the absence of H,O, there is no CO producing. There is no obvious change for
catalyst only exposure to H,O as shown in Figure S5c and S5d, indicating a good stability of
perovskite oxide under humid environment.[]

From what has been discussed above, we can conclude a plausible pathway for CO,
photoreduction in our reaction system, as shown in Figure 9b. The as-synthesized KBaTeBiOg
is illuminated by UV light and then generated electron-hole pairs by absorbing photons whose
energy is above the bandgap. A mixture of CO, and H,O diffuses and then absorbs onto the
surface of the catalysts. Water could be oxidized into hydrogen ions (H"), which is used for
reduction of CO,. CO, is bonded to the surface oxygen atom to form the carbonate species,
which then react with protons generated from H,O to produce CO.

Since barium carbonates are produced during the reaction, it is believed that the decreasing
performance could be due to the coverage and saturation of the active sites by the new generated
carbonate layers. Literatures showed that the accumulation of carbonaceous intermediates on
the surface of catalysts could lead to the coverage of active sites and thus induced the
deactivation.!33 3671 Because barium is possible leaching and reacting with CO,, the barium

elements can be replaced by other elements such as Li to improve the stability.58 Optimization
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strategies are in progress to enhance the catalytic stability of the as-synthesized samples for
CO; photoreduction.

In spite of the poor stability of as-synthesized samples, the high average CO production rate
of 180 umol g™! h™! in the first half hour demonstrated a superior photocatalytic efficiency to
those of most reported perovskite photocatalysts in literature, whose production rates are
commonly on the order of nmol g! h™! (see Table S3). We also compared our samples with
other typical semiconductors published in our group?>2® using the same reactor system. The
results are shown in Figure 8b, which indicates a compared efficiency of our samples to other
catalysts. The quantum efficiency based on CO yield was calculated to be 1.19 % after
irradiation for 60 min under UV—vis light (see Supporting information for details), which is
around 10, and 125 times higher than reported for ZnO,,-C (0.13%), and EDA-rGO-TiO,

(0.0094%), respectively.

4. Conclusion

A novel double perovskite oxide with nominal composition KBaTeBiOg was rapidly
synthesized in a single step process in a furnace aerosol reactor (FuAR). Various studies
conducted allowed us to develop a firm relationship of precursor concentrations and operating
parameters to obtain the desired perovskite phase. The perovskite phase formation mechanism
was established to allow choosing the necessary temperature and residence time for the
synthesis process in FUAR. Then, nanosized perovskite oxides with high purity were fabricated
by controlling the operation parameters. The effects of the furnace temperature, the aerosol flow
rate, and the precursor component concentration on particle size, morphology and phase purity
were investigated systematically. It was found that there is a temperature window within which
the sample has the desired crystal phases. The phase pure perovskite oxide KBaTeBiO4 was
obtained under a specific combination of operation conditions (900 °C, 1.8 L min!,

K:Ba:Te:Bi=1:1:1:0.8, 0.025 M). Moreover, the particle formation mechanism in the furnace
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aerosol reactor was identified to be a combination of gas-to-particle and droplet-to-particle
pathways. The geometric mean diameter of particles increased with the increase in furnace
temperature, flow rate and initial precursor concentration. The operation conditions were found
to have little influence on the morphology of nanoparticles. The phase pure perovskite oxide
KBaTeBiOg was then employed as a photocatalyst for CO, reduction. The average CO
production rate was found to be 180 pmol g™! h™! in the first half hour, higher than many
conventional semiconducting oxide catalysts. The photoreduction rate was found to decrease
with time due to the formation of an inert BaCO; layer. However, the existence of a minor
second phase was found to decrease the photocatalytic performance. Optimization strategies
are currently in progress to enhance the catalytic stability of the as-synthesized samples for CO,
photoreduction.
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