Available online at www.sciencedirect.com .
Proceedings

ScienceDirect of the
Combustion

CrossMark .
Institute

Proceedings of the Combustion Institute 37 (2019) 54995506
www.elsevier.com/locate/proci

Flame spray pyrolysis synthesized CuO-TiO,
nanoparticles for catalytic combustion of lean CO

Xin Chen, Zuwei Xu*, Fan Yang, Haibo Zhao*

State Key Laboratory of Coal Combustion, Huazhong University of Science and Technology Wuhan 430074, PR China

Received 1 December 2017; accepted 26 May 2018
Available online 12 June 2018

Abstract

In this work, CuO-TiO, nanoparticles with different CuO mass contents of 2%, 8%, 12%, and 20%
are synthesized by flame spray pyrolysis (FSP) method and applied to catalytic combustion of lean CO.
The nano-catalyst is characterized by N,-physisorption isotherms, X-ray diffraction (XRD), transmission
electron microscopy (TEM), H,-TPR (temperature-programmed reduction) and X-ray photoelectron spec-
troscopy (XPS). All the catalysts possess a high specific surface area, of which the CuO-TiO, nanoparticles
with 2wt.% Cu (2CT) is as high as 98 m?/g, and exhibits a spherical structure with a diameter of 15-20 nm.
Compared with other methods, the FSP method can significantly improve the loading of CuO without pro-
ducing large crystalline CuO particles on the catalyst surface. Interestingly, the addition of CuO will essen-
tially change the lattice structure of TiO, for all catalysts, including its crystal spacing and XRD diffraction
angle. Copper cations are embedded in TiO, lattice to promote the transformation from anatase to rutile by
producing oxygen defect at high flame temperature. The interaction between CuO and TiO, has significant
influence on its physicochemical properties. A lower onset reduction temperature on the sample with higher
CuO loading is obtained due to the hydrogen spillover effect in H>-TPR test. Moreover, the loaded CuO
increases the content of more stable rutile phase in the materials, so that it reduces the strong metal-support
interaction (SMSI) effect of CuO and anatase phase to improve the properties of CO catalytic combustion.
The synthesized CuO-TiO, nanoparticles can achieve complete combustion conversion of lean CO at lower
temperature of 120°C.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction as cleaning exhaust gas, lowering automotive emis-
sions, and exhaust abatement in breathing appa-

Removal of lean CO is becoming increasingly ratus [1]. Low-temperature catalytic oxidation of
important in a variety of industry processes, such lean CO has attracted a growing interest of sci-

entific and industrial communities because it can
provide an economic and efficient CO clean-
up technique. For catalytic combustion applica-
tions, supported noble metal catalysts exhibit high
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reaction activity and stability [2]. Considering the
limited resources and high cost of noble metals,
the development of earth-abundant, cheap and effi-
cient catalysts is of particular importance. Copper-
based catalysts have been found to be an excellent
candidate due to its relatively high catalytic per-
formance and low cost [2]. However, pure copper-
based catalyst is less active and stable than the
noble metal catalysts [3]. Introducing different sup-
ports into the catalysts system is an effective way to
improve the reactivity and stability of Cu based cat-
alysts [4]. CeO,, TiO,, Al,O3, MgO and ZrO, are
the more common supports. Among them, TiO,
shows a favorable effect on the activity of the cata-
lysts due to its outstanding oxygen storage capacity
(OSC) [5]. Furthermore, owing to the strong metal-
support interaction (SMSI) effect, the metal oxide
supported on TiO, can obtain better stability and
dispersion [6].

The CuO-TiO, catalysts have been prepared in
a variety of ways, such as impregnation, sol-gel
and hydrothermal methods [7.8]. In the CuO-TiO,
composite nanomaterials, CuO species of high dis-
persion, e.g., isolated ions and smaller crystalline,
have higher reactivity than larger crystalline CuO
and play a major role in CO catalytic combus-
tion [9]. However, when the content of CuO ex-
ceeds a certain value, large grains of CuQO are often
appearing in these preparation methods, which is
considered to be responsible for the decline of the
material performance. For different preparation
methods, the threshold value of CuO content is
different. For instance, the value is about 5-10%
for impregnation method, and 8-12% for sol-gel
method [10]. Since low CuO loading results in a de-
crease of the active phase content, increasing the
content of CuO in the system without the forma-
tion of large crystalline CuO species is vital to high-
performance CuO-TiO, nano-catalysts.

Flame spray pyrolysis (FSP) is a fast and
economical route to produce nanoparticles with
homogeneous morphology and narrow size distri-
bution. Compared with other methods, the most at-
tractive advantage of FSP is the ability to handle
a very wide range of precursor types and one-step
synthesize ultrafine particles. The prepared ma-
terials demonstrate high purity, good dispersion,
controllable structure and composition [11]. Nu-
merous high performance nano-catalysts have been
prepared by FSP synthesis, which prove that the
synthesis method is a very attractive preparation
route for nanocomposites [12—14]. During the FSP
synthesis process, the composite material can be
mixed at the atomic level. In addition, the copper
ions in the material will not spillover to the sur-
face because the calcination process, which may
lead to a greater instability of the crystal structure
of TiO;. is not needed [15,16]. Although the FSP-
synthesized nanocomposites have been successfully
applied to many science and engineering fields, to
the best of our knowledge, no open publication is
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Fig. 1. Flame Spray Pyrolysis System schematic of the ex-
perimental.

related to catalytic combustion of lean CO over the
FSP-made CuO-TiO, nanoparticles.

Here we report the FSP synthesis of CuO-
TiO, nanocomposite with different Cu loading,
their physiochemical characterization and catalytic
performance for low-temperature oxidation of
lean CO. The morphology and phase composi-
tion of catalysts are characterized by Brunauer—
Emmett-Teller method (BET), X-ray diffraction
(XRD), Transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), and H,-
temperature programmed reduction (H,-TPR).
The effects of the content of CuO on the structure,
morphology and chemical properties of the CuO-
TiO, composite are carefully examined as thus ra-
tional mechanisms of reactivity are proposed.

2. Experimental
2.1. Catalyst preparation

The CuO-TiO,; catalysts are synthesized in a
commercial laboratory-scale FSP system (NPS10,
Tethis SpA). As shown in Fig. 1, the mixed solu-
tion of precursor and liquid fuel is injected by a sy-
ringe pump into an external-mixing atomizing noz-
zle that is made of a capillary tube, and the solution
is dispersed into fine droplets by the coaxial dis-
persion gas flow. A premixed methane-oxygen pi-
lot flame ignites the atomized precursor solution
resulting in the formation of a high-temperature
flame within which the organometallic precursors
decompose and the organic compounds undergo
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complete combustion. The metallic components of
the precursor will then nucleate and condensate
to form primary particles of oxides. Aggregation
will take place in the high temperature region of
the flame followed by rapid quenching due to in-
tensive convection. Thus the primary particles will
remain small though they do form loose agglomer-
ates in the aerosol stream [17]. In the strong turbu-
lent high temperature flame, the precursor will be
torn to atoms or ions, resulting in a high degree of
mixing which ensures good dispersion and makes it
possible to enhance the efficient loading in materi-
als.

The aerosol downstream is extracted and
rapidly diluted by a straight-tube sampler and
connected with a scanning mobility particle sizer
(SMPS, Model 3938, TSI, USA), and the parti-
cle size distribution functions (PSDs) of the syn-
thesized particles are measured by the SMPS. The
powders are collected on a glass microfiber filter
with the aid of a vacuum pump, located above
the FSP burner. Detailed preparation of precur-
sor solution and the parameters of FSP synthesis
are shown in Section S1, Supplemental Materials
(SM).

2.2. Catalyst characterization

Nitrogen sorption isotherms at —196°C are
measured using a physisorption apparatus (Mi-
cromeritics ASAP 2020, USA). The specific sur-
face area (SSA) is calculated using the Brunauer—
Emmett-Teller (BET) method. XRD patterns are
obtained with a RU-200B diffractometer (Rigaku,
Japan) using Cu Ko radiation (A = 1.5406 A). The
morphology and crystalline phase of the particles
is analyzed with a TEM (JEOL 2100F, Japan) with
an acceleration voltage of 200kV. XPS analysis is
performed on a high performance electron spec-
trometer (Thermo ESCALAB 250, Thermo Fisher,
USA), using Al Ku radiation (1486.6¢eV) operat-
ing at an accelerating power of 150 W. All binding
energies (BEs) are referenced to the adventitious C
1s at 284.6¢eV. H,-TPR is carried out on an au-
tomated Micromeritics AutoChem 11-2920 instru-
ment (Micromeritics, USA). For H,-TPR analysis,
100 mg of sample is heated in N; (50 mL /min) from
room temperature to 150°C and held for 1 h, sub-
sequently cooled to room temperature in a N, at-
mosphere and switched to the stream of 10 vol%
H,/Ar (50 mL/min) and held for 20 min. Then the
sample is heated from room temperature to 300°C
in H, at a heating rate of 10°C/min.

2.3. Catalytic activity test

The catalytic combustion of CO to CO, over the
as-prepared CuO-TiO, nano-catalysts is conducted
in a fixed-bed quartz tube reactor (i.d = 8 mm). The
sample of each catalyst is loaded in the reactor and
pretreated for 1 h by passing N, gas (100 mL/min)
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Fig. 2. XRD patterns of the CuO-TiO; catalysts.

through the catalysts heated at 120°C to completely
dry and remove adsorbed surface species. A feed
stream of 1.5 vol% CO, 6 vol% O,, and 93 vol%
N, as diluent is introduced into the reactor at
a space velocity (SV) of 60,000 mL/(g-h). Online
analysis of effluent gas is measured using a gas
chromatograph (Synpec 3000B, China) equipped
with a thermal conductivity detector (TCD). The
reactor and detailed experimental procedures are
also presented in Section S2, SM. The conversion
rate of CO is calculated by subtracting the CO out-
let concentration from the CO inlet concentration
and dividing by the inlet concentration. The kinetic
parameters of CO catalytic combustion are calcu-
lated (see Section S3 of SM for more details).

3. Results and Discussion
3.1. Catalysts structural characterization

Table 1 provides the BET specific surface area
(SSA) of the catalysts and their BET equiva-
lent diameter. Noted that the SSA of the cata-
lysts present a decrease from 98.96 m?/g (2CT) to
70.07 m*/g (20CT) with the increase of CuO con-
tent. As shown in Fig. 2b, the diffraction peaks
of anatase (20 =25.3°, [PDF-ICDD 21-1272]) and
rutile (26 =27.4°, [PDF-ICDD 21-1276]) become
narrower with the addition of CuO, suggesting that
the crystallite size of both anatase and rutile in-
crease when increasing CuO content, which is con-
sistent with the change trend of BET equivalent di-
ameter and the SMPS results (see Fig. S3 in Section
S4, SM). As seen, the intensity of the main rutile
reflection increases, which indicates an increased
rutile phase resulting from the transformation of
anatase to rutile. The mass fraction of rutile phase
increases from 27.6 wt.% of 2CT to 56.2 wt.% of
12CT. However, rutile phase increases slightly when
CuO content increases from 12wt.% to 20 wt.%.
The phenomenon that the addition of transition-
metal dopants increase the crystallite sizes of TiO,
and resulting in larger crystallite size during par-
ticle formation in the high-temperature flame has
also been reported in other literatures [16,18]. The
copper cations with the valence state less than the
valence of Ti** and a small ionic radius can sub-
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Table 1

XRD and BET data for the CuO-TiO; catalysts.
Catalysts CuO BET surface BET equivalent Anatase Rutile

content * area (m?/g) diameter " (wt.%)° (wt.%)"

2CT 2% 98.96 15.0 72.3 27.6
8CT 8% 83.56 18.0 51.0 49.0
12CT 12% 77.28 19.4 43.8 56.2
20CT 20% 70.07 21.4 43.1 56.9

4 Calculated by the equation: CuO wt’ = mcyo/(mcyo+mrio,) x 100%, where mcyo and mrio, are the
mass of CuO and TiO, in the material, respectively. ) )

b the particle size was calculated by the formula: dgpr= 6/(S, x p), where S, is the BET surface area, p is
the density of particle.

¢ Calculated by the equation: Wyye = (1 +0.8*I4/Ig)~!, where I and Iy are the relative intensity of the

main diffraction peaks of anatase and rutile, respectively [21].

stitutionary enter the TiO, lattice and promote
the formation of oxygen vacancies by reduction of
dopant Cu®* [19]. The presence of oxygen vacan-
cies enhances the diffusion of oxygen ions. As a re-
sult, the TiO, sintering rate controlled by the dif-
fusion of oxygen ions will increase. Furthermore,
the second Ti,O,,.; intermediates due to the for-
mation of oxygen vacancy are the nucleation center
for rutile, which accelerates the transformation of
anatase to rutile [20].

The evidence of the embedding of copper
cations into the TiO, lattice is also found in XRD
and TEM results. The diffraction angle of the cat-
alysts shows a slight shift with the change of Cu
contents, which indicates that the copper cations
embed into the TiO, lattice to form solid solution
and thus affect the crystal structure of TiO, [22].
Direct measurement of the lattice spacing of the
(110) plane of rutile and the (101) plane of anatase
gives the value of 0.324 nm and 0.356 nm, respec-
tively. There is a little deviation between the crys-
talline interplanar space and the standard distance,
which is also attributed to the effect of doped cop-
per cations.

No CuO/Cu,0O/Cu peak is detected in the CuO-
TiO, diffraction patterns even at the highest CuO
content of 20wt.%. This could be attributed to
highly-dispersed Cu species which are too small to
be detectable by XRD. As shown in Fig. 3, the
TEM micrographs and SAED (selected area elec-
tron diffraction) images of the catalysts also con-
firm this phenomenon. The catalysts exhibit spher-
ical morphology with a uniform particle size distri-
bution and a mean particle size of ~20 nm, which
agrees with BET equivalent diameter. Only dis-
persed CuO clusters with a diameter less than 4 nm
are found in SAED and TEM images of 20CT. No
small crystals of CuO or Cu,O are found in these
catalysts. Meanwhile, there is a layer of material
without crystal structure at the edge of the particle,
which could be amorphous CuO or Cu,O species.
Thus, highly dispersed CuO species are successfully
formed on the TiO, particles [5]. For the catalyst
prepared by other methods, only when the content
of CuO is below 12 wt.%, there were no large par-
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Fig. 3. TEM micrographs and SAED image of the FSP-
derived CuO-TiO,(20CT).

ticles observed on the surface of TiO,. The above
results show that the FSP method almost doubles
the threshold value of CuO content.

3.2. CuO-TiO; interaction

XPS analysis is performed to further investigate
the surface compositions and elementary oxidation
states of these catalysts. Due to the charging effect
during XPS analysis, the binding energy scale is cal-
ibrated using adventitious carbon (284.6¢V). The
XPS spectra of Ti2p, Cu 2p and O 1 s for Cu-TiO,
catalysts are displayed in Fig. 4. There are three sets
of peaks for Cu 2p, corresponding to Cu 2psp,, Cu
2p12 and Cu 2p satellite peak. The peak at 934 eV
and the satellite peaks located at 938-946 eV are the
characteristics of Cu?* and a peak at 932.9¢V is
identified as Cu'!* [23]. The binding energy of Cu
2psp is shown in Table 2. The binding energies of
Cu 2p3, for the catalysts are 932.8-934.3 eV, which
are slightly higher than those reported for the bulk
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Table 2
XPS data for the CuO-TiO, catalysts.
Catalysts Binding energy (eV) Atomic ratio (%) Cu't/Cu of10
Ti 2p3/2 Cu 2p3/2 Cu Ti O
2CT 458.85 932.79 2.39 33.26 64.35 0.65 0.24
8CT 458.48 933.65 9.10 29.38 61.52 0.35 0.32
12CT 458.50 934.29 13.30 27.04 59.66 0.12 0.35
20CT 458.58 933.62 18.77 23.01 58.22 0.33 0.25
o b) ©)
A&" wer| | 2m,f| 2, 20CT - o J\B 20 CT
A\ 12 CT| g 0'0 e
% “ 12CT| » _jk/\_ .
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Fig. 4. XPS results profiles of the FSP-derived made 0.00

CuO-TiOs. (a) Cu; (b) O; (c) Ti.

CuO and Cu,0 materials, indicating a stronger in-
teraction between the metal oxide and the support
[24]. Figure. 4b shows the O 1s XPS spectra of
CuO-TiO, and the spectra features of the catalysts
are numerically fitted. The O 1s spectra displays
binding energy of 530.8 eV for the four catalysts.
The O peak of lower binding energy could be at-
tributed to the lattice oxygen and the Of peak of
higher binding energy could be ascribed to the ad-
sorption oxygen species [25]. The adsorbed oxygen
is often located near the oxygen defect or vacancy,
which confirms the existence of a certain amount
of vacancies in the catalysts. The Ti 2p spectra with
a binding energy of 455-470 ¢V are displayed in Fig.
4c. The intensity of Ti 2p peaks decreases with the
increase of CuO content, which indicates the de-
crease of the TiO, content on the catalyst surface
and the formation of CuO-enriched surface layer.
A slight shift of the binding energy of Ti 2ps); is
also observed in all the catalysts.

Table 2 shows the simultaneous and opposing
changes of Cu 2p;;; and Ti 2p;,; binding energies.
Similar trends are also observed for adsorbed oxy-
gen and Cu!t with the increase of CuO content.
With the addition of CuO dopants, the electron
transfers to the titanium, which results in the de-
crease of Cu oxidation state and the increase of ti-
tanium and then leading to a strong interaction be-
tween CuO and TiO,. In the FSP process, there are
two paths for the formation of Cu,O. The decom-
position of CuO occurs on the surface of the cat-
alyst during the FSP synthesis process. At a high-
temperature oxygen-deficiency atmosphere caused
by violent combustion of precursor, CuO decom-
poses into Cu,0. The other path is the reduction

50 100 150 200 250 300
Temperature (°C)

Fig. 5. H,-TPR profiles of CuO-TiO; catalysts.

of Cu?* to Cu!" in the strong metal oxide-support
interaction (Ti3* 4+ Cu>* < Ti*+ 4+ Cu™) [26].

When examining the effects of different CuO
loading, we find that 12 wt.% loading of CuO is a
turning point among four catalysts. We deduce that
the Cu species can no longer embed into the TiO,
lattice at higher CuO loadings (12 wt.% or higher)
[16]. On the one hand, Cu cations concentration in
the solid solution cannot increase any more, there-
fore resulting in a decrease of vacancy concentra-
tion and the weakening of the interaction between
Cu and Ti. Meanwhile, the number of adsorp-
tion oxygen formed near the vacancy would also
decrease. The phase transformation from anatase
to rutile controlled by the vacancy concentration
would also be suppressed. On the other hand, the
surplus Cu species would then be deposited on the
surface and directly exposed to the high tempera-
ture flame to decompose into Cu,O. With the sur-
face enrichment of Cu species, the particle exceeds
a monolayer of surface coverage, thus the amount
of discrete CuO or small sized crystallites increases.

As shown in Fig. 5, TPR tests further show the
interaction between CuO and TiO,. Two reduction
peaks at 140-190°C were observed which is cor-
responding to the stepwise reduction of different
CuO species. The peak « corresponds to the reduc-
tion of finely dispersed particles which are prone to
be reduced at low temperatures, and the peak g is
assigned to the reduction of relatively larger CuO
crystallites species [27].

As shown in Table 3, the area of peak B
increases when increasing CuO content, which
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Table 3
TPR data measured for CuO-TiO; catalysts.
Catalysts a peak B peak H, uptake H,/Cu
7(°C) Area(%) 7(°C) Area(%) (mmol/g)
2CT 168.3 100 - - 0.33 1.29
8CT 155.6 83.62 164.0 16.38 1.35 1.36
12CT 154.0 80.38 163.4 19.62 1.70 1.14
20CT 167.8 45.01 170.1 54.99 2.81 1.12
£100 ] a) 50-90°C, the CO conversion increases slowly. 12CT
£ 80 A e exhibits the highest CO conversion rate at 40-80°C,
£ 604 __scrT indicating 12CT possesses the best catalytic perfor-
g ;z: ;;H o mance at lower temperatures among all the cata-
& od e lysts. This is probably ascribed to its excellent oxi-
(] T ¥ T ) T v T K T & T

* T
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Fig. 6. (a) CO conversion and (b) Arrhenius plots for CO
combustion.

indicates the increase of CuO crystallites. When the
CuO content is lower than 12 wt.%, the onset tem-
perature of CuO reduction decreases with the in-
crease of CuO content. This may be ascribed to
the hydrogen spillover effect: the bulk Cu islands
form in the reduction period ¢, and more CuO
leads to easier production of Cu islands, thus mak-
ing reactions more likely to occur [28]. At a lower
CuO loading, the amount of Cu islands controls
the reduction rate because that the CuO species ex-
ist as small crystallites and is easy to be reduced.
At a higher CuO loading of 20 wt.%, crystallites
size controls the formation rate of Cu islands due to
the growth of small crystallites. The hydrogen up-
take of four catalysts is shown in Table 3. All the
catalysts prepared by FSP consumed excess hydro-
gen compared with their CuO content even though
there is certain amount of Cu'* in the material.
The excess hydrogen consumption is attributed to
reduction of Ti** in the SMSI effect which has been
reported in many literatures [29,30]. Evidence of
the reduction of TiO, can be found from the color
of the catalysts, which changes from light green and
light brown before reduction to dark black after
reduction.

3.3. Catalytic combustion performance evaluation

The catalytic combustion performance of the
1.5vol.% CO is shown in Fig. 6a. CO begins to be
oxidized at 50°C. When the temperature is between

dation properties, as confirmed by the TPR experi-
ment.

At temperature of 90-100°C, the CO conversion
rate of 20CT increases rapidly and a 90% conver-
sion of CO is achieved at 105°C. There is a sud-
den change in curvature at T =85°C for 20CT and
we infer that it is related to the type of active sites
that play a major role in catalytic reaction at dif-
ferent temperatures. When the temperature is lower
than 85°C, the relative smaller CuO species play a
major role in the reaction, and that perhaps is the
reason why 12CT with a largest amount of discrete
CuO species has a better performance at this pe-
riod. While the temperature is higher than 85°C,
the CuO species with relative larger crystallite play
the major role in the reaction. The other three cat-
alysts achieve a conversion rate of 90% at 140°C.
Compared with CuO-TiO, catalysts synthesized
by deposition—precipitation method [7], the FSP-
synthesized catalysts show better performance on
CO catalytic combustion, e.g., a 20°C decrease on
90% conversion temperature. The Arrhenius curve
from CO catalytic combustion is shown in Fig. 6b.
When calculating the apparent activation energy, a
temperature range of 40-80°C is chosen to ensure
that the CO conversion is below 20% so that it can
be assumed to be a differential reactor at this state
[31]. 12CT exhibits the lowest activation energy of
32.50 kJ/mol, which is in consistence with its good
catalytic performance at lower temperature. In or-
der to further investigate the performance of the
catalysts, the catalyst is tested under different atmo-
spheres. As shown in Table 4, 2CT, 8CT and 12CT
demonstrate low conversion at higher CO concen-
tration. This may be attributed to the lack of the
active phase on the catalyst surface. Thus, an ex-
cessive amount of CO could not be accommodated
to react with O,. On the contrary, 20CT exhibits a
decreased conversion when the CO concentration is
1 vol.%, which may be ascribed to lack of interme-
diate phase in the material during the catalytic re-
action. When the concentration of O, increases, the
conversions of all sample decrease. This may result
from the competitive adsorption between O, and
CO on the catalysts surface.
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Table 4

Catalytic data measured for CuO-TiO; catalysts.

5505

Catalysts  Tgp (°C)  Ts0(°C)  Activation energy  CO conversion rate at different reaction conditions (100°C)
(kJ/mol) 1%CO0+4% 0, 2% C0O0+4%0, 1.5%CO+21% O,

2CT 130+ 3 105+6 78.46 45% +2% 41%+1% 40% %+ 1%

8CT 130+4 103+5 77.57 48% + 2% 45% £ 1% 32% 4+ 1%

12CT 120£2 98 +5 32.50 54% £ 1% 50% £ 3% 51% £ 3%

20CT 100+ 3 9242 78.68 68% £ 2% 100% = 1% 85% £2%

Although 20CT has a higher activation energy
and a relative poor catalytic activity at lower tem-
perature than 12CT, it achieves a higher CO conver-
sion at a temperature range of 90—-140°C. In this ex-
periment, the optimum content of CuO is 20 wt. %,
while the threshold loading value for other prepa-
ration is 4-10 wt.%. Highly-dispersed CuO with a
small crystal size plays the key role in CO catalytic
combustion [9]. Although 20CT exceeds the turn-
ing point of 12 wt.%, the large crystalline CuO with
poor catalytic performance does not appear. It is in-
ferred that although the amorphous would trans-
form into discrete crystallites CuO, the crystallite
size is not large enough to affect the reactivity of
the active phase. Herein, further enhancement of
catalytic combustion performance is observed at
20wt.% of CuO. In addition, the proportion of
rutile and anatase is also an important factor af-
fecting the catalytic properties of CO catalytic
combustion. Factually, CuO on anatase surface is
difficult to be reduced and shows lower catalytic
activity for CO oxidation [32]. Therefore, the FSP-
made CuO-TiO, achieves two pivotal functional-
ities: (1) increasing the threshold of CuO content,
and (2) increasing the rutile content in the catalysts.
The joint effect of two functions remarkably pro-
motes the catalytic combustion of CO.

The time-on-stream test is carried out to fur-
ther investigate the stability of the catalysts. 20CT is
tested in the stream of 120°C (1.5 vol% CO, 6 vol%
0,, and 93 vol% N,, 60,000 mL/(g-h)). As shown

Time-On-Steam Test
CO:1.5 val.% (l::ﬁ vol.%
Tempernture: 120 °C
SV: 60000 mLJ(g min)
F 1004
E’ - B R
e
7l
-
-]
=
“ o802 =
254
0 T T T T T T T T T
0 S0 100 150 00 250 300 350 400 450

Time (minutes)

Fig. 7. Time-on-stream test of 20CT.

in Fig. 7, after 7 hours of reaction, the catalyst
still maintains a high CO conversion of about 95%,
indicating that the catalyst has excellent stability.
The characterization of the catalyst after reaction
shows that the long time catalytic combustion re-
action does not have a significant influence on the
structure of the catalyst, and the CuO crystals are
still not found in any catalyst (see Section S5 of
SM for more details). Although some carbonates
are formed on the catalyst surface, considering that
ethanol is used in this work, it may be difficult to
avoid the formation of the carbonates during the
synthesis and collection of nanoparticles. Accord-
ing to time-on-stream results, the carbonates is not
enough to affect the performance of the catalysts.

4. Conclusions

Flame spray pyrolysis is demonstrated to be an
effective method for preparing CuO-TiO, nano-
catalysts for CO catalytic combustion. In this work,
the optimum content of CuO for CO catalytic
combustion is 20 wt.%, which is evidently higher
than that prepared by conventional routes (typi-
cally less than 8%). A comprehensive mechanism
is proposed for understanding the effects of CuO
content on the physicochemical properties of the
as-synthesized catalysts and their catalytic combus-
tion performance.

The embedding of copper cations into the
TiO; lattice changes the crystallite lattice spacing
of TiO, and promotes the transformation from
anatase to rutile due to the presence of the oxy-
gen vacancies. The formation of oxygen vacancies
caused by the addition of dopant Cu?* results in
an enhanced diffusion of oxygen ions. As a result,
the TiO, sintering rate controlled by the diffusion
of oxygen ions will increase.

12wt.% loading of CuO is the turning point
of physical-chemical properties of the as-prepared
catalysts. Cu species cannot any longer embed into
the TiO, lattice at a higher CuO loading than
12 wt.%. Cu cations concentration can no longer in-
creases in the TiO,, the interaction between Cu and
Tiis weakened and the vacancies in the catalysts de-
crease. The enrichment of Cu species on the surface
results in an increasing content of Cu'*, and thus
the amount of larger crystallite increases.
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The FSP method is demonstrated to be effec-
tive for improving the performance of catalysts by
improving the CuO content and the ratio of sta-
ble rutile phase. Even at the highest CuO content
of 20wt.%, there is no large CuO crystallite on
the catalyst surface which achieves a considerable
amount of highly active phase and therefore pro-
motes the reaction performance. A high rutile con-
tent can avoid the strong interaction between CuO
and TiO,, as thus the high catalytic activity is ob-
tained.
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