HAD

[FFRARDER]
E & |BE

1. HREHE MBS HEICK DIRIRFIERA A V SRS —MIEDRF

2. ARANE
AAREHHRLE (COEDHFEMERE) I

A
BB ERT Ay ETFHEOMEERA:. (51 f;;@ * olB 0
— RIS Ag IFRRAAMEL 28, 200~300°CTHEL M| G /ooo 00
FRLOBRBIE BHTY A JWASEI SN 5 HFRE
BU, COROMIEEEAEL Ag BT (~2 % igg////’T

nm) ([EREHICHFY A XAEMLTLEL,
b SEHEAE T 9 5, £ Z T Strong metal-support
interaction (SMSI) &EFE(EN S Ag & ERIEYBEIK
OETHRRT ZMEERICEY, AgMEF (~ ).
2nm) OREILERAT=, - OBEARS Ag ° T ATD
METF (~2nm) ORELT S EIEHRERE  /EnkE cmm»i?é

THEFHATHIN, TOMBFEETETD phemm . . | = JFO
S 1z, E 1= AQITIO, LIS TR DR E AN S ABARO) o = seR i

BT ONEFHATH S, Fig. 1 FSP RIG2812&5 Ag il D&k
ZZTFiglITRT RREERNEEZANT,

Ag & B RITEREMIRIE (SiOy, Al O3, Zr0,, Ce0,) ZHAAHET-BE, AN ED LS
[CELT E2MERET LTz, £z TiO UNDEIEMICE N TEHRBERIGICE > THEERANFKIR
TEMNEREL -, MEM R IEFBRIR ERBEMOER (Ti A1V TAREIR, ZILNT (BT
IFIU, FHER Al KT, Zr 4V 7aRF R, FEER Ce /UK AR LI-EHAE (A2/—)L
+ 2-TF)ILAFTH L) % FSP RICAR THRBEL TARLT -z, iR ICEFEND Ag EHY 20wt.%ER
585, BFERIRERBRILYMDRFZEES LIz, Fonf- Ag it (L 350°C T2 M ZE SR ZIT o1
%, EIERFERGEET CO Bt R EEEEHEL -,

O 0°o °°°°° 0*17:%5'55‘2
——o °0 200
) d) (+) Qo0-

D &R - i

o EBEK

%

L

3. HEmE
SH LTt d CO Bxib®E (=G L= CO B+ 100 =",
#L71-COB) #Fig2lRd., Ag D EEE
HAEHE-BILYIBERICE >TREERY,
TiO,, Ce0», ZrO,, Al,Os, SiO. DJEIZEH o 1=, SMSI
FREERTERILY BIZIETIOLx<2) DERSE
X REFTEICK YRR L& 2 A Tio, LIS D iE{K
TIZERIEITER LA EDHIBA LT, s
TiO, LA B HET- Ag NS EHETHIE T ,

TR

CO$riE=E, %

0 =t T T T
HIZTONWTEEDAETRELE-BER. AgDEF 40 80 120 160 200
KENRISHEDS LAY THDHZ EAHBE LT, RIGEI, °C

B e L g bl Fig. 2 FSP ;A TERLT- Ag filliEIZ&kD
Ag DEFKRES L UHEMERTER LTz TIOIL. CO BEAE IS (1%CO+19%0,+N,) 0D &

CORERICAMETEEETRETHEICLVR ciapian sz e
ﬁ L/f:o




#RQ

[FFRARDOME]
E % BER
LBIREE | MRARUAICE BTEHLR A 4 5 R 2 —AILOBISE

MARDERTERNE CHERCIEZELN,




16
17
18
19

20
21
22

23

Ag clusters on titanium oxides under metal-support interactions for the catalytic oxidation

of CO at room temperature

by

Kakeru Fujiwara"?", Souki Terazawa?, Masahiko Nishijima®, Yugo Osaka®, Takuya Tsujiguchi* and

Akio Kodama'

Institute for Frontier Science Initiative, Kanazawa University, Kakuma-machi, Kanazawa, Ishikawa
920-1192, Japan.

Department of Chemistry and Chemical Engineering, Yamagata University, 4-3-16 Jonan,
Yonezawa, Yamagata 992-8510, Japan.

Flexible 3D System Integration Lab, SANKEN, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka
567-0047, Japan.

Faculty of Mechanical Engineering, Institute of Science and Engineering, Kanazawa University,
Kakuma-machi, Kanazawa, Ishikawa, 920-1192, Japan.

*Corresponding author: k-fujiwara@staff.kanazawa-u.ac.jp



10

11

12

13

14

15

16

17

18

19

20

Abstract

Silver-loaded titanium oxide catalysts (m wt% Ag on TiO,, mFSP) were synthesized via flame spray

pyrolysis (FSP) and evaluated for their abilities to oxidize CO. X-ray diffraction and X-ray photoelectron

spectroscopy revealed that the FSP-prepared catalysts (mFSP) contained sub-stoichiometric TiO; (x < 2),

which was formed through interactions between titanium oxides and Ag during FSP synthesis. These

interactions led to the formation of cationic Ag, as confirmed by X-ray photoelectron and Auger electron

spectroscopies. Furthermore, these interactions suppress the sintering of small Ag clusters (< 3 nm). The

small Ag size and cationic oxidation state induced by these interactions enhanced catalytic activity. The

FSP-based catalysts exhibited higher CO oxidation activities than a wet-prepared catalyst. In particular,

20FSP demonstrated 18% CO conversion at room temperature and maintained its catalytic activity over

multiple cycles of use. The amounts of reactive oxygen species (ROS), which can proceed with oxidation

reactions were evaluated using H, pulse titration. Notably, mFSP generated more ROS than the wet-made

catalyst. Furthermore, while ROS can be regenerated by reacting mFSP with oxygen, the wet-made catalyst

is not endowed with this ability. These findings demonstrate that unique flame-induced interactions are

crucial for achieving high catalytic activity and durability. Flame spray pyrolysis is a promising method

for the scalable production of efficient Ag catalysts.

Keywords

Flame spray pyrolysis, Flame synthesis, Metal-support interactions, TiOx, Sub-stoichiometric oxide
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1. Introduction

Volatile organic compounds (VOCs) and carbon monoxide (CO) are common air pollutants emitted by
various industrial and domestic sources that pose serious environmental and health risks. Catalytic
oxidation is among the most effective strategies for removing these compounds under mild conditions.
[1, 2] Most room-temperature-active catalysts rely on expensive noble metals (e.g., Pt, Rh, Pd [3], and
Au [4]), which limits their widespread use. Silver, a relatively inexpensive noble metal, has attracted
considerable attention as a low-temperature oxidant owing to its unique redox properties and moderate
cost. Room-temperature-effective Ag catalysts are expected to provide a cost-efficient alternative for use
in passive air-purification systems.

The oxidation behavior of Ag catalysts for use in environmental-remediation applications has been
studied on numerous occasions, with a focus on the relationship between activity and properties. Particle
size is a key factor, with numerous studies showing that smaller Ag particles exhibit significantly higher
CO oxidation activity. Furthermore, the turnover frequency for CO oxidation per surface Ag atom was
found to increase with decreasing particle size for Ag particles less than 5 nm in size. [5] Lamoth et al.
[6] demonstrated that the size of the Ag particles in a supported catalysts affects the strength of its Ag-O
bonds, and catalytic activity as a consequence. Ag particle size is strongly influenced by interactions
between Ag and the support. For instance, Dutov et al. [7, 8] reported that OH species on the SiO,
surface stabilize Ag nanoparticles; as a result, the Ag becomes more dispersed as the OH/Ag ratio
increases. Furthermore, oxygen-defect sites on the CeO; surface [9] and Lewis-acid sites on the Al,O3
surface [5] bind Ag particles. Such interactions between Ag and a support alter the oxidation state of the
Ag, which plays a critical role in determining catalytic activity. Rod-shaped CeO», which contains

numerous oxygen defects, strongly binds Ag," clusters; however, such Ag clusters are less active than Ag
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nanoparticles. [10] In contrast, cationic Ag species (or Ag>O) tend to be more oxidizing compared to
metallic Ag. [11, 12] Zhang et al. suggested that there is an optimal Ag’/Ag®" ratio that delivers the
highest catalytic activity. [13] In addition, specific pretreatment conditions can alter Ag-particle
crystallinity such that a polycrystalline state is formed, which contributes to improved catalytic
performance. [14]

Despite extensive research, conventional catalysts rarely promote oxidation reactions at ambient
temperatures [7, 9, 15], which highlights the critical need for further development. Furthermore, the
relatively low Tammann temperature of Ag (344 °C [16]) suffers from the particle growth through
agglomeration and sintering, resulting in fewer exposed active sites. Recently, we developed thermally
stable Ag clusters (< 3 nm) supported on titanium oxide particles using flame spray pyrolysis (FSP). [17,
18] FSP is an aerosol process that can be scaled up to produce kilograms of particles per hour [19, 20].
The simultaneous formation of Ag and TiO, NPs in a flame generates unique metal-support interactions
between titanium oxide and Ag particles that stabilize small metal clusters. [17] Furthermore, FSP can
deposit highly dispersed metal clusters (e.g., Pd [21, 22], Pt [23], ZnO [24], and VO,[25]) on metal
oxide supports under relatively high loading conditions. Consequently, titanium oxide can support large
amounts of thermally stable Ag clusters, which maximizes the content of highly active Ag clusters.

In this study, Ag-loaded TiO; catalysts (mFSP, m = 040 wt%) were synthesized via flame spray
pyrolysis. For comparison, 10 wt% Ag was also deposited on Ag-free FSP-made TiO, (OFSP) using a
conventional impregnation method (referred to as “10IMP”). The catalytic CO-oxidation activities of
mFSP and 10IMP were evaluated in a fixed-bed reactor. The amount of reactive oxygen species, which
correlates with catalytic activity, was evaluated using H» and O, pulse titration experiments.

The sizes of the Ag particles in the various catalysts were determined by electron microscopy. The
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existence of Ag and titanium oxides and their interaction states were evaluated by powder X-ray

diffraction (PXRD), X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES).

2. Materials and Methods
2.1 Catalyst preparation

Ag supported on titanium oxide was prepared by FSP. [17] Silver acetate (Fujifilm Wako Pure
Chemical, purity > 99%) and titanium isopropoxide (Sigma—Aldrich, purity > 97%) were used as the Ag
and Ti precursors, respectively. An appropriate amount of each precursor was dissolved in a 1:1 (v/v)
mixture of 2-ethylhexanoic acid (Sigma—Aldrich, purity > 99%) and acetonitrile (Fujifilm Wako Pure
Chemical, Guaranteed Reagent). The Ag loading was controlled by varying the Ag/Ti precursor ratio,
while the total metal (Ti +Ag) concentration in the solution was fixed at 0.2 mol L™". The precursor solution
was fed to the FSP reactor at 3 mL min™', and dispersed to fine droplets using O (purity > 99.5 %) at 5 Lstp
min"". The dispersed solution was ignited using a pilot flame composed of CHy4 (1.5 Lsrp min') and O, (3.2
Lstp min"). Combustion of the solution produced particles that were collected using a vacuum pump
(Busch, Seco SV1040) and a glass fiber filter (Hahnemiihle, GF6, 257 mm). The distance between the FSP
nozzle and filter was set to 65 cm. The produced catalysts were calcined in air at 350 °C for 2 h to remove
incomplete combustion products. Hereafter, these catalysts are referred to as “mFSP”, where m is the
mass percentage of the Ag in the catalyst, assuming that the composition is mAg/TiOs.

For comparison, 10 wt% Ag supported on commercial TiO, (10IMP) was prepared using an
impregnation method. Here, silver acetate was dissolved in 100 mL of deionized water and the resulting
solution was mixed with 0.5 g of TiO, powder (P25, Evonik) and stirred for 24 h. The mixture was dried

using a rotary evaporator under vacuum (~0.3 bar) at 60 °C. The dried powder was grained and
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subsequently calcined in air at 350 °C for 4 h.

2.2 Catalyst characterization
The prepared materials were characterized using powder PXRD, N;-adsorption experiments, XPS,
AES, and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).

Details are provided in the Supporting Information.

2.3 Evaluating catalyst reactivity

The CO-oxidation activities of the catalysts were examined in a fixed-bed reactor. The catalyst (30 mg)
and 1.0 g of quartz sand (Fujifilm Wako Pure Chemical, 20-35 mesh) were mixed and then placed in a
quartz reactor (inner/outer diameters: 8/6 mm). The reactant gas (CO/O»/N, = 1/19/80) was fed to the
catalyst at 30 mLsrp min ' (6 x 10* mLstp h™" gea ). The reaction temperature was measured using a K-type
thermocouple (¢ 1 mm) placed downstream of the catalyst bed. The temperature was ramped from 25 to
200 °C at 1 °C min". The reaction product (CO,) was quantified using a CO, meter (VAISALA, GMP252
12C0BON1) with a flow-through adopter (ASM212011SP). CO conversion was evaluated using the
following equation:

CO conversion [%] = Fcoz out/ Fco in X 100 @),

where Fco in, and Fcoa out are the flow rates of CO (mol s?) at the inlet and CO, (mol s™) at the outlet,
respectively.

The amount of reactive oxygen species (ROS) contained in the catalyst was evaluated via H, and O
pulse titration using a BELCAT Il (MicrotracBEL Corp.). A quartz reactor was filled with 20 mg of the

sample, which was then pretreated in 20% O, in N2 at 350 °C for 1 h. The sample was subsequently
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cooled to a specific temperature (100-200 °C). After the temperature had stabilized for 15 min, 0.097
mLsre of Hz was injected into 50 mL min* of Ar (50 mL min™?, as the carrier) every 2 min until the H,

was no longer consumed by the catalyst. H, consumption was assumed to follow the following reaction:

).

The reactive oxygen species in the sample were subsequently regenerated via O, pulse titration, in

Ag,0O+H; - Ag+HO

which O, (0.097 mLsre) was injected into He (50 mL min™?, as the carrier) every 2 min until O, was no

longer consumed by the sample. H; pulse titration was then used to evaluate the amount of regenerated

reactive oxygen species.

3. Results and Discussions

3.1 Catalytic activities of FSP-made Ag catalysts

100
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Figure 1 (a) CO-oxidation activities of mFSP (m = 10—40 wt%) and 10IMP, and (b) durability of the

20FSP catalyst during three reaction cycles.

The catalytic CO-oxidation performance of the FSP-made Ag clusters was examined. Figure 1 shows

CO conversions for the mFSP (m = 0-40 wt%) and 10IMP catalysts. Notably, mFSP exhibited CO-

oxidation activity at 25 °C, with 20FSP delivering a conversion of 16% at a relatively high gas feed rate

(60 Lstp h™' gea "). The highest conversions were achieved over 20FSP and 30FSP, which suggests that
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20-30 wt% is the optimal Ag content. These catalysts (20FSP and 30FSP) delivered more than 95% CO

conversion at 100 °C. In contrast, the wet-made catalyst (10IMP) exhibited a light-off temperature of

around 80 °C, which is comparable with those of other reported Ag/TiO; catalysts. [26, 27] Therefore,

the FSP-made Ag catalysts show superior oxidation activities than conventional Ag catalysts.

The catalytic durability of 20FSP was examined through repeated reactions in the 25-200 °C range.

Figure 1b shows the CO conversion of 20FSP during three reaction cycles, which reveals that the second

cycle delivered a slightly lower conversion than the first cycle, but it was identical to that observed in the

third. Cyclic testing revealed that 20FSP is highly durable despite the slight performance degradation

observed following the initial cycle.

B 1st cycle (after catalyst preparation)
. g ;8E§E _ 08+ Il 2nd cycle (after O, exposure)
w081 O 30FSP % Ei
S ¥ 40FSP % °
£ 10IMP E 06
~ 0.6 1 -
c O 4
2 % B 0 z
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> o
2 ve © c
5 oY g
~021 B v o 021
T o
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Figure 2 (a) Amounts of H, consumed by the catalysts as functions of temperature. (b) Amounts of
reactive oxygen species (ROS) in the catalysts during the first (after catalyst preparation) and second
(after ROS regeneration by exposure to O) cycles.

The oxidation activity of a Ag catalysts can be correlated with the amount of reactive oxygen species

(ROS) produced by the catalyst. Accordingly, we evaluated, the ROS contents of the catalysts by H»

pulse titration, in which the introduced H, reacts with ROS in the catalysts (xH, + AgO, — Ag + xH,0);
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consequently the amount of ROS is determined from the amount of consumed H,.

Figure 2a shows the amounts of H, consumed by the mFSP and 10IMP as functions of temperature in

the 50200 °C range. H, consumption was observed to increase over each catalyst as the titration

temperature was increased from 50 to 150 °C. Consumption was observed to plateau above 150 °C,

which indicates that almost all of the ROS were consumed by H; at 150 °C. These ROS reaction-

temperature profiles are consistent with observations of Seyedmonir et al. [28], who reported that ROS

on the Ag surface had reacted with H, below 170 °C. Therefore, we evaluated the amount of ROS

produced in each catalyst by titration at 150 °C.

The catalysts were exposed to O, via O, pulse titration at 150 °C following H, titration; this exposure

regenerated ROS on the Ag surface. The amount of regenerated ROS was then evaluated by Hs titration,

the result of which are displayed in Fig. 2b. The ROS contents of the as-prepared mFSP catalysts (first

cycle) were observed to increase with increasing Ag content. The regenerated ROS contents in the mFSP

catalysts following O, exposure (second cycle) are comparable to those observed in the first cycle, with

only 30FSP and 40FSP showing slightly lower values. In contrast, 10IMP produced significantly less

ROS during the second cycle, which suggests that titration changes the structure of 10IMP and/or that the

Ag in the 10IMP catalyst is not active toward molecular oxygen. The low stability and reactivity of

10IMP are attributable to its inferior CO-oxidation activity when compared to that of the mFSP series

(Fig. 1a). Among the mFSP catalysts, 20FSP appears to contain the optimal amount of Ag because it

produced the most ROS and was most stable when cycled.

3.2 Material properties of the FSP-made Ag—TiO: catalysts

CO-oxidation test and the pulse-titration experiments revealed that the FSP-prepared catalysts have
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promising activities. Unique Ag/TiO; interactions formed when Ag—TiO, was synthesized by FSP,

resulting in the formation of TiOx (x < 2). [17] How these interactions affect catalytic activity were

investigated by PXRD to determine the presence and stability of the TiO; species.

PXRD patterns of mFSP and 10IMP are displayed in Fig. 3. Anatase TiO; is the major crystalline phase

in OFSP (devoid of Ag). The inclusion of Ag led to a metallic Ag peak at 44°, irrespective of the

preparation method used (FSPx or IMP). In contrast, the PXRD patterns of the mFSP catalysts exhibited

peaks that correspond to crystalline TiO, (x < 2) at 29° and 33° [17], and their intensities were observed

to increase with increasing Ag content. The positions of these peaks (29° and 33°) are similar to those of

the bronze TiO- phase formed by FSP, [29] albeit with the characteristic peak at 15° ascribable to bronze

TiO; absent in the PXRD patterns of 10—40FSP. Moreover, peaks corresponding to TiOx were not

observed in the PXRD pattern of 10IMP, the wet-prepared Ag/TiO». Therefore, we conclude that sub-

stoichiometric TiOy is formed via Ag—TiO, interactions as particles are produced in the flame. These

interactions led to the formation of small Ag particles.

Ag crystallite sizes are listed in Table 1. When the Ag content was 10 wt%, the crystallite size of

10FSP was smaller than that of 10IMP. By increasing the Ag content. Notably, 40FSP contains smaller

crystallites than 10IMP, despite it containing four-times the amount of Ag. It should be noted that the

mFSP catalysts were calcined in 350 °C, which is above than Tammann temperature of bulk Ag

(~344 °C) [16]. Therefore, interactions formed during flame synthesis strongly bind the Ag to the

titanium oxide support, which suppresses Ag-particle sintering above the Tammann temperature.

Additionally, the much larger surface area of mFSP compared to that of 10IMP is attributable to its small

Ag particles.

10
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O TiO, (Rutile) ¢ Ag | ©

10IMP N

10 20 30 40 50
1 Diffraction angle, 2 6, degree

2 Figure 3 PXRD patterns of mFSP (m = 0—40 wt%) and 10IMP.

3  Table 1 Specific surface area (SSA) of each catalyst and its Ag crystallite size (dxrp-ag)

Catalyst dxrp-Ag, NM SSA, m? gey !
OFSP N/A 209
10FSP 3 198
20FSP 4 164
30FSP 5 147
40FSP 7 120
10IMP 10 45
4
5 The stability of the Ag-TiO, interaction during the reaction was also examined. Figure 4 reveals that the

6  PXRD patterns of 20FSP acquired before and after three reaction cycles are identical. For instance, the

7  peaks for the TiO, phases were equally intense before and after reaction. In addition, Ag crystallite size

8  also remained unchanged, at 4 nm. Therefore, interactions within the mFSP sample remain stable during

9 the reaction; these interactions are attributable to the highly active and durable catalytic activity of

10  20FSP, since they are only formed in the catalysts prepared by FSP.

11
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Figure 4 PXRD patterns of 20FSP before and after three reaction cycles.

The PXRD patterns in Fig. 3 suggest that the Ag crystallites in the mFSP samples are smaller than

those in 10IMP. However, very small Ag clusters are not detectable by PXRD; consequently, the actual

sizes of the Ag particle in the catalysts remain unclear. Hence, we used microscopic imaging to

determine the sizes of the Ag particles. Figure 5 shows HAADF-STEM images of 20FSP, 40FSP, and

10IMP, with additional images provided in the Supporting Information (Fig. S1 and S2). 20FSP is

predominantly composed of small Ag clusters (bright spots) deposited on titanium oxide particles (gray

regions). Relatively large Ag particles (~10 nm) were observed to dominate as the Ag content was

increased to 40 wt% (40FSP), while both Ag clusters (1-2 nm) and relatively large Ag particles (~ 10

nm) were observed in the case of 10IMP.

12



Figure 5 HAADF-STEM images of 20FSP, 40FSP, and 10IMP.

Ag-particle size was quantified by measuring at least 500 particles for each sample. Figure 6 shows the
volume-based size distributions of the Ag particles in the mFSP and 10IMP catalysts. While small Ag
clusters (< 3 nm) appear to dominate at m < 20 wt%, the fraction of relatively large Ag particles (3—10
nm) was observed to gradually increase with increasing Ag content in the mFSP catalysts. In contrast, the

13
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wet-prepared 10IMP catalyst exhibited a bimodal Ag size distribution consistent with Ag clusters (<3

nm) and large particles. The fraction of Ag clusters in 10IMP (41%) was comparable to that in 30FSP

(49%), although 30FSP contains three-times less Ag than 10IMP, which indicates that the flame-induced

Ag-TiO; interactions stabilize small Ag clusters. The existence of Ag clusters in the mFSP samples is

attributable to the abundance of ROS (Fig. 2) ascribable to the large surface area of Ag. In contrast,

10IMP contains less ROS than mFSP despite containing Ag clusters. Furthermore, the ROS in the mFSP

catalysts are regenerated by exposure to O,, which is behavior that 10IMP is not endowed with.

Therefore, the formation of ROS as well as catalytic activity is not only influenced by Ag particle size

but also by other properties.
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Figure 6 Size distributions of mFSP (m = 10—40 wt%) and 10IMP

As discussed in the Introduction, the Ag oxidation state plays an important role in determining the
activity of a Ag catalyst. Oxidation states were evaluated using XPS and AES. Ag® and Ag" have XPS
peak that are difficult to distinguish because they differ by only 0—0.3 eV. Consequently, we determined
the Ag oxidation state from the Auger parameter a (= Es + Ex, where Ep and Ej are the XPS-determined
binding energy and AES-determined kinetic energy, respectively).

14
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Figure 6 shows Ag 3d XPS and Ag AES spectra of the mFSP (m = 1040 wt%) and 10IMP. The AES
and XPS peak locations were corrected by setting the Ag 3d XPS peak to 382.2 eV (Fig. 6a). In this case,
10IMP exhibited an Ag NaMassMas Auger peak at 357.7 eV, while the mFSP exhibited peaks in the 355—
356 eV range regardless of Ag content. The Ag N4MasMas Auger peaks of metallic Ag and Ag,O are
located at 357.8 and 355.9 eV, respectively (dotted lines in Fig. 6b), when the Ag 3ds,» XPS peak is set to
382.2 eV because metallic Ag [30] and Ag,O [31] have « values of 726 and 724 eV, respectively.
Consequently, the Ag in 10IMP is in its metallic oxidation state, whereas mFSP has a similar Ag
oxidation state to Ag,O. The kinetic energies of mFSP (355-356 eV) are slightly lower than those
reported in the literature for Ag,O (355.9 eV). Kaushik [32] reported that the N4aM4sMas Auger peaks of
Ag" vary between 355 and 356 eV, depending on the compound (e.g., Ag2CO3, Ag>SOy). Therefore, we
conclude that Ag exists in the form of Ag"” in mFSP, with a binding state different to that of Ag,O. The
superior CO oxidation activities of the FSP-prepared catalysts are possibly ascribable to their unique

oxidation states.

374 372 370 368 366 364 34 345 350 355 360 365
Binding energy, eV Kinetic energy, eV

T
378 376

Figure 6 (a) Ag 3d XPS spectra and (b) Ag AES spectra of mFSP (m = 10—40 wt%) and 10IMP.
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The oxidation states of the Ti in the mFSP samples also differ from that in 10IMP. Figure 7a shows the
Ti 2p XPS spectra of mFSP and 10IMP. The spectrum of 10IMP exhibits two peaks at 458.8 and 464.6
eV that correspond to the Ti 2pi, and 2ps» binding energies of Ti**, respectively. [33] Ti’" and Ti**
exhibit Ti 2pi,» binding energies that are 1.5 and 3.5 eV lower than that of Ti*", respectively (dotted lines
in Fig. 7). [34] Accordingly, the Ti in the TiO, in 10IMP exists predominantly in its 4+ state, consistent
with the PXRD data (Fig. 3).

The mFSP samples exhibit Ti 2p1 peaks that lie between those of Ti** and Ti**, and gradually shifted
to lower energies with increasing Ag content, which indicates that the Ti*" fraction increases with
increasing Ag content. According to the PXRD patterns (Fig. 3), mFSP consists of TiO, and TiOy (x < 2);
accordingly the Ti in the TiO; exists in the 3+ oxidation, consistent with the electron paramagnetic
resonance data previously reported by us [17]. Indeed, the higher Ti*" fraction in response to the Ag
content is consistent with a higher TiO, fraction, as confirmed by PXRD. Hence, Ti** species are formed
by interactions involving titanium oxides because the Ti** fraction is related to the Ag content; these
interactions are presumed to be ascribable to electron transfer from the titanium oxides to Ag that lead to
the formation of both Ti*" and cationic Ag species. The high catalytic activities of the mFSP catalysts are
attributable to these interactions, which are induced during flame synthesis, because these interactions
are only observed for the FSP-made catalysts.

Interactional stability in the flame-made Ag-TiO, was examined based on the oxidation states of Ag
and Ti in 20FSP following reaction. Figure 8 shows the Ag AES and Ti 2p XPS spectra of 20FSP before
and after three reaction cycles. The AES (Fig. 8a) and Ag 3d XPS (Fig. S3) spectra are unchanged
following the reaction. In addition, the Ti 2p XPS spectra acquired before and after the reaction are also

16
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identical, which indicates that the fraction of Ti** species in the 20FSP catalyst does not change during

the reaction. The Ti XPS spectra before and after the reaction are consistent with the intensities of the

TiOx peaks in the PXRD pattern acquired after the reaction (Fig. 4). As a result, the interactions formed

between the titanium oxides and Ag remain following the reaction. This interactional stability is

consistent with the observed durability of the catalyst.

T T T T T T
466 464 462 460 458 456
Binding energy, eV

Figure 7 Ti 2p XPS spectra of mFSP (m = 10—40 wt%) and 10IMP.

Before 7 b
= = = After

340 345 350 355 360 365 468 466 464 462 460 458 456
Kinetic energy, eV Binding energy, eV

Figure 8 (a) Ag AES and (b) Ti 2p XPS spectra of 20FSP before and after three reaction cycles.
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4. Conclusions

In this study, m wt% Ag catalysts supported on titanium oxides (mFSP) were synthesized by flame

spray pyrolysis (FSP). The mFSP catalysts exhibited superior catalytic activities for CO oxidation

compared to a conventional wet-made catalyst (10IMP). The FSP-based catalysts, particularly 20FSP

and 30FSP, showed outstanding CO-oxidation activities, even at room temperature. Moreover, 20FSP

demonstrated excellent durability over multiple reaction cycles. The high activity of 20FSP is attributable

to the abundant reactive oxygen species (ROS) produced in the catalyst, which can be regenerated by

exposure to O,.

Material characterization revealed that flame synthesis induces unique interactions between Ag and the

titanium oxides that stabilize small Ag clusters (< 3 nm) and lead to the formation of sub-stoichiometric

TiOx (x > 2) and cationic Ag species. Importantly, Ag particle size and the oxidation states of Ag and Ti

in 20FSP remained unchanged after repeated CO oxidation cycles, confirming that the abovementioned

interactions are stable. These interactions are considered crucial for enhancing catalytic performance

because they are only observed in the FSP-prepared catalysts and not in their wet-impregnated

counterparts. Therefore, FSP offers a promising route for fabricating highly active and durable Ag-based

oxidation catalysts.
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Characterization of catalysts

N; adsorption

N; adsorption was performed using a BELSORP-Mini II (MicrotracBEL Corp.). Before the measurements,
the samples were degassed at 150 °C under vacuum at < 1 kPa for 1 h. The specific surface area (SSA, m*
g") was calculated from the amount of adsorbed N on the particle surface at —196 °C by the Brunauer—
Emmett—Teller (BET) method.

Powder X-ray diffraction (PXRD)

The PXRD patterns of catalysts were obtained using a diffractometer (Rigaku Miniflex, Cu K, 40 kV, 15
mA). The crystallite size of metallic Ag was calculated from the peak at 44° using Scherrer’s equation
(Equation S1).

KA
B-cosb

Crystallite size [nm]= (S1),

where K (= 0.89) is the shape factor, 4 (= 0.154 nm) is the X-ray wavelength, f is the line broadening at
half the maximum intensity in radians, and 6 is the Bragg angle.

Electron Microscopy

The particle morphology was investigated by an ultra-high resolution scanning transmission electron
microscope (JEOL JEM-ARM200F) equipped with a spherical aberration corrector for a STEM probe.
The sample was dispersed in ethanol (Wako, purity > 99.5%) and the suspension was dropped onto a
carbon-coated Cu grid (Ohken shoji Co., NP-C15) to deposit the particles on the microgrid film of the grid.
The size distributions of Ag in the catalysts were obtained from TEM images by counting at least 500
particles with the software Image J.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) were performed using
an X-ray photoemission spectrometer (JEOL, JPS-9010) equipped with a Mg Ka radiation (hv = 1253 eV).
The pass energies were set at 20 and 50 eV for XPS and AES, respectively. The samples were mounted on
an aluminum plate with adhesive carbon tape, and the diameter of the measured spot was about 1 mm. The
base pressure of the system was below 1 x 107 Pa. To compensate for the eventual surface charging, built-
in electron and argon ion neutralizers were used. The Auger spectra of the samples were also measured

using the same instrument.
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Experimental results

Figure S1 STEM images of FSP-made Ag-TiO» (10,

20, 30 and 40FSP),
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Figure S2 STEM images of 10wt% Ag supported on commercial TiO; (Evonik, P25) prepared by
impregnation.
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Figure S3 Ag 3d XPS spectra of 20FSP before and after 3 cycles of the reaction tests.
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