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ARTICLE INFO ABSTRACT

In deep memory of Prof. Maria Flytzani-
Stephanopoulos, a pioneer and leader in single-
atom catalysis among other subjects, and a
great mentor to younger researchers in
catalysis.

Obtaining stable single-atom catalysts (SACs) for high-temperature applications remains challenging due to the
thermodynamically favourable metal sintering under harsh reaction conditions. Taking advantage of the high-
temperature process conditions (> 1000 °C), we hereby report the preparation of thermally stable metal oxide-
supported single-atom Pt catalysts by flame spray pyrolysis. Among the four common supports (Al,03, SiO,, TiO,
and ZrO,) evaluated, single-atom Pt species were identified on Al,03, TiO, and ZrO,, among which ZrO, was the

best to stabilize atomically dispersed Pt. Compared to single-atom Pt catalysts prepared through the conven-
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tional impregnation method, samples synthesized by flame spray pyrolysis displayed excellent catalytic per-
formance in CO oxidation, methane combustion and methane partial oxidation reactions. Characterization re-
sults revealed that flame spray pyrolysis favoured the formation of tetragonal-monoclinic phase of ZrO, with
improved redox property, thus leading to enhanced catalytic activity in high-temperature applications.

1. Introduction

Single-atom catalysts (SACs), featuring isolated metal atoms an-
chored onto a host, are of great interest in diverse applications [1-26].
However, the synthesis of stable SACs for high-temperature applica-
tions remains a challenge [17,27,28]. While conventional syntheses of
SACs, such as coprecipitation [29-31], impregnation [32-35] and
electrostatic adsorption [36,37], are typically performed below 600 °C,
single-atom species on SACs fabricated at higher temperatures should
inherently possess increased thermal stability. Several high-tempera-
ture SACs synthesis methods have been reported [29,38-44]. For ex-
ample, a universal shockwave (1500-2000 K) method was developed to
synthesize single-atom Pt, Ru and Co catalysts [39]. The high tem-
perature process benefited the dispersion of metal atoms and promoted
the formation of thermodynamically stable metal-defect bonds. This
culminated in excellent catalyst stability when applied in CO oxidation
and direct methane transformation to C»-C¢ hydrocarbons. High-
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temperature atom trapping was also demonstrated in preparing a sinter-
resistant, atomically dispersed Pt/CeO, catalyst [40]. Pt atoms emitted
from Pt nanoparticles (NPs) at 800 °C were captured and anchored in
the most stable binding sites on CeO,. Furthermore, the transformation
of NPs to single-atom species at 900 °C was directly observed by in situ
environment transmission electron microscopy [41].

Flame spray pyrolysis has been demonstrated to be an effective
technique for synthesizing uniformly sized metal NPs [45-47]. Flame
spray pyrolysis has a few advantages to prepare supported metal cat-
alysts. First, the precursors are mixed in the solution, which allows the
homogeneous mixing of all the precursors at atomic level in the starting
phase [48]. Second, it is a single-step, cost-effective and scalable
method to produce catalysts at kilogram scale per hour [49]. Third, the
morphology and particle size of the catalysts can be effectively con-
trolled by tuning the synthetic conditions [49]. Besides, the high
combustion temperature, up to 1500—2000 °C, provides sufficient
thermal energy to disperse and place metal atoms onto the most stable
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sites on the support. Fast quenching prevents the vaporization and re-
combination of metal atoms (Ostwald ripening), as well as the sintering
of support due to overheating. NP catalysts prepared by flame spray
pyrolysis have been widely applied in selective hydrogenation [50],
methane combustion [51,52], selective oxidation of propylene [53],
and propane dehydrogenation [54] in the temperature range from room
temperature to 1000 °C. On the other hand, few examples of the high-
temperature catalytic application of SACs synthesized by flame spray
pyrolysis have been reported thus far. Two recent papers commu-
nicated the syntheses of single-atom Pd/TiO, catalyst using high-tem-
perature flame spray pyrolysis, but these catalysts were only tested in
solar light driven photocatalytic NOx removal [55,56]. Therefore, it
could not be deduced whether flame spray pyrolysis is indeed a viable
method to fabricate SACs for high temperature applications from the
existing literature.

Herein, we attempted the synthesis of Pt SACs by flame spray pyr-
olysis (> 1000 °C) over a series of oxide supports. As revealed by
Fourier transform infrared spectroscopy using CO as probe molecule
and X-ray absorption spectroscopy (XAS), the dispersion of single atoms
was highly dependent on the nature of the oxide support. Among the
four common supports (Al,03, SiO,, TiO, and ZrO,) examined, ZrO,
was found to exert the strongest stabilization effect. In contrast with
conventional wet impregnation method, flame spray pyrolysis pro-
cessed Pt catalyst on ZrO, displayed superior catalytic performance in
reactions such as CO oxidation (150-350 °C), methane combustion
(400-700 °C) and methane partial oxidation (300-700 °C).

2. Methods
2.1. Synthesis of Pt catalysts

In flame spray pyrolysis, the combustion of the fuel gas produces
high temperature, which could reach 1500 —2000 °C depending on the
processing conditions. The metalorganic precursor solution of the metal
and support then is atomized into liquid droplets by the atomizer, and is
transported to the flame zone with the help of the carrier gas. The
transformation of the precursor solution into solid catalysts occurs via
pyrolysis. Supported Pt catalysts were prepared using a flame reactor
with platinum acetylacetonate (Pt(O>CsH;),, Sigma-Aldrich, > 97.0
%), aluminium butoxide (AI[OCH(CH3)C,Hsl3, Sigma-Aldrich, > 97.0
%), tetraethylorthosilicate (Si(OCyHs),, Sigma-Aldrich, > 97.0 %), ti-
tanium butoxide (Ti(OC4Ho)4, Sigma-Aldrich, > 97.0 %), and zirco-
nium butoxide (Zr(OC4Hy),4, Sigma-Aldrich, 80.0 wt% in 1-butanol) as
the starting precursors of Pt, Al, Si, Ti, and Zr, respectively. The desired
amounts of each precursor were dissolved in xylene with a total pre-
cursor concentration (include both metal and support) of 0.5 M and a
flow rate of 3 ml/min (denoted as condition 1). Pt doping content was
fixed at 0.2 wt% in all samples. Mixture of precursors was injected
through capillary of the gas-assist nozzle through a syringe pump at a
flow rate of 3 mL/min. Methane and oxygen gas flow rate were adjusted
to 1.5 L/min and 3 L/min, respectively. These gases served as fuel for
the pre-mixed ignition flamelet and to support the spray flame. Oxygen
disperse gas was adjusted to 5 L/min. The pressure drop across the
nozzle was maintained at 1.5 bar. Thus obtained product was collected
as powder using gas fiber filter with the aid of a vacuum pump. Two key
parameters, including the total metal concentration and flow rate of the
precursor solution, were varied for the synthesis of Pt/ZrO,. Apart from
condition 1 (concentration 0.5 M, flow rate 3 mL/min), two more
conditions were tested (condition 2: concentration 0.3 M, flow rate 3
mL/min; condition 3: concentration 0.3 M, flow rate 2 mL/min). To
disperse single-atom Pt on ZrO,(m) or ZrO,(t) using wet impregnation
method, stoichiometric amounts of Pt(acac), (0.1 wt%, compared to
ZrO, support) was added to 5 ml of acetone and sonicated for 3 min.
ZrO, was then added to the above solution and stirred for 12 h at room
temperature. After the evaporation of the solvent, calcination was done
at 200 °C in the air for 1 h to get the final catalyst.
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2.2. Characterization of catalysts

High angle annular dark field scanning transmission electron mi-
croscopy (HAADF-STEM) were performed using an aberration-cor-
rected JEOL ARM200CF microscope operated at 200 kV. Transmission
electron microscopy (TEM) and scanning electron microscopy (SEM)
images were recorded on a JEM 2100 F (JEOL) and on a JEM-6700 F
(JEOL) microscope, respectively. N, adsorption — desorption isotherms
were obtained on Quantachrome NOVA-3000 system at 77 K. Before
the measurements, samples were degassed at 100 °C.

In situ diffuse reflectance infrared Fourier transform spectroscopy
(in situ DRIFTS) study of CO chemisorption was performed on an FTIR
spectrometer (Nicolet iS50) equipped with a mercury-cadmium-tell-
uride (MCT) detector. After loading 30 mg samples into the high tem-
perature chamber (Harrick equipped with ZnSn windows), pure N, at a
flow rate of 40 ml/min was introduced to the chamber for one hour at
room temperature. Subsequently, the background spectrum in the range
of 2300 —1800 cm ™! was collected and automatically subtracted from
the sample spectrum. Next, the samples were exposed to 5% CO in Ar
(40 mL/min) for 1 h to reach the CO saturation coverage. N, was
subsequently purged to remove the gaseous CO from the in situ cell and
the final spectrum was collected with 64 scans at a resolution of 4
cm ™. The H, temperature program reduction (H,-TPR) profile of the
supported Pt catalysts was conducted on a Builder PCSA-1000 instru-
ment equipped with a thermal conductivity detector (TCD) to analyse
the consumption of H,. 30 mg of catalyst was loaded in a tube and the
temperature of the sample was increased from room temperature to 550
°C in 5 vol. % H,/Ar with a heating rate of 5 °C/min. H, titration was
also performed on the Builder PCSA-1000 instrument. In a typical
measurement, 60 mg of catalyst was pre-treated in pure air at 100 °C for
30 min, then successive doses of H, gas were introduced using N as the
carrier gas at 100 °C (400 pL of 5% H,/N, per pulse).

X-ray photoemission spectroscopy (XPS) measurements were car-
ried out at a UHV surface science endstation located at the wide-range
beamline (TLS BL24A) of NSRRC. The details of the endstation can be
found in the previous publication [57]. In brief, a PHOIBOS 150 energy
analyzer (SPEC GmbH) in conjunction with an electron flood gun (5 eV,
70 pA) was used to acquire XPS data from the Pt/ZrO, samples. A low-
energy X-ray (270 eV) was applied to enhance the detection of Pt 4f
signals from the samples of very low Pt concentrations. The obtained
values of binding energy were referenced to Zr 3ds - core level of ZrO,,
with a commonly accepted value of 183.2 eV. Despite of a careful im-
plementation of charge neutralization, the spectral line shape was still
subject to distortion and broadening to some degrees. With this lim-
itation in mind, only the likely species present on the sample surfaces
were extracted from spectral fitting.

The Pt Ls-edge XAS spectra were measured at beamlines BL17C1
and BL44A at NSRRC. The Pt samples and the bulk PtO, reference were
measured in the fluorescence mode and the Pt foil was measured in the
transmission mode. The X-ray absorption near-edge structure (XANES)
and the extended X-ray absorption fine structure (EXAFS) were col-
lected at room temperature. Three scans were acquired and averaged
for each sample to improve the signal-to-noise ratio. ATHENA and
ARTEMIS programs were used for XAS data analysis. Inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) was conducted on
iCAP 6000 to determine the Pt loading in prepared Pt/ZrO, samples.
Pt/ZrO, catalysts were digested in aqua regia at 80 °C overnight, and
the obtained solution was filtered and diluted prior to analysis. Wide-
angle X-ray diffraction (XRD) analysis was conducted using a Bruker D8
Advance X-ray diffractometer. The data was collected in the range of
20 —80° with a scan rate of 2°/min.

2.3. The activity measurement

All the oxidation reactions were performed in a laboratory as-
sembled fixed-bed quartz tube reactor. The flow rate of gases was
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controlled by mass flow controllers. The concentration of each gas was
determined by an Agilent 7890B gas chromatography (GC) equipped
with a thermal conductivity detector (TCD). In each measurement, 30
mg of catalyst was placed between quartz wool and loaded in the
middle of the reactor. For the CO oxidation activity measurement, a gas
mixture (60 mL/min) containing 2.5 % O, and 2.5 % CO balanced with
Ar was introduced to the quartz tube. The quartz tube was heated to the
desired temperature for 30 min to reach steady state. Subsequently, the
concentration of CO and CO, were recorded to determine the CO con-
version. In the case of methane combustion, the feed gas of 0.25 %
methane and 4.75 % O, (Ar balance) passed through the catalyst at a
flow rate of 80 mL/min. The reaction temperature was increased from
200 to 700 °C at a temperature interval of 50 °C, and the gas species
were measured when the steady state was reached after waiting for 30
min at each temperature. For methane partial oxidation, the feed gas
contained 3.33 % methane, 1.67 % O, and balance Ar with a total flow
rate of 30 mL/min. The catalytic performance was tested in the tem-
perature range of 300—700 °C. The methane conversion and H,(CO,
CO,) selectivity are defined as below:

[CHA]in - [CH4]0ut X 100%

CH, Conversion (%) =
[CH4 ]in

[HZ ]out
2 [CH4]in -2 [CH4 ]ou[

H, Selectivity (%) = X 100%
[Co]out

CO Selectivity (%) =
[CH4 ]in - [CHA ]out

X 100%

[COZ ]out

CO, Selectivity (%) =
2 [CH4]in - [CH4]ou[

X 100%

Where [CH,];, represents the concentration of methane before the re-
action, while [CHy low, [Ha lous, [COlows, and [CO, ],y indicate the con-
centration of methane, H,, CO and CO, after the reaction, respectively.

3. Results and discussion

3.1. Preparation of metal oxide-supported Pt catalysts by flame spray
pyrolysis

The loadings of Pt in the catalysts with ZrO,, TiO5, SiO, and Al,03
as supports were determined to be around 0.2 wt% by ICP-OES. As
such, the freshly prepared catalysts were denoted as 0.2 Pt/ZrO,, 0.2
Pt/TiO,, 0.2 Pt/SiO; and 0.2 Pt/Al,O3, respectively. The morphology of
the as prepared catalysts was examined by SEM and TEM. The average
size of metal oxide supports was around 20 nm (Fig. S1), while no
obvious Pt nanoparticles were identified in the low resolution TEM
images (Fig. S2).

The oxidation state and coordination environment of Pt were re-
vealed by XAS at the Pt Ls-edge. As depicted in Fig. 1A, the normalized
XANES spectra of 0.2 Pt/TiO, and 0.2 Pt/ZrO, resembled that of bulk
PtO,, while the spectra of 0.2 Pt/Al,03 and 0.2 Pt/SiO, were almost
overlapped with that of Pt foil. From these, the oxidation state of Pt in
0.2 Pt/TiO, and 0.2 Pt/ZrO, might be 4 +, while Pt in 0.2 Pt/Al,03 and
0.2 Pt/SiO, was fully reduced. The Fourier-transform (FT) profiles of
the k3-weighted EXAFS and corresponding fitted results (e.g. intera-
tomic distance (R) and coordination number (CN)) are shown in
Fig. 1B, Fig. S3 and Tab. S1. The samples 0.2 Pt/Al,O3 and 0.2 Pt/SiO,
showed a strong first-shell peak corresponding well to the Pt-Pt co-
ordination of metallic Pt (Rp.p; =2.76 A, CNpepe = 7.4 and 8.1 for 0.2
Pt/Al,03 and 0.2 Pt/SiO,, respectively). The sizes of the Pt NPs in the
two samples were around 1.3 nm, estimated from the Pt-Pt coordina-
tion number based on face-centered cubic Pt structure and a spherical
model [58,59]. On the other hand, a dominant first-shell peak at 1.99 A
corresponding to the Pt-O bonding was observed for 0.2 Pt/TiO, and
0.2 Pt/ZrO,, [31]. The fitted values of Pt-O coordination number for 0.2
Pt/TiO5 and 0.2 Pt/ZrO, were close to 4, suggesting that the properties
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of TiO, and ZrO, seemed to play a determining role in dispersing and
anchoring isolated Pt atoms.

Using 0.2 Pt/ZrO, as an example, the effects of synthetic conditions
on the formation of single-atom Pt were investigated. Under normal
conditions, a higher flow rate of the precursor solution leads to a higher
pyrolysis temperature, [56] increased flame height, and longer re-
sidence time in flame, whereas less concentrated precursor solution
would result in the formation of smaller sized particles. The white line
intensity of all 0.2 Pt/ZrO, samples in the XANES spectra (Fig. S4A) was
similar, and all Pt samples showed a dominant Pt-O contribution in the
FT profiles of the EXAFS spectra (Figs. S3C and S4B). These results
indicated that the flame spray pyrolysis technique enabled the forma-
tion of isolated Pt on ZrO, over a broad range of synthetic conditions.
Furthermore, the Pt-O coordination structure was also modulated by
varying the flow rate and concentration of the precursor solution. For
example, when the concentration of the precursor solution was in-
creased from 0.3 to 0.5 mol/L, the Pt-O coordination number was tuned
from 5.2 to 4.3. As the coordination structure plays an important role in
determining the properties of SACs [60,61], it is expected that the
catalytic performance of the SACs prepared by flame spray pyrolysis
could be optimized by varying the synthetic conditions.

The dispersion of Pt atoms on ZrO,, TiO,, SiO, and Al,O3 was fur-
ther examined by CO adsorption using in situ DRIFTS technique. As
shown in Fig. 1C, the as-prepared 0.2 Pt/SiO, showed one peak at 2079
em ™!, This signal is assigned to linearly adsorbed CO on metallic Pt
atoms, indicating the dominant formation of Pt NPs on SiO,. The CO
adsorption peak at around 2090 cm ™! is assignable to linear CO ad-
sorption on positively charged Pt species. The broad CO signal between
2090-2020 cm ™!, observed for 0.2 Pt/Al,Os, 0.2 Pt/ZrO, and 0.2 Pt/
TiO, catalysts, indicates that both positively charged and metallic Pt
species are present [16,62]. Both EXAFS (Fig. 1B) and CO-DRIFTS
(Fig. 1C) techniques consistently suggest that 0.2 Pt/ZrO, possessed the
highest percentage of single-atom Pt among the four supports. Never-
theless, CO-DRIFTS spectrum indicated the presence of a small amount
of Pt NPs co-existing with Pt single-atom on the surface of 0.2 Pt/ZrO,,
but no Pt-Pt shell was identified in the EXAFS spectrum. This incon-
sistency is attributed to the different operating principles of the two
characterization techniques. DRIFTS is a surface sensitive analysis
technique whereas XAS elucidates the averaged bulk structural in-
formation with an error of 10-20 % with regards to the coordination
environment [63].

From above, we proved that high temperature flame spray pyrolysis
is a viable technique for the formation of single-atom Pt species across a
range of metal oxide supports. The stabilization of single-atom Pt is
highly dependent on support type, with ZrO, being most effective. As
confirmed by the HAADF-STEM images in Fig. 2 (vide infra), the iso-
lated Pt atoms are embedded into the matrix of ZrO, by occupying Zr**
positions during the high temperature synthesis process. Similar result
was reported by Li, Sautet and co-workers that the most stable con-
figuration for single-atom Rh on TiO, catalyst was the substitutional
structure in which Rh replaced Ti under calcination conditions [36]. In
our study, the EXAFS show that the density of single-atom Pt is much
higher on ZrO, and TiO, than on Al,O3 and SiO,, which can be ratio-
nalized by the relative size of Pt** and the size of the cation in the
oxide support. The ionic radius is 86, 74.5, 67.5 and 54 pm for Zr**,
Ti**, AI®* and Si**, respectively, while that number is 76.5 pm for
Pt** and 94 pm for Pt** [64]. During flame spray synthesis, the sub-
stitution of support cation by Pt cation is easier to occur on TiO, and
ZrO, considering their comparable cation radius and coordination re-
quirements [65].

To evaluate the catalytic performance of single-atom Pt species
without the interference from co-existing Pt NPs, 0.2 Pt/ZrO, was
treated in sodium cyanide (NaCN). This method is widely adopted in
the mining industry for the extraction of Au, Ag and other noble metals
from primary ores [66]. Flytzani-Stephanopoulos and others have also
demonstrated this method to be efficient in the selective removal of Pt
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Fig. 1. (A) The normalized Pt Ls-edge XANES and (B) the FT profiles of k®-weighted EXAFS of the Pt catalysts prepared by flame spray pyrolysis (0.2 Pt/ZrO,, 0.2 Pt/
TiO,, 0.2 Pt/SiO, and 0.2 Pt/Al,03) and reference samples of Pt foil and PtO,. The range of k for Fourier transformation was 3.9-10.9 AL (C) In situ DRIFTS of CO
adsorption on freshly prepared Pt samples. (D) In situ CO adsorption on 0.2 Pt/ZrO, that was washed by NaCN solution at different temperatures for 12 h.

and Au NPs from a mixture of single-atom species and NPs on oxide
supports [67-69]. The leaching was conducted in 2.0 wt% NaCN so-
lution under pH 12 at three different temperatures—room temperature,
40 °C and 80 °C. In situ DRIFTS of CO adsorption was performed to
examine the state of Pt species on the support post leaching. As ex-
hibited in Fig. 1D, the CO adsorption intensity on metallic Pt decreased
significantly after NaCN treatment at room temperature for 12 h com-
pared with untreated Pt/ZrO, (Fig. 1C), indicating the effectiveness of
the method to remove Pt NPs. Raising leaching temperature to 40 °C
lead to observation of CO binding solely on atomically dispersed Pt.
Further increasing the temperature to 80 °C resulted in the dis-
appearance of CO adsorption signals on either Pt single-atom or NPs.
This is likely due to the complete removal of Pt species from ZrO, under
harsh leaching conditions. The mass loading of Pt in Pt/ZrO, after
NaCN leaching at 40 °C was determined to be 0.1 wt.% by ICP-OES.
This particular sample was denoted as 0.1Pt;/ZrO,-flame for further
analyses.

The 0.1 Pt,/ZrO,-flame catalyst was characterised by aberration-
corrected STEM. Representative high angle annular dark field (HAADF)
images are shown in Fig. 2. As expected, no Pt nanoparticles were found
in the catalyst (Fig. 2A and S5). While Pt clusters around 1 nm can be
found occasionally (Fig. 2B), the vast majority of Pt species are atom-
ically dispersed (as highlighted with circles in Fig. 2C-D). Fig. 2C and
D, which show monoclinic ZrO, particles viewed from near [110] and
[553] respectively, [70-72] indicate that Pt atoms exclusively sit on Zr
sites. The dispersion of Pt for the 0.1 Pt;/ZrO,-flame sample was ex-
amined by H, titration at 100 °C (Fig. S6). No obvious H, uptake was
observed, probably as a result of the weak H, adsorption ability of the
0.1Pt;/ZrO,-flame sample. The Pt-O bond was the only identifiable
coordination shell as shown in EXAFS (Fig. S7A). XANES indicated that

the oxidation state of 0.1Pt;/ZrO,-flame was close to that of PtO, (Fig.
S7B), while the CO absorption on Pt atoms suggested a 2+ oxidation
state (Fig. 1D). This inconsistency was likely due to the reduction of Pt
species from 4+ to 2+ during the CO adsorption. Similar phenomena
was observed on single-atom Rh catalyst in which Rh®* was reduced to
Rh™* during CO treatment [73].

Fig. 3A illustrates the XRD pattern of 0.1Pt;/ZrO,-flame. Distinct
diffraction peaks assignable to tetragonal and monoclinic ZrO, were
identified, indicating the formation of tetragonal-monoclinic mixed
phase. Based on this, single Pt atoms dispersed on both tetragonal and
monoclinic ZrO, were fabricated by wet impregnation as control sam-
ples to contrast the advantages of single-atom Pt forged by flame spray
pyrolysis. The Pt mass loading was controlled as 0.1 wt%, and the
obtained samples were denoted as 0.1Pt;/ZrO,(m)-wet (m stands for
monoclinic) and 0.1Pt;/ZrO,(t)-wet (t stands for tetragonal), respec-
tively. The dominant existence of single-atom Pt was verified by CO
adsorption, which showed only one sharp peak at 2089 cm ™ that was
assigned to linearly adsorbed CO on atomically dispersed Pt species
(Fig. 3B). The isolated Pt atoms were found on the Zr sites by HAADF-
STEM (Fig. S8), in consistent with the literature report in which single
Pt atoms replaces the native oxide cation through wet impregnation
approaches [74,75]. The XRD pattern of 0.1Pt;/ZrO,(m)-wet and
0.1Pt;/ZrO,(t)-wet samples showed diffraction of ZrO,(m) and ZrO,(t)
without discernible Pt peak (Fig. 3A). The N, adsorption/desorption
isotherms and BET surface area were displayed in Fig. S9. The 0.1Pt;/
ZrO,-flame sample showed a lower surface area of 66 m?/g, likely due
to the formation of tetragonal-monoclinic ZrO, with high crystallinity
under high temperature.
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Fig. 2. Representative STEM-HAADF images of the 0.1Pt;/ZrO,-flame catalyst. (A) The low resolution TEM image. Pt clusters with size around 1 nm are highlighted
by white squares in (B). Atomically dispersed Pt species are highlighted with yellow circles. Images in (C) and (D) show monoclinic ZrO,(m) particles oriented close

to the [110] and the [553] zone, respectively, indicating that Pt atoms are located at Zr sites. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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Fig. 3. (A) XRD pattern of single-atom 0.1Pt; /ZrO,-flame, 0.1Pt;/ZrO»(t)-wet, 0.1Pt;/ZrO,(m)-wet and reference tetragonal/monoclinic ZrO,. (B) CO adsorption on
0.1Pt,/ZrO,(t)-wet and 0.1Pt;/ZrO,(m)-wet.
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Fig. 4. (A) CO conversion as a function of temperature from 150 to 350 °C over 0.1Pt;/ZrO,-flame, 0.1Pt;/ZrO,(t)-wet and 0.1Pt;/ZrO,(m)-wet before and after
thermal aging in 5% O,/Ar at 700 °C for 12 h. (B) The recyclability test of 0.1Pt;/ZrO,-flame in CO oxidation. (C) The CO oxidation performance of 0.1Pt;/ZrO»-
flame after thermal aging in 10 % H,O at 700 °C for 12 h. Reaction conditions: 2.5 % O,, 2.5 % CO balanced with Ar, 60 mL/min, 30 mg catalyst.

3.2. The catalytic performance of single-atom 0.1Pt;/ZrO, in CO oxidation

Catalytic CO oxidation to CO, is an industrially relevant reaction in
the removal of CO from H, rich atmosphere in fuel cell applications and
CO elimination from automobile exhaust [40]. The CO oxidation cat-
alysts used in diesel exhaust treatment system typically suffer from
severe thermal deactivation due to the sintering of active species at
high temperatures. The exhaust temperature may reach up to 750 °C
during the regeneration process of diesel particulate filter [76]. In ad-
dition, the engine exhaust usually contains discrete amounts of water
vapor, which negatively impacts the performance of oxidation catalysts.
Thus, enduring thermal and hydrothermal stability of the CO oxidation
catalyst are desirable properties in practical applications [77]. SACs
have been reported to shown excellent activity in CO oxidation
[73,78-80]. However, there are limited studies on the stability of SACs
in CO oxidation reactions [40,62,81].

Fig. 4A shows the CO oxidation light-off curve on single-atom Pt;/
ZrO, catalysts before and after 700 °C thermal aging. The T;¢p (tem-
perature at which 100 % CO conversion occurred) on freshly prepared
0.1Pt;/ZrO,-flame, 0.1Pt;/ZrO,(m)-wet and 0.1Pt;/ZrO,(t)-wet was
230, 280 and 300 °C, respectively. The 0.1Pt;/ZrO,-flame sample dis-
played much higher activity than 0.1Pt;/ZrO,(m)-wet and 0.1Pt;/
ZrO,(t)-wet samples. To gain insight into the activity difference of
0.1Pt1/ZrOy(m)-wet, 0.1Pt;/ZrO,(t)-wet and 0.1Pt;/ZrO,-flame, H-
TPR was carried out and the results are shown in Fig. 5. All the catalysts
displayed two reduction peaks. The peak at lower temperature was
assigned to the reduction of surface active oxygen species neighbouring
the Pt atoms, while the peak at higher temperature was ascribed to the
reduction of monoclinic or tetragonal phases of ZrO, [82]. Apparently,
the redox ability of the catalysts followed the order of 0.1Pt;/ZrO,-
flame > 0.1Pt;/ZrO,(m)-wet, 0.1Pt; /ZrO,(t)-wet, which was consistent
with the catalytic performance of the three catalysts in CO oxidation.
Compared with SAC Pt,/ZrO,, prepared by wet impregnation, the flame
spray pyrolysis prepared Pt;/ZrO, showed better redox ability, thus
rationalizing its higher catalytic performance in oxidation reactions.
Further, the three samples were then subjected to thermal aging at
700 °C for 12 h, after which the T;yp only slightly increased 10 °C from
230 to 240 °C for 0.1Pt; /ZrO,-flame, but increased more prominently at
40 °C for 0.1Pt;/ZrO5(m)-wet and 30 °C for 0.1Pt;/ZrO,(t)-wet. The
durability of 0.1Pt;/ZrO.-flame was also examined. As shown in
Fig. 4B, no discernible deactivation was observed in 5 cycles, with T;¢o
holding constant at 230 — 240 °C. Subjecting 0.1Pt;/ZrO,-flame to hy-
drothermal aging at 700 °C for 12 h resulted in a T;go value of 290 °C

(Fig. 4C), which was still lower than that of thermally treated 0.1Pt;/

ZrO,(t) and 0.1Pt;/ZrO,(m) at 700 °C. These data reveal the excellent

hydrothermal stability of single-atom Pt/ZrO, fabricated by flame spray

199

339
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258
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Fig. 5. Ho-TPR profiles of the 0.1Pt;/ZrO,-flame, 0.1Pt;/ZrO,(m)-wet and

0.1Pt;/ZrO,(t)-wet.

100

pyrolysis.

3.3. The catalytic performance of single-atom 0.1Pt;/ZrO in methane
combustion

Methane is regarded as a promising clean energy source and has
been widely used in various industrial applications such as natural gas
vehicles, gas turbine and fuel cells [83-87]. The direct methane com-
bustion conventionally occurs at above 1200 °C, thermodynamically
favouring the formation of undesired CO and NOy pollutants [88].
Catalytic methane combustion is able to reduce pollution emission,
improve methane utilization efficiency, and lead to a lower light-off
temperature [88]. The reaction activation energy was decreased from
100 —200 kJ/mol for direct methane combustion to 40 — 80 kJ/mol for
catalytic combustion [85].

Catalytic methane combustion over single-atom 0.1Pt;/ZrO,-flame
was investigated in 0.25 % methane and 4.75 % O,. For comparison
purposes, 0.1Pt;/ZrO,(m)-wet and commercial 5% Pt/Al,03 were also
tested. 0.1Pt;/ZrO,(t)-wet was omitted as ZrO,(t) was thermo-
dynamically less stable than ZrO,(m) [89], and 0.1Pt;/ZrO5(t)-wet
displayed poor activity in CO oxidation earlier. As exhibited in Fig. 6A,

single-atom 0.1Pt;/ZrO,-flame showed better methane combustion
activity compared to commercial 5%Pt/Al,O3 and single-atom 0.1Pt;/
ZrO,(m)-wet. The methane conversion at 450 °C for 0.1Pt;/ZrO,-flame
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Fig. 6. (A) The catalytic performance as a function of temperature and (B) the long-term stability test at 700 °C for 0.1Pt;/ZrO,-flame, 0.1Pt;/ZrO,(m)-wet and
commercial 5%Pt/Al,O3 in methane combustion. Reaction conditions: 0.25 % methane, 4.75 % O, 80 mL/min, 30 mg of 0.1Pt;/ZrO,-flame and 0.1Pt;/ZrO,(m)-
wet. To keep the total amount of Pt the same for better comparison, Al,O; was used to dilute the commercial 5% Pt/Al,Os.

was 14.5 %, which was about 2.5 times higher than 0.1Pt;/ZrO,(m)-
wet (5.8 %). The specific activity of the 0.1Pt;/ZrO,-flame at 700 °C
was 12.1 molyemane h™? gpe~ !, much higher than the reported single-
atom Pt;/FeO, (2.01 molpeane h™' gpe ') under similar reaction
conditions [29]. The activation energy was also determined while
keeping methane conversion below 10 % (Fig. S10). The values were
66.9 and 48.9 kJ/mol for 0.1Pt;/ZrO,(m)-wet and 0.1Pt;/ZrO,-flame,
respectively.

The long-term durability was also investigated at 700 °C, at which
both 0.1Pt,/ZrO,-flame and 0.1Pt;/ZrO,(m)-wet showed a similar in-
itial conversion of 82 %. The methane conversion over 0.1Pt;/ZrO,-
flame decreased only marginally from 82 % to 80 % after 7 h. A more
noticeable decrease from 82 % to 71 % on 0.1Pt;/ZrO,(m)-wet was
identified after the same duration. The commercial 5% Pt/Al,O3 ex-
hibited even faster deactivation, during which the conversion dropped
from 67 % to 50 %. To quantify the deactivation rate of Pt catalysts, a
typical first-order deactivation model was assumed and the deactiva-
tion constant ky was determined by the equation

_ 1n[(1 - Xﬁnal)/Xﬁnal] - ln[(l - Xinitial)/)(initial]

k
d t

X 100%

where t means the reaction time, and Xj,q) and Xiniiu represent the final
and initial methane conversion, respectively [90]. The deactivation
constant was 0.02 h™! for 0.1Pt;/ZrO,-flame, 0.06 h~! for 0.1Pt;/
ZrO,(m)-wet and 0.08 h™! for commercial 5%Pt/Al,O;. Among the
three samples investigated, 0.1Pt;/ZrO»-flame displayed the lowest
deactivation rate and the highest catalytic activity, verifying the ben-
efits of SACs formation by high temperature flame pyrolysis. The
electronic property of Pt in the 0.1Pt;/TiOs-flame before and after
methane combustion at 700 °C was surveyed by XPS. As shown in Fig. S
11, the Pty XPS peaks of the as-prepared 0.1Pt;/ZrO,-flame consist of
two pairs of doublets: the doublet at higher and lower binging energy is
assigned to Pt** and Pt?*, respectively. The dominant Pt species in the
freshly prepared 0.1Pt;/ZrO,-flame sample was Pt**. After methane
combustion at 700 °C, the Pt species in the spent 0.1Pt;/ZrO,-flame
were still in high oxidation state and the fraction of Pt>* was decreased,
as a result of the oxidation of Pt>* to Pt** in high-temperature oxi-
dation atmosphere (Fig. S11). The structure of the spent 0.1Pt;/ZrOo-
flame catalyst was further examined by CO adsorption and HAADF-
STEM, both of which proved that Pt species were still atomically dis-
persed after reaction (Fig. S12 and S13).

3.4. The catalytic performance of single-atom 0.1Pt;/ZrO, in methane
partial oxidation to syngas gas

Syngas production from methane has been receiving much attention
in recent years [91,92]. However, research on methane partial oxida-
tion over SACs has been limited. Thus, the performance of 0.1Pt;/ZrO,-
flame and 0.1Pt;/ZrO,(m)-wet in the reaction was investigated in the
range of 300—700 °C. As shown in Fig. 7 A-C, 0.1Pt;/ZrO,-flame
sample exhibits better methane conversion, H, selectivity and CO se-
lectivity than 0.1Pt;/ZrO,(m)-wet. Methane conversion and H, se-
lectivity on 0.1Pt;/ZrO,-flame reached around 40 % and 70 %, re-
spectively at 550 °C. In the case of 0.1Pt; /ZrO,(m)-wet, no formation of
H, and CO was detected below 550 °C. Instead, methane was pre-
dominantly transformed to CO, or carbon. Much less CO, was formed
on 0.1Pt;/ZrO,-flame compared to 0.1Pt;/ZrO,(m)-wet above 450 °C
(Fig. 7D). With regards to durability at 700 °C, 0.1Pt;/ZrO,-flame
maintained the methane conversion rates and selectivity towards H,
and CO for over 40 h (Fig. 8). The dispersion of 0.1Pt; /ZrO,-flame after
long term stability test was examined by CO adsorption. As shown in
Fig. S14, apart from the CO adsorption on single-atom Pt at 2082 cm ™ ?,
a small shoulder peak at around 2050 cm ™ that was assigned to CO
adsorption on Pt nanoparticles was also identified. Those results in-
dicate that a majority of single-atom Pt survived the stability test in
methane partial oxidation despite the H, generated in the system is well
known to induce the aggregation of single atoms.

4. Conclusions

In summary, we prepared and characterized single-atom Pt catalysts
on several oxide supports via flame spray pyrolysis. The effectiveness of
the method is dependent on the nature of supports with ZrO, showing
the best stabilization effect. The isolated Pt species were confined into
the matrix of ZrO, through substituting the Zr cations during the flame
spray pyrolysis process. In contrast with impregnation synthesized SAC
0.1Pt,/Zr0O,, the flame spray prepared catalyst with the same Pt content
exhibited a mixed tetragonal-monoclinic ZrO, support phase with im-
proved redox ability, thus enabling considerably enhanced high-tem-
perature catalytic performance in CO oxidation, methane combustion
and methane partial oxidation. This study shows that flame spray
pyrolysis is a promising and potentially general method to produce
thermally stable SACs for a range of reactions.
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