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ABSTRACT: Solid solution catalysts doped with Pd can be used to
enhance the low-temperature methane oxidation activity by increasing

the oxygen storage capacity, metal—support interaction, and oxygen
mobility. In this work, we systematically synthesized Pd-doped
Ce,Zr,_,0, solid solution catalysts using flame spray pyrolysis (FSP)

as a robust synthesis method to determine the synthesis—structure— -1
activity relationship for methane oxidation. We examined the impact Hrdd
of precursor molarity, liquid feed rate, and oxygen flow rate on the

oxygen vacancy percentage (OV%), Pd speciation, and metal—

support interaction. Our results indicate that increasing the liquid

feed rate or decreasing the oxygen flow rate in FSP results in higher

OV% of the Pd/Ce,Zr, ,O, catalyst. The catalysts with higher OV%

have weaker metal—support interaction and promote the formation of
peroxide species (O,*”). A lower precursor molarity leads to the formation of relatively larger PdO nanoparticles, which in turn
decreases Pd dispersion. Of particular importance, Pd speciation can be controlled by the equivalence ratio (ER). Catalysts
synthesized in ER < 1 favor the formation of incorporated Pd** species, while mostly finely dispersed PdO nanoparticles can be
observed at ER > 1. Finely dispersed PdO nanoparticles in Pd/Ce,Zr,_,O, exhibit higher turnover frequencies (TOFs) for methane
oxidation compared to those with more incorporated Pd** species. The TOFs at 400 °C of Pd/Ce, sZr, O, samples can be adjusted
from 0.10 to 0.21 s™' by modifying the synthesis conditions in the FSP, which impacts the OV% and Pd speciation of the catalyst.
The enhanced methane oxidation activity is attributed to the synergistic interaction among PdO nanoparticles, oxygen vacancies, and
peroxide species.
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1. INTRODUCTION

Methane is the primary component of natural gas and has the
lowest carbon-to-hydrogen ratio among all hydrocarbons. This
makes it an attractive energy source for internal combustion

enhance oxygen mobility, reducibility, and metal—support
interaction, shifting the T, for methane oxidation below 400
°C.'"""* However, the benefit of Zr incorporation or enhanced
Pd interaction with CeO,-based supports largely depends on

engines due to its high gravimetric energy density (55.6 MJ/
kg) and low emission of CO,, particulate matter (PM), and
NO,."” Despite its benefits in energy density and emissions,
unburned methane can slip through catalytic converters during
the cold start at low engine temperatures due to its high
molecular stability.*

Pd/CeO,-based catalysts have gained attention for their
methane oxidation at temperatures below 400 °C* due to the
active oxygen species provided by the Ce redox pairs (Ce*" and
Ce*") at low reaction temperatures.””’ Methane oxidation
generally follows the Mars—van Kravelin mechanism in which
CH, first adsorbs and dissociates to CH;~ on the PdO surface,
followed by its oxidation by oxygen from PdO. PdO is reduced
to Pd®* (0 < 6 < 2) and oxidized back to PdO by gas phase O,
or surface oxygen from the CeO, support, generating oxygen
vacancies (OVS).g’9 Hence, CH, activation on the PdO species
and the redox cycle of PdO species are essential steps for high
methane oxidation activity. Incorporating Zr*" ions into the
CeO, lattice forms a Ce,Zr,_,O, solid solution and can further
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the synthesis technique used. Alternative synthesis techniques,
such as solvent-thermal and solution-combustion syntheses of
Pd/Ce,Zr,_,0O,, can show superior methane oxidation activity
compared to coprecipitation and impregnation. Pd/
Ce,Zr,_,0O, synthesized via a solvent-thermal technique using
a block of copolymer followed by aging and calcination for 36
h can form a k-Ce,/Zr,_,O, phase, which improves the
interaction between Pd and support, enhancing oxygen
mobility.”*~"” The solution-combustion synthesis can incor-
porate Pd ions into the Ce,/Zr, ,O, due to the high
combustion temperatures, generating undercoordinated oxy-
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gen atoms and improving the Pd** redox ability.'>'® Despite
their benefits, these synthesis techniques can be lengthy and
produce undesired strong agglomerates. Alternatively, flame
spray pyrolysis (FSP) is a robust synthesis that can produce
nanoparticles (NPs) at high production rates with the desired
particle size,'®"? crzfstalline phase,zo’21 OV concentration,>?*
and morphology.”** To date, only a few articles have reported
the performance of flame-made catalysts for methane
oxidation, and those mainly focused on the effect of solvents
and dopant concentrations on methane oxidation activ-
ity.23’26’ 7 However, the impact of FSP combustion conditions
on PdO redox ability and its interaction with Ce Zr,_ O, have
not been investigated.

Our study focuses on understanding the synthesis—activity
relationship, which is fundamental to enhancing the low-
temperature methane oxidation activity of Pd/Ce Zr;_,O,. We
aim to investigate the impact of FSP synthesis conditions on
several factors, such as OV formation, metal—support
interaction, Pd dispersion, and Pd speciation of Pd/
Ce,Zr,_,0, solid solution catalysts. To achieve this, we have
conducted a thorough investigation and characterization of the
catalysts, including their crystallinity, phase, oxygen vacancy
percentage (OV%), reducibility, and Pd speciation. This
comprehensive data is systematically analyzed at different
liquid feed rates, oxygen flow rates, equivalence ratios (ERs),
and precursor molarity values to investigate the impact of the
synthesis conditions on methane oxidation performance.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. Pd/Ce,Zr,_,O, (where x = 0.66, 0.5,
and 0.33) catalysts were synthesized in an FSP reactor, as shown in
Figure 1. Cerium(III) 2-ethylhexanoate (Alfa Aesar, 49% in 2-
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Out = Filter paper
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Dispersion O, _ZEI e ey N 4
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Figure 1. Schematic image of FSP synthesis apparatus.

ethylhexanoic acid, 12% as Ce), zirconium(IV) oxide 2-ethyl-
hexanoate (Alfa Aesar, in mineral spirits, ~6% as Zr), and
palladium(II) acetylacetonate (Sigma-Aldrich, purity = 99%) were
used as precursors of Ce, Zr, and Pd, respectively. The specified
amounts of each precursor were dissolved in a 1:1 volumetric ratio of
2-ethylhexanoic acid (Sigma-Aldrich, purity > 99%) and toluene
(Sigma-Aldrich, anhydrous, purity = 99.8%). The molar ratios of Ce
and Zr used in the syntheses were 2:1, 1:1, and 1:2. The total molarity
of precursors dissolved in fuel was 0.2, 0.3, and 0.4 M. While the

precursors’ molarities varied, the Pd content kept constant at 0.8 wt%
in all samples. The mixture solution of precursor and fuel was injected
through a capillary of a stainless-steel gas-assisted atomizer (Schlick
Atomizing Technologies, Germany), dispersed to a fine spray by
oxygen dispersion gas, and ignited by CH,/air flat flame (CH,: 1 L/
min, air: 10 L/min) from the burner (Holthius and Associates,
McKenna burner) to produce particles. The liquid injection feed rate
was 2 and 3 mL/min (denoted as Lp, where p represents the liquid
flow rate) using a syringe pump (New Era Pump Systems Inc.,, NE-
4000). The oxygen gas flow rate was controlled by a mass flow
controller (Brooks) at 4—6 L/min (denoted as Oq, where q
represents the oxygen flow rate). The pressure drop at the nozzle
tip was fixed at 1.5 bar. The particles were collected on Whatman
glass microfiber filters (Sigma-Aldrich, grade GF/D, 257 mm in
diameter) located above the FSP nozzle using a vacuum pump.

The equivalence ratio (ER) is defined as the ratio of the actual
fuel/air ratio to the stoichiometric fuel/air ratio, as shown in eq I.
The synthesis conditions can be adjusted to the reducing synthesis
environment (ER > 1) and oxidizing synthesis environment (ER < 1)
by tuning the feed rate of the precursor and fuel mixture and the
dispersion gas flow rate.

(5)
O /actual

(6) W

2.2. Catalyst Characterization. The X-ray diffraction (XRD)
patterns of as-synthesized samples were characterized on a LEXI-
Rigaku Ultima III powder X-ray diffractometer using Cu K radiation
(1= 0.154 nm) and a power of 40 kV X 30 mA. The XRD data were
collected over a 26 range of 20—80° with a scan step size of 0.02° and
a scanning speed of 2°/min. Data processing, including background
correction and Ka, stripping, was accomplished using Rigaku data
analysis software. The crystallite size (d) of the samples was
determined using the Scherrer equation. The full width at half-
maximum (fwhm) of a prominent diffraction peak was corrected for
instrumental broadening and used in the Scherrer equation,

q= KA
3 cos O (2)

ER =

where K is the shape factor (0.9 is used in this work), 1 is the X-ray
wavelength, § is the corrected fwhm in radians, and 6 is the Bragg
angle corresponding to the peak position.

The surface areas of the catalysts were determined from Brunauer—
Emmett—Teller (BET) isotherms using N, adsorption at 78 K. The
samples were degassed at 300 °C for 7 h to remove the moisture prior
to the measurements. Assuming that the particles are monodispersed
and spherical, the equivalent BET particle size (dgpr) can be derived
from the calculated specific surface area (SSA) by eq 3,

dggr = 6000/p-SSA (3)

where dypr is expressed in [nm], SSA is in [m?/g], and p is the
density of nanoparticles in [g/cm?]. The equation assumes that the
particles are monodispersed and spherical.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images were taken on a JEOL JEM-
ARMB300F Grand ARM atomic resolution electron microscope at an
acceleration voltage of 300 kV. Elemental mapping images were
acquired with energy-dispersive X-ray spectroscopy (EDS). The
powder sample was ultrasonically dispersed into ethanol, and droplets
of the suspensions were deposited onto a holey carbon copper grid for
analysis. Up to 74 particles are counted to determine the particle size
distribution.

Raman spectra were acquired over a customized optical microscopy
platform based on the Renishaw InVia Raman microscope. 532 nm
(1.1 mW) has been utilized as the excitation source. Raman spectra
were collected in a frequency range of 30—1400 cm™'. Oxygen
vacancies of the samples are calculated from the peak fitting using the
peak area of the § and F,, bands as shown in eq 4,
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Figure 2. XRD patterns of (a) Pd/Ce;4,Zry330,, (b) Pd/Ce(sZ1y50,, and (c) Pd/Cey33Zry 4,0, samples synthesized at different molarities and
oxygen and liquid flow rates. (d) Lattice constant of solid solution samples as a function of Zr percentage (%). Black arrows indicate the tetragonal

ZrO, phase.

Aﬁ
——2 X 100%

Fzg + ov

ov% =
(4)

where Agy and Ag, are the areas of the OV peak and the F; peak,

respectively. The method to calculate the error bar of OV% is
provided in the Supporting Information.

The H, temperature-programmed reduction (TPR) experiments
were performed to investigate the surface or/bulk oxygen reduction
behaviors of the as-synthesized samples in the temperature range of
30—800 °C, using the 3Flex surface and a catalyst characterization
analyzer (Micromeritics). The SO mg sample, placed in a U-shaped
quartz tube, was first thermally treated under a 50 mL/min flow of N,
at 200 °C for 2 h to remove the adsorbed species on the sample
surface and then cooled down to 30 °C. The H,/Ar mixture (5%) was
injected at a flow rate of SO mL/min. The temperature ramping rate
was 10 °C/min. The TPR was recorded by a thermal conductivity
detector (TCD). The hydrogen consumption indicated by the
reduction peaks was calculated using CuO as the reference.

X-ray photoelectron spectroscopy (XPS) of the catalysts was
performed using a Kratos AXIS-Supra instrument equipped with a
dual Al Ka/Ag La monochromatic X-ray source (2984.2 eV). The
alpha hemispherical analyzer was operated in the constant energy
mode with survey scan pass energies of 200 eV to measure the whole
energy band and 50 eV in a narrow scan to selectively measure the
elements. The peak fitting for our data evaluation was processed using
CasaXPS software. An estimation of intensities was done after a
nonlinear “Shirley-type” background subtraction and fitting the
experimental curve to a combination of Gaussian (70%) lines and
Lorentzian (30%) lines. Binding energies are calibrated to the C 1s
line at 284.6 eV.

Time-resolved in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was carried out in a DRIFT cell (Harrick
Praying Mantis) using a Fourier transform infrared spectrometer
(Bruker VERTEX 70) equipped with a liquid-nitrogen-cooled

15573

mercury—cadmium—telluride (MCT) detector. The background
spectra were collected prior to introducing the CO. The gas mixture
of CO/N, (1000 ppm) was then injected at 10 mL/min into the
DRIFT cell. Both sample and background spectra were collected for
64 scans with a 4 cm™' resolution.

X-ray absorption spectroscopy (XAS) measurements of the Pd K-
edge were conducted in the 10-BM beamline at the Advanced Photon
Source (APS). The fluorescence yield mode of the samples was
collected using a four-element Vortex detector. Pd metal foil was
analyzed in transmission mode as a reference and for monochromatic
energy calibration. The percentages of Pd** and Pd’ for each sample
are determined by linear combination fitting using Athena.”®

The metal dispersion was calculated through H,-chemisorption.
100 mg of catalyst was loaded in a U-shaped quartz tube and
pretreated in a 50 mL/min flow of H, at 400 °C for 1 h. After that,
the sample was cooled to 35 °C and purged under Ar for 1 h. 10%
H,/Ar was passed through the sample tube at 35 °C at S min intervals
until the catalyst was saturated. The active Pd sites were calculated
fronglgg adsorbed H, volume, assuming a H/Pd stoichiometry factor
of 1.7

The actual Pd concentration was measured using a Thermo
Scientific iCAP RQ_inductively coupled plasma mass spectrometer
(ICP-MS). S g of sample was placed into a Teflon vessel, followed by
the addition of 40 mL of concentrated nitric acid. The sample was
heated to 200 °C at 800 W for 1 h in a microwave oven (CEM
MARSS) to obtain a homogeneous solution. The solution was diluted
with distilled water to a total volume of 100 mL. After that, additional
dilution was prepared with 1% (v/v) nitric acid.

2.3. Catalytic Activity Evaluation of Catalysts. Catalytic
activity tests for methane oxidation were carried out in a 4 mm i.d.
stainless-steel packed-bed reactor (PBR). 12.5 mg of catalyst powder
was placed between quartz wool layers. The inlet feed gas mixture,
composed of 0.5% CH, and 4% O, and balanced with N,, was
injected into the reactor by using mass flow controllers (Brooks

https://doi.org/10.1021/acs.energyfuels.4c01888
Energy Fuels 2024, 38, 15571-15586
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Table 1. Equivalence Ratio, Oxygen Vacancy Percentage, Hydrogen Consumption, Pd Content, Pd Dispersion, and the Ratio

of Pd** to Pd® in Pd/Ce,Zr,_,O, Samples”

H, consumptxon

(pmol g™*)

ratio (%) by

ratio (%) by XPS XANES

cryst BET BET  Part
size surf area size size ov
sample ER (nm) (m*/g) (nm) (nm) (%)
Pd/CeysZrysO, 0.70 6.11 94.7 9.8 6.2 23.8 56.0
-0.4M-L206
Pd/Ce(sZrysO, 0.84 7.94 75.1 12.4 8.2 25.1 683.1
-0.4M-L20S
Pd/CeysZrysO, 1.05 7.52 82.9 112 7.5 272 707.4
-0.4M-L204
Pd/CeysZrys0, 1.06 8.08 71.8 13.0 8.0 26.7 566.2
-0.3M-L204
Pd/ 1.06 8.64 61.4 15.1 8.7 26.3 496.2
Ce5Zr 50,
0.2M-L204
Pd/ 0.96 8.23 75.0 12.4 - 19.9 591.5
Ceq 67210330,
0.4M-L204
Pd/ 1.14 8.84 77.1 12.1 - 17.7 669.1
Ceg 6721,330,-
0.4M-L305
Pd/ 0.76 7.93 72.0 129 - 16.8 98.9
Ceq 67210330,
0.4M-L205

a peak fpeak «andf

Pd Pd
content  dis
(wt%) (%§ Pd* Ce* Oov  Pd*  pd®

777.5 0.85 24.7 71.4 20 34.0 79.4 20.6

total of

721.5
77.6 760.7 0.84 25.8 69.9 24 37.5 72.9 27.1
48.8 756.2 0.79 25.3 6S.1 30 38.0 72.4 27.6

108.7

674.9 0.80 23.9 - - - -

183.6

679.8 0.80 18.7 - - - - -

75.6 667.1 0.85 26.3 - - - -

0 669.1 0.85 24.2 - - - - -

568.3 667.2 0.85 24.0 - - - - -

“Cryst size: the crystallite size of Pd/Ce,Zr,_,O, calculated from XRD; BET size: equivalent BET particle size calculated from BET surface area;
Part size: particle size of Ce,Zr, O, nanoparticles measured from STEM images; Pd disp %: the percentage of Pd dispersion.

Instrument). The weight hourly space velocity (WHSV) was
maintained at around 56,600 mg/g h. Prior to the activity test,
samples were oxidized in an air flow at 200 °C for 120 min and then
purged with an inlet feed gas mixture for 20 min. The reactor was
placed into a furnace (MTI Corporation, GSL-1100X), and the
catalyst temperature was monitored by a K-type thermocouple
(OMEGA, HH802U) placed in the middle of the catalyst bed. The
furnace temperature was programmed from 30 to 450 °C. A duration
of 80 min was held at each temperature; the ramping rate was 10 °C/
min. The effluent gases were analyzed by gas chromatography (SRI
Instruments) with a flame ionization detector (FID) and a thermal
conductivity detector (TCD). The gas lines were heated to prevent
water condensation.

The catalytic activity of the samples was evaluated using the
temperature required to achieve 50% methane conversion (Ts,). The
methane conversion (%Xcy,) is defined as

CCH4,inlet - CCH4,0utIet
X 100%

CCH4,inIet (5)

%Xy, =

where Ccy inlee a0d Ccp, outer are the inlet and outlet CH,

concentrations in the feed stream, respectively. The reaction rates
of methane conversion are calculated by eq 6,

N Cenintet X %Xy, X Vo [mol s~ g ]
e e ré (6)

where Vi,

concentration at the inlet, respectively. Finally, the turnover frequency
(rrop) is calculated by eq 7,

and Ccy,jnier are the flow rate and the average methane

fen, X Mpg

1
frop= ———— [s7]
Dpq (7)

where rcy, Mpg, and Dpy are the methane conversion rate, the atomic

weight of Pd, and the Pd dispersion, respectively.
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3. RESULTS AND DISCUSSION

3.1. Structure and Morphology of Catalysts. The XRD
patterns of samples, including the commercial ZrO, and CeO,
reference samples, are provided in Figure 2a—c. The diffraction
peaks at 28.5°, 33.0°, 47.4°, 56.3° 58.9°, and 69.4° can be
attributed to the (111), (200), (220), (311), (222), and (400)
planes of the CeO, cubic fluorite structure, respectively.”””'
The diffraction peaks at 30.3°% 34.6°, 35.4°, 50.3° 50.8°, §9.5°,
60.3° and 62.9° can be assigned to the (101), (002), (110),
(112), (200), (103), (211), and (202) planes of the ZrO,
tetragonal phase, respectively.”” The XRD data of Pd (JCPDS
Card No. 46-1043) and PdO (JCPDS Card No. 43-1024) are
plotted at the bottom of each figure. Pd diffraction peaks
cannot be observed due to the low Pd amount, which is
common for Pd/CeQ, catalysts.””** Pd/Ceq ¢,Zry 330, samples
show only a cubic fluorite structure (Figure 2a), with crystallite
sizes ranging from 6 to 9 nm (Table 1), indicating the
formation of a solid solution. When the Zr concentration is
higher than the host concentration (Ce), Pd/Cey33Zr;6,0,
samples do not preserve the cubic fluorite structure, as shown
in Figure 2c, which is consistent with the literature.>> At
equimolar Zr and Ce compositions, FSP synthesis conditions
can determine the formation of a solid solution structure. As
shown in Figure 2b, Pd/Ce;sZrysO, samples synthesized at
L20S and L204 have the cubic fluorite structure without
phase separation, while Pd/CesZr, O, samples synthesized at
L30S indicate an additional peak at 30.1° which could be
induced by the tetragonal ZrO, (101) plane. L30S has an
equivalence ratio of 1.2, which leads to an oxygen-deficient
environment that may not favor a solid solution formation.
When Pd/CeysZrysO, and Pd/Cey4,Zry3;0, samples are
compared, the diffraction peaks gradually shift to higher 260
values with increasing Zr percentage. As shown in Figure 2d,
the lattice constant (a) decreases linearly mth increasing Zr
percentage, in agreement with Vegard’s law.”" This is because
the radius of Zr** ions (0.84 A) is smaller than that of Ce**

https://doi.org/10.1021/acs.energyfuels.4c01888
Energy Fuels 2024, 38, 15571-15586


pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c01888?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels pubs.acs.org/EF Article
(a) Cexzrl-x02 (¥ “70.300 nm 40.0%
O.Jol.n B Cexzri-x02 (111) Pd/Ceq 5Zrg 502-0.4M-L206
0.302 nm L 4 0.266 nm 3 particle size: 6.2 + 2.2 nm
Cexzr1-x02 (111) Cexzrl=xO2 (200)
g 0.267 nm 30.0%
0.302 nm <)
Cexzrl-x02 (111} =
0.303 nm  0.300 Am >
Cexzr1-x02 (111) S 20.0%
>
o
o
w
Cexzr1-x02 (200) "
0.304 nm 0.260 nm 10.0% +
Cexzr1-x02 (111)
0.0% t l. S
4 8 12 16 20
Particle size (d.nm)
7? Pd/Ceq 5Zrg 502-0.4M-L205
Cexzr1-x0z (111) 30.0% - particle size: 8.2 + 2.4 nm
0.302 nm
Gexzr1-x02 (111) Py
0.301 nm S
- 2 20.0%
Cexzrl-x02 (111)  0.304 nm S
0.310 am  Cexzr1-x02 (111) 08 3
o
o
w
10.0% +
0.0% T T v T
0 4 8 12 16 20
Particle size (d.nm)
40.0%
Pd/Ceq 5Zrg 502-0.4M-L204
A\
R particle size: 7.5 + 2.5 nm
0.302nm 302 1m
2(11D) . S
AL CexZil-x02 (111) 20.0%
b :
0.300 Am )
>
: %)
Cexzr1-x02 (111)| § 20.0%
Cexzr1-x02 (111) 0.318 om
o
m - 8
\ e
10.0% 4
0.0% y —
4 8 12 16 20
Particle size (d.nm)
Pd/Ceq 5Zrg 502-0.3M-L204
(Efmjm et 40.0% particle size: 8.0 + 3.8 nm
0.30 Za\
(11
CexZrl-x02 (200) —_
0.265 nm 3 30.0%
>
%)
0.266 c
0.304 nm Cod e S 200%
CexZrl-xO2 (111 CexZrl-x02 (111) g
s
Cexzr1-x02 (111) .
B Ceixzr1-x02 (200) 0.310 nm  O:318 Am 10.0%
£ Cex2Zrls
0.264 rm 0.0% } | 1 }
CexZel-x02 (200)
x02 (200) 4 8 12 16 20
Particle size (d.nm)
Pd/Ceq 5Zrg 502-0.2M-L204
Cexzr1-x02 (111) 0.570.5%2
0.310 nm # 30.0% - 7‘ particle size: 8.7 + 5.5 nm
Cexzrl-x02 (111) =
0.305 nm =
2 > 20.0%
/// CexZr1-x02 rzum* o °
0.312 nm 0.265 ni ]
Cexzr1-x02 (111) o
o
'
10.0%
7///_*
0.0% T v T
0 4 8 12 16 20

Particle size (d.nm)

Figure 3. HAADF-STEM image and particle size distribution of (a) Pd/CeysZry5-0.4M-L206, (b) Pd/Ce,sZry-0.4M-L205, (c) Pd/CeysZrs-
0.4M-L204, (d) Pd/CeysZrys-0.3M-L204, and (e) Pd/CeysZr,s-0.2M-L204.
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Figure 4. STEM bright-field images and STEM-EDS elemental mappings of (a) Pd/Ce,sZr,s-0.4M-L206, (b) Pd/Ce,Zr,s-0.4M-L20S, (c) Pd/
CesZry5-0.4M-L204, (d) Pd/CeysZrys-0.3M-L204, and (e) Pd/Ce(sZry5-0.2M-L204. Pd, Ce, and Zr are shown as yellow, blue, and green,

respectively.

ions (0.97 A) and the unit cell gradually shrinks when more
Zr** cations are incorporated into the lattice structure.'”***’

The solid solution samples are down-selected to investigate
the impact of precursor molarity (at the fixed liquid and
oxygen flow rates, i.e., Pd/Ce,sZrys0,-L204) and liquid and
oxygen flow rates (at the fixed molarity, i.e., Pd/Ceq¢;Zr;330,-
0.4M and Pd/CeysZrys0,-0.4M) on the catalyst’s structure
and catalytic performance. Because the Pd/Ce sZr, ;O,-0.4M-
L30S5 sample is not a perfect solid solution, an additional
synthesis condition (L206) is considered. This decision was
made based on our machine learning model,*® which suggested

that the perfect solid solution could be produced in Pd/
Cey.5Z1550,-0.4M-L206.

The specific surface areas (Sgpr) and equivalent BET
particle size (dgpr) are presented in Table 1. Pd/CeqZrysO,-
0.2M-L204 and Pd/Ce(Zr,0,-0.3M-L204 exhibit smaller
Sger compared to Pd/CeysZr;s0,-0.4M-L204, which is
consistent with the crystallite size calculated by XRD and
particle size measured from STEM images (Table 1). This
trend is attributed to the aggregation of the primary particles
for catalysts synthesized at higher flame temperature environ-
ments. The relatively large Sppr and small particle size of Pd/
Ce5Zry50,-0.4M-L206 are due to the high oxygen flow rate
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Figure S. Raman spectra of (a) Pd/CeysZry50,-0.4M-L206, (b) Pd/CeysZry50,-04M-L20S, (c) Pd/CeysZry50,-0.4M-L204, (d) Pd/
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used in synthesis. A high oxygen flow rate provides a fast-
quenching rate, reducing the residence time of particles in the
flame region, and thus confines the particle size to remain
small.

The HAADF-STEM images of samples and their particle
size distributions are shown in Figure 3. The nanostructures
shown in the HAADEF-STEM images are identified as
Ce,Zr,_,0O, crystallites with the lattice fringes of 3.04, 2.67,
and 1.87 A, corresponding to the (111), (200), and (220)
planes of cubic Ce,Zr,_,O,, respectively. The average particle
sizes of Ce,Zr;_,O, nanoparticles are calculated for each
sample, which are similar to their crystallite sizes, as shown in
Table 1. The particle size distributions in Figure 3a—c indicate
a single distribution averaging around 6—8 nm, whereas larger
particles around 20 nm can be observed in Figure 3d,e. The
heterogeneous particle size distribution observed at 0.2 and 0.3
M can be attributed to the higher combustion enthalpy
density, which can increase flame temperature and accelerate
particle size growth.

Detailed analysis of the HAADF-STEM images indicates
that Pd is mostly well-dispersed over the support, and no
segregated Pd entities are observed. Despite the challenges of
extracting any definitive conclusion from the images, the
dangling atoms located at the outermost surface of the (200)
plane and the rows located at the (111) surface (marked by
white arrows in Figure 3) might indicate the presence of highly
dispersed atoms and a monolayer of Pd atoms or islands,
respectively. As shown in Figure 4, the STEM-EDS elemental
mappings of samples mostly show highly dispersed Pd species
on the CeysZr, O, support. However, larger PdO NPs can be
observed on Pd/CeyZry,0,-0.3M-L204 and Pd/
Cey5Zrys0,-0.2M-L204 (marked by white circles in Figure
4d,e), which is consistent with the larger particle sizes and
larger equivalent BET particle size observed on these samples.
Additionally, the STEM-EDS elemental spectra of these five
samples (shown in Figure 4) are provided in Figure S1. Figure
S1f depicts the K-shell emission lines of C and Cu of the
carbon—copper grid used in the experiment. The emissions
lines of O, Co, Fe, and Si are attributed to the background.
When comparing Figure Sla—e to Figure S1f, no impurities
were detected on the catalysts.

3.2. Oxygen Vacancy Formation. The formation of OVs
can facilitate electron transfer at the metal and support
interface’” and can be characterized using Raman spectrosco-
py.” As shown in Figure S, the vibrational band at 464 cm™ is
assigned to the F,, band, which is induced by the short-range
order and chemical bonds-breathing mode of the Ce—O
interaction in the fluorite structure.*”*" The band at 560 cm™
is assigned to defect structures that include O*” vacancies in
the CeO, lattice,”"** while the band at 630 cm™! is attributed
to ZrOg-type defects.””**~* The band at 255 cm™ can be
assigned to the second-order transverse acoustic (2TA)* or
the t'-phase of ZrO,.’"* The 305 cm™ band shows a small
displacement of oxygen atoms on the axis, which implies the
presence of t”-phase ZrO,."’ Both t'- and t”-phases of ZrO,
can only exist in the Ce,Zr,_,O, solid solution system.’”
Typically, the tetragonal ZrO, phase shows vibrational bands
at 149, 224, 292, 324, 407, and 456 cm™'.>” These bands are
not observed in our samples, indicating the formation of a solid
solution, which is consistent with the XRD analyses.

The F,; band, a key indicator of oxygen sublattice disorder
and nonstoichiometry, offers valuable insights into the local
environment of Ce*" ions. The Raman spectra of 0.8 wt% Pd/

Ce0,-0.4M-L204 synthesized using FSP are shown in Figure
S2, in which a narrow F2g band at 457 cm™" is observed. In
comparison to the Raman spectra of pure CeO,, the
broadening and shift of the F,; band from 457 to 464 cm™
indicate a degraded symmetry of the cubic fluorite structure.
This is a result of the incorporation of Zr*" cations into the
CeO, lattice, suggesting a higher presence of surface oxygen
deficiencies in the Ce,Zr,_,O, solid solution than in pure
Ce0,."” The Raman spectroscopy of pure CeO, in Figure S2
revealed an OV peak in the 615—625 cm™" range, indicating an
OV% of 11.7%. By incorporating dopants such as Zr or Pd into
the CeO, lattice, the OV% can be enhanced up to 27.2%. This
enhancement in the OV concentration, as reflected by the
Raman spectra, is consistent with previous literature
findings.”>* The introduction of dopants into the CeO,
lattice induces a distortion in the crystal structure, promoting
the formation of OVs.' This enhancement of OVs in the
Ce,Zr,_,0, solid solution increases both the reducibility of the
bulk and the oxygen mobility from bulk to the surface, thereby
providing more surface oxygen species.48

The detection of the O—O stretching of peroxide species
(0,%7) adsorbed on surface defect sites at 830 cm™' *>*°
further confirms the existence of surface OVs on Ce,Zr,_,O,
supports. The absence of peroxide species in both Pd/
Cey67Z19330,-0.4M-L305 and Pd/Ce4,Zr430,-0.4M-L205
samples suggests a lower amount of surface OVs and a weaker
interaction between Pd and the Ce,Zr, O, support.

The band observed at 190 cm™" on all samples (except Pd/
Cey,67Z1433-0.4M-L30S) can be assigned to the A; mode of the
highly dispersed Pd** structures stabilized in a PdO, square-
planar coordination environment in the fluorite struc-
ture.”*”*" 1t is important to note that the B, mode of the
PdO, square-planar structure, typically located around 652
cm™!, may not be detected due to the relatively large OV band
(630 cm™). The absence of the 190 cm™ band on Pd/
Cey47Zr933-0.4M-L30S5 could be associated with the reducing
synthesis environment (ER = 1.2), which may not favor the
substitution of Pd atoms into the Ce/Zr,_,O, lattice. This
observation aligns well with the DRIFTS results (Section 3.4).

As shown in Table 1, the OV% of samples follows the order
of Pd/CeysZrys0,-04M-L204 ~ Pd/CeysZty:0,-0.3M-
1204 ~ Pd/CeysZrys0,-02M-L204 > Pd/CeysZrys0,-
0.4M-L205 > Pd/Cey Zrys0,-0.4M-L206 > Pd/
Ceo 7210 330,-04M-L204 > Pd/CeygrZry330,-04M-L305 >
Pd/Cey¢721y330,-0.4M-L205. The OV%s of all Pd/
CeysZrysO, samples are above 23%, higher than those of
Pd/Ce4;Zr) 330, samples. This is because OV% is correlated
with the Zr ion amount incorporated into the CeO, lattice and
Pd/Cey5Zry 5O, has low OV formation energy.”' The ERs for
Pd/Ce(sZry50,-0.4M samples produced at L204, L20S5, and
L206 are 1.05, 0.84, and 0.70, respectively (Table 1),
indicating that decreasing the oxygen flow rate induces more
OV% in Pd/Ce(sZr;50,-0.4M samples. Similarly, an increase
in the liquid flow rate can generate more OV in the samples.
Pd/Ceg¢;Zrg33;0,-0.4M-L30S has a higher ER (1.14)
compared to the ER (0.76) of Pd/Ceg¢,Zry330,-0.4M-L205,
inducing more oxygen defects. However, Pd/Ce¢,Zr(3;0,-
0.4M-L30S and Pd/Ceg4;Zry330,-0.4M-L205 have the
lowest OV% among all samples, which might be associated
with the absence of peroxide species at 830 cm™, as discussed
in Section 3.3. Lastly, the Pd/CeZr,;0,-0.4M-L204, Pd/
CeysZrys0,-0.3M-L204, and Pd/CeyZr,;0,-0.2M-L204
samples are synthesized at different precursor molarities but
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have similar ERs (around 1.0). Therefore, they show similar
OV%s, suggesting that precursor molarity does not affect the
OV formation.

To verify the impact of different oxygen flow rates on the
Ce* ratio and OV formation in the catalysts, the photo-
electron spectra of Ce 3d, O 1s, Pd 3d, and Zr 3p core levels
for Pd/CeysZt050,-0.4M-L204, Pd/Ce, sZt, s0,-0.4M-L205,
and Pd/Ce(Zr,s0,-0.4M-L206 are collected, as shown in
Figure 6a—c. The binding energies of these samples after the
peak fitting has been performed are listed in Table S1. The
core-level spectra of Ce 3d reveal the presence of Ce** and
Ce*, as shown in Figure 6a and Table Sla. Each core level
(3ds/, and 3d;/,) exhibits two satellite peaks associated with
Ce¥*.>»> Specifically, the 3ds), satellite peaks at u, = 881 eV
and u’ = 884 eV, and the 3d;,, satellite peaks at v, = 900 eV
and v/ = 903 eV, indicate the existence of OVs in the
CeysZry 5O, support. Additional satellite peaks (u = 882 eV, u”
=889 eV, and u” = 898 eV for 3ds,,; and v = 901 eV, v’ = 908
eV, and v’ = 916 eV for 3ds,) are attributed to Ce*, resulting
from interactions with the Ce 4f valence electrons after the 3d
core electron is emitted.”>"* The ratio of Ce** to Ce** (Table
1) is determined by the ratio of the sum of the areas of the
peaks corresponding to Ce*" (uy, u’, v, v') to the sum of the
areas of the peaks corresponding to both Ce** and Ce*" (u, v,
u”, v, v/, v"). The sample with a higher Ce*" ratio in XPS
demonstrates a greater concentration of OVs, as confirmed by
Raman spectroscopy. This correlation indicates that the
increase in Ce®" ions is associated with the formation of
OVs in the CeO, lattice.

Figure 6b shows the O 1s core-level signal of the fresh Pd/
CeysZry 5O, samples. As shown in Table S1b, three oxygen
species are present on the surface of the Pd/CejsZr,O,
catalysts.”* The first species, with a binding energy of 529
eV, is characteristic of lattice oxygen (O,) associated with
CesZry 5O, support. The species at 531 eV can be assigned to
defective oxygen sites (Op), which are considered to be more
reactive than lattice oxygen due to higher mobility. The species
(O,) at 532—533 eV is due to hydroxyl groups or adsorbed
water. The Oy concentration can be associated with the
activity; its relative concentration ratios are shown in Table 1.
Notably, Pd/CeysZry50,-0.4M-L204 exhibited the highest
relative concentration of Og matching well with the OV%
ranking calculated by Raman spectroscopy. This further
supports the result that OV formation increases with the
decrease in oxygen flow rate.

3.3. Reduction Profile and Metal—Support Interac-
tion. The TPR profiles of solid solution samples consist of
multiple hydrogen consumption peaks, as shown in Figure 7.
The a (70—120 °C), B (120—180 °C), y (180—250 °C), &
(250—450 °C), and 6 (>650 °C) peaks are attributed to the
reduction of finely dispersed PdO species, Pd** incorporated
into CeZr; ,0,, lattice oxygen derived from nonstoichio-
metric Ce,Zr,_,0,_,, surface oxygen of bulk Ce,Zr,_,O,, and
lattice oxygen of bulk Ce,Zr,_,0,, respectively.””* 3035757
The TPR profiles of pure CeO, or ZrO, are documented in the
literature.””>” In the TPR profile of pure CeO,,”® the peaks at
550 and 875 °C correspond to the reduction of surface Ce*"
and bulk Ce*" species to Ce’*, respectively. Unlike CeO,, ZrO,
is highly stable, and its TPR profile shows minimal to no
reduction peaks, with a typically flat profile, indicating minimal
reduction up to 900 °C.*> Compared to the TPR profile of Pd/
Ce02,49 the a, ¥, and 0 peaks shift to lower temperatures due
to the weak metal—support interaction between Pd and the
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Figure 6. XPS spectra of the (a) Ce 3d core level, (b) O 1s core level,
and (c) Pd 3d and Zr 3p core level of Pd/CeZr,0,-0.4M-L204,
Pd/Ce3Zrys0,-0.4M-L20S, and Pd/CeyZry0,-0.4M-L206 sam-
ples. u and v refer to the 3ds;, and 3d;/, spin—orbit components,
respectively.

Ce,Zr,_,O, support, which facilitates electron transfer,
increasing the reoxidation rate of Pd° to Pd**.'”"** A
double-peak feature in the a region is only shown for Pd/
Ceg5Zry50,-0.2M-L204, which could be related to the two-
step reduction of PdO species to Pd,O and Pd.*° The
reduction temperature of the a peak follows the order of Pd/
CesZrys0,-0.4M-L204 ~ Pd/CeysZry0,-03M-L204 =
Pd/CeysZrys0,-02M-L204 ~ Pd/Cey<Zrys0,-0.4M-L205
< Pd/CeysZry0,-04M-L206 < Pd/CeqerZry130,-0.4M-
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and oxygen flow rates.

L204 < Pd/Cey¢Zry330,-04M-L30S < Pd/Ce¢;Z1ry530,-
0.4M-L20S. A lower reduction temperature for finely
dispersed PdO species indicates a weaker metal—support
interaction®® and better oxygen mobility."** This order
follows the OV% ranking, indicating that the higher OV% in
the Ce,Zr,_,O, solid solution support can induce a weaker
metal—support interaction and facilitate the formation of finely
dispersed PdO species.

The Pd/Ce(¢;Zry330,-0.4M-L30S and Pd/Ce¢,Zry330,-
0.4M-L20S samples have the lowest OV%, hence the strongest
metal—support interaction. The peroxide species (0,*7)
adsorbed on the two-electron defect sites on the support
surface®” can act as intermediates during the reoxidation of the
reduced support,*” facilitating the electron transfer from Ce*
to Ce*". Considering that electron transfer is not favored on a
sample with strong metal—support interaction, the peroxide
species at 830 cm™! would not be observed on a sample with
low OV%.

XRD patterns for the spent samples following TPR
experiments indicate the formation of a cubic fluorite structure,
as shown in Figure S3. Figure S3 indicates that none of the
samples showed distinct t-phase ZrO, after TPR, indicating the
excellent thermal stability of the support.

The Pd/CeysZry0,-0.4M-L204, Pd/CeZr;;0,-0.3M-
1204, Pd/Ce,Zry0,-0.2M-L204, Pd/Ce,Zry<0,-0.4M-
L20S, and Pd/Ce(¢;Zr3;0,-0.4M-L204 samples exhibit a
small /3 peak at the tail of the & peak. Pd*" incorporated into
the Ce,Zr,_,O, support is more difficult to reduce than finely
dispersed PdO species, consistent with the literature.*”>*>
However, in the case of Pd/CeZr,50,-0.4M-L206 and Pd/
Ce67Z1r9330,-0.4M-L20S, the broad f peak implies that more
Pd is incorporated into the solid solution support. The 190
cm™ band in the Raman spectra agrees well with the
incorporated Pd** species in the TPR. The Pd/
Ce672r9330,-0.4M-L30S sample does not have incorporated
Pd** species, as shown by the absence of a 3 reduction peak
and a 190 cm™ band.

The amount of reducible oxygen extracted from a catalyst
can be determined by the H, consumption of each reduction
peak. The theoretical H, consumption for reducing all PdO

species is 3.76 pmol g~' based on the total Pd amount.
However, the total H, consumption of all catalysts (Table 1) is
much higher than this value, indicating the back spillover of
oxygen from the Ce,Zr,_,O, support to the Pd.*”*" The Pd/
CeysZry 5O, samples exhibit a larger total H, consumption
than the Pd/Ce¢;Zr;33;0, ones, which is consistent with the
OV% amount calculated from their Raman spectra. Although
the total H, consumptions for Pd/CejsZr;;0,-0.2M-L204
(679.8 pmol g7') and Pd/CeysZrys0,-0.3M-L204 (674.9
umol g7') are lower than that for Pd/CegsZry50,-0.4M-L204
(756.2 pmol g7"), all three catalysts have comparable OV%s
since their ERs are the same (Table 1). This suggests that Pd
dispersion plays a crucial role in H, consumption since it
facilitates H, spillover.”> As shown in STEM-EDS mapping
(Figure 4), higher precursor molarity has a lower flame
temperature, leading to a high Pd dispersion. When comparing
different liquid and oxygen flow rates for Pd/Ce, sZrysO,-0.4M
samples, L206 exhibits a higher total H, consumption than
L205 and L204. Since these samples have a similar Pd
dispersion, the higher H, reduction ability of L206 may be
related to the incorporated Pd** species, as they can facilitate
oxygen transfer. This also suggests that a higher oxygen flow
rate and a lower ER can favor the formation of incorporated
Pd** species.

Pd dispersion of solid solution samples ranges from 18% to
26%, as shown in Table 1. Samples synthesized at 0.4 M show
similar Pd dispersion, suggesting that the Ce:Zr element ratio
and liquid and oxygen flow rates do not affect Pd dispersion.
The comparison between samples synthesized at 0.2, 0.3, and
0.4 M suggests that the higher flame temperature can promote
the growth of nanoparticles and decrease dispersion. The 0.2
M sample has a much lower dispersion (18.7%) than the 0.4 M
sample, suggesting the formation of aggregated Pd species,
which agrees well with the STEM-EDS elemental mappings of
0.2 and 0.3 M samples (Figure 4d,e). It is important to note
that Pd dispersions on solid solution catalysts synthesized in
this work are in the range of those synthesized using solvent-
thermal, coprecipitation, sol—gel, solution-combustion, and
wet impregnation synthesis processes.ls_n’64

3.4. Surface Speciation of Pd Species. Pd 3d core-level
spectra of Pd/Ce sZr, 0,-0.4M-L204, Pd/Ce sZr; s0,-0.4M-
L20S, and Pd/Ce;sZr;50,-0.4M-L206 samples in Figure 6¢
exhibit two Pd 3ds/, peaks, at 335 and 337 eV for Pd’ and
Pd**, respectively. As shown in Table Slc, the binding energy
of Pd° is consistent with the previously reported values for Pd
foil at 334.9 eV. However, the binding energy of Pd** is higher
than the reported value of PdO (336.8 eV), suggesting that the
PdO NPs are highly dispersed, consistent with the DRIFTS
and STEM data.> Additionally, Zr 3p core-level photoelectron
spectroscopy shows a single peak at 332.9 eV for Zr 3p;,,
corresponding to Zr0,.°>®” The ratio of Pd** was calculated
based on the areas of Pd 3ds,, core-level peaks for Pd** and
Pd°. As shown in Table 1, Pd/Ce, ;Zr, s0,-0.4M-L206 has the
highest ratio of Pd*" among the three samples, consistent with
its highest total H, consumption in the TPR results.

In X-ray photoelectron spectroscopy (XPS), the character-
ization of Pd/CeO, structures can differentiate between large
and dispersed PdO NPs. However, it fails to differentiate
atomically dispersed PdO structures, as all dispersed PdO
species show a Pd** binding energy at 337 eV.>* To determine
Pd speciation on solid solution samples, in situ CO adsorption
DRIFTS experiments were carried out.””*® As shown in Figure
8, the Pd-CO adsorption bands are separated into four regions.
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Figure 8. Room temperature CO adsorption DRIFTS of Pd/
Ce(5Zry50,-0.4M-L206, Pd/Ce, sZr, s-0.4M-L20S, Pd/Ce( sZry sO,-
0.4M-L204, Pd/CeyZrys0,-0.3M-L204, Pd/CeyZty;0,-0.2M-
L204, Pd/CepgrZry1304-0.4M-L204, Pd/CeqgrZro1304-0.4M-
L305, and Pd/Cey¢,Zr)330,-0.4M-L20S after 10 min CO exposure.

In Figure S4, peak fittings for each DRIFT spectra shown in
Figure 8 are displayed to clearly depict each peak. The black
curve represents the raw data, while the purple curve shows the
fitted composite peak. The light blue, dark blue, green, and red
curves are centered at 2070, 2095, 2082, and 2136 cm™),
respectively. The bands at 2082 and 2095 cm™' represent
linear CO adsorgtion at the edge and facet of Pd° NPs,
respectively.*”*””" The spectral region from 2000 to 2050
cm™! is associated with Pd® clusters covered by O atoms.*””"”*
The wide peak in the range of 1850 to 1950 cm™" is attributed
to the two- and three-fold adsorption sites on Pd’.****%7% pd+
species are generally observed at 2117 cm™,*” but they are not
clearly observed in our samples, possibly because of over-
lapping bands. The vibrational bands of Pd** structures formed
over the CeO,-based supports are controversial in the
literature. Some works assign the vibrational bands between
2134 and 2139 cm™ to highly dispersed Pd** species,”"”>"*
while others attribute the 2147 and 2139 cm™ bands to highly
dispersed, fully coordinated Pd*" and coordination-unsaturated

Pd?* species, respectively.”” In our study, we assigned the 2136
cm™" band to the Pd** incorporated into Ce,Zr,_,O,.

All samples synthesized at the oxidizing environment in FSP,
except Pd/Ce¢,Zry33-0.4M-L305, show incorporated Pd*
species at 2136 cm™!, which is consistent with the TPR
analysis and peroxide band in the Raman spectra. Figure SS
depicts the time-resolved room-temperature CO adsorption
DRIFTS of these samples, collected over a period of up to 30
min subsequent to exposure to 1000 ppm of CO. Pd/
Cey 47210 330,-0.4M-L205 exhibits a small 2136 cm™ band at
2 and 5 min of CO exposure, as shown in Figure SSh, but it
gradually disappears after 10, 20, and 30 min of CO exposure.
This indicates that the incorporated Pd** ions may not be
stable in Pd/Cej4;Zry330,-0.4M-L20S. To investigate the
stability of the CO adsorbed on Pd species, temperature
ramping experiments were conducted up to 500 °C after
exposing the samples to CO for 30 min, as shown in Figure S6.
In Figure S6, DRIFT spectra were collected at intervals of 100
°C. With increasing temperature, the CO-Pd bonding
(indicated by 2100 and 2080 cm™' bands) weakens, leading
to the desorption of some CO molecules from the Pd surface.
Consequently, the intensity of these peaks decreased and in
some cases disappeared. Upon cooling back down to room
temperature, CO was able to readsorb onto the Pd NPs,
restoring the original peaks between 2100 and 2080 cm™'.
These findings suggest that the CO-Pd interaction is reversible
and the Pd adsorption sites are stable.

Both Pd/Ce¢,Zr)330,-0.4M-L30S and Pd/Ce4,Zry330,-
0.4M-L20S do not have the peroxide band, which suggests
that peroxide species are not directly associated with the
formation of incorporated Pd*" species. However, peroxide
species can stabilize the incorporated Pd** species. Since the
formation of incorporated Pd*" species is related to the local
negative charges at the surface OV, a sample possessing
peroxide species allows fast electron transfer, stabilizing the
local OV structure.

The impact of varying oxygen flow rates on the oxidation
state of Pd is further explored through XANES analysis. Figure
S7 shows the Pd K-edge XANES spectra of the Pd/
CeysZry0,-04M-L204, Pd/CeZr,;0,-0.4M-L20S, and
Pd/Ce(sZry50,-0.4M-L206 samples. Pd foil and PdO were
characterized as references. The absorption edges of Pd foil
and PdO are measured at 24350.3 and 24352.7 eV,
respectively, which is consistent with the literature.”””> The
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Figure 9. (a) Light-off curves and (b) TOFs of methane conversion of eight samples. The inlet gas was composed of 0.5% CH,, 4% O,, and
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XANES spectra of all three samples are quite similar, with their
absorption edges being higher than that of the Pd foil and
closer to the absorption edge of PdO. This suggests that they
contain both metallic Pd and Pd** states. Table 1 shows the
percentages of Pd** and Pd° for each sample. Pd/CegsZry50,-
0.4M-L206 has the highest Pd*" ratio among these three
samples, which is in line with its highest H, consumption,
indicated by o and S peaks in the TPR results. However, the
linear combination fitting cannot differentiate incorporated
Pd** species from PdO NPs. Therefore, we can only
summarize that a higher oxygen flow rate can produce more
Pd** species on fresh samples.

3.5. Methane Oxidation Activity and Stability Test.
Figure 9a)b shows the light-off curves and TOFs of Pd/
Ce,Zr,_,0, for methane oxidation. Figures S8 and S9 show the
light-off curves and TOFs of methane conversion of samples
grouped into three categories: (a) Pd/Ce¢;Zr(3;0, samples
synthesized at 0.4 M with varying liquid and oxygen flow rates,
(b) Pd/CeqZry O, samples synthesized at 0.4 M and L2 with
varying oxygen flow rate, and (c) Pd/CeysZrysO, samples
synthesized at L204 with varying molarities. The TOFs range
from 0.10 to 0.21 s™', ranking in the order of Pd/CeZry50,-
02M-L204 > Pd/Ce,sZ1050,-0.3M-L204 > Pd/Ce,sZ10 5O,
0.4M-L204 > Pd/Ce, Zry s0,-0.4M-L20S > Pd/Ce,sZro O,
0.4M-L206 > Pd/Ceqg,Z10430,-0.4M-L204 > Pd/
Ceg67213330,-0.4M-L30S > Pd/Ce 4,721 330,-0.4M-L20S5 at
temperatures below 370 °C. Table S2 summarizes the TOFs at
400 °C reported in the literature. The TOF rankings are
similar to those of OV% and reduction temperatures, falling
within the range of 0 to 0.16 s™". The Tsy’s of Pd/Ce,Zr,_,0,
vary between 337 and 420 °C and exhibit greater initial activity
than commercial Pd/Ce,Zr,_ O, three-way catalysts, which
have a Ts, of 420 °C at WHSV of 56,000 mg/g h.”°
Additionally, the Pd/CeyZr;¢-0.4M-L204 catalyst was
exposed to 5 vol% water vapor at 700 °C for S h. Light-off
curves are collected in the absence of water vapor, as shown in
Figure S10a, revealing a shift of Ty, to 450 °C. Figure S10b
illustrates the XRD results of samples following the hydro-
thermal stability test, indicating the absence of phase
separation.

However, the crystallite size slightly increased from 7.52 to
8.19 nm. This observation suggests that the pretreatment with
water vapor adversely affects the catalytic performance,
potentially due to changes in the catalyst’s surface properties’’
or Pd interaction with the support.”®

3.6. Structure—Activity Relationship. Our analysis
indicates that Pd/Ceg4,Zr)330,-0.4M-L204 is more effective
than -L30S and -L20S at temperatures below 450 °C, as per
Figure 9b. As previously mentioned, Figure S9 depicts the
light-off curves and TOFs of methane conversion for these
samples, grouped into three categories. When the oxygen flow
rate is increased from -L204 to -L20OS, it results in a lower OV
% and stronger metal—support interaction, leading to the
creation of fewer peroxide species, as shown in Figure 5fh.
Furthermore, Pd/Ce 4,21, 330,-0.4M-L204 exhibits higher Pd
dispersion than -L20S5 and -L30S5, exposing more Pd species
to the reactants. When Pd/Ce4,Zr;330,-0.4M-L305 and
-L20S5 samples have comparable OV% and Pd dispersion, Pd
speciation may have an impact on methane oxidation activity.
According to Table 1, only PAO NPs can be seen over Pd/
Cey672r9330,-0.4M-L30S, whereas the majority of Pd are
incorporated Pd*" species over Pd/Cey¢,Zr;3;0,-0.4M-L20S.
The former displays higher methane oxidation activity,
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indicating that PdO NPs may be more effective for methane
oxidation than the incorporated Pd** species at temperatures
lower than 450 °C.

When comparing equimolar compositions, Pd/Ce sZr, sO,-
0.4M-L204 is more active for methane oxidation than -L20S§
and -L206, as shown in Figure 9b and Figure S9. The Ty, of
Pd/CeyZry0,-0.4M-L204 is 33 °C lower, and its TOF at
340 °C is 1.8 times higher than that of its -L206 counterpart.
It is important to note that all samples have peroxide species
and similar Pd dispersion (around 25%). However, the Pd/
CeysZry50,-0.4M-L204 and -L20S catalysts mainly consist of
PdO NPs, whereas the -L206 counterpart mostly contains
incorporated Pd** species. Comparing the -L204 and -L205
samples with -L206 suggests that catalysts with higher OV%
and PdO NPs have more activity than the sample with low OV
% and incorporated Pd** species.

When considering the effect of molarity on activity, it has
been observed that Pd/CeyZr;0,-0.2M-L204 exhibits
similar TOFs to the 0.3 and 0.4 M counterparts but becomes
more active at higher temperatures ranging from 350 to 450
°C. The matching TOFs at the low-temperature range indicate
that the Pd speciation is similar, consisting of mixed PdO NPs
and incorporated Pd** species. However, larger PdO NPs can
be observed in STEM-EDS elemental mapping of the 0.2 M
catalyst, which is consistent with its Pd dispersion. This
suggests that larger PAO NPs can promote methane oxidation
activity at higher temperatures (>350 °C) compared to finely
dispersed PdO. A similar behavior is reported in Pd/SSZ-13
and Pd/CeQ, catalysts, where they exhibit greater activity over
PO NPs than finely dispersed PdO NPs.””*" The reduced
activity over finely dispersed PdO NPs was explained by the
resistance in activating C—H and O,.

Our results indicate that the incorporated Pd*" and peroxide
species facilitate oxygen transfer. The addition of Zr cations
into the CeO, lattice leads to an increased OV%, which can
generate peroxide species (O,””). These peroxide species act
as intermediates during reoxidation of the reduced support and
assist in the electron transfer from Ce** to Ce**. As revealed by
TPR analysis, the incorporated Pd** species contribute to the
CH, oxidation activity by promoting facile reoxidation of Pd to
Pd*". To provide a clear illustration of the mechanism of the
methane oxidation reaction on Pd/Ce,Zr;_,O, solid solution
catalysts, a schematic diagram is presented in Scheme 1.

Scheme 1. Schematic of Pd/Ce,Zr,_,O, Solid Solution
Catalysts in the Methane Oxidation Reaction
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Surface OVs can be replenished either by oxygen from the
reactants or by lattice oxygen transferred from the support.
The PdO NPs can serve as the active sites for methane
activation. Compared to the highly dispersed PdO NPs, the
larger PdO NPs offer a more extensive surface area for
methane adsorption. Although the incorporated Pd** species
may not be as active as Pd NPs, their presence enhances

oxygen mobility.

4. CONCLUSIONS

Pd-deposited Ce,Zr;_,O, solid solution catalysts were
synthesized under various conditions using FSP to investigate
the effect of synthesis parameters on catalyst morphology and
methane oxidation activity. Our results indicate that FSP
synthesis conditions can affect the formation of PdO
nanoparticles and incorporated Pd*" species in Ce,Zr,_,0,,
allowing the control of catalysts’ properties and performance in
methane oxidation. Increasing the liquid feed rate or
decreasing the oxygen flow rate in FSP can promote the
formation of OVs. The precursor molarity did not affect the
OV% of the catalyst when the ER was kept constant. The
Raman spectroscopy and DRIFTS confirmed that the oxidizing
synthesis environment (ER < 1) promotes the formation of
incorporated Pd** species, which are less active than PdO NPs
for methane oxidation. Low precursor molarity generates
higher flame temperatures, resulting in low Pd dispersion and
the formation of larger PdO NPs. The equimolar solid solution
catalysts, ie.,, Pd/CeysZrysO, show weaker metal—support
interaction and OV% and facilitate the formation of peroxide
species, leading to a higher methane oxidation activity. These
peroxide species act as intermediates during reoxidation and
electron transfer of support. By understanding the impact of
the FSP synthesis conditions on catalyst structure, the T, and
TOF of Pd/Ce,Zr, O, are improved to 337 °C and 0.21 s,
respectively. The synergistic interaction of OVs and peroxide
species with incorporated Pd** and PdO NPs enables low-
temperature methane oxidation activity and can be controlled
by ESP. Overall, these findings could facilitate the development
of functional catalyst synthesis in FSP.
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