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ABSTRACT: Methane partial oxidation (MPO) chemically trans-
forms natural gas into syngas for the production of gasoline. CeO,
doped with transition-metal ions is one type of catalyst active for
MPO. A fundamental understanding of MPO on this type of
catalyst is important for the development of catalysts with high
activity and selectivity for this process. CeO,-based catalysts,
including Pd-CeO,-air, Pd-CeO,-H,, Pt-CeO,-air, Pt-CeO,-H,, Rh-
CeO,-air, and Rh-CeO,-H,, were synthesized through doping
noble-metal ions in the synthesis of CeO, nanoparticles. The
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catalytic activity and selectivity in the production of H, and CO
through MPO on these ceria-based catalysts as well as their surface chemistries during catalysis were investigated. They exhibit
quite different catalytic performances in MPO under identical catalytic conditions. In situ studies of their surface chemistries
during catalysis, using ambient-pressure X-ray photoelectron spectroscopy (AP—XPS), revealed quite different surface
chemistries during catalysis. Correlations between the catalytic performances of these catalysts and their corresponding surface
chemistries during catalysis were developed. Differing from the other four catalysts, Rh doped in the surface lattice of a CeO,
catalyst, including Rh-CeO,-air and Rh-CeO,-H,, is in a complete ionic state during catalysis. Correlations between the in situ
surface chemistry and the corresponding catalytic performance show that Rh ions and Pt ions doped in the lattice of CeO, as well
as metallic Pd nanoparticles supported on CeO, are active components for MPO. Among these catalysts, Rh-doped CeO,
exhibited the highest catalytic activity and selectivity in MPO.
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1. INTRODUCTION

In contrast to crude oil, natural gas is relatively abundant even if
the methane generated from biomass and the methane hydrate
from seashells are not taken into account. One utilization of
natural gas is the production of gasoline from synthesis gas
(syngas) through methane partial oxidation (MPO).'~* MPO
is an economical strategy to generate syngas from natural
gas.* 3 The production of syngas through MPO using
different catalysts has been studied in the past decades.**
Several groups® >***” have studied methane activation over
CeO, either doped or impregnated with precious metals. For
example, Pt-doped CeO, catalysts were prepared with several
methods including coprecipitation, *° impregnation,‘“_46 depo-
sition—precipitation,*” sol—gel,*” and flame combustion.***>*’
It was proposed that doping a reducible oxide with noble-metal
atoms could tune the catalytic activity of the oxide by shifting
the Fermi level through integrating doped ions into the lattice
of the oxide surface.*® In addition, this doping could change the
formation energy of oxygen vacancies and thus influence the
reactivity of the oxygen atoms of the surface lattice of a
reducible oxide toward the activation of C—H bonds.*” The
doping of Pt ions likely activates neighboring oxygen atoms and
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decreases the activation energy of C—H dissociation on oxygen
atoms of the surface lattice.

Compared to Pt or Pd, Rh exhibits different binding energies
to oxygen atoms.*”*® A stronger binding of Rh ions to surface-
lattice oxygen atoms upon the doping of Rh ions could make
Rh-doped CeQ, exhibit a catalytic performance different from
that of CeO, doped with Pd or Pt ions. Rh ions could activate
oxygen atoms of the surface lattice and thus promote C—H
dissociation significantly. Compared to Rh ions, Pd ions could
be reduced to metallic Pd readily. Thus, it is expected that Pd-
CeO, exhibits a different surface chemistry and catalytic
performance for MPO. To understand how the different
noble-metal ions/atoms influence the catalytic performance of
MPO, it is necessary to perform parallel studies of CeO,
catalysts doped with different cations, including Pd, Pt, and Rh.
Although the catalytic performances of MPO on Pt-doped
CeO, have been studied*” and the surface chemistries of these
catalysts have been characterized through ex situ approaches,

Received: January 28, 2013
Revised: ~ September 11, 2013
Published: September 18, 2013

dx.doi.org/10.1021/cs400070y | ACS Catal. 2013, 3, 2627—2639


pubs.acs.org/acscatalysis

ACS Catalysis

Research Article

there is a lack of a direct correlation between the in situ surface
chemistry of catalysts during catalysis and their corresponding
catalytic performance. Here, we used an ambient-pressure X-ray
photoelectron spectrometer (AP—XPS) available in our group
to track the surface chemistries of CeO, doped with Pd, Pt, and
Rh ions during MPO at different temperatures because AP—
XPS is an in situ technique with a high surface sensitivity.”' ~>*
Pd-CeO,, Pt-CeO,, and Rh-CeO, were synthesized with the
same method. A pretreatment in air or H, resulted in six
catalysts (Pd-CeO,-air, Pd-CeO,-H,, Pt-CeO,-air, Pt-CeO,-H,,
Rh-CeO,-air, and Rh-CeO,-H,) that were evaluated for their
catalytic performance and their in situ surface chemistry during
catalysis (using AP—XPS).

Here, the catalytic performances of the six catalysts were
examined under the same catalytic conditions. Surface
chemistries of these catalysts during catalysis were tracked
with AP—XPS. Correlations between surface chemistry and the
corresponding catalytic performance were developed. These
correlations provide insight into the differences in catalytic
performance. Insights achieved from these correlations are
important for developing catalysts for MPO that have high
activity and selectivity.

2. EXPERIMENTAL SECTION

2.1. Preparation of CeO,-Based Catalysts Doped with
5% Pd, Pt, or Rh. A solution-based hydrothermal procedure
was used to prepare the Pd-, Pt-, and Rh-doped CeO, catalysts.
Ce(NO;);-6H,0 (1.7369 g, Sigma-Aldrich, 99% trace metals
basis) and a metal precursor, 0.0561 g of Pd(NO,),-2H,0,
0.1090 g of H,PtCly:6H,0, or 0.0541 g of RhCl; (Sigma-
Aldrich), were dissolved in § mL of deionized water
simultaneously and added to 60 mL of a sodium hydroxide
solution in a Teflon bottle. The mixture was filled to 80 mL,
giving a final NaOH concentration of 6.0 M. This solution was
stirred for 15 min to form a milky slurry. The slurry was
subsequently transferred to a 100 mL Teflon-lined stainless
steel autoclave and heated in an oven at 100 °C for 24 h. The
autoclave was then cooled to room temperature. The product
was collected in a beaker by self-sedimentation and was washed
with deionized water. After decanting the supernatant until the
pH value reached ~7, the sample was dried at 100 °C.
Calcination in air or H, resulted in the six different catalysts.
Calcination at 500 °C in air offered catalysts Pd-CeO,-air, Pt-
Ce0,-air, and Rh-CeO,-air. Calcination at 500 °C in 5% H,/Ar
provided catalysts Pd-CeO,-H,, Pt-CeO,-H,, and Rh-CeO,-H,.
The concentration of Pd in Pd-CeO,-air and Pd-CeO,-H,, of
Pt in Pt-CeQ,-air and Pd-CeO,-H,, and of Rh in Rh-CeO,-air
and Pd-CeO,-H, was measured with inductively coupled
plasma atomic emission spectroscopy (ICP-AES, PerkinElmer
Optima 3000XL) after the catalysis measurements. On the basis
of the ICP-AES measurements, the doping levels of these
reacted catalysts were 5.0 & 0.3%, very close to the atomic ratio
of Pd, Pt, or Rh to CeO, of 5.0% used in syntheses.

2.2. Powder X-ray Diffraction and Transmission
Electron Microscopy. Powder X-ray diffraction (XRD)
patterns of the six catalysts were acquired on a Bruker D8
Advance XRD using nickel-filtered Cu Ko radiation (4 = 1.5418
A) operating at 40 kV and 40 mA in a continuous mode with a
scanning rate of 4.2° min~" in the 26 range from 20° to 90°.
The size, shape, and lattice fringe of the CeO,-doped catalysts
were identified using high-resolution transmission electron
microscope (FEI, Titan 80-300) operated at an accelerating
voltage of 300 kV. Image analyses were performed with Digital
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Micrograph (Gatan) software. TEM samples were prepared by
grinding the catalyst with an agate mortar, dispersing 10 mg of
the sample in 1 mL of anhydrous ethanol, sonicating it for 10
min, and finally dropping the solution to a lacey-carbon-film-
coated 200 mesh copper grid (Electron Microscopy Sciences).

2.3. Measurements of Catalytic Performance. Measure-
ments of the catalytic activity and selectivity of these catalysts
for MPO were carried out at atmospheric pressure in a fixed-
bed tubular quartz microreactor (i.d. = 6 mm, length = 300
mm). One hundred milligrams of a sieved catalyst sample (40—
60 mesh) diluted with quartz sand (the bed height was ca. §
mm) was packed in between two quartz wool plugs. The
catalyst was heated in a furnace equipped with a proportional-
integral-derivative (PID) temperature controller (Across
International). Pretreatment of the as-synthesized catalyst M-
CeO, in air was performed at 500 °C for 3 h in a muffle furnace
(Across International). Before catalytic experiments using the
M-CeO,-air catalyst, it was flushed with pure Ar (99.99%,
Praxair, Inc.) for 30 min and then exposed to the reactant gases
flowing at a rate of 100 mL min~" (controlled by a Dakota
Instruments, Inc. mass flow meter/controller). The gas
composition of the mixture of reactant gases was 5% CH,,
2.5% O,, and 92.5% Ar (Praxair, Inc.). For M-CeO,-H,, the
catalyst precursor was pretreated in 5% H, at 500 °C (50 mL/
min) for 3 h and then cooled to near room temperature
naturally in 5% H,. Upon switching to the mixture of reactant
gases, the catalytic performance of M-CeO,-H, for MPO was
measured. For comparison, the catalytic performance of MPO
on M-CeO,-H, was measured under the same conditions as
those used for M-CeO,-air.

A cold trap downstream of the reactor outlet was used to
condense the water formed during the reaction. The eftluent
gas was connected to a gas chromatograph (8610C, SRI
Instruments) equipped with a HayeSep D (6’ X '/3") packed
column, a molecular sieve 13X (6’ X '/4") packed column, and
a thermal conductivity detector (TCD) for the analysis of both
the reactants and products. In this work, the calculations for the
conversion of methane (Xcy,) and the selectivity of hydrogen

(Sy,) and carbon monoxide (Sco) were calculated using the
following equations

‘XCH4 (%) = [(CCH4,inlet - CCH4,ouﬂet)/CCH4,inlet] % 100

Su, (%) = [moles of H, produced

/(2 X moles of CH, consumed)] X 100

Sco (%) = [moles of CO produced
/moles of CH, consumed] X 100

where Ceyy,inter and Cepy, outer are defined as the molar fractions

of CH, at the reactor inlet and outlet, respectively.

24. In Situ Studies using Ambient-Pressure X-ray
Photoelectron Spectroscopy. The surface chemistry of the
six catalysts was studied using an in-house ambient-pressure X-
ray photoelectron spectrometer (AP—XPS) with an Al Ka
monochromator (Microfocus 600, Specs) and energy analyzer
(Phoibos 150, Specs) in the Tao group.*® In terms of the
resolution of this spectrometer, the measured full-width at half-
maximum (fwhm) of the Ag 3d $/2 spectrum in UHV is 0.3
eV. XPS peaks were calibrated to Au 4f 7/2 at 84.0 eV and Ag
3d 5/2 at 368.3 €V.*” Photoemission features of Ce 3d, Pt 4f,
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Pd 3d, Rh 3d, and O 1s were tracked during catalysis at
different temperatures. The interpretation of the photoemission
features and the assignment of the binding energies of the
photoelectrons excited from these subshells are based on
references of Ce 3d," ™ Pt 4£°7%° Pd 3d,°”°' Rh 3d,°”%* and
O 1s.*” All Ce 3d spectra were deconvoluted by building four
peaks of Ce** (u/, u,, v/, and v,) and six peaks of Ce** (u”, u’,
u, v, v", and v) based on the peak positions of pure Ce,0;>
and pure CeO, reported by Mullins et al.>* and ref 63. Here,
each Ce 3d spectrum was deconvoluted into 10 peaks,
including 880.5 with a fwhm of 2.5 eV, 882.7 with a fwhm of
2.0 eV, 885.1 with a fwhm of 2.4 eV, 888.9 with a fwhm of 4.6
eV, 898.5 with a fwhm of 1.9 eV, 899.2 with a fwhm of 2.5 eV,
901.2 with a fwhm of 2.0 eV, 903.5 with a fwhm of 2.4 eV,
907.5 with a fwhm of 4.6 €V, and 916.3 with a fwhm of 1.9 eV.
The details of the deconvolution of Ce 3d of the CeO, particles
can be found in the Experimental Section and in the Supporting
Information of a recent publication.”® In the deconvolution of
Pt 4f, the peak positions of Pt’, Pt*", and Pt*" were assigned
with the peak positions reported in literature.®® In addition, the
fwhm of all components of the Pt 4f spectrum were constrained
to be the same. In the fitting of Pd 3d, peak positions of Pd’,
Pd*, and Pd* were referred to the literature,”’ and all
components maintained the same fwhm. Rh 3d spectra were
deconvoluted by building components of Rh** and Rh” at the
corresponding peak positions reported in the literature® and
maintaining the same fwhm of each component.

All XPS data presented in this article were collected from
catalysts at the listed temperature (25—600 °C) in a gas
environment of reactants with a listed pressure (2 Torr CH,
and 1 Torr O,). A catalyst sample was installed into a sample
stage located in the reaction cell for tracking the surface
chemistry during catalysis. The sample was heated via
conduction from an external wall of the reaction cell. The
external wall of the sample stage was heated via the
bombardment of electrons from an e-beam heater installed
on the vacuum side of the reaction cell. The heating of the
sample in the reaction cell is presented schematically in Figure
S1.

To exclude any potential side reactions of the nickel in the
stainless steel of the sample stage, we deliberately oxidized the
sample stage. The oxidation was confirmed with XPS. The
oxidation of the wall of the reaction cell excluded the
participation of the nickel in the stainless steel in catalysis. In
addition, the aperture was coated with a thick layer of graphite
(about 0.1 mm or thicker) when we received it. Because of a
thermal decomposition of the reactant CH, or the byproducts
of the MPO at high temperature, the carbon dissociated from
CH, or the byproducts of the MPO at high temperature could
have accumulated on the aperture. Because Au and graphite
were subsequently deposited on the aperture by the
manufacturer, the buried nickel of the stainless steel of the
aperture located below the graphite and Au thin films was not
exposed to any gases.

The sample temperature was controlled through tuning the
emission current of the filament of the e-beam heater. Reactant
gases were introduced to the reaction cell through the entrance
pore (Figure S1), flowed through the sample, and exited
through both the exit pore (Figure S1) and the aperture
adapted to a prelens. Gas pressure in the reaction cell was
measured through averaging the readings of two gauges
installed at the entrance and exit tubes of the reaction cell.
The difference between the pressures at the entrance and exit of
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the reaction cell is less than 10—15%. The existence of the gas
phase above the sample surface was confirmed by the
observation of the N 1s photoemission peak from nitrogen
atoms of N, at 405 eV duing a test of an Ag thin film in the
nitrogen gas phase.’® The pressure in the reaction cell was
tuned through the mass flow meters installed on the tube for
gas introduction and/or through the pumping rate at the exit of
the reaction cell. Ce 3d, Pt 4f, Pd 3d, Rh 3d, and O 1s were
tracked when the catalyst was in the gas mixture of pure CH, (2
Torr) and pure O, (1 Torr) at different temperatures.

The pressure of the reactant gas, a mixture of pure CH, and
O, in a molar ratio of 2:1 around the catalyst in the reaction cell
of our AP—XPS system, was 3 Torr during the in situ studies of
the surface chemistry of these catalysts. In the experimental
evaluation of the catalytic performance, 5% CH, was used. The
partial pressure was about 38 Torr. Because we assume that the
difference in the pressure of CH, in the reaction cell of the
AP—XPS (3 Torr) and that in the reactor of catalysis test (38
Torr) does not result in a significant difference in the surface
chemistry of a catalyst, the surface chemistry revealed with AP—
XPS can represent that of the catalysts during catalysis in a flow
reactor.

3. RESULTS AND DISCUSSION

3.1. Pd-Doped CeO,. 3.1.1. Pd-CeO, at Room Temper-
ature. The as-synthesized catalyst (Pd-CeO,) was pretreated in
air or 5% H,/Ar. Figure la presents TEM images of Pd-CeO,

| Pd-CeO,-air
after
| catalysis

Pd-CeO,-air
before
catalysis

Figure 1. High-resolution TEM images of Pd-CeO,-air before (a) and
after (b) catalysis. The average size of CeO, doped with Pd is 13.0 nm
based on a statistical accounting of the nanoparticles in the TEM
images from different parts of the catalyst sample.

pretreated in air (termed Pd-CeO,-air). There are not any
identifiable nanoclusters on the surface of the Pd-CeO,-air,
showing that Pd ions were doped in the lattice of CeO, instead
of the formation of PdO, or Pd nanoparticles on CeO,. The
interplanar distances of CeO, doped with Pd ions (Pd-CeO,-
air) were measured in TEM studies. They are very close to pure
CeO,. The almost identical interplanar distance could partially
result from the small difference between the ionic radius of
Ce*" (101 pm) and the doped ions (e.g, Pt** (94 pm), Pd*"
(100 pm), Pd* (75.5 pm), and Rh** (80.5 pm)).%*

Figures 2al and 2bl are the photoemission features of Pd 3d
of Pd-CeO,-air and Pd-CeO,-H, in the mixture of reactants at
room temperature. They represent the surface chemistry of Pd-
CeO,-air and Pd-CeO,-H, before catalysis because Pd-CeO,-air
and Pd-CeO,-H, are not active for MPO at room temperature.
In the following section, we will use the surface chemistry of Pt-
Ce0,-air, Pt-CeO,-H,, Rh-CeO,-air, and Rh-CeO,-H, at room

temperature in the mixture of CH, and O, to represent their
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Figure 2. XPS spectra of the in situ studies of Pd 3d of Pd-CeO,-air
(a), Pd 3d of Pd-CeO,-H, (b), Ce 3d of Pd-CeO,-air (c), and Ce 3d
of Pd-CeO,-H, (d) during catalysis. The fwhm of the fitted peaks of
Pd 3d in panels a and b were fixed at 1.4 and 1.2 eV, respectively. The
ratio of the partial pressures of CH, to O, in the mixture reactant is
2:1, with a total pressure of 3 Torr. The flow rate is 6 mL min™". All
AP—XPS data were collected at the same pressure and flow rate of
CH, and O,. The only variable is the reaction temperature. The
spectra collected at 25 °C is used to represent the surface chemistry of

the catalysts before catalysis because none of these catalysts is active
for MPO at 25 °C.

surface chemistries before catalysis because none of them are
active for MPO at room temperature.

It is noted that there is no charging for Pd 3d and Ce 3d of
the sample at room temperature. The lack of charging is
evidenced by the fact that the peak position u” of Ce 3d from
Ce*" at ~916.3 eV observed in Figure 2cl,dl is identical to
those reported in refs 59 and 63. Because a Ce 3d spectrum of
CeO, is typicallgy deconvoluted into six peaks of Ce*" and four
peaks of Ce*,>% the fraction of Ce** could largely influence
the shape of the Ce 3d spectrum. For a Ce 3d spectrum of
CeO, with a very low fraction of Ce?", there is one obvious
valley at ~883 eV (Figure 2c2,d2). If the fraction of Ce,
~30%, is relatively high, then the valley is filled by one peak of
Ce® at 883 eV (Figure 2d1). Thus, the shape of Ce 3d
spectrum cannot be used to judge whether there is charging or
not.

Before the catalysis of MPO, Pd of Pd-CeO,-air exists in an
oxidized state (Figure 2al) and exists mainly in a metallic state
for Pd-CeO,-H, at room temperature (Figure 2bl). The
photoemission features of Pd 3d and Ce 3d at a temperature
higher than 25 °C during catalysis will be discussed in the
Results and Discussion, section 3.5 even though they were
presented in Figure 2 along with those of Pd-CeO,-air and Pd-
CeO,-H, before catalysis.

Different from Pd-CeO,-air, the as-synthesized CeO, doped
with Pd ions was pretreated in 5% H,/Ar. It is termed Pd-
CeO,-H,. Figure 3a is a TEM image of Pd-CeO,-H, before
catalysis. Unfortunately, Pd aggregated and formed some
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Pd-Ce0,-H, 1
before

catalysis

Figure 3. High-resolution TEM images of Pd-CeO,-H, before (a) and
after (b) catalysis. The arrows mark the nanoparticles in Pd-CeO,-H,
after the catalysis reaction. The average size of CeO, doped with Pd is
34.0 nm based on a statistical accounting of the nanoparticles in TEM
images from different parts of the catalyst sample.

nanoparticles with a size of ~1—3 nm. Compared to the lack
of metal nanoparticles in Pt-CeO,-H, (Figure 8) and Rh-CeO,-
H, (Figure 13) upon pretreatment in H, at 500 °C, Pd in Pd-
CeO,-H, (Figure 3) forms Pd metal nanoparticles upon the
same treatment. One potential reason for the formation of Pd
nanoparticles in Pd-CeO, upon H, pretreatment could relate to
the surface energy of metallic Pd nanoparticles, which is lower
than that of Pt and Rh. It is reasonable to use the surface
energies of the (111) faces of Pd, Pt, and Rh to represent the
surface energies of their metal nanoparticles in general because
of the lack of surface energy of the nanoparticles of these
metals. Pd(111) has a surface energy of 1.88 J m™? in contrast
to 2.35 J m™2 of Pt (111) and 2.78 ] m~2 of Rh(111).%° The
lower surface energy of Pd makes the formation of Pd metal
nanoparticles relatively thermodynamically favorable in contrast
to Pt and Rh. In addition, Pd can catalyze the dissociation of H,
even at room temperature. Hydrogen atoms could further
reduce other Pd ions to metal Pd atoms under a mild condition
and even accelerate the nucleation to form Pd nanoparticles.
3.1.2. Catalytic Performance of Pd-CeO,-air and Pd-CeO,
H,. Figure 4 presents the catalytic conversion and selectivity of
Pd-CeO,-air for MPO. The conversion of CH, increases as a
function of temperature and reaches 84.0% at 700 °C (Table
1). Notably, the selectivity for the production of H, increases

100 100
80 E 80
I 7]
S 6o L0 2
5 g
® <
g 4 0 &
s 3
S 5
20 —=—CH,

HZ
—A— CO
03 £ 0

bl T T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Reaction Temperature (°C)

Figure 4. Catalytic performance of Pd-CeO,-air. The left axis (red)
and the red line show the conversion of methane. The right axis (blue)
and the two blue lines show the selectivities for the production of H,
(solid dot) and CO (solid triangle). Sy, (%) is defined as [moles of H,
produced/(2 X moles of CH, consumed)] X 100. Sc (%) is defined
as [moles of CO produced/(moles of CH, consumed)] X 100.
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Table 1. Catalytic Performance of Methane Partial Oxidation on Pd-CeO,-air, Pt-CeQ,-air, and Rh-CeO,-air catalysts”

temperature (°C) catalyst Xeus (%)
300 Pd-CeO,-air 13.2
Pt-CeO,-air 1.8
Rh-CeO,-air 53
400 Pd-CeO,-air 28.7
Pt-CeO,-air 28.8
Rh-CeO,-air 374
500 Pd-CeO,-air 459
Pt-CeO,-air 439
Rh-CeO,-air 61.4
600 Pd-CeO,-air 61.5
Pt-CeO,-air S3.1
Rh-CeO,-air 83.6
700 Pd-CeO,-air 84.0
Pt-CeO,-air 74.6
Rh-CeO,-air 95.2

“The oxygen conversion was always 100%.

Sz (%) Sco (%) H,/CO ratio

0.0 0.0

0.0 0.0

0.0 0.0
48.4 11.8 7.2
44.8 5.8 14.7
52.8 11.2 10.4
78.8 43.0 73.7
722 36.6 42
83.3 53.3 3.1
87.6 712 2.6
74.2 56.6 2.6
89.9 77.5 2.3
92.5 91.9 2.2
88.5 85.8 2.3
929 85.7 2.2

quickly in the temperature range of 300—500 °C. At 500 °C, it
reaches 83% with a following increase to 92.5% at 700 °C.
Compared to H,, the selectivity of producing CO is less than
that for H, by ~25—35% at a temperature lower than 500 °C.
At temperatures higher than 500 °C, the difference in selectivity
between CO and H, decreases. At 700 °C, it exhibits the same
selectivity for the production of H, and CO. As shown in
Figure 5, the ratio of H, to CO decreases with the temperature
and reaches the stoichiometric ratio of 2 at a temperature
higher than 500 °C.

16
14
12

—&— Pd/CeO,-Air
—e— Pt/CeO,-Air
—&— Rh/CeO,-Air

H,/CO ratio

B Ly Ly L) L LA L L
400 450 500 550 600 650 700

Reaction Temperature (°C)
Figure 5. Molar ratio of H, to CO produced from MPO on Pd-CeO,-

air, Pt-CeO,-air, and Rh-CeO,-air in the temperature range of 400—
700 °C.

In contrast to Pd-CeO,-air, Pd-CeO,-H, exhibits quite a
different catalytic performance (Figure 6). There is no catalytic
activity of MPO on Pd-CeO,-H, at a temperature <500 °C.
However, the conversion of CH, on Pd-CeO,-H, rapidly
increases in the temperature range of 550—700 °C (Figure 6a).
This catalyst exhibits an evolution of the selectivity of H, that is
very similar to that of CO (Figure 6b,c). In contrast to the
sharp increase in both conversion and selectivity on Pd-CeO,-
H, at a temperature higher than 550 °C, Pd-CeO,-air exhibits a
progressive increase of activity and selectivity over the
temperature range of 350—700 °C.

3.2. Pt-Doped Ce0,. 3.2.1. Pt-CeO,-air and Pt-CeO,-H, at
Room Temperature. Pt-doped CeO,-air and Pt-doped CeO,-
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H, were prepared with the same method as Pd-doped CeO,-air
and Pd-doped CeO,-H,, respectively. Figure 7a is one
representative TEM image of the Pt-CeO,-air before catalysis.
TEM studies showed there are no nanoclusters identified,
suggesting a homogeneous distribution of Pt ions in Pt-CeO,-
air before catalysis. A representative TEM image of Pt-CeO,-air
after catalysis is shown in Figure 7b. The lack of identifiable
nanoparticles in Pt-CeO,-air after catalysis suggests that there is
not an aggregation of Pt atoms during catalysis. Figure 8a is a
TEM image of Pt-CeO,-H, before catalysis. Compared to Pd-
CeO,-H, before catalysis (Figure 3a), there are not any Pt
nanoparticle identifiable in Pt-CeO,-H, before catalysis (Figure
8a). In addition, the TEM image of Pt-CeO,-H, after catalysis
(Figure 8b) shows that there is no aggregation of Pt atoms
during catalysis.

The deconvolution of the Pt 4f photoemission feature of Pt-
CeO,-air before catalysis (Figure 9al) suggests that there could
be three different types of Pt atoms, which each exhibit different
bonding to oxygen atoms. There are also three different
oxidation states of Pt atoms (Pt°, Pt**, and Pt*') in Pt-CeO,-H,
before catalysis (Figure 9b1). It is noted that there are no Pt
metal nanoparticles observed in the high-resolution TEM
images even though there is a component with a binding energy
of 71.2 eV in Pt-CeO,-H, before catalysis. The lack of Pt metal
nanoparticles is supported by detailed analysis of TEM and
XPS. There were no Pt nanoparticles found in extensive studies
of Pt-CeO,-air and Pt-CeO,-H,. Alternatively, a Pt atom could
bond to Ce atoms upon pretreatment in H,. The removal of
oxygen atoms bonding to Ce atoms could have created oxygen
vacancies that a Pt atom nearby could fill in to form Pt—Ce
bonds; in this case, Pt atoms do not form any Pt nanoparticles
even though Pt exhibits a binding energy close to metallic Pt.
We call this type of bonding of Pt the “pseudo-metallic state”.
The pseudo-metallic state of Pt will be further discussed in the
Results and Discussion, section 3.5. In addition, a clear
difference in the Ce 3d spectrum of Pt-CeO,-air before
catalysis (Figure 9c1) and Pt-CeO,-H, before catalysis (Figure
9d1) is that the fraction of Ce®* in Pt-CeO,-H, before catalysis,
26%, is obviously larger than that in Pt-CeO,-air before
catalysis. The large density of oxygen vacancies could mean a
large fraction of Pt atoms bonding to Ce atoms.

3.2.2. Catalytic Performance of Pt-CeO,-air and Pt-CeO,-
H. The catalytic performances of Pt-CeO,-air and Pt-CeO,-H,
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Figure 6. Catalytic performance of Pd-CeO,-H, for MPO. Conversion
of methane (a), selectivity to H, (b), and selectivity to CO (c). For the
convenience of comparison, the catalytic performance of Pd-CeQ,-air
(red line) under the same catalytic condition as Pd-CeO,-H, (blue
line) is listed in a parallel manner.

were measured. Figure 10 presents the catalytic conversion and
selectivity for MPO on Pt-CeO,-air. The conversion of CH, on
Pt-CeO,-air increases as a function of the reaction temperature
and reaches 74.6% at 700 °C (Table 1). Notably, the selectivity
for the production of H, increases rapidly in the temperature
range of 300—500 °C. At 500 °C, it reaches 72.2%, with a
following increase to 88.5% at 700 °C. Compared to the
selectivity for H, production, the selectivity for the production
of CO is lower by 10—20% at a temperature lower than 500 °C.
At 700 °C, the selectivity for CO is the same as that for H,
(Figure 10). Because of the higher H, selectivity of MPO on Pt-
CeO,-air at a low temperature such as 400 °C, the molar ratio
of H, to CO at low temperatures (Figure S) is much higher
than the stoichiometric ratio of 2. The ratio of H, to CO in the
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Figure 7. High-resolution TEM images of Pt-CeO,-air before (a) and
after (b) catalysis. The average size of CeO, doped with Pt is 9.5 nm
based on a statistical accounting of the nanoparticles in the TEM
images from different parts of the catalyst sample.
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Figure 8. High-resolution TEM images of Pt-CeO,-H, before (a) and
after (b) catalysis. The average size of CeO, doped with Pt is 28.5 nm
based on a statistical accounting of the nanoparticles in the TEM
images from different parts of the catalyst sample.

temperature range of 400—500 °C (Figure $) largely decreases.
At a temperature higher than 500 °C, this ratio is further
decreased to 2.

Compared to Pt-CeO,-air, Pt-CeO,-H, exhibits different
catalytic performance. The conversion rate of CH, on Pt-CeO,-
H, gradually increases in the temperature range of 400—700 °C
(Figure 11a). In addition, the conversion of CH, on Pt-CeO,-
H, is always lower than Pt-CeQ,-air by ~15% up to 700 °C. In
terms of selectivity for the production of H, and CO, Pt-CeO,-
H, is inferior to Pt-CeO,-air throughout the whole temperature
range (350—700 °C) (Figure 11b,c).

3.3. Rh-Doped CeO0,. 3.3.1. Rh-CeO,-air and Rh-CeO,-H,
at Room Temperature. Rh-CeQO,-air and Rh-CeO,-H, were
synthesized with the same method as those of Pt-CeQ,-air and
Pt-CeO,-H,, respectively. The high-resolution TEM images in
Figures 12 and 13 show that there are no nanoparticles in Rh-
CeO,-air before catalysis (Figure 12a), in Rh-CeO,-air after
catalysis (Figure 12b), in Rh-CeO,-H, before catalysis (Figure
13a), and in Rh-CeO,-H, after catalysis (Figure 13b). They
further suggest that Rh ions were homogeneously distributed in
CeO,. Similar to Pd-CeO,-H, before catalysis and Pt-CeO,-H,
before catalysis, the fraction of Ce* in the total Ce** and Ce*"
of Rh-CeO,-H, before catalysis, 25%, is relatively high. In
addition, the homogeneous doping of Rh ions in Rh-CeO,-air
before catalysis is supported by the lack of a Rh 3d
photoemission feature of metallic Rh (Figure 14al). Compared
to Rh-CeO,-air before catalysis, Rh in Rh-CeO,-H, before
catalysis is in a metallic state. However, there are no Rh
nanoparticles observed in the TEM studies of Rh-CeO,-H,
before catalysis (Figure 13a). This pseudo-metallic state of Rh
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Figure 9. XPS spectra of the in situ studies of Pt 4f of Pt-CeO,-air (a),
Pt 4f of Pt-CeO,-H, (b), Ce 3d of Pt-CeO,-air (c), and Ce 3d of Pt-
Ce0,-H, (d) during catalysis. The fwhm of the fitted peaks of Pt 4f in
panels a and b were fixed at 1.2 eV, respectively. The ratio of the
partial pressures of CH, to O, in the mixture reactant is 2:1. The flow
rate is about 6 mL min~". All data were collected at the same pressure
and flow rate of CH, and O,. The only variable is the reaction
temperature.
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Figure 10. Catalytic performance of Pt-CeO,-air. The left axis (red)
and the red line show the conversion of methane. The right axis (blue)

and the blue lines show the selectivities for the production of H, (solid
dot) and CO (solid triangle).

in Rh-CeO,-H, before catalysis can be rationalized with the two
arguments made for Pt-CeO,-air and Pt-CeO,-H, in the
Results and Discussion, section 3.2.1.

3.3.2. Catalytic Performance of Rh-CeO,-air and Rh-CeO,-
H,. The catalytic performance of Rh-CeO,-air and Rh-CeO,-H,
was measured under the same conditions as the other catalysts.
Figure 15 presents the catalytic conversion and selectivity of
MPO on Rh-CeO,-air. The conversion of CH, increases rapidly
as a function of the reaction temperature and reaches 95.2% at
700 °C (Table 1). The selectivity for the production of H,
increases fast in the temperature range of 300—500 °C (Figure
15). At 500 °C, it reaches 83.3% followed by a further increase
to 92.9% at 700 °C. Compared to H, selectivity, the selectivity
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Figure 11. Catalytic performance of Pt-CeO,-H,. Conversion of
methane (a), selectivity to H, (b), and selectivity to CO (c). For the
convenience of comparison, the catalytic performance of Pt-CeO,-air
(red line) under the same catalytic condition as Pt-CeO,-H, (blue
line) is listed in a parallel manner.

for CO is less than that for H, by 20—30% at a temperature
lower than 500 °C. As shown in Figure 5, the H,-to-CO ratio in
the temperature range of 400—500 °C is far greater than 2; at
temperatures higher than 500 °C, the ratio is decreased to 2.
As shown in Figure 16, Rh-CeO,-H, exhibits a catalytic
performance almost identical to Rh-CeO,-air in the temper-
ature range of 350—700 °C. This is different from the obvious
variation between Pt-CeO,-air and Pt-CeO,-H, (Figure 11)
and that between Pd-CeO,-air and Pd-CeO,-H, (Figure 6). In
addition, among Pd-CeO,-air, Pd-CeO,-H,, Pt-CeO,-air, Pt-
CeO,-H,, Rh-CeO,-air, and Rh-CeO,-H,, the difference in
catalytic conversion and selectivity to CO and H, between Pd-
CeO,-air and Pd-CeO,-H, is much larger than those between
Pt-CeO,-air and Pt-CeO,-H, and between Rh-CeO,-air and
Rh-CeO,-H,. In the case of Pd-CeQO,-H,, this could result from
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Figure 12. High-resolution TEM images of Rh-CeO,-air before (a)
and after (b) catalysis. The average size of CeO, doped with Rh is 22.5
nm based on a statistical accounting of the nanoparticles in the TEM
images from different parts of the catalyst sample.
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Figure 13. High-resolution TEM images of Rh-CeO,-H, before (a)
and after (b) catalysis. The average size of CeO, doped with Rh is 30.5
nm based on a statistical accounting of the nanoparticles in the TEM
images from different parts of the catalyst sample.

some side reactions on the Pd metal nanoparticles. At 700 °C,
Rh-CeO,-air and Rh-CeO,-H, have a similar selectivity for H,
and CO of 88—94%, respectively (Figure 16). At this
temperature, the ratio of H, to CO is the stoichiometric
ratio, 2.

3.4. Turnover Frequency and Apparent Activation
Energy. For a parallel comparison of the catalytic perform-
ances in a kinetics-controlled regime, turnover frequencies
(TOF) and apparent activation energy (E,) for MPO on the six
catalysts were measured. In all of these measurements, the
highest conversion of CH, remained less than 15%. Because Pd
metal nanoparticles were clearly observed in Pd-CeO,-H, after
catalysis (Figure 3b), we did not calculate the TOF of Pd-
CeO,-H,. For the other five catalysts (Pd-CeO,-air, Pt-CeO,-
air, Pt-CeO,-H,, Rh-CeO,-air, and Rh-CeO,-H,), we exper-
imentally evaluated their TOFs under the assumption that all
atoms of Pd, Pt, or Rh on the surface layers of the five catalysts
are active sites for MPO regardless of whether they appear in a
metallic or ionic state. In the Results and Discussion, section
3.5, we rationalize that the pseudo-metallic state of Pd in Pd-
CeO,-air and of Pt in Pt-CeO,-H, and Pt-CeO,-air observed
during catalysis are not metal atoms of metal nanoparticles. The
ratios of the noble metal (Pd, Pt, or Rh) of the topmost surface
layer to Ce of the topmost surface layer during catalysis at
different temperatures were calculated using the peak areas of
Pd 3d, Pt 4f, Rh 3d, and Ce 3d collected during catalysis
through Beer’s law. The calculated atomic ratios of Pd, Pt, and
Rh to Ce during catalysis are listed in Figure S4. They are
approximately close to the bulk ratios of doped ions in CeO,.
The procedure of calculating TOFs is also described in the
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Figure 14. XPS spectra of the in situ studies of Rh 3d of Rh-CeO,-air
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of Rh-CeO,-H, (d) during catalysis. The fwhm of the fitted peaks of
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respectively. The ratio of the partial pressures of CH, to O, in the
mixture reactant is 2:1, with a total pressure of 3 Torr. The flow rate is
6 mL/min. All AP—XPS data were collected at the same pressure and
flow rate of CH, and O,. The only variable is the reaction temperature.
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Figure 15. Catalytic performance of Rh-CeO,-air. The left axis (red)
and the red line show the conversion of methane. The right axis (blue)
and the blue lines show the selectivities to the production of H, (solid

dot) and CO (solid triangle).

Supporting Information. The calculated TOF at different
temperatures is plotted in Figure 17. Obviously, Rh-doped
catalysts (Rh-CeO,-H, and Rh-CeO,-air) exhibit catalytic
activity higher than Pt- and Pd-doped catalysts (Pd-CeO,-air,
Pt-CeO,-H,, and Pt-CeO,-air). In addition, they also exhibit
higher catalytic selectivity for the production of CO and H,
than Pd- and Pt-doped catalysts based on the catalytic
performances presented in Figures 4—6, 10, 11, 15, and 16.
The measurements of the apparent activation energy, E,, for
the six catalysts were performed by controlling the catalytic
conversion of CH, to be lower than 15%. Figure 18 is the
Arrhenius plots of MPO on the six catalysts at different
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Figure 16. Catalytic performance of Rh-CeO,-H,. Conversion of
methane (a), selectivity to H, (b), and selectivity to CO (c). For the
convenience of comparison, the catalytic performance of Rh-CeO,-air
(red line) under the same catalytic condition as Rh-CeO,-H, (blue
line) is listed in a parallel manner.

temperature ranges. In these plots, the variable is the
conversion rate of CH,. Thus, the calculated activation energies
from the slopes of these plots (Figure 18) are only the apparent
activation energies. For Pt-CeO,-air, Pd-CeO,-air, Rh-CeO,-air,
and Rh-CeO,-H,, the measurements of E, were conducted in
the temperature range of 360—410 °C. Among them, Pd-CeO,-
air and Pt-CeO,-air have rather high apparent activation
barriers of 204.9 and 338.0 kJ mol ™', respectively (Figure 18) in
this temperature region. These quite high activation energies
could result from the coexistence of both oxidizing and metallic
Pt and Pd atoms in Pd-CeQ,-air and Pt-CeQ,-air, which offset
the measured E,. Rh-CeO,-air has a much lower activation
energy of 30.2 kJ] mol™ in contrast to Pd-CeO,-air and Pt-
CeO,-air. The active phase of Rh-CeO,-air is CeO, doped with
Rh™ ions. It is worth noting that Rh-CeO,-H, exhibits an
activation barrier very similar to Rh-CeO,-air, consistent with
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CeO,-air, Pd-CeO,-H,, Pd-CeO,-air, Pt-CeO,-H,, and Pt-CeO,-air. In
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the identity of the surface chemistry of the two catalysts during
catalysis (Figure 14).

3.5. In Situ AP-XPS Studies and Correlation to
Catalytic Performance. To understand the different catalytic
behaviors of these catalysts, in situ studies of the surface
chemistries of these catalysts during catalysis were performed
with our in-house ambient-pressure XPS. Photoelectrons were
excited with a monochromatic Al Ka source for a better
resolution. In situ AP—XPS studies of the six catalysts were
performed at a temperature up to 600 °C for M-CeO,-air or
500 °C for M-CeO,-H,. The collected spectra have a good
signal-to-noise ratio. A continuous accumulation of atomic
carbon that dissociated from CH, at high temperatures blocked
the nozzle between the reaction cell and the energy analyzer
and thus prevented it from collecting photoelectrons during in
situ studies of Pd-CeO,-H,, Pt-CeO,-H,, and Rh-CeO,-H, at
600 °C and higher. The temperature of the aperture must have
been very high because the distance between the sample surface
and the aperture is only 1 mm or less. Thus, we have to limit
the highest temperature for taking spectra during catalysis of
Pd-CeO,-H,, Pt-CeO,-H,, and Rh-CeO,-H, to 500 °C
(Figures 2b, 9b, and 14b).

Figure 14 presents the photoemission features of Rh 3d of
Rh-CeO,-air and Rh-CeO,-H, at catalytic temperatures in a
mixture of 2 Torr CH, and 1 Torr O,. For Rh-CeO,-air during
catalysis (Figure 14a2—aS), Rh is in an oxidizing state in the
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temperature range of 300—500 °C. TEM studies of Rh-CeO,-
air and Rh-CeO,-H, after catalysis suggested that there are no
Rh or RhO, nanoparticles on or in CeO, (Figures 12b and
13b). These experimental data from in situ studies showed the
preservation of an ionic state of Rh in Rh-CeO,-air before
catalysis, during catalysis, and after catalysis. The preservation
of an ionic state of Rh of Rh-CeO,-air during catalysis can be
rationalized by the high bond strength of Rh—O bonds.*

In contrast to Rh-CeO,-air, Rh in Rh-CeO,-H, before
catalysis (Figure 14b1) is in a metallic state in the surface
region. However, the TEM studies of the catalyst, Rh-CeO,-H,
before catalysis, showed there are no Rh metal nanoparticles. In
fact, the high density of oxygen vacancies in catalyst Rh-CeO,-
H, before catalysis (Figure 14d1) supports that Rh likely bonds
to Ce atoms upon the removal of some of the surface lattice
oxygen atoms of CeQ,. The direct bonding of a Rh atom to Ce
atoms makes Rh appear to be in a metallic state although there
are no Rh nanoparticles formed. Here, we call the low binding
energy of Rh 3d of Rh bonding to Ce atoms a pseudo-metallic
state because the Rh atoms do not form any Rh metal
nanoparticles.

AP—XPS studies showed that Rh of Rh-CeO,-H, was
oxidized to an ionic state during catalysis at 300 °C (Figure
14b2). TEM studies of Rh-CeO,-H, after catalysis (Figure 13b)
showed there are no RhO, nanoparticles. The upshift in Rh 3d
was driven by the oxidization of Rh atoms bonding to Ce atoms
(in an pseudo-metallic state) in an ionic state in the reactant
mixture (CH, and O,) during catalysis. The similarity in surface
chemistry (Figure 14a4,b4) of Rh-CeO,-air and Rh-CeO,-H,
during catalysis is consistent with the similarity in their catalytic
performance (Figure 16).

In situ AP—XPS showed that the surface chemistries of Pt-
CeO,-H, and Pt-CeO,-air during catalysis are different even
though the catalytic conditions are exactly the same. In the case
of Pt-CeO,-H,, 76% Pt atoms remain in a pseudo-metallic state
in the temperature range of 300—500 °C during catalysis
(Figure 9b). However, about 52% ionic Pt of Pt-CeO,-air is
reduced to a pseudo-metallic state during catalysis (Figure 9a).
Compared to the preservation of the ionic state of Rh of Rh-
CeO,-air during catalysis, the reduction of the ionic state Pt of
Pt-CeO,-air to a pseudo-metallic state during catalysis results
from the low bond strength of Pt—O. Rh—O bonds have a
larger formation energy than Pt—0.5%

Through correlating the surface chemistries of Pt-CeO,-air
and Pt-CeO,-H, during catalysis to the corresponding catalytic
performances, we deduce that the high conversion of methane
on Pt-CeO,-air (Figure 11a) could result from the high fraction
of Pt ions in Pt-CeO,-air compared to Pt-CeO,-H, during
catalysis (Figure 9). This is consistent with the understanding
of the catalytic performance on CeO, doped with Pt for MPO
based on DFT calculation.*” The DFT calculation*” showed
that the ionic-state Pt doped in the lattice of CeO, can decrease
the bond strength of surface-lattice oxygen to Ce ions, which
further decreases the activation barrier for breaking C—H on
the surface-lattice oxygen atoms.*”

In the catalysis of MPO on Pt-CeO,-air, Pt-CeO,-H,, Pd-
CeO,-air, and Pd-CeO,-H,, the ratio of H, to CO is always
higher than the stoichiometric ratio of MPO, 2, at a
temperature lower than 650—700 °C (Figure S). This means
that the selectivity for the production of CO on these catalysts
is always lower than that of H, at a temperature lower than
650—700 °C. This is probably related to a side reaction, a
water-gas shift (WGS) performed at the metal-oxide interface,%®
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because Pt or Pd in a pseudo-metallic state are formed based on
the in situ AP—XPS studies. WGS consumes CO and H,O to
produce CO, and H,. A high reaction temperature is not
favorable for the conversion because WGS is slightly
exothermic. However, at a relatively low temperature, some
CO and H,O are converted to CO, and H, through WGS
because H,O is formed during the combustion of CH,. The
WGS at a relatively low temperature increased the overall
selectivity for the production of H,, leading to a higher ratio of
H, to CO at a relatively low temperature. At a high
temperature, the WGS is not thermodynamically favorable;
thus, the influence of WGS on the ratio of H, to CO is
negligible, and the ratio of H, to CO decreases to the
stoichiometric ratio of MPO, 2:1, at high temperatures, such as
700 °C.

The high ratio of H, to CO of MPO on Rh-CeO,-air and Rh-
CeO,-H, cannot be rationalized with the above argument. This
is because Rh is in an ionic state during MPO. There are no
sites for WGS. Alternatively, the high ratio of H, to CO in
MPO on Rh-CeO,-air and Rh-CeO,-H, could result from a
different side reaction, CO oxidation. By considering the
reported high activity of CO oxidation on a RhO, thin film
formed on Rh nanoparticles,”””° the Rh-ions-doped oxide
surface may catalyze CO oxidation with a low activation energy.
CO oxidation on Rh-CeO,-air and Rh-CeO,-H, can consume
CO and thus increase the H,/CO ratio. A computational study
was suggested to provide insights for the expected activity of
CO oxidation on this Rh*"-doped oxide surface.

Compared to Rh-CeO,-H,, Rh-CeO,-air, Pt-CeO,-H,, and
Pt-CeO,-air, the evolution of the surface chemistries of Pd-
CeO,-H, and Pd-CeO,-air are more complicated. As shown in
Figure 2al,bl, the surface chemistries of Pd-CeO,-air and Pd-
CeO,-H, before catalysis are quite different. Pd exhibits an
oxidizing state in Pd-CeO,-air before catalysis in contrast to Pd-
CeO,-H, before catalysis in which the majority of Pd is in the
metallic state (Figure 2d1). This is supported by the
observation of Pd metal nanoparticles in the TEM studies. In
situ studies using AP—XPS showed that ionic Pd of Pd-CeO,-
air is partially reduced to metallic Pd during catalysis and the
fraction of metallic Pd nanoparticles of Pd-CeO,-air increases
with the rising reaction temperature in the temperature range of
300—600 °C (Figure 2a). This is partially due to the reduction
of the doped Pd ions by the products of MPO, H,, and/or CO.
All Pd in the Pd-CeO,-air during catalysis at 600 °C exists in a
pseudo-metallic state (Figure 2aS) because there are no Pd
metal nanoparticles observed in the Pd-CeO,-air after catalysis
(Figure 1b). Correspondingly, Pd-CeO,-air at 600 °C exhibits a
high conversion and selectivity for the production of H, and
CO (Figure 4). Correlations of the surface chemistries during
catalysis and the corresponding catalytic performances show
that the pseudo-metallic state of Pd is a component of an active
site.

Figure 2b1—b4 suggest that the Pd metal nanoparticles of
Pd-CeO,-H, before catalysis were oxidized during catalysis.
This is quite different from the partial reduction of the doped
Pd ions of Pd-CeO,-air during catalysis. In fact, this difference
can be rationalized by their catalytic activity. As shown in
Figure 6a, Pd-CeO,-H, is active for MPO only at a temperature
higher than 500 °C. At a temperature <500 °C, the reactive
environment is a mixture of CH, and O, without any
component of a reducing gas such as CO or H,. Certainly,
O, readily oxidized the Pd metal nanoparticles of Pd-CeO,-H,
during catalysis to ionic Pd (Figures 2b1—b4). As the oxidation
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of Pd metal nanoparticles must be performed on the external
surface of Pd nanoparticles, a core—shell structured Pd@PdO,,
was formed in the temperature range of 300—500 °C (Figures
2b2—b4). The lack of activity of Pd@PdO, at 300—500 °C
suggests that the PdO,, shell is not active for MPO. It is noted
that the coordination environment of Pd ions of the PdO,, shell
formed through oxidation of the Pd layer of Pd metal plates is
different from that of Pt ions or Rh ions doped in the lattice of
CeO,. The Pd ions doped in the lattice of CeO, likely activate
neighboring oxygen atoms of CeO, and thus decrease the
activation energy of C—H dissociation on oxygen atoms of the
surface lattice. However, Pd ions of PdO, formed on Pd-CeO,-
H, in the mixture of CH, and O, (Figure 2b) cannot activate
oxygen atoms of CeO, because Pd ions in this case are in a
PdO, shell of a PdA@PdO, nanoparticle instead of the surface
lattice of CeO,. Thus, the PdO,, shell formed on Pd-CeO,-H,
in the temperature range of 300—500 °C in the mixture of CH,
and O, is not active for MPO. Thus far, we have developed the
correlations of the in situ surface chemistries of the six catalysts
during catalysis and their corresponding catalytic performances.

Because Pd-CeO,-air, Pt-CeO,-air, and Rh-CeO,-air exhibit
better catalytic performance than Pd-CeO,-H,, Pt-CeO,-H,,
and Rh-CeO,-H,, respectively, we performed tests of stability
of MPO on Pd-CeO,-air, Pt-CeO,-air, and Rh-CeO,-air at 600
°C. As shown in Figure 19, the catalytic performances of the
three catalysts, including conversion, selectivity to H, and CO,
and the ratio of H, to CO, remain nearly constant in the first 24

h.

4. CONCLUSIONS

Pd-CeO,-air, Pd-CeO,-H,, Pt-CeO,-air, Pt-CeO,-H,, Rh-
CeO,-air, and Rh-CeO,-H, catalysts were synthesized. Pd, Pt,
and Rh ions were successfully doped into CeO, in Pd-CeO,-air,
Pt-CeQO,-air, Pt-Ce0,-H,, Rh-CeO,-air, and Rh-CeO,-H,,
although Pd metal nanoparticles were formed on CeO, of
Pd-CeO,-H, before catalysis. These well-controlled, parallel
studies of the six different catalysts (Pd-CeO,-air, Pd-CeO,-H,,
Pt-CeQ,-air, Pt-CeO,-H,, Rh-CeO,-air, and Rh-CeO,-H,)
revealed quite different catalytic performances even though
they were synthesized with the same method. Pd-CeO,-air
exhibits higher catalytic activity than Pd-CeO,-H, in the
temperature range of 300—550 °C. In situ studies of the surface
chemistry of the catalysts suggested that the pseudo-metallic
state of Pd is active for MPO. For Pt-CeO,-H,, Pt ions were
partially reduced. A comparative study of Pt-CeO,-air and Pt-
CeO,-H, during catalysis suggests that Pt ions doped in the
surface lattice of CeO, are a component of the active sites of
MPO. Compared to Pd-CeO,-air, Pd-CeO,-H,, Pt-CeO,-air,
and Pt-CeO,-H,, Rh in Rh-CeO,-air and Rh-CeO,-H, always
remains in an ionic state. Clearly, Rh ions doped in the CeO,
lattice are a component of the active sites.

Overall, we developed correlations between the evolution of
catalytic performances of the six catalysts and their correspond-
ing surface chemistries at different temperatures through in situ
studies of the surface chemistry of the six CeO,-based catalysts.
These correlations between the experimental evaluations of
catalytic performances and the corresponding surface chem-
istries during catalysis suggest the necessity of in situ studies in
understanding catalysis. Without in situ studies of surface
chemistry of catalysts during catalysis, the different surface
chemistries of Rh-CeQ,-air and Rh-CeO,-H, before catalysis
(Figure 14al,bl) identified with ex situ studies contradict the
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Figure 19. Stability tests of conversion, selectivity, and ratio of H, to
CO of Pd-CeO,-air (a), Pt-CeO,-air (b), and Rh-CeO,-air (c) at 600
°C.

same catalytic performance of MPO on Rh-CeO,-air and Rh-
CeO,-H, during catalysis.
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