Crystal-Phase Engineering of PdCu Nanoparticles for Catalytic

Reduction of NO by CO

Shuang Liu, Yong Li, Yuemin Wang, and Wenjie Shen*

ABSTRACT: Tuning the crystal phase of bimetallic nanoparticles
has emerged as a promising strategy to boost their catalytic
performance, but identifying the active site at the single-
nanoparticle scale is rarely done and remains challenging. Here,
the crystal phase of a PdCu single nanoparticle, spatially confined
by a silica shell, was mediated between the ordered body-centered
cubic (B2 ) phase and the disordered face-centered cubic (Al)
phase. During the crystal-phase transition, the porous silica shell
prevented the bimetallic nanoparticles from sintering under
reactive gases and at elevated temperatures, enabling us to alter
the crystal phase while keeping the particle size and atomic
composition unchanged. Combined microscopic and spectroscopic
characterizations revealed that the B2 particle was enclosed
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predominantly by the {110} facets over which Pd and Cu atoms were populated alternatively, while the Al particle exposed
mainly the {111} facets terminated by a random distribution of Pd and Cu atoms. When applied to catalyze NO reduction by CO,
the B2 particle showed a much higher activity with a reaction rate of 4.5 times greater than that of the Al particle. It was proposed
that the orderly arranged Pd and Cu atoms on the {110} facets, exposed by the B2 particle, favored the coadsorption of NO and CO
and further facilitated the dissociation of NO as the rate-determining step in the reaction network.

1. INTRODUCTION

Crystal-phase engineering of bimetallic nanoparticles enables
modulation of the geometric and electronic structure of the
surface atoms and would in turn alter their catalytic property.
PdCu nanoparticles crystallize in the disordered face-centered
cubic (fcc, Al) phase or the ordered body-centered cubic (bcc,
B2 ) structure, depending on the arrangement of Pd and Cu
atoms in the lattice cell. The ordered B2 phase often
outperformed the disordered Al phase in electrocatalytic
conversion of small molecules.'™” For instance, the activity of
the B2-PdCu particles was two times greater than that of the
Al1-PdCu particles for electrochemical reduction of N, to
ammonia.” The stronger d—d coupling effect between Pd—Cu
sites in the B2 structure favored electron transfer from PdCu to
N,. For electrochemical reduction of nitrate, the B2-PdCu
particles exhibited pronounced nitrate conversion (94%) and
N, selectivity (91%), which was much superior to the Al-
PdCu particles.” For electrochemical conversion of CO, the
ordered PdCu electrocatalyst endowed a rather high CO-to-
acetate selectivity at high current density, relative to the
disordered PdCu one.® The high-density Cu—Pd pairs in the
B2 catalyst enhanced *CO coverage, stabilized the ethenone

intermediate, and thereby promoted acetate formation. The
crystal phase of PdCu nanoparticles was also documented to
affect the activity and selectivity in hydrogenation reactions of
unsaturated compounds, where the ordered B2 particles
showed superior performance compared to the disordered
Al ones.'’”"” For example, the B2-PdCu particles effectively
catalyzed selective hydrogenation of 3-nitrostyrene with 94%
selectivity for 3-nitro-ethylbenzene at 100% substrate con-
version, but the A1-PdCu particles only showed 64%
selectivity.”> B2-PdCu nanocubes were highly selective and
active for acetylene hydrogenation to ethylene, giving ethylene
selectivity (95%) as compared to that on the Al-PdCu
particles (68%).'° The Pd single sites in the B2 catalyst
adsorbed the intermediate *C,H, via s-bonding, which
facilitated the desorption of ethylene. Apparently, the crystal
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phase of PdCu particles considerably affects their catalytic
performance, primarily because of the electronic and geometric
configurations of the surface metal atoms.

To date, PdCu nanoparticles are commonly prepared by
liquid-phase approaches and typically adopt the disordered Al
structure that features a random mixing of Pd and Cu atoms.
The crystal-phase transition from disordered Al to ordered B2
is usually done at high temperatures and under inert/reducing
atmospheres. "> ¥ 791> 18721 Hoyever, sintering of the PdCu
particles and diffusion of Pd and Cu atoms between the
particles under such harsh conditions result in a mixture of Al
and B2 particles with a dual-size distribution. The B2 particles
have larger sizes, while the Al particles are relatively smaller.
Thus, it is difficult to elucidate the structure of the active sites
over these bimetallic nanoparticles due to the interplay
between particle size and crystal phase.

In a recent study, we have proposed a silica-confinement
strategy to tune the crystal phase of PdCu at a single-
nanoparticle scale.”” Silica coating of monodisperse PdCu
colloids yielded an unfirm core—shell geometry, where the
silica shell spatially isolated each PdCu colloid and thus
allowed crystal-phase transition between Al and B2. As a
consequence, the resulting B2 and Al particles had the same
size (around 8 nm) and chemical composition (Pd/Cu molar
ratio of 1/1). When used to catalyze selective hydrogenation of
acetylene to ethylene at room temperature, the B2 particles
exhibited a much higher activity; the specific reaction rate was
1 order of magnitude greater than that of the Al particle.”” In
this work, we extended the study to examine the crystal-phase-
dependent behavior of these PdCu nanoparticles for catalytic
reduction of NO by CO, a crucial reaction in the three-way
catalysis for purifying vehicle exhaust emissions. It was found
that the intrinsic activity of the B2 particles was 4.5 times
greater than that of the Al particle. The orderly arranged Pd
and Cu atoms on the B2 particle surface favored the
coadsorption of NO and CO and facilitated the dissociation
of NO, thereby showing a much higher activity.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Fabrication of PdCu colloids,
silica coating the PdCu colloids, and crystal-phase transition of
the PdCu nanoparticles have been described in our previous
work.”> The key procedures and synthetic conditions are
introduced briefly as below.

2.1.1. PdCu Colloids. The PdCu colloids were prepared by
reducing Pd** (sodium tetrachloropalladate) and Cu** (cupric
chloride) with ethylene glycol. In a typical synthesis, 66.2 mg
of Na,PdCl, and 46.9 mg of CuCl,-2H,0 were dissolved into
100 mL of ethylene glycol at room temperature under Ar flow,
and 1 mL of oleylamine was added as the capping agent. The
mixture was heated to 120 °C and kept at that temperature for
20 min under stirring; the mixture was further heated to 200
°C and maintained at that temperature for 2 h. After cooling
down to room temperature, the solid product was collected by
centrifugation, washed with cyclohexane and acetone mixture,
and dispersed into cyclohexane (0.15 mg mL™").

2.1.2. Silica-Coated PdCu Colloids. Each PdCu colloid was
then coated with a silica shell using a water-cyclohexane
reverse microemulsion method at 20 °C. First, 80 mL of
Triton X-100 (polyethylene glycol tert-octylphenyl ether) was
added to 250 mL of PdCu colloid/cyclohexane solution (0.15
mg mL™"). Then, aqueous ammonia solution (29.4 wt %, S
mL) and aqueous hydrazine hydrate solution (80 wt %, S mL)

were added to the mixture. Finally, 9.35 g tetraethyl
orthosilicate, mixed with 250 mL cyclohexane, was added to
the suspension and stirred for 1 h. The solid product was
precipitated by adding 450 mL ethanol, collected by
centrifugation, washed with ethanol, and dried at 50 °C for
12 h under vacuum, yielding silica-coated PdCu colloids.

2.1.3. B2/A1-PdCu Particles. The silica-coated PdCu
colloids were then treated with H, at 400 °C for 2 h, yielding
the B2 particle in the ordered body-centered cubic phase. The
Al particle in the disordered face-centered cubic phase was
obtained by calcining the B2 particle at 400 °C in air for 4 h,
followed by H, reduction at 500 °C for 2 h. Elemental analysis,
using inductively coupled plasma atomic emission spectrosco-
py (ICPS-8100 Spectrometer), identified a Pd loading of 11.5
wt % and a Cu loading of 7.3 wt %, equaling a Pd/Cu molar
ratio of 1/1.

2.2, Catalyst Characterizations. X-ray diffraction (XRD)
patterns were recorded on a Rigaku D/MAX-2500/PC
diffractometer using a Cu Ko radiation source that operated
at 40 kV and 200 mA. In situ XRD measurements were done
using a high-temperature chamber with the same instrument
operated at 40 kV and 300 mA. 230 mg sample was pressed
into a self-supporting wafer, mounted in the chamber, and
heated from room temperature to 800 °C at a rate of 10 °C
min~! under the flow of a 5.0 vol % H,/N, mixture (50 mL
min~ ).

X-ray photoelectron spectroscopy (XPS) spectra were
recorded over an ESCALAB 250Xi instrument (Thermofisher)
using an Al Ko radiation source that operated at an
accelerating voltage of 15 kV. The sample was pressed into a
thin disc and mounted on a sample rod placed in the
pretreatment chamber, where it was treated with a 5.0 vol %
H,/N, mixture (50 mL-min™") at 400 °C for 1 h and then
purged by helium at 400 °C for 0.5 h. After cooling down to
room temperature, the sample was transferred into the analysis
chamber, where the spectra of Pd 3d, Cu 2p, and Cu L3VV
were recorded. The charging effect was corrected by adjusting
the binding energy of Si 2p to 104.4 eV.

Transmission electron microscopy (TEM) images were
taken over a Hitachi 7700 microscope operated at 100 kV;
high-resolution TEM (HRTEM) images were recorded on an
FEI Tecnai G2 F30 S-Twin microscope operated at 300 kV.
Aberration-corrected high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images
were acquired with a JEOL-ARM 300F microscope operated at
300 kV. Energy dispersive X-ray spectroscopy (EDS) elemental
mappings over individual particles were collected using a JED-
2300 T spectrometer. The specimen was prepared by
ultrasonically dispersing the powder sample in ethanol,
depositing droplets of the suspension onto lacey carbon-
coated gold grids and drying in air.

Fourier transform IR spectroscopy (FTIR) of CO
adsorption on the PdCu particles was conducted with a highly
sensitive ultrahigh vacuum Fourier transform IR spectroscopy
(UHV-FTIRS) system, dedicated to IR investigation on metal/
oxide catalysts in the form of both macroscopic single crystals
and powdered particles.””** 200 mg portion of catalyst was
pressed into an inert metal grid and mounted on a sample
holder that was specially designed for the transmission model
IR transmission measurements. The sample was pretreated
with atomic hydrogen at 400 °C for 1 h and then exposed to
CO at —163 °C and gradually heated to room temperature at a
rate of 3 °C min~". IR data were accumulated by recording
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Figure 2. XRD patterns and TEM/STEM images of B2 (a—c) and Al (d—f) particles.

1024 scans with a resolution of 4 cm™ at the desired
temperatures. Before each exposure, a spectrum of the clean
sample was recorded as a background reference.
Temperature-programmed desorption (TPD) of NO or CO
on the catalyst was conducted with a U-type quartz reactor.
150 mg sample (40—60 mesh) was pretreated with a 5.0 vol %
H,/Ar mixture (50 mL min~") at 400 °C for 1 h. After cooling
down to room temperature under Ar flow (50 mL min™"), the

sample was exposed to a 1.0 vol % CO/He or 1.0 vol %NO/
He mixture (S0 mL min™") for 2 h and then purged by He for
1 h to remove the weakly adsorbed CO or NO. Subsequently,
the sample was heated to 800 °C at a rate of S °C min~" under
He flow (50 mL min~"), and the outlet gas was analyzed by an
online mass spectrometer (Pfeiffer Omnistar).

2.3. Catalytic Test. NO by CO was conducted in a
continuous-flow quartz tubular reactor. The catalyst (50 mg,
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Figure 3. XRD patterns were recorded by heating the Al and B2 particles from room temperature to 800 °C under hydrogen.

40—60 mesh) was pretreated with a 5.0 vol %H,/He mixture
(50 mL min™") at 400 °C for 1 h and then exposed to the
reaction stream that contained 2000 ppm of NO and 2000
ppm of CO balanced with He (50 mL min™'). The
concentrations of nitrogen oxides and nitrogen in the inlet
and outlet streams were monitored by a NO/NO, analyzer
(Thermo Environmental Instruments Inc.) and an online gas
chromatograph (Agilent 7890B). The conversions of NO and
CO were calculated according to the concentrations of NO
and CO in the inlet and outlet gases, while the selectivity of N,
was calculated based on the concentrations of N, and N,O in
the outlet gas.

CO conversion = ([CO],, — [CO],,,)/[CO],, X 100%
NO conversion = ([NO],, — [NO],,.)/[NO],, X 100%

N, selectivity = [N,],../ ([N, + [N,Ol ) X 100%

For the kinetic study, the reaction rates were measured by
controlling the conversion of NO below 20% via varying the
flow rate of the reaction gas or the weight of the catalyst.

3. RESULTS AND DISCUSSION

3.1. Structures of the PdCu Particles. The spherical
PdCu colloids had a mean size of 8.0 nm in the ordered B2
phase, as we described previously.”” STEM analysis revealed
that the PdCu colloid was enclosed by 12 {110} and 6 {100}
facets; the {110} facet featured by the alternatively arranged Pd
and Cu atoms, while the {100} facet was terminated by either
Pd or Cu atoms (Figure S1). Each PdCu colloid was then
coated with a silica shell, forming the core—shell geometry,
where the metal core was sized at about 8.3 nm and the silica
shell was 7.1 nm thick (Figure 1). The XRD pattern affirmed
that the silica-coated PdCu colloids retained the ordered body-
centered cubic phase (JCPDS # 80-4575). HRTEM images
revealed the atomic structure of the silica-coated PdCu
colloids. When viewed along the [001] direction, the vertical
lattice spacings of 0.30 nm indicated the (100) and (100)
planes. As viewed along the [111] direction, the two lattice
spacings of 0.21 nm, with the dihedral angle of 60°, referred to
the {011} planes.

H, treatment of the silica-coated PdCu colloids at 400 °C
for 2 h eliminated the residual organic species (Figure S2),
yielding the B2 particle (Figure 2a). TEM/STEM images
confirmed that each PdCu particle was confined by a silica
shell; the PdCu particle averaged at 8.5 nm, while the silica
shell had a thickness of 7.4 nm (Figure S3). When viewed
along the [001] zone axis, the lattice spacings of 0.30 and 0.21

nm with a dihedral angle of 45° referred to the (100) and
(110) planes (Figure 2b). As viewed along the [111] direction,
the two lattice spacings of 0.21 nm, at a dihedral angle of 60°,
indicated the (011) and (101) planes (Figure 2c), respectively.
When viewed along the [001] direction, the alternating bright
and dim fringes indicated the well-organized Pd and Cu atomic
columns (line intensity profile in region 1). Tuning of the
crystal phase was done by treating the B2 particle with O, and
H, at 400—500 °C. Air calcination of the B2 particle at 400 °C
for 4 h and the subsequent H, reduction at 500 °C for 2 h
yielded the Al particle in the disordered fcc phase (Figure 2d).
TEM analysis found that the PdCu particle was about 8.3 nm
in size, while the silica shell had a thickness of approximately
7.1 nm (Figure S3). This evidenced that the silica shell
prevented the PdCu particles from sintering during the high-
temperature treatments by the reactive gases. STEM images
detailed the atomic arrangement in the Al particle. As
projected along the [001] direction, the two orthogonal lattice
spacings of 0.19 nm were assigned for the (200) and (002)
planes (Figure 2e). The interplanar spacings of 0.21 nm with
dihedral angle of 70.5° referred to the (111) and (111) planes
(Figure 2f). Line intensity profile of marked region 2 showed a
consistent contrast, indicating the random distribution of Pd
and Cu atoms. Accordingly, the Al particle was projected to be
enclosed by the {111} and {100} facets with random
arrangements of Pd and Cu atoms.

These XRD and TEM/STEM data collectively attested that
the crystal-phase transition from the ordered B2 phase to the
disordered Al structure occurred on the single-nanoparticle
scale. Therefore, the B2 and Al particles had approximately the
same size and chemical composition but completely different
crystal phases. Of note, this silica-coated crystal-phase
transition differs from conventional cases where the PdCu
particles are dispersed over oxide supports. When heated to
high temperatures, crystal-phase transition and particle
sintering take place simultaneously. The resulting PdCu
particles possess a mixed phase: smaller particles in the Al
phase, while large ones in the B2 phase.”> Here, the silica shell,
acting as a diffusion barrier, eliminated participle sintering and
allowed only intraparticle rearrangement of metal atoms during
the crystal-phase transition. In situ XRD patterns, recorded by
heating the samples from room temperature to 800 °C under
the flow of a 5.0 vol % H,/N, mixture, revealed the thermal
stabilities of the Al and B2 particles (Figure 3). The Al
particle kept the fcc phase in the entire temperature range
without obvious changes in the diffraction lines. The B2
particle retained the ordered phase below 500 °C, while minor
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Figure 4. XPS spectra of Pd 3d (a) and Cu 2p (b) in particles B2 and Al particles.
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Figure 5. CO-IR spectra of the B2 and Al particles recorded at —93 °C (a,b) and 27 °C (c,d).

Al phase appeared at above 600 °C. The diffraction line
corresponding to the (111) plane of the Al phase emerged at
600 °C, while the diffraction line of the (200) plane became
appreciable at 800 °C. This meant that the B2 particle
experienced crystal-phase transition from B2 to Al at above
600 °C. Nevertheless, the ordered body-centered cubic
structure still dominated even at 800 °C.

3.2. Surface Properties of the PdCu Particles. XPS
spectra identified the chemical states of Pd and Cu in particles
B2 and Al (Figure 4). In the Pd 3d spectra, the binding
energies of 3ds,, and 3d;,, were located at 335.2 and 340.5 eV
in both cases, which could be ascribed to metallic Pd in
general. However, they were higher by 0.3 eV as compared
with the values for monometallic Pd® (334.9 and 340.2
eV),”**” primarily because of the charge transfer in PdCu

nanoparticles.”***** XPS spectra for Cu 2p, featured by spin—
orbit splitting (Cu 2p;/, and Cu 2p;,,), showed doublets at
932.1 and 952.0 eV for the Al particle and at 931.8 and 951.7
eV for the B2 particle. They could be ascribed to metallic Cu,
as further supported by the absence of satellites and the
corresponding Cu L3VV spectra (Figure S4). These binding
energies for Cu were much lower than these of monometallic
Cu® (933.0 and 952.8 €V).*>*" This is due to the electronic
interaction in PdCu nanoparticles, where Pd transfers electrons
to Cu through forming Pd—Cu bonds between the almost full
“sd” levels of Pd and the resonant “dsp” levels of Cu near their
Fermi levels.”**”** The empty conduction band levels of Cu
become partially occupied upon alloying with Pd, which
readjusts the electronic structure of Cu and thus affects the
binding energy of the core level. However, the electronic
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Figure 6. NO reduction by CO over the B2 and Al particles. (a) NO conversion, (b) CO conversion, (c) N, selectivity, and (d) N,O selectivity.

structure of Pd is less affected by this interaction because of the
occupied states of Pd in the Pd—Cu bonds. Of note, the
binding energies of Cu 2p in the B2 particle were lower by 0.3
eV than those for the Al particle, implicating a stronger
electronic interaction between Pd and Cu in the B2 phase.
CO-IR spectra elucidated the geometric and electronic
properties of surface Pd and Cu atoms over the PdCu particles.
Upon CO adsorption on the B2 particle at —93 °C, four
distinct bands appeared at 2121, 2106, 2066, and 1910 cm™
(Figure 5a). The broad band at 1910 cm™ was attributed to
CO bound to the bridged and hollow sites on contiguous Pd
ensembles, while the band at 2066 cm™! referred to CO
linearly adsorbed on the isolated Pd site that coordinated to
Cu atoms.”>**7*° The band at 2121 cm™" was assigned to CO
adsorbed on isolated Cu site surrounded by Pd atoms, while
the signal at 2106 cm™' was ascribed to CO bound at Cu
contiguous monolayers.””****7*” Over the Al particle, an
additional band appeared at 2093 cm™" (Figure Sb), indicating
CO bound to Cu multilayered aggregates.””*® The band for
CO adsorbed on the isolated Pd site was resolved at 2074
cm™!, which red-shifted by 8 cm™" relative to that on the B2
particle (2066 cm™"). For the CO-IR spectra, recorded at room
temperature, only weak bands for CO bound to Pd-related
sites were detected, while the Cu-related signals disappeared
(Figure Sc,d). This indicated weaker adsorption of CO on Cu
sites due to the 6—o repulsion between the half-filled Cu 4s
orbital and the CO So lone pair. On the B2 particle, linearly
and bridge-bonded CO on Pd sites red-shifted to 2043 and
1887 cm™, respectively. On the Al particle, the band for linear
CO-Pd located at 2067 cm™!, while that for bridge CO-Pd
emerged at 1905 cm™'. The discrepancy of vibration
frequencies implied that CO bonded more strongly on the

B2 particle, which involved back-donation from Pd 4d to CO
27%* orbitals.**

3.3. NO Reduction by CO over the PdCu Particles.
Catalytic reduction of NO by CO is a key reaction in three-way
catalysis for abating exhaust gases from vehicle emissions. Over
Pd catalysts, this reaction follows the Langmuir—Hinshelwood
mechanism.””~*' NO and CO adsorb competitively on the Pd
surface, and the adsorbed NO further dissociates into reactive
N and O species; the N atoms combine to N,, while the O
atoms react with CO to yield CO,.* " Meanwhile, the
activated N species, adsorbed strongly on the Pd surface, could
interact with NO to form N,O, desorbed as the byproduct.*
However, the Pd surface favors a preferential adsorption of CO
in the presence of NO, and the preadsorbed NO could be
replaced by CO.* Alloying Pd with Cu has been documented
to promote the activity/selectivity via the ligand and geometric
effects.**>* For example, PdCu particles supported on CeO,/
Al Oj; catalyzed NO reduction by CO efliciently, giving a 100%
conversion of NO at around 350 °C."” It was proposed that Cu
in the PdCu particles modified the Pd valence state and
activated the N—O bond. More recently, Pd,Cu; single-atom
alloys displayed a complete conversion of NO to N, even at
175 °C, where NO dissociation on Cu was proposed to be the
rate-determining step.50

The B2 and Al particles were tested for NO reduction by
CO, where a prominent crystal-phase-dependent effect was
observed (Figure 6). On the B2 particle, NO conversion was
20% at 200 °C, increased sharply with raising the temperature,
and approached nearly 100% at 275 °C. For the Al particle,
NO conversion was 20% at 200 °C as well, but it increased to
32% at 250 °C and then reached about 100% at 325 °C. These
results evidenced that the B2 particle was more active than the
Al vparticle. The selectivity toward N, depended on the
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Figure 7. XRD patterns and STEM images of the used B2 (a—d) and Al particles (e—h).

a 100
__ 80
X
c
2 60
4
[
g
S 40
o
o
=z
204
-0—-B2
-o—-A1
0 : T T T
10 20 30 40
Time on-stream (h)
¢ 100
80 AANANDDNDLDDDLANNDNDNNND
S
£ 601 %%M
2
ki
Q
© 40
(2]
z2
204
B2
- A1
0 : T T r
10 20 30 40

Time on-stream (h)

b 100
-0—-B2
-o—-A1
—. 801 0000000000000000000000
2
c
2 60
4
[
g
3 401 %
o
o]
o
20
0 r T T T
0 10 20 30 40
Time on-stream (h)
d 100
—0—B2
- A1
80
S
z
3
8
o
K
3 a0l W
Q
F4
204 oo o0 oo oo o000 0-0-00
0 : T T T
10 20 30 40

Time on-stream (h)

Figure 8. NO reduction by CO over the B2 and A1 particles at 260 °C. (a) NO conversion, (b) CO conversion, (c) N, selectivity, and (d) N,O

selectivity.

reaction temperature over both catalysts. N,O was the

predominant product at low temperatures, while N, became
the main product at higher temperatures. In line with the full
conversion of NO, nearly 100% selectivity toward N, was
achieved at 275 °C on the B2 particle and at 325 °C on the Al
particle. Here, the silica shells in the B2 and Al particles did
not affect the catalytic performances. The surface area was 177
m?® g for the B2 particle while 161 m* g~ for the Al particle.
Both samples had a similar pore size of 0.52—0.53 nm on the
silica shells (Figure SS). This allowed diffusion of the reacting

molecules, e.g., NO (0.349 nm), CO (0.369 nm), CO, (0.33
nm), N,O (0.383 nm), and N, (0.380 nm),”* to the core
bimetallic particles for their chemical transformations.

XRD and STEM analyses on the used PdCu catalysts in
Figure 6 revealed structural changes under the reaction
conditions. The used B2 particle dominated in the ordered
body-centered cubic phase, but minor Al phase appeared as
evidenced by the additional diffraction lines at 2theta of 41.4,
48.1, and 85.4° (Figure 7a). This meant that the B2 particle
crystallized into mixed B2 and Al phases during NO reduction
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Figure 9. TPD profiles of NO and CO over the B2 and Al particles. (a—c) NO, N,O, and N, desertions and (d) CO desorption.

by CO. It is highly likely that this crystal-phase transition was
driven by the adsorbed oxygen species generated by NO
dissociation. STEM images verified the core—shell geometry,
where the core metal particle (8.2 nm) was confined by the
silica shell with a thickness of 7.0 nm (Figures 7b and S6). The
two-perpendicular lattice spacings of 0.30 nm, viewed along
the [001] direction, indexed the {010} facets (Figure 7c).
However, the two lattice spacings of 0.21 and 0.19 nm, with
dihedral angle of 54.7°, indicated the (111) and (200) planes
of the Al phase (Figure 7d), respectively. The used A1 particle
retained the disordered face-centered cubic phase (Figure 7e),
which was further supported by the STEM images (Figure 7f—
h). As viewed along the [110] direction, the lattice spacings of
0.21 nm with a dihedral angle of 109.5° referred to the {111}
facets, while the orthogonal lattice spacings of 0.19 nm
indicated the (200) and (020) planes of the Al phase, when
viewed along the [001] direction. The metal size and the silica
shell thickness remained the same as in the fresh catalyst
(Figure S6).

To avoid crystal-phase transition during the reaction, the B2
and Al particles were then tested for NO reduction by CO at
260 °C (Figure 8). The B2 particle showed stable performance
0f 90% NO conversion and 80% N, selectivity for 38 h. On the
Al particle, the conversion of NO was 48% at the initial stage
but gradually increased to 62% at 40 h, while the
corresponding selectivity of N, declined from 68 to 50%.
The reaction rates, measured by controlling the conversion of
NO below 20% at 260 °C (Figure S7), further demonstrated
the superior activity of the B2 particle. The conversion rate of
NO on the B2 particle was 3.6 X 107 molyq g, ' ™', which
was 4.5 times of that (8.0 X 1077 molyg g, ' s~"') on the Al
particle. XRD patterns of the used samples in Figure 8 verified
the well retained B2 and Al phases in the respective catalysts
(Figure S8). XPS spectra of the used samples revealed that Pd
and Cu were oxidized slightly after the reaction tests (Figure
S9). The binding energies of Pd 3d were located at 335.2 and
340.5 eV in both catalysts, which are generally ascribed to

metallic Pd. While the binding energies at 367.9 and 342.2 eV
indicated Pd*", the binding energies of Cu 2p at 932.6/952.5
eV for the used Al particle and those at 932.3/952.2 eV for the
B2 particle were assigned to metallic Cu. However, the
satellites at 940—950 eV evidenced the partial oxidation of Cu
during the reactions.

All of these reaction data demonstrated that the crystal
phase of PdCu particles affected the performance for NO
reduction by CO, in which the B2 phase outperformed the Al
phase. NO-TPD experiments elucidated the adsorption
behavior of NO on particles B2 and Al (Figure 9). NO and
N,0O/N, desorbed from the catalysts as the temperature rises.
Over the B2 particle, minor desorption of NO occurred at 60
°C, while intense desorptions of N,O/N, appeared at 330 and
696 °C, suggesting that the preadsorbed NO dissociated on
the metal surface and desorbed as N,O/N,.”»**7>* Most likely,
NO dissociated into reactive N and O species, and the N
atoms combined to N, or interacted with another NO to form
N,0.* On the Al particle, intense desorptions of NO at 56/
91 °C and minor desorptions of N,O/N, at 260/590 °C were
detected. Therefore, it is reasonable to infer that NO was
mainly molecularly adsorbed on the Al catalyst while mostly
dissociatively adsorbed on the B2 catalyst. CO-TPD profiles of
the Al and B2 catalysts showed practically identical CO
desorptions at 458—478 °C, corresponding to the molecularly
adsorbed CO.>*

As mentioned above, the catalytic reduction of NO by CO
follows the Langmuir—Hinshelwood mechanism, during which
NO and CO adsorb competitively on the catalyst surface. Over
PdCu particles, NO interacts more favorably with the Cu
atoms due to the higher oxophilicity, while CO adsorbs
preferentially on the Pd atoms because of the stronger d-z
back-donation.>>¥7%1=%* At this scenario, Cu atoms are
responsible for the dissociative adsorption of NO, while Pd
atoms serve as the sites for the molecular adsorption of CO.
First, NO adsorbs on the Cu atoms and dissociates into
reactive N and O species. Then, the activated N atoms
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combine to N, and/or reacts with another NO to form N,O,
depending on the temperature. Finally, the released O species
reacts with adsorbed CO on the neighboring Pd atoms to yield
CO,. Here, the B2 particle was mainly enclosed by the {110}
facets, over which the alternatively arranged Pd and Cu atoms
favored the coadsorption of CO and NO. This process could
be kinetically facilitated by the neighboring Pd and Cu atoms,
involving charge transfer.*”**®> By contrast, the Al particle
predominantly exposed the {111} facets, where the Cu and Pd
atoms were distributed randomly. The competitive adsorption
of NO and CO over the Al particle surface resulted in lower
activity.

4. CONCLUSIONS

The crystal phase of the PdCu nanoparticle was mediated
between the ordered body-centered cubic and disordered face-
centered cubic phases. The porous silica shell effectively
prevented the bimetallic particle from sintering at high
temperatures and under reactive gases during the crystal-
phase transition. The resulting PdCu particles had approx-
imately the same size and chemical composition but totally
differed ¢ rystal p hase. T he B 2 p article w as predominantly

enclosed by the {110} facets, where isolated Pd and Cu atoms
were arranged orderly, while the Al particle primarily exposed
the {111} facets terminated by a random distribution of Pd
and Cu atoms. These PdCu particles showed remarkable
crystal-phase-dependent behavior in the catalytic reduction of
NO by CO. The reaction rate over the B2 particle was 4.5
times greater than that of the Al particle. This was ascribed to
the alternating arrangement of Pd and Cu atoms on the {110}
facets exposed by the B2 particle, which favored the
coadsorption of NO and CO and more importantly facilitated
the dissociation of NO.
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