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ABSTRACT: The nanorod-structured (Au—Pd)/CeO, catalysts
with different Au/Pd ratios were prepared from Al-—Ce—Au—Pd 3
precursor alloys through combined dealloying and calcination

treatment. XRD, SEM, TEM, XPS, Raman spectroscopy, and N,

adsorption—desorption measurements were applied to test the S Dealloying
structure and physicochemical properties of samples. Catalytic :
evaluation results imply that the (Pdy;s—Aug;s)/CeO, catalyst
calcined at 500 °C possesses optimal catalytic activity for CO
oxidation when compared with other catalysts with different Au/
Pd ratios or (Pdy5-Aug,5)/CeO, calcined at other temperatures, whose 50% and 99% reaction temperature can be reached as low as
50 and 85 °C, respectively. This superior catalytic property is attributed to their robust nanorod structure and the introduction of
noble bimetal Pd and Au, which can construct a nanoscale interface to access fast electron motion, thus enhancing catalytic

efficiency.
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B INTRODUCTION

The catalytic CO oxidation reaction is of great practical
significance for CO pollution control in daily life and industrial
production.'~* Extensive research on CO oxidation has been
conducted by using noble metals like Pt,° Pd,° Au,” and Rh® to
explore the influence of the structure and interface effect on
catalytic activity.”~'" Pt-group metals are the earliest proposed
type of catalysts because of their high activity for CO
oxidation."*™"* The Au nanoparticles are reported to show
superior catalytic activity for low-temperature CO oxidation
when the particle size is smaller than § nm.">'® Typically, the
bimetallic catalysts exhibit better properties when compared
with the constituent individual metals due to the optimized
geometric and electronic properties of active sites caused by the
synergistic effects in bimetallic catalysts.'”>° The catalytic
performance of supported Au—Pd bimetallic catalysts has been
investigated. Garcia’s group researched the dynamic structure of
Pd-doped Au,g nanoclusters upon pretreatment and catalytic
reaction.”’ They concluded that the fabricated PdAu,, nano-
clusters supported on titania showed significantly higher activity
than supported monometallic Au,s nanoclusters. However, the
reported fabrication methods so far are relatively complicated
and difficult for large-scale production.

CeO, is a unique rare metal oxide with rich reservation. It has
attracted wide interest as a catalyst for CO oxidation due to its
fast storing/releasing oxygen capability through a reversible
Ce®*/Ce* redox reaction.”” ** The merits of low energy for
oxygen vacancy formation and outstanding thermal stability also
make CeO, a competitive material for catalytic field

application. As the catalytic properties of materials can
also be influenced by surface structure, CeO,-based catalysts
with various morphologies and facets like nanorod,”® nano-
tube,” octahedron,® and nanoflower’’ have been reported.
However, pure CeO, possesses poor catalytic properties because
of the deficiency of highly active sites, which makes it hard for an
adsorption/conversion reaction to take place. Supporting noble
metals onto CeO, can efficiently support active sites and
enhance the catalytic performance of the material;”*~** CeO,
with a large surface area can also promote dispersion of noble
metals.”” Chen’s group synthesized bimetallic Au—Ag-deposited
CeO, catalysts by a deposition—precipitation method. The Au—
Ag/CeO, shows high CO conversion because of the formation
of a bimetallic alloy with good dispersion.*®

Dealloying is a simple, efficient, and environmentally friendly
technique to fabricate nanoporous materials on a large
scale.”” ™" The pore size and surface structure of materials can
be controlled by regulating the corrosion temperature, reaction
rate, and composition of alloys.*”*" Transition metal oxides
(NiO,” Cu0,*” Co0;0,™) and noble metals (Ag* Rh,***
Pt"®) have been reported to support the CeO, nanorod
successfully.”” The obtained CeO,-based catalysts display
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Figure 1. (a) Fabrication schematic of (Pt—Au)/CeO,, XRD patterns of (b) melt-spun and dealloyed Al ,CesAu, ;sPd, s ribbons, and (c) (Auy-

Pdy;.x)/CeO, (X = 0.05, 0.1, 0.15) calcined at 500 °C.

outstanding catalytic activity. However, the research on noble
bimetal supporting onto CeO, by dealloying method needs
further exploration.

In this work, the catalytic activity of CeO,-based nano-
composites is enhanced by adding noble bimetal Au and Pd into
the system through a facile dealloying and calcination method.
Almost all of the Al in the sample is etched and removed during
the dealloying procedure and does not recover thereafter. The
introduction of noble bimetal into CeO, can contribute to the
formation of a nanoscale interface between Au (PdO) and CeO,
nanorods, which can promote the move of electrons at the
interface. The catalytic properties of samples with various Pd/Ag
ratios and different heat treatment conditions are also evaluated.
The results indicate that the (Pd,;s—Au,5)/CeO, exhibits the
best catalytic performance with 50% reaction completion
temperatures as low as 50 and 85 °C, respectively. This work
provides a novel method for design and fabrication of high-
efficient catalysts.

B RESULTS AND DISCUSSION

In this work, the nanorod-shaped bimetal/CeO, framework
catalyst is fabricated by a combined dealloying and calcination
method, and the corresponding fabrication schematic is
displayed in Figure la. The XRD patterns of melt-spun and
dealloyed Aly, ,CegAu,;sPd, ;s ribbons are analyzed by using
JADE software, with the results displayed in Figure 1b. The
melt-spun Al-Ce—Au—Pd alloy ribbons are composed of a-Al,
Al,Ce, and Aly,Ceg phases. After dealloying treatment, the a-Al,
Al,Ce, and Aly,Ceg phases disappear while CeO,, a new phase, is
detected, indicating that most of the Al has been eliminated. The
XRD patterns of dealloyed Alg, ;CegAug osPdg 55,
Aly, ,CegAu, ;Pd,,, and Aly, ,CegAu, sPd, ;s ribbons dealloyed
at 500 °C are shown in Figure 1c. The diffraction peaks located
at28.4°,33°,47.4°, 56.4°, 69.4°, and 76.9° correspond to (111),
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(200), (220), (311), (400), and (331) planes of cubic CeO,
(PDF no. 89-8436), respectively, implying that the CeO,_, phase
has been totally transformed into the CeO, phase. The weak
peaks at 38° and 40° are assigned to the (111) planes of Au and
Pd, respectively. The EDS spectrum in Figure S1 illustrates that
the atomic composition of Ce, Au, and Pd in (Auy;s—Pdy;s)/
CeO, catalyst is 95.81, 1.83, and 2.36 atom 9%, respectively,
indicating that Au and Pd have been added into the Al-Ce
precursor alloys successfully. More accurate elemental compo-
sition and noble metal mass loading of noble metals are tested by
employing ICP, with the results shown in Table S1. The results
show that the atomic ratios of Pd and Au in catalysts are close to
those of the added noble metals.

The surface and cross-sectional images of (Au—Pd)/CeO,
composites are presented in Figure 2. The composites are
obtained by adding Pd and Au with a total amount of 0.3%
(atom %) into the Aly,Ceg alloy. All three (Au—Pd)/CeO,
samples exhibit a nanorod-supported framework structure with
nanopores distributed among them. The structures of the
samples remain similar without significant changes as the Au/Pd
ratio varies, while the arrangement of pores is slightly tuned, as
shown in Figure 2a—c. In addition, the cross-sectional SEM
image of (Aug;5—Pdy5)/CeO, in Figure 2d further reflects the
presence of rich pores and independent arrangement of
nanorods. It is believed that the distinctive framework structure
can contribute to the stabilization of samples during the catalytic
process; the existence of pores distributed among nanorods can
provide more channels for penetration of reacted gases, and
thus, the catalytic CO oxidation performance is expected to be
enhanced.

The more detailed microstructures of fabricated catalysts are
characterized by TEM and HRTEM. As observed from the TEM
images of (Auggs—Pd,,s5)/CeO, (Figure 3a), (Auy;—Pd,,)/
CeO, (Figure 3c), and (Augy,5—Pdy,5)/CeO, (Figure 3e), the
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Figure 2. SEM images of (a) (Auggs—Pdy,5)/CeO,, (b) (Auy,—
Pd,,)/Ce0,, (c) (Aug;s—Pdy,5)/CeO,, and (d) the cross-sectional
image of (Aug 5—Pdy5)/CeO,.

0.32nm
Celd (114

Figure 3. TEM and HRTEM images of (a, b) (Aug5-Pdy,5)/CeO,, (c,
d) (Aug,-Pd,,)/CeO,, (e, f) (Aug,5-Pdy5)/CeO,.

(Au—Pd)/CeO, catalysts are composed of evenly arranged
nanorods. The nanorods are interpenetrated and stack onto each

other; some black nanoparticles with average diameters of 5 nm
are distributed on the surface of nanorods. These results are in
line with SEM results. The corresponding HRTEM images are
displayed in Figure 3b,d,f, respectively. The lattice fringe with a
space of 0.32 nm corresponds to the (111) plane of CeO,; the
black nanoparticles with a lattice space of 0.235 nm correspond
to the (111) plane of Au, while the lattice space of 0.264 nm
belongs to the (101) plane of PdO. This further implies that Au
and Pd have been added into the Al—Ce alloy system
successfully. The surface element distribution state of Au and
PdO on CeO, nanorods is further characterized by STEM
mapping (Figure S2). For (Aug;s—Pd,;5)/CeO, prepared
through dealloying and calcination at 500 °C, the Pt and Au
nanoparticles are semiembedded onto the surface of (Auy;s—
Pd, ;5)/CeQ,, as shown in Figure S2.

The specific surface area, pore volume, and distribution of
(Au—Pd)/CeO, catalysts are investigated by a N, adsorption—
desorption test. As observed from the N, adsorption—
desorption isotherms of three (Au—Pd)/CeO, samples in
Figure 4a, the three curves are of type IV and possess an H3
hysteresis loop at a relative pressure of 0.75—1.0 P/P,, which
implies the existence of mesopores.’’ The BET specific surface
area of (Augos—Pdy,s)/CeO,, (Auy;—Pd,,)/Ce0O,, and
(Aug,s—Pd,;5)/CeO, is 76.0114, 80.5366, and 89.5943 m?>
g~!, respectively; their corresponding pore size distribution is
centered around 19.51, 16.39, and 15.81 nm, and the pore
volume is 0.37, 0.33, and 0.35 cm® g_l, respectively, as shown
from the BHJ pore-size distribution plots in Figure 4b.
Therefore, it can be clearly observed that the (Auy;s—Pdy;s)/
CeO, composite material possesses the largest specific surface
area and smallest pore volume.’' Compared with Pt/CeO,, the
overall specific surface area of (Au—Pd)/CeO, is relatively low,
which may be due to the coarsening phenomenon of partial
nanorods during heat treatment at relatively high temperature,
but the mesoporous properties of composites remain
unchanged. Large specific surface area, proper pore size, as
well as pore volume of (Auy;s—Pd,;5)/CeO, can provide more
gas diffusion paths and richer reactive sites, thus contributing to
enhanced catalytic activity.*®

The XPS characterization of (Pd,;5-Auy;5)/CeO, catalyst is
employed to measure chemical valence, with results as presented
in Figure S. Figure Sa—d displays the typical fitted Ce 3d, Pd 4f,
Au 4f, and O 1s of (Pdy s—Aug;s)/CeO, obtained using the
Gaussian fitting method. For the Ce 3d spectrum in Figure Sa,
the binding energies located at 881.9, 888.2, and 897.7 eV for Ce
3ds/, and 900.4, 907.3, and 916.2 eV for Ce 3d;, correspond to
Ce*, and the peaks at 884.5 and 903.3 eV are assigned to Ce**.>
As the concentration of Ce*" can be reflected from the integrated
areas of the Ce®" peak to the total (Ce®* + Ce*") peaks, the
surface concentration of Ce®" on the (Pdy;s—Auy;s)/CeO,
catalyst is 18.01% according to the fitting calculation of Ce 3d
spectrum. The Pd 4f spectrum in Figure Sb demonstrates that
both metallic Pd and ionic Pd** exist in (Pd,;s—Auq5)/CeO,.
The peaks at 336.2 and 341.2 eV correspond to the Pd 3d;,, of
Pd’; the binding energies at 337.2 and 342.5 eV for Pd 3d;, and
342.5 eV for Pd 3ds,, belong to Pd*".*’ Similarly, the Pd**
concentration of total Pd is 27% and the ratio between Pd° and
Pd*" is around 7:3. For the Au 4f spectrum in Figure Sc, the
binding energies at 83.6 eV for Au 4f,, and 87.2 eV for 4f; , are
characteristic peaks of Au®>® while the peaks at 84.6 and 88.1 eV
are assigned to Au’*. The O 1s spectrum is shown in Figure 5d,
in which the peaks centered at ~529.3, ~531, and ~532.2 eV
correspond to lattice oxygen species (Oy,), surface adsorbed
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oxygen (O,,), and weakly bonded specific oxygen species
(Opon), respectively. The concentration of surface-active oxygen
for total oxygen in (Pdy;s—Aug;s)/CeO, is 20.8%. Therefore,
highly concentrated Ce¥, Au’, and PdO species exist in the
(Pdy,5—Auy;5)/CeO, catalyst. The presence of noble metal
active phases is conducive to adsorbing CO onto the surface of
catalyst; highly concentrated Ce®" can provide more oxygen
vacancies, which is conducive to generating more active oxygen
atoms.

More molecular structural information on (Pd—Au)/CeO,
catalysts is measured by Raman characterization. For the Raman
spectra of three (Pd—Au)/CeO, catalysts with different Pd/Au
ratios in Figure 6, the occurrence of an apparent peak around
456 cm™ is attributed to the F,, vibrational mode of CeO,
originating from the breathing mode of oxygen anions around
Ce cations. Compared with the curve of pure CeO, in Figure S3,
the peak intensity is obviously decreased, and the peak position
is shifted from 459 to 456 cm™, which is ascribed to a common
size-dependent phenomenon occurring in CeO,-based particles
and demonstrates the generation of large amount of grain
boundaries/defects brought from grain refinement after
introduction of Pd and Au nanoparticles into the material
systern.46

11892

(Pd, 15AU, 45)/Ce0,

Intensity / a.u.

(Pd, ,Au, ,)/Ce0,

(Pdg 25AUq o5
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Figure 6. Raman spectra of (Pd—Au)/CeO, catalysts.

200

Figure 7a displays the relationship between the CO
conversion rate and calcination temperature over (Auy—
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Figure 7. (a) CO conversion as a function of reaction temperature over the (Pd—Au)/CeO, catalysts; (b) (Pd5-Aug,s)/CeO, catalyst prepared

under different calcination temperatures.

Pdy;.x)/CeO, (X =0, 0.0S, 0.1, 0.15, 0.3) catalysts. For Pd;/
CeO, with no addition of Au, the temperatures for 50% CO
conversion (Tsp) and 99% CO conversion (Ty) are 85 and 145
°C, respectively, which is much better than pure CeO, calcined
at 300 °C (Tso = 23S °C, Ty = 320 °C, Figure S4). After
introducing 0.05 atom % Au into the Al-Ce—Pd alloy precursor
to partially substitute the Pd atom, a (Pdy,s—Augs)/CeO,
catalyst can be obtained that exhibits improved catalytic
property with Tsy and Ty decreased to S8 and 123 °C,
respectively. Upon further increasing the atomic percentage of
Au to 0.1 atom %, the catalytic temperature is reduced (T, = 63
°C, Tgo = 105 °C). The catalytic performance of the catalyst is
optimal when Pd/Au = 0.15:0.15 and the corresponding T's, and
Tyy are as low as 50 and 85 °C, respectively. The total CO
conversion temperature for the (Pd, ;s—Aug ;5)/CeO, catalyst is
better than that of the Augy;5/CeO, catalyst (Tq = 95 °C).
Therefore, the in situ loading of Pd and Au bimetallic metals
onto CeO, can enhance the catalytic performance by playing the
synergistic effect between two noble metal active phases; thus, a
highly efficient catalyst at low cost can be realized. The influence
of calcination temperature on CO conversion rate is also
discussed and displayed in Figure 7b. The total CO conversion
temperatures of (Pdy;s—Aug;s)/CeO, at calcination temper-
atures of 400, 500, and 600 °C are 120, 80, and 143 °C,
respectively. Obviously, the catalytic activity is improved as the
calcination temperature increases from room temperature to
300 °C; which is reduced as the calcination temperature further
increases. The catalytic activity of (Pdy;5—Aug;s)/CeO,
achieves a premium at an annealing temperature of 500 °C.
Such performance is higher or competitive when compared with
other CeO,-based catalysts in Table §2.>7*#5*75¢

The long-term stability of the (Pd,;s—Aug,5)/CeO, catalyst
is evaluated to investigate its practical application potential, with
the results displayed in Figure 8. At a catalytic temperature of 90
°C, the catalytic CO ability of the sample remains stable without
decay after successive reactions under a mixed atmosphere of 1%
CO, 10% O,, and 89% N, for 70 h; when the catalytic
temperature is decreased to 60 °C, a 58% CO conversion rate
can be obtained after a successive 60 h reaction, implying the
superior catalytic stability of the (Pd,;s—Auy;5)/CeO, catalyst.
The XRD pattern of (Pdy;s—Aug;5)/CeO, catalyst after
successive 60 h reaction at 60 °C in Figure S5 also shows that
the sample structure is not changed significantly, further
implying the structural stability of the catalysts.

A possible catalytic mechanism is proposed as follows. The
porous structured (Pd—Au)/CeO, exhibits exceptional catalytic
performance due to its distinctive porous structure and phase
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Figure 8. Long-term stability of (Pd,s-Aug,5)/CeO, catalyst.

composition, which can guarantee rich diffusion paths and
reactive sites for catalytic process. Highly concentrated Ce®*,
Au®, Au*, and Pd°® as well as Pd*" species exist in (Aug s—
Pd,;s)/CeO, catalyst. The existence of noble metal active
phases is conducive to adsorption of CO onto the surface of the
catalyst, and the highly concentrated Ce** can provide more
oxygen vacancies, which is beneficial for generation of more
active oxygen atoms. The interaction between Au and Pd/PdO
nanoparticles as well as the nanoscale interface between Au (pd/
PdO) and CeO, can promote the movement of electrons at the
interface. The electrons can not only quickly activate the CO gas
adsorbed by noble metals but also accelerate the dissociation of
generated CO, on the catalyst surface, thus ultimately making
the reaction rate increase.

B CONCLUSIONS

In summary, the nanorod-shaped (Au—Pd)/CeO, catalysts are
fabricated through a combined dealloying and calcination
method. The (Au—Pd)/CeO, catalysts prepared from the Al—
Ce—Au—Pd precursor alloys possess an interspersed nanorod
structure with nanopores distributed among them. By rationally
adjusting the Pd/Au ratio, the achieved (Pd,;s—Au,;5)/CeO,
achieves a unique nanorod structure and rich active sites, which
contribute to exceptional catalytic activity with T, and Ty as
low as 50 and 85 °C, respectively. This work provides a new
strategy for preparing high performance catalysts by combing
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earth metal oxides with noble bimetal materials through a simple
and industrial method.

B EXPERIMENTAL SECTION

Material Preparation. The Aly,Ce,;y, Aly, ,CegPd, 53,
Aly; ;CegAuy;, Alg);CegAugosPdyys, Alyy ;CesAug Pdy,, and
Aly, ,CegAuy sPd, ;5 alloy ingots were achieved from pure Al
Ce, Ay, and Pd through an arc-melting method under a high-
purity Ar atmosphere. The obtained alloy ingots were then
remelted and solidified into an alloy ribbon 4—6 mm wide and
40—70 pm thick. The quenched alloy ribbons were dealloyed in
20 wt % NaOH aqueous solution at room temperature for 2 h
until no obvious bubbles were generated and most of the Al was
removed. Ultimately, after a cleaning and drying procedure, the
dealloyed samples were calcined at 400—600 °C for 2 h under
pure O, environment.

Materials Characterization. The phase composition was
explored by X-ray diffractometry (XRD, Bruker D8 Advance).
Surface morphologies were tested by field emission scanning
electron microscopy (FESEM, JEOL, JSM-7000F) and high-
resolution transmission electron microscopy (HRTEM, JEOL,
JEM-2100). The scanning transmission electron microscopy
(STEM, FEI-200) equipped with an Oxford Instruments EDS
spectrometer was utilized to conduct EDS analysis and mapping.
X-ray photoelectron spectroscopy (XPS) was tested on
ESCALAB Xi+ to confirm the element composition and valence
state. Nitrogen sorption was tested on a Micromeritics ASAP
2020 at 77 K, and the Barrett—Joyner—Halenda algorithm was
adopted to evaluate pore size and pore volume. Raman spectra
were collected through an HR 800 fully automatic laser Raman
spectrometer. Inductively coupled plasma (ICP) measurement
was performed on Prodigy7. The emission lines of Ce 413.765
nm, Pd 342.124 nm, and Au 242.795 nm were acquired for the
analysis of the catalysts.

Catalytic Evaluations. The catalytic activity was detected in
a tubular reactor at atmospheric pressure. 100 mg of sample was
placed into the reactor and fixed with quartz wool. The mixed
reaction gas consisting of 1% CO, 10% O,, and 89% N, (volume
fraction) was entered into the test system at a flow rate of 100
mL min~" (space velocity 60,000 h™'). The inflowed and
outflowed gases were collected by an Anglit 7890B gas
chromatograph equipped with a hydrogen flame detector
(FID). The CO conversion was determined by

C.
CO conversion = —2—— x 100
Cin 1
where C;, and C,, represent the concentration of the CO inlet
and outlet of the reactor, respectively.
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