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In the field of noble metal-catalyzed alcohol electro-oxidation reaction (AOR), huge attention is paid on the composition, size,
facet, and structure of the metals, while the support engineering should also be emphasized. CeO, has been widely used as a
unique support in AOR, primarily due to its abundant oxygen vacancies (O,). Herein, we report CeO, xH,0 nanoparticles with
both massive hydroxyl groups (OH) and O, remarkably enhance the catalytic activity and stability of Pd toward ethanol
oxidation reaction (EOR). The CO striping experiments and density functional theory (DFT) calculations suggest that OH and O,
on CeO, xH,0 surface bring about a large downshift of Pd d-band center and a significant weakening of CO absorption on Pd.
Moreover, OH and O, also play synergic roles in the removal of toxic intermediates. Consequently, the important roles of OH and
O, of CeO, xH,0 are confirmed in Pd-catalyzed EOR. The facile CeO,-xH,0-enhanced strategy can contribute to the catalyst

design for other energy conversion reactions.
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1 Introduction

The ethanol oxidation reaction (EOR) is a crucial half-
reaction in direct ethanol fuel cells (DEFCs) [1-3]. Over the
past several decades, Pd is found to be the most promising
catalyst for EOR in alkaline medium because of its unique
electronic structure and oxophilicity [4-7]. However, the
development of a highly active and stable Pd-based elec-
trocatalyst is of significant challenge, as often impeded by
the adsorption of CO, which deactivates the catalyst during
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EOR [8,9]. To address this problem, the strategies including
alloying, introduction of metal oxides (e.g., CeO,, SnO,,
WO;, and MnO,) and hydroxides (e.g., Ni(OH), and
Co(OH),) are found to be effective [4,10—16]. The surface of
metal oxides or hydroxides affords much reactive OH, which
is essential for the removal of the important intermediates
CO,y and CH, 4, on Pd during EOR [15,17-22]. Thus, the
high content of OH is conducive to the catalytic performance
toward EOR.

Among the metal oxides, CeO, has attracted unique at-
tention in alcohol electro-oxidation reactions, primarily
arising from two aspects. First, the strong metal-support in-
teraction between Pd and CeO, mediates the adsorption of
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ethanol and the reaction intermediates on the catalyst surface
[23,24]. Second, the oxygen vacancies (O,) on CeO, surface
afford reactive OH,4 via water dissociation, accelerating the
oxidation of CO,4 and CH,y, on Pd [25,26]. Apart from O,,
we recently revealed that the intrinsic OH groups on CeO,
can also enhance the catalytic activity and stability of Pt/
CNT toward alcohol oxidation reaction [27]. However, it
remains unclear whether O, and OH can synergically en-
hance the catalytic performance of the metal catalysts.
Meanwhile, the enhancement mechanism of O, and OH is
not well understood. Herein, we design four types of CeO,
(Scheme 1), CeO, with few OH and O, (denoted as CeQ,),
CeO, with abundant OH but few O, (CeO,-OH), CeO, with
abundant O, but few OH (CeO,-0,), and CeO, with plenty of
both OH and O, (CeO,xH,0). These CeO, particles are
directly loaded with Pd nanoparticles, without any carbon
support, to unveil the respective effect of OH and O,. Both
experimental and theoretical investigations reveal that OH
and O, not only individually enhance the catalytic perfor-
mance of Pd, but also play the synergic roles. The OH can
stabilize the O, on CeO,, and further improve the ability
toward CO,q4 removal, leading to the high EOR performance.

2 Experimental

2.1 Chemicals and reagents

CeCl; 7H,0, tert-butylamine, ethylene glycol (EG), and
NaBH, were purchased from Sinopharm Chemical Reagent
Co., Ltd. PA(NO;), was obtained from Aladdin Chemistry
Co., Ltd. Ethanol and KOH were purchased from Beijing
Chemical Factory. The Nafion perfluorinated resin solution
and L-lysine were bought from Alfa Aesar. The commercial
catalysts of Pt/C, PtRu/C, and Pd/C were bought from
Johnson Matthey. Highly purified water (>18 MQ cm re-
sistivity) was provided by a PALL PURELAB Plus system.

2.2 Material preparation

2.2.1 Synthesis of CeO,xH,O nanoparticles

CeCl;-7H,0 (0.1480 g) was dissolved into the mixed sol-
vents of 9.0 mL EG and 1.0 mL deionized water, which was
then stirred for 10 min. Subsequently, 6 mL of tert-butyla-
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Scheme 1 The models of Pd/CeO, (a), Pd/CeO,-OH (b), Pd/Ce0,-0, (c),
and Pd/CeO, xH,O (d) (color online).
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mine was dropped into the above solution under continuous
stirring for 90 min. The yellow solution was transferred into
a Teflon-lined autoclave, which was then heated from room
temperature to 180 °C for 8 h. Finally, the yellow precipitate
was centrifuged, washed several times with deionized water
and ethanol, and dried at 80 °C to achieve CeO,xH,O
nanoparticles.

2.2.2  Preparation of CeO, nanoparticles

The CeO,xH,0O nanoparticles were placed in a crucible,
which was then heated from room temperature to 400 °C in a
muffle furnace at a rate of 4 °C min ', and kept for 2 h to get
CeO, nanoparticles.

2.2.3  Preparation of CeO,-O, nanoparticles

Ce0,-0, was prepared according to a modified approach in
previous report [28]. The 50 mg of the as-prepared CeO,
nanoparticles was dispersed in the mixed solution of 20 mL
of 1 M NaOH and 20 mL of EG, which was transferred into a
Teflon-lined autoclave. The autoclave was heated at 140 °C
for 12 h. The precipitate was washed with ethanol and water
for three times, respectively, and dried at 80 °C to obtain
Ce0,-0, nanoparticles.

2.2.4  Preparation of CeO,-OH nanoparticles

The 50 mg of the as-prepared CeO, nanoparticles was dis-
persed in 20 mL of 1.0 M NaOH solution in a 100 mL round-
bottomed flask, which was then stirred for 24 h. The precipitate
was washed with ethanol and water for three times, respec-
tively, and dried at 80 °C to obtain CeO,-OH nanoparticles.

2.2.5 Preparation of Pd/CeO,xH,0, Pd/CeO,-0O,
Pd/CeO,-OH, and Pd/CeO,

The CeO, xH,0 nanoparticles and L-lysine were added into
20 mL of water to form the mixture, which was centrifugated
at 8,000 r/min to get the precipitate. The above procedure
was repeated for three times, after which 60 mg of the L-
lysine-modified CeO, xH,O was redistributed into water
with vigorous stirring to form an uniform mixture in the ice-
cooled water bath. Afterwards, 4 mL of Pd(NOj;), solution
(0.0937 mmol/mL) was transferred into the above mixture,
after which the mixture was stirred for another 10 min. Then,
50 mg of NaBH, (dissolved in 5 mL water) was injected into
the above mixture dropwise, and the mixture was kept stir-
ring for 1 h. The product of Pd/CeO,-xH,O was obtained by
treated with water and ethanol for several times to remove L-
lysine, and finally dried at 60 °C for 8 h. The Pd/CeO,-0O,,
Pd/Ce0,-OH, and Pd/CeO, were prepared via the same
procedure except for the different CeO, support.

2.3 Material characterizations

The powder X-ray diffraction (XRD) patterns of the mate-
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rials were obtained on X-ray diffractometer (Rigaku D/Max
2550) using Cu Ka radiation (A = 1.5418 A). The transmis-
sion electron microscope (TEM) and high-resolution TEM
(HRTEM) images were recorded by a Philips-FEI Tecnai
G2STwin microscope equipped with a field emission gun
operating at 200 kV. X-ray photoelectron spectroscopy
(XPS) spectra were collected using a Thermo Fisher Scien-
tific ESCALAB 250Xi with photoelectron spectroscopy
system using a monochromatic Al Ko (1486.6 eV) X-ray
source. Electron paramagnetic resonance (EPR) signals were
obtained on an X-band JES FA-200 EPR spectrometer at
room temperature. The Raman spectra of the materials were
recorded on a Renishaw Raman system model 1000 spec-
trometer operating with an air-cooled argon ion laser
(532 nm, 20 mW) as the excitation light source. Thermo-
gravimetric analysis (TGA) was performed using a Netzsch
STA 409PC instrument in the range of 25-800 °C at a
heating speed of 5 °C/min. The determination of Pd-d-band
center position was achieved by the high-resolution ultra-
violet photoelectron spectroscopy (UPS) measurements by
using He II (hv = 21.22 eV) ultraviolet excitation lines ex-
cited with a vacuum generators (VG) He discharge source,
and a negative bias voltage of 15V was applied to all the
samples to accelerate electrons of low kinetic energy and
therefore to allow for an accurate determination of the sec-
ondary electron cutoff. The valence band photoemission
spectra were obtained after subtraction of the background
and integration over the valence band region.

2.4 Electrochemical measurements

All electrochemical tests were conducted with a CHI 760E
electrochemical workstation. The glassy carbon electrode
(GCE) with a diameter of 3 mm, saturated calomel electrode
(SCE), and Pt wire were used as the working electrode, re-
ference electrode, and counter electrode, respectively. To
prepare the ink of catalyst, 2.5 mg of Pd/CeO,-xH,0 catalyst,
300 uL. of water, 1,180 puL of ethanol, and 20 uL of con-
ductive polymer binder (0.3% Nafion solution) were mixed
and ultrasonicated for 30 min to form the uniform ink. Then,
5 uL of the ink was dropped onto the GCE and then dried
naturally. The loading amount of Pd was 3.3 mg on the
surface of GCE.

Cyclic voltammograms (CVs) measurements were con-
ducted in a N,-saturated 1.0 M KOH and 1.0 M CH;CH,OH
solution within the potential range of —0.9 to 0.2 V at the
scan rate of 50 mV/s. The current-time curves were recorded
in 1.0 M KOH +1.0 M CH;CH,OH at —0.3 V. The polar-
ization curve tests were conducted in the range of —0.9 and
0.4 V with a scan rate of 1 mV/s. The CO stripping tests were
conducted between —0.9 and 0.2 V in a CO-saturated 1.0 M
KOH solution. Electrochemical impedance spectra (EIS)
were carried out in a frequency range from 1 to 100,000 Hz

with an AC voltage amplitude of 5.0 mV. For comparative
purpose, the catalytic activities of the commercial Pt/C, Pd/
C, and PtRu/C with the same noble metal loading were
evaluated under the same conditions.

2.5 Theoretical calculations

2.5.1 Computations of CO absorption free-energy and
electronic structure

All the density functional theory (DFT) calculations were
carried out using the Vienna ab initio simulation package
(VASP), and the plane wave basis set was employed. The
highly localized Ce 4f-orbitals were precisely treated by
using spin-polarized DFT + U calculations, and a value of
U. = 5.0 eV was applied to the Ce 4f state. The previous
studies have verified the U value of 5 eV could precisely
describe the electronic structure of the reduced ceria. The
projector-augmented wave (PAW) method was used to re-
present the core-valence interaction. During the calculative
process, the generalized gradient approximation (GGA) was
used in the form of revised Perdew-Burke-Ernzerhof (RPBE)
with Pade Approximation and the plane wave energy cutoff
was set to 400 eV. To speed up the convergence of electronic
structure optimization, the Gaussian smearing method with
the width of 0.05eV was used. The Brillouin zone was
sampled at the /-point. The convergence criteria for the
energy and force were set to 10 eV and 0.02 eV/A, re-
spectively. The adsorption free energy of CO (AG,.:) was
calculated by the Eq. (1) [29]:

AGCO* = ECO*_Emetal surface_ECO (1)

where Ecgx, Eco, and E e surface TEPresent the total energy of
the interacting adsorbate and metal surface system, energies
of the free adsorbate in gas phase, and bare metal surface,
respectively.

According to d-band model, d-band center is the simplest
descriptor to describe the adsorption energy of adsorbate.
And it can be defined by Eq. (2) [30]:

I ” ny(e)ede
¢~ Tuede )
where ¢ is the energy referring to E-Fermi, and ny(¢) is the
density of states projected onto d-states.

2.5.2  Computational models

The CeO, (111) surface is the most stable among the com-
mon facets exposed at ceria oxide according to previous
work [31]. Accordingly, we constructed a slab model of
CeO, (111) surface with 9 atomic layers. The surface su-
percell was set to 3 x 3 and the model contains total 81
atoms. To minimize the atomic interaction, we set a vacuum
gap with 12 A. The atoms in the bottom three atomic layers
were fixed in the bulk position during geometry optimiza-
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tion, while the rest of the other atom layers and Pd cluster
were relaxed. The CeO,-OH (111) and CeO,-O, (111)
models were constructed by adding a hydroxyl group and
removing an oxygen atom on the top surface of the CeO,
(111) surface, respectively [31,32]. The CeO,xH,O (111)
model was constructed by adding a hydroxyl group, while
removing an oxygen atom on the top surface of the CeO,
(111) surface [33,34]. Pd/Ce0O,-0O,, Pd/Ce0,-OH, Pd/CeO,,
and Pd/CeO, xH,O systems were modeled by adding Pd
cluster with six atoms on the surface of CeO, (111), CeO,-
OH (111), Ce0O,-0, (111), and CeO,xH,O (111), respec-
tively. In order to get the most stable structure of CeO,-
supported Pd nanoparticle, the molecular dynamic simula-
tions were carried out at 300 K before we calculated the
structures and the adsorption energy. We selected four opti-
mized and the most stable structures to calculate the ad-
sorption free energy of CO on fcc site of Pd cluster.

3 Results and discussion

3.1 Characterizations of hydroxyl and oxygen vacancy
on the four types of CeO,

We synthesized the CeO, xH,O nanoparticles by solvother-
mal method, in which CeCl;-7H,0O was used as the cerium
precursor in ethylene glycol and water, and fert-butylamine
was explored as protection agent and OH precursor.
Transmission electron microscopy (TEM) image of CeO,:
xH,O nanoparticles reveals they have the uniform size of
10.9 £ 2.2 nm (Figure Sla, Supporting Information online).
After calcined at 400 °C for 2 h, CeO, xH,O nanoparticles
were transformed into CeO, nanoparticles with reduced
content of OH and O,. To increase the OH content, CeO,
nanoparticles were stirred in NaOH solution for 24 h to get
Ce0,-OH. To increase the O, concentration, CeO, nano-
particles were solvothermally treated in the mixture solution
of NaOH and ethylene glycol at 140 °C for 12 h to obtain
Ce0,-0,. TEM images exhibit that CeO,, CeO,-O,, and
Ce0,-OH particles possess the slightly increased sizes of
14.0 = 3.3 nm, 13.7 £ 3.1 nm, and 13.5 + 2.7 nm, respec-
tively (Figure S1). High-resolution TEM images show all the
four samples have the typical (111) plane of CeO, (Figure
S2). X-ray diffraction (XRD) patterns exhibit they all have a
cubic fluorite structure of CeO, (Figure S3). Unlike those of
Ce0,-0,, Ce0,-0OH, and CeO,, the peaks of CeO,-xH,0 are
relatively weak, suggesting the low crystallinity of the
sample.

We quantitatively analyze the content of hydroxyl in the
Ce0,'xH,0, Ce0,-OH, Ce0,-0,, and CeO, using TGA. The
TGA curves present two stages of weight loss (Figure 1a).
The weight loss from 25 to 200 °C is ascribed to the free
water in the samples, and the weight loss from 200 to 600 °C
is due to the partial dehydration of Ce(OH), into CeO, [35].
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The latter losses for CeO, xH,0, CeO,-OH, CeO,-0,, and
Ce0, are 8.8%, 4.8%, 4.4%, and 2.0% (Figure S4), respec-
tively. Accordingly, the hydroxyl contents in the samples are
16.6%, 9.1%, 8.2%, and 3.7%, respectively [35]. The XPS
spectra of O 1s further illustrate the presence of OH groups at
530.3 eV (Figure 1b) [36]. The content of surface OH groups
also decreases in the order of CeO,xH,0, CeO,-OH, CeO,-
0O,, and CeO,. Moreover, the absorption bands around
3,410 cm " in the infrared spectra of CeO, xH,0, Ce0,-OH,
and Ce0O,-O, are much stronger than that of CeO,, again
verifying more OH groups on their surface (Figure S5) [37].

To compare the oxygen vacancy content in CeO, xH,0,
Ce0,-0,, Ce0,-OH, and CeO, nanoparticles, X-ray photo-
electron spectroscopy (XPS), Raman spectroscopy, and X-
band EPR spectroscopy were explored. As shown in Figure
lc, the deconvoluted peaks at 880.5, 884.4, 898.8, and
903.2 eV are attributed to Ce’’, while other six peaks are
assigned to ce [38]. Both CeO, and CeO,-OH exhibit low
Ce’" fractions of 15.1% and 15.7%. In contrast, Ce’" frac-
tions in CeO,-O, and CeO,xH,O increase to 25.6% and
33.6%, respectively, suggesting their higher content of O,.
The Raman spectra (Figure S6) also suggest CeO, xH,O
possesses the highest O, concentration among the four
samples, by comparing the relative intensity of peaks at 598
and 461 cm ' [39]. Figure 1d shows EPR spectra of the
samples, and the signal of g = 1.96 reflects the O, on the
particle surface [40]. The strong peaks appear on CeO,-O,
and CeO, xH,0, while rather weak signals are observed on
CeO, and CeO,-OH. All the results confirm that the O,
content decreases in the order of CeO, xH,0O > Ce0,-0O, >
CeO,-OH > CeO,.

3.2 Ethanol electro-oxidation performance on the four
catalysts

Then, CeO,'xH,0, CeO,-0,, CeO,-OH, and CeO, nano-
particles are used to load ~40 wt% Pd nanoparticles via a
facile NaBH, reduction method, using L-lysine as the link-
age (Figure 2a). XRD patterns, low- and high-resolution
TEM images (Figure 2b—d and Figure S7) reveal the for-
mation of Pd/CeO, xH,0, Pd/Ce0O,-0O,, Pd/CeO,-OH, and
Pd/CeO, composites with the close size of Pd particles 4.8,
5.3, 5.3, and 4.4 nm, respectively. Element mappings of Pd/
CeO,xH,0 indicate the uniform distribution of Pd nano-
particles on CeO,'xH,O (Figure 2e and f). Meanwhile,
Ce0,'xH,0 retains its original OH and O, after Pd loading,
and possesses a significant higher content of OH and O, than
those in Pd/Ce0,-0O,, Pd/CeO,-OH, and Pd/CeO,, as re-
vealed by XPS and EPR results (Figures S8 and S9).

Next, we use EOR as the model reaction to investigate the
effect of OH and O, on the electrocatalytic performance of
the four catalysts. The EOR activities were evaluated in the
mixed solution of 1.0 M KOH and 1.0 M CH;CH,OH. As
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shown in Figure 3a and Table 1, the Pd/CeO,-O, and Pd/
Ce0,-OH catalysts exhibit moderate mass activity (MA) of
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1,688 and 1,456 mA/mg, respectively, compared with
1,180 mA/mg of Pd/CeO,. Particularly, the Pd/CeO, xH,0
catalyst achieves significantly high mass activity
(2,316 mA/mg), which is superior to the commercial Pt/C,
Pd/C, and PtRu/C catalysts (Figures S10-S12), and the re-
cently reported Pd/metal oxide, Pd/carbon, and even most
Pd-alloy catalysts (Table S1, Supporting Information online).
Most importantly, the mass activity of Pd/CeO, increases
with the content of OH or O, (indicated by ce’” fraction) in
the ceria support (Figure 3b). Specifically, compared with
Ce0,, CeO,-OH has the similar Ce’* fraction but higher OH
content (9.1% vs. 3.7%). Meanwhile, compared with CeO,-OH,
Ce0,-0, owns the close OH content but higher Ce’" fraction
(25.6% vs. 15.7%), and the mass activity of Pd/CeO,-0O, is
further enhanced by 16%, confirming the key function of O,.
When sufficient OH and O, simultaneously exist on CeO,
surface, the catalytic activity of Pd/CeO,-xH,O can be fur-
ther improved (Figure 3c). After normalized the mass ac-
tivities with respect to the corresponding electrochemical
active surface areas (ECSA), the specific activities (SA)
follow the same trend of Pd/CeO, xH,0 > Pd/Ce0,-0O, > Pd/
CeO,-OH > Pd/CeO, (Table 1). As is well-known, the re-
lative forwarding peak current density (/;) and backward
peak current density (/) is generally explored as a standard
to estimate the poisoning resistance ability during EOR [41].
The I/I, values of Pd/CeO, xH,0, Pd/Ce0,-0,, Pd/CeO,-
OH, and Pd/CeO, are 0.97, 0.65, 0.61, and 0.55, respectively,
which indicate that the abundant OH and O, can effectively
remove the poisonous absorbates and therefore improve the
EOR activity.

Except for the improved electrocatalytic activity of Pd/
Ce0,'xH,0 catalyst, the stability of the catalyst is also en-
hanced toward EOR. As depicted in the current-time curves
(Figure 3d), the current density of Pd/CeO,-xH,O catalyst
exhibits a slower decay compared with the Pd/CeO,-0O,, Pd/
Ce0,-0OH, and Pd/CeO, catalyst. After 2,000 s, the remained
mass activity of Pd/CeO, xH,O catalyst is 499 mA/mg,
much higher than those of Pd/Ce0,-O, (285 mA/mg), Pd/
Ce0,-OH (186 mA/mg), and Pd/CeO, (80 mA/mg), in-
dicating the higher stability of Pd/CeO, xH,O catalyst. Al-
though CeO,-xH,O promotes the catalytic performance of Pd
for EOR, the role of OH and O, is still a complex and un-
resolved problem. Further electrochemical analysis reveals
that increasing OH or O, on ceria lowers the equilibrium
potentials of EOR (Figure 3e), and Pd/CeO,-xH,0O displays
the most negative equilibrium potential and thus the fastest
reaction kinetics among the four catalysts. Moreover, the
electrochemical impedance spectra (Figure S13) imply that
Pd/CeO,-xH,0 catalyst possesses the smallest interface
charge transfer resistance. Therefore, via reducing the in-
terface charge transfer resistance and accelerating the reac-
tion kinetics for EOR, the co-existence of plentiful surface
OH and O, on CeO,'xH,0 nanoparticles contributes to the
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Pd/CeO,-xH,0 catalysts at different applied potentials (color online).

Table 1 Comparison of the EOR performance of the catalysts in alkaline
solution

Sample MA (mA/mg)  ECSA (m*g)  SA (mA/em’)
Pd/Ce0,xH,0 2316 31.2 7.4
Pd/Ce0,-0, 1688 28.4 5.9
Pd/Ce0,-OH 1456 27.2 5.4
Pd/Ce0, 1180 28.1 42

electrocatalytic activity and stability of Pd.

In alkaline media, the rate-determining step of EOR is the
removal of CO, the dominant adsorbed species on Pd [42—
44]. In order to further investigate the EOR product of the
Pd/CeO, and Pd/CeO, xH,0, we analyzed the liquid phase
products (acetate) using high-performance liquid chromato-
graph (HPLC) after EOR. The Faradaic efficiency for acetate
is calculated to be 95% on Pd/CeO, at —0.2 V (Figure 3f,
Figures S14 and S15), similar to the previous result of Pd/C
[15]. The value decreases remarkably to 77% for Pd/CeO,-
xH,0, which indicates that the C1 pathway becomes much
more favored on Pd/CeO, xH,0 compared with Pd/CeO,.
Therefore, though the C1 pathway is not the dominant route
during EOR on Pd catalysts, the strong adsorption ability of
CO still makes it as the primary surface poison causing
catalyst instability [15]. Next, we investigate the anti-poi-
soning abilities of the catalysts via CO striping. As shown in
Figure 4a, both Pd/Ce0,-0O, (—0.231 V) and Pd/CeO,-OH
(—=0.217 V) exhibit more negative onset potential than Pd/
CeO, (—0.210 V), confirming the function of OH and O, in
the removal of CO,4 from the active sites of Pd. Im-

pressively, the Pd/CeO,'xH,O catalyst with abundant OH
and O, shows the lowest onset potential of —0.254 V.
Meanwhile, compared with the other three catalysts, the
larger CO oxidation peak area of Pd/CeO, xH,0 stands for a
larger electrochemical active surface area, which also con-
tributes to the high catalytic performance of Pd/CeO, xH,0.
As depicted by XPS results (Figure 4b), the Pd 3d binding
energies of Pd/CeO,-OH, Pd/Ce0,-0O,, and Pd/CeO,-xH,0
catalysts all show a positive shift, compared with Pd/CeO,,
indicating an enhanced electron interaction between Pd and
the ceria supports. Furthermore, as evaluated by the surface
valence band photoemission spectra (Figure 4c¢), the d-band
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Figure 4 (a) The CO stripping curves and (b) Pd 3d XPS spectra of the
catalysts; (c) the surface valence band photoemission spectra of the cata-
lysts, with the d-band center positions marked by white bars; (d) the mass
activity (blue stars) of the catalysts plotted against their d-band center
values (red spheres) (color online).
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center downshifts in the order of Pd/CeO, (—6.22 eV), Pd/
Ce0,-OH (—6.43 ¢V), Pd/Ce0,-0O, (—6.56¢V), and Pd/
Ce0,'xH,0 (—6.78 ¢V). The downshift of d-band center can
significantly weaken the binding strength of CO on Pd,
which results in the improved anti-poisonous ability, and
thus further enhances the electrocatalytic activity (Figure 4d)
and stability (Figure 3d) [45,46]. These results prove that the
ample OH and O, on CeO, xH,O surface can enhance the
interaction between Pd and CeO,xH,0, which strongly
weakens the adsorption of poisonous intermediates on Pd,
leading to the improved activity and stability of Pd/CeO,-
xH,0O for EOR.

3.3 DFT insight into the mechanism

To further reveal the origin of the superior EOR performance
of Pd/Ce0O, xH,0, we conducted the density function theory
simulations on Pd/CeO,-xH,0, Pd/Ce0,-0O,, Pd/Ce0,-OH,
and Pd/Ce0,. We constructed four models of CeO, xH,0,
Ce0,-0,, Ce0,-OH, and CeO, as the supports, while se-
lected the Pd cluster with six atoms to represent the Pd na-
noparticle (Figure S16). It is widely accepted that the
adsorption free energy of CO is the crucial factor for de-
scribing the EOR activity [25]. As shown in Figure Sa,
among the four supported Pd models, Pd/CeO, xH,O ex-
hibits the smallest absorption free energy of CO (AE =
—1.57 V), while Pd/Ce0,-0O,, Pd/Ce0,-OH, and Pd/CeO,
show larger AE values of —2.04, —2.30, and —2.58 ¢V, re-
spectively. Figure S17 shows the density of state for the four
supported Pd models, from which the d-band centers of Pd/
Ce0,, Pd/Ce0,-OH, Pd/Ce0,-0,, and Pd/CeO,xH,0O are
calculated to be —2.37, —2.59, —2.84, and —2.97 €V, in line
with the decline trend of the experimental results (Figure 4d).
Moreover, the downshift of the d-band center is well corre-
lated with the declined AE values (Figure 5a), which means
that the poor match of the d-band with the lowest unoccupied
molecular orbital (LUMO) of CO leads to the weakened CO
adsorption on Pd (Figure 5b) [47,48].

From the above analysis, we attribute the enhanced EOR
performance of Pd/CeO, xH,O to the synergy of abundant
OH and O, First of all, OH is able to stabilize the O, on the
surface of CeO,xH,0 [44]. The sufficient OH and O, sy-
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Figure 5 (a) The calculated values of d-band center and Gibbs free en-
ergy of CO on Pd (111) surface; (b) the schematic explanation for the effect
of d-band center change on the CO adsorption energy (color online).

nergically modulates the d-band center of Pd, allowing the
facilitated removal of poisonous intermediate. Meanwhile,
the OH can directly oxidize the intermediate toxic species,
such as CO,4 and CH,4,, on Pd surface, and the surface O,
facilitates the adsorption and activation of water to form
OH, [33,42,49]. Thus, the coexistence of plentiful OH and
O, ensures the fast removal of the toxic intermediates for
high-efficient EOR.

4 Conclusions

In summary, CeO, with functional surface, either riched OH
or massive O,, contributes to the improved catalytic perfor-
mance of Pd for EOR. CeO, xH,0O with both abundant OH
and O, can further enhance the catalytic performance of Pd.
We demonstrate that OH and O, help to downshift the d-band
center of Pd, and alleviate the surface poisoning by CO to
improve the catalytic activity. Meanwhile, OH helps to sta-
bilize O,, which facilitates the dissociation of water to form
OH. Finally, the plentiful OH ensures the efficient removal
of toxic intermediates for high catalytic stability. The sy-
nergy of OH and O, of CeO, may find applications in other
catalysis system.
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