
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/2
0/

20
25

 9
:1

4:
37

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Controlling the m
aSchool of Physical Science and Technolo

201210, China. E-mail: zhuoly@shanghaite
bCenter for Transformative Science, Shan

China
cDepartment of Chemistry, Boston College, C
dShanghai high repetition rate XFEL and ext

University, Shanghai 201210, China

† Electronic supplementary informa
https://doi.org/10.1039/d3ta02626d

‡ Deceased, January 5, 2021.

Cite this: J. Mater. Chem. A, 2023, 11,
16838

Received 3rd May 2023
Accepted 12th July 2023

DOI: 10.1039/d3ta02626d

rsc.li/materials-a

16838 | J. Mater. Chem. A, 2023, 11,
etal–support interaction with
steam-modified ceria to boost Pd activity towards
low-temperature CO oxidation†

Yuanyuan An,a Sheng-Yu Chen, a Beibei Wang, b Li Zhou,a Guoxiu Hao,a

Yanli Wang,a Junchen Chen,a Chia-Kuang Tsung, ‡c Zhi Liu*abd

and Lien-Yang Chou *a

The performance of cerium-based composite catalysts can be improved by regulating the metal–support

interaction (MSI) through the modification process. Unlike common steam post-modification, this study

reveals that the steam treatment of the ceria support before loading palladium can significantly reduce

the activation energy (11.6 kJ mol−1) of the composite catalyst (Pd_A-ST) for CO oxidation, and achieve

high catalytic activity at low temperature (9.72 molCO h−1 gPd
−1, 27 °C). Thermally stable hydroxyl groups

(OH) are generated on the ceria surface due to the dissociation of high-temperature steam at oxygen

vacancies. The OH-modified ceria affects the loaded palladium in three aspects, including MSI

enhancement, metal dispersion promotion and the binding energy shift of active Pd2+ species. Strong

MSI often causes strong CO adsorption, resulting in catalyst poisoning at low temperatures. However,

low binding strength between palladium and CO molecules was found in this study, leading to high

catalytic activity at low temperature. This study provides an example of the regulation of MSI to obtain

high-performance catalysts and demonstrates the potential of developing effective catalysts for low-

temperature catalytic reactions.
1. Introduction

Cerium-based noble metal catalysts are widely used in hetero-
geneous catalysis.1–4 As a common reducible oxide support,
cerium oxide not only has a rich defect concentration and high-
temperature stability but also has a strong interaction with
transition metals.1,4 This interaction enables ceria to stabilize
small-sized metals, regulate the metal's electronic structure,
and assist in redox reactions.5–7 Many studies have focused on
improving performance and expanding the applications of
cerium-based catalysts through various strategies, including
morphology control, doping, and catalyst post-modication.8–12

Post-modication engineering, especially water post-
treatment, is considered to be an effective way to improve the
activity and stability of cerium-based catalysts.11–14 Taking the
common cerium-based platinum-group catalysts as an example,
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Wang et al.14 observed that OH groups and more active lattice
oxygen were generated near the Pt sites aer a high-temperature
steam treatment on the Pt/CeO2 catalyst. The active oxygen
species were proved to reduce the reaction energy barrier and
improve the activity for CO oxidation. Lee et al.11 found that
hydroxyl groups formed aer a similar steam treatment on Pd/
CeO2 can inhibit the formation of carbonates, preventing them
from poisoning the catalyst, and thereby improving the stability
of the composite catalyst. Li et al.12 pointed out that the steam
treatment of Pt/CeO2 can remove part of the lattice oxygen and
form oxygen vacancies, which was benecial to activate the C–H
bond in the methane oxidation process. During the process of
steam treatment modication, water molecules usually interact
with cerium oxide to form OH groups accompanied by the re-
dispersion of the loaded previous metal due to the high-
temperature process and strong metal–support interaction
(MSI). These adjustments are denitely benecial for the ceria
support and loaded precious metals. However, the inuence of
the support modication on the precious metal reloading
process remains unclear. Further research on steam treatment
modication is therefore needed andmay pave a way to improve
the performance of cerium-based noble metal catalysts.

In this study, we performed a steammodication of the ceria
support before metal loading and investigated the optimal
modication conditions. The prepared Pd–CeO2 composite
catalyst exhibited an ultrahigh activity for CO oxidation (9.72
This journal is © The Royal Society of Chemistry 2023
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molCO h−1 gPd
−1 at 27 °C), surpassing most reported Pd- and Pt-

catalysts, even the steam-treated samples aer Pd or Pt loading
in the literature.11,14–20 In situ photoelectron spectroscopy was
used to analyze the relationship between steam and ceria. We
found that OH groups were formed on the defects of ceria,
which were more stable than the residual OH groups that were
formed synthetically. The steam modication process will
inuence the properties of ceria to regulate MSI. This modula-
tion on the ceria support was veried to further affect the
dispersion and valence states of the loaded metal, as well as the
interaction with reactant molecules.
2. Results and discussion
2.1 Exploring steam treatment conditions and test
performance

Water molecules are considered to be dissociated and form OH
groups on the reduced surface of ceria at high tempera-
tures.14,21,22 Ceria nanorods were synthesized following the re-
ported hydrothermal method7 and referred to as A-CeO2 (Step 1
in Fig. S1†). We then modied A-CeO2 through steam (2 vol%)
treatment (ST) before loading metals (Step 2). The ST process of
A-CeO2 was carried out at 450 °C, as oxygen vacancies of ceria
could move around when the temperature exceeds 400 °C.23 Pd
was subsequently loaded onto the ceria support by the wet
chemical method and completely dispersed by calcination
under an oxygen atmosphere24–26 (Step 3). The obtained
composite sample with the ST process was denoted as Pd_A-ST-
450. Two other samples, Pd_A-450 (450 °C calcination, no
Fig. 1 (a) Comparison of catalytic performance of Pd_A-ST, Pd_Lack-S
Aesar) for CO oxidation. The gas hourly space velocity (GHSV) is 15 000
sponding Arrhenius plots for Ea of Pd_A-ST, Pd_A, (Pd_A)-ST, and (Pd_
reported Pd-/Pt-catalysts and Pd_A-ST for CO oxidation.

This journal is © The Royal Society of Chemistry 2023
steam) and Pd_A (no calcination, no ST), were also prepared as
controls. CO oxidation was conducted as a probe reaction in
a mixed feed gas comprising 2% CO with 20% O2 to evaluate
catalyst performance. The results showed that the T50 (the
temperature at 50% CO conversion) of Pd_A-ST-450 (64 °C) was
approximately 40 °C lower than that of Pd_A-450 (102 °C) and
Pd_A (106 °C), demonstrating that the ST process of ceria can
effectively enhance the activity of the composite catalyst
(Fig. S2a†). Subsequently, we studied the temperature effect of
ST (Fig. S2b†). With the increase of ST temperature, the activity
of the Pd–CeO2 composite catalyst can be further improved, and
a signicant enhancement can be observed above 600 °C. It is
noteworthy that the Pd_A-ST-750 sample exhibited low-
temperature catalytic activity (2.79 molCO h−1 gPd

−1 at 22 °C)
more than four times that of the Pd_A (0.589 molCO h−1 gPd

−1 at
22 °C). These results suggest that high-temperature and steam
treatment on the ceria support are both required to enhance the
performance of the composite catalyst. Thus, we chose 750 °C
for the ST process condition, unless otherwise specied in the
following sections.

The defects of the ceria may play a crucial role in steam
modication as OH formation sites. To conrm that the pres-
ence of oxygen defects of ceria is crucial for the ST process, we
performed ST on ceria with different defect concentrations at
750 °C and evaluated their performance. The defect concen-
tration is oen measured by the ratio (ID/IF2g

) in the Raman
spectrum of the intensity of the defect-related peak (595 cm−1,
ID) and the Ce–O F2g related peak (460 cm−1, IF2g

).19,27,28 As shown
in Fig. S3,† the defect concentration of the polyhedral ceria (ID/
T, Pd_Rich-ST, Pd/Al2O3 (1% Pd, Alfa Aesar), and Pt/Al2O3 (1% Pt, Alfa
mL h−1 gcat.

−1. (b) The reaction rate for CO oxidation and (c) corre-
wd)-ST. The GHSV is 100 000 mL h−1 gcat.

−1. (d) Comparison of the

J. Mater. Chem. A, 2023, 11, 16838–16845 | 16839
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IF2g
= 0.01), named as Lack-CeO2, was signicantly lower than

that of the rod-like A-CeO2 (ID/IF2g
= 0.07). Following ST modi-

cation and Pd loading, the composite catalyst (Pd_Lack-ST)
derived from Lack-CeO2 exhibited signicantly lower activity
(Tinitial activity: 80 °C) than Pd_A-ST (Tinitial activity: 22 °C) (Fig. 1a),
and its activity was comparable to those of the two commercial
samples (Pd/Al2O3 and Pt/Al2O3) indicating no signicant effect
of ST on low defect ceria. To further conrm that the ST process
requires defects in ceria, commercial cerium oxide nanorods
with rich oxygen vacancies (Fig. S4†) were subjected to the ST
process to obtain Pd_Rich-ST. Similar activities were observed
for Pd_Rich-ST and Pd_A-ST (Fig. 1a). These ndings demon-
strate that a certain defect concentration and high-temperature
ST conditions are prerequisites for ceria as a support to achieve
highly active Pd catalysts.

The properties of supports can inuence MSI and, conse-
quently, impact the stability of the loaded metal.6,29–31 For
instance, electron microscopy and energy dispersive spectros-
copy of fresh Pd_A-ST and Pd_Lack-ST samples, prepared by
calcination in oxygen to disperse Pd, revealed no detectable Pd
particles (Fig. S5a and c†). This reects that the size of Pd on
both samples is smaller than the detection limit of the instru-
ment, indicating that the Pd is well dispersed on the two
distinct supports in the initial state. However, aer catalysis, Pd
nanoparticles (∼200 nm) caused by aggregation can be clearly
observed on the Pd_Lack-ST (Fig. S5d†), but still not on Pd_A-ST
(Fig. S5b†). This result can be attributed to the different MSI of
Pd_A-ST and Pd_Lack-ST. The stronger MSI of Pd_A-ST can
reduce the aggregation tendency of Pd atoms, thereby hindering
the formation of Pd nanoparticles. In addition, the weak MSI of
Pd_Lack-CeO2 leads to the relative instability of loaded Pd,
which agglomerates to ∼200 nm nanoparticles during the
catalysis, resulting in a signicant decrease in the activity of CO
oxidation in the second cycle. This is reected as an increase in
T50 of about 25 °C in T50 of Pd_Lack-CeO2, while the catalytic
curves of the Pd_A-ST in the two cycles are almost the same,
representing stable performance and showing the potential of
reusability (Fig. S6†). To further explore the relationship
between the Pd properties and the stable catalytic performance
of Pd_A-ST, X-ray photoelectron spectroscopy (XPS) was con-
ducted to test the change of Pd species before and aer the
reaction (Fig. S7†). The binding energies (BE) of Pd 3d5/2 at
∼337.8 eV, ∼336 eV, and ∼335 eV were assigned to Pd2+, the
semi-oxidized state (Pdd+), and the metallic state (Pd0), respec-
tively.29,31,32 The results showed that the Pd species were fully
oxidized (Pd2+) before the reaction, but 29.2% partially reduced
to Pdd+ and Pd0 aer the reaction. However, the catalytic activity
of the Pd_A-ST did not decay in the following catalysis, reect-
ing that the change of the Pd valence state had little effect on
the activity of Pd_A-ST. These results illustrate the profound
impact of the regulation of support properties.

Although post-water treatment on ceria-based composite
catalysts has shown catalytic performance enhancement,11,14 the
ST process on the ceria support before Pd loading appears to
exhibit higher activity, particularly in the low-temperature
region. To conrm if the sequence of the ST process has any
different effects on the performance improvement of the Pd–
16840 | J. Mater. Chem. A, 2023, 11, 16838–16845
CeO2 composite catalyst, samples with the ST process before
and aer loading metals were compared. The synthetic
processes of the samples are illustrated in Fig. S8,† which
include loading Pd on ceria with ST (Pd_A-ST), without ST
(Pd_A), and two conditions of ST aer Pd loading: loading Pd
with the metal dispersion process ((Pd_A)-ST) and without the
dispersion process ((Pd_wd)-ST). The catalytic results indicated
that the CO oxidation of Pd_A-ST was signicantly higher than
that of the other three samples (Fig. 1b and S9†). Pd_A-ST
achieved a high conversion of 15.5%, and the reaction rate
was 8.5 molCO h−1 gPd

−1, which was at least ve times greater
than that of the other three samples at 22 °C. The activation
energy (Ea) of the catalysts was calculated using the Arrhenius
plots (Fig. 1c). The Ea of Pd_A-ST (11.6 kJ mol−1) was signi-
cantly lower than that of Pd_A (43.2 kJ mol−1), (Pd_A)-ST (42.4 kJ
mol−1), and (Pd_wd)-ST (39.7 kJ mol−1), reecting that ST
modication before Pd loading can effectively improve the
catalytic performance. The Ea values of Pd_A, (Pd_A)-ST, and
(Pd_wd)-ST were consistent with the reported Ea of Pd–CeO2

catalysts in the literature19,33 suggesting the same catalytic
mechanism. Although the three catalysts exhibited similar
catalytic performances at low temperatures (<40 °C), they per-
formed differently at higher temperatures (Fig. S9†). The cata-
lytic activities of (Pd_A)-ST and (Pd_wd)-ST were 1.5 times
higher than that of Pd_A at 70 °C illustrating the performance
enhancement by post-ST-modication on the composite cata-
lyst, which was also similar to the phenomenon observed in the
literature.11,14 To further evaluate the performance of Pd_A-ST,
we compared it with the reported Pd-/Pt-catalysts possessing
low-temperature (<30 °C) catalytic activity in recent years
(Fig. 1d and Table S1†) based on themass specic activity at 27 °
C.11,15–20 Pd_A-ST exhibited a signicantly higher mass specic
activity of 9.72 molCO h−1 gPd

−1 at a high GHSV of 300 000 mL
h−1 gcat.

−1 than other Pd-/Pt-catalysts (<3 molCO h−1 gmetal
−1),

highlighting the effectiveness and superiority of ST modica-
tion before loading of active metals.
2.2 Effects of steam treatment on the ceria structure

The structural properties of various ceria samples were inves-
tigated to elucidate the effects of ST on the structure and
morphology of ceria supports. Steam-treated ceria (A-CeO2-ST)
maintained the original uorite structure and rod-like
morphology of as-synthesized ceria (A-CeO2), as determined
by powder X-ray diffraction (PXRD) and electron microscopy
(Fig. 2 and S10†). The sharper diffraction peak of A-CeO2-ST
corresponded to a larger crystallite size (32 nm, Table 1) than
that of A-CeO2 (14.6 nm), indicating that ceria crystallinity was
further enhanced under ST conditions. Additionally, the crystal
constant of A-CeO2-ST (0.5411 nm) was smaller than that of A-
CeO2 (0.5421 nm), which may be attributed to the reduced
concentration of Ce3+ with a larger radius than Ce4+. Since Ce3+

is always associated with oxygen defects,34 Raman was used to
verify the changes in defect concentration of ceria (Fig. S11†). As
shown in Table 1, the defects in A-CeO2-ST (ID/IF2g

= 0.02) were
signicantly lower than those of A-CeO2 (ID/IF2g

= 0.07), possibly
due to recrystallization or water occupation.
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a and b) TEM and (c) SEM images of A-CeO2-ST. (d) PXRD
patterns of A-CeO2 and A-CeO2-ST. The bottom row is the standard
diffraction patterns of the CeO2 fluorite structure (JCPDS no. 34-
0394). (e) Nitrogen adsorption–desorption curves of A-CeO2 and A-
CeO2-ST.
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In addition to the changes in crystallinity and defect
concentration of A-CeO2-ST, sintering phenomena were
observed in transmission electron microscopy (TEM) when
Table 1 Lattice constant, grain size, surface area, pore volume, and def

Sample
Lattice
constant (nm)

Grain
size (nm)

A-CeO2 0.54211a 14.6a

A-CeO2-ST 0.54117b 32.0b

a Data were obtained from PXRD Rietveld renements analysis. Unweighte
were obtained from PXRD Rietveld renement analysis. Rp: 4.09%. Rwp: 5
spectra analysis.

Fig. 3 (a) In situ XPS spectra of the O 1s core level of A-CeO2-ST and
changing curves of the OH/Ce ratio of A-CeO2 and A-CeO2-ST, and (c)

This journal is © The Royal Society of Chemistry 2023
compared with A-CeO2 (Fig. 2 and S10†). These sintering
phenomena included rounded edges and particle agglomera-
tion (Fig. 2a), resulting in a reduction of the specic surface area
of A-CeO2-ST (40.2 m2 g−1) by about half compared with that of
A-CeO2 (85.6 m2 g−1) (Fig. 2e and Table 1). It should be noted
that there are a number of 2–4 nm pore structures on the A-
CeO2-ST (Fig. 2b), which were not found on A-CeO2 (Fig. S10b†).
However, no hole-like morphology was observed on the surface
of A-CeO2-ST using scanning electron microscopy (SEM)
(Fig. 2c). Additionally, the pore volume of A-CeO2-ST (0.19 mL
g−1) was signicantly reduced compared to that of A-CeO2 (0.44
mL g−1). Thus, these pore structures inside A-CeO2-ST were
internal pores, ascribed to the defect movement and crystal
rearrangement under high-temperature treatment conditions. A
similar morphology of ceria was reported aer calcination as
well.35 Since such internal pores did not contribute to the
surface area or defect concentration of ceria samples, they
shouldn't have any impact on the catalytic performance. To sum
up, the ST process enhanced the crystallinity of ceria while
reducing the specic surface area and defect concentration
caused by sintering and recrystallization. These structural
changes in the modied ceria, however, are usually considered
to cause a decrease in the dispersity of precious metals and even
ects measurement of A-CeO2 and A-CeO2-ST

Surface
areac (m2 g−1)

Pore
volumec (cm3 g−1) ID/IF2g

d

85.6 0.44 0.07
40.2 0.19 0.02

d prole factor (Rp): 4.45%. Weighted prole factor (Rwp): 5.92%. b Data
.76%. c From nitrogen adsorption–desorption analysis. d From Raman

A-CeO2 at different temperatures under ultra-high vacuum. (b) The
Oall/Ce ratio in the A-CeO2-ST.

J. Mater. Chem. A, 2023, 11, 16838–16845 | 16841

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta02626d


Fig. 4 TEM and spherical aberration-corrected HAADF-STEM images
of (a and b) Pd_A-ST, (c and d) Pd_A-750, and (e and f) Pd_A.
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have adverse effects on catalytic oxidation reactions.5,36,37

Therefore, the interaction between water and the ceria surface
should be the key to regulating the properties of the ceria
support.

Fourier transform infrared spectroscopy (FTIR) was con-
ducted to detect changes of hydroxyl groups on the modied
ceria (Fig. S12†). The vibration frequency of OH groups on the
ceria is mainly distributed at 3500–3720 cm−1 in the FTIR
spectrum.38 Surprisingly, two obvious OH vibration peaks at
3612 cm−1 and 3648 cm−1 were observed in both A-CeO2 and A-
CeO2-ST. The presence of OH groups in A-CeO2may be a residue
of the hydrothermal synthesis process performed under high
alkaline concentration conditions. To better compare the OH
groups on the surface of the two samples, XPS was utilized for
the semi-quantitative analysis of surface species (Fig. S13†). The
O 1s peak can be deconvoluted into three peaks: lattice oxygen
(Olat., 529.5 eV), defect-related oxygen (Odef., 530.8 eV), and the
OH group (Ohyd., 531.6 eV).39,40 The ratio of Ox/Ce (Ox: Olat., Odef.,
Ohyd.) was used to evaluate the contents of each oxygen species
in the ceria (Table S2†). The OH content in A-CeO2 (Ohyd./Ce:
0.22) was even higher than that in A-CeO2-ST (Ohyd./Ce: 0.15).
Nevertheless, we believed that the OH groups on A-CeO2 and A-
CeO2-ST were fundamentally different. Since A-CeO2-ST was
obtained through a high-temperature calcination, it is reason-
able to speculate that the OH groups formed by ST have
a certain degree of thermal stability. We used in situ XPS to
investigate the change in surface oxygen species of ceria during
the heating process and to conrm the stability of the OH
groups. As the temperature increased from 525 to 675 K,
residual OH groups on A-CeO2 decreased rapidly (Ohyd./Ce: 0.15
/ 0.02) (Fig. 3a and b), whereas A-CeO2-ST consistently main-
tained a relatively higher amount of OH groups (Ohyd./Ce >
0.12). This phenomenon clearly proved that the OH groups
formed on A-CeO2-ST were more stable than the residual OH
groups on A-CeO2, possibly due to their different binding sites
with the ceria. Further analysis of the oxygen species showed
that the ratio of total oxygen to cerium (Oall/Ce) in A-CeO2-ST
consistently maintained a value about 2.74 during the heating
process (Fig. 3c), while the ratio in A-CeO2 greatly changed
(Fig. S14†). The stable surface species ratio of A-CeO2-ST was
attributed to a more stable crystal structure aer crystal
recrystallization during the ST process, which agreed with the
PXRD analysis. Moreover, the sum of the decrease of OH groups
and Olat. was equal to the increase of Odef. in A-CeO2-ST (Fig. 3c),
indicating that water was dissociated on the oxygen vacancies to
form stable OH groups at high temperatures. However, both the
OH groups and Ov in A-CeO2 were signicantly reduced during
the heating process, and no direct correlation was observed.

In the ST process, high-temperature calcination could also
affect the defect structure and stability of ceria.41 To demon-
strate that the presence of the OH groups is the major factor
promoting catalytic performance, another control sample was
prepared to calcine A-CeO2 under the same ST conditions, but
without steam, denoted as A-CeO2-750, to investigate the calci-
nation effects of A-CeO2. The nal obtained composite Pd
catalyst was recorded as Pd_A-750. Structural characterization,
including PXRD, Raman, and nitrogen adsorption–desorption,
16842 | J. Mater. Chem. A, 2023, 11, 16838–16845
was conducted on A-CeO2-750 as well (Fig. S15a–c†). The results
showed that the lattice constant (0.54111 nm), grain size (31.1
nm), specic surface area (43.9 m2 g−1), pore volume (0.26 mL
g−1), and defects (ID/IF2g

= 0.02) of A-CeO2-750 were very similar
to those of A-CeO2-ST. However, the OH vibrational peak was
obviously absent in the IR spectrum (Fig. S15d†). This indicated
that the removal of OH groups was the main difference between
A-CeO2-750 and A-CeO2-ST. We then tested the CO oxidation
performance of Pd_A-ST and Pd_A-750. Pd_A-ST exhibited
a signicantly higher activity than Pd_A-750, with a reaction
rate of 2.79 molCO h−1 gPd

−1 at 22 °C, which was 11 times more
than that of Pd_A-750 (0.248 molCO h−1 gPd

−1 at 22 °C)
(Fig. S16a†). However, we should consider that the factors
inuencing the performance of the composite catalyst are
complex and multifaceted. For instance, changes in support
properties can affect the MSI and metal dispersion,6 leading to
changes in activity, apart from the inuence of OH groups on
the reaction. To accurately evaluate the inuence of OH groups
without the interference of loaded metal, we carried out the
performance tests on two pure supports, A-CeO2-ST and A-CeO2-
750 (Fig. S16b†). The results were consistent with those of the
composite catalysts; A-CeO2-ST reached 98% conversion at 320 °
C, while A-CeO2-750 reached it at 370 °C. Obviously, OH groups
had a more pronounced positive effect on promoting activity
compared with the calcination effect. Overall, these results
demonstrated that the ST process led to the formation of ther-
mally stable OH groups on the surface oxygen defects of ceria,
which is the key to enhancing the reactivity.
2.3 Effect of OH-modied ceria on Pd loading

In general, the properties of the support material can have
a considerable impact on the MSI and are correlated with the
stability, valence state, and interaction with reactants of metal
active sites.42–44 To gain a deeper understanding of the effect of
A-CeO2-ST on the loaded metals, we further explored the
composite catalysts. All the composite catalysts (Pd_A-ST, Pd_A-
750, and Pd_A) maintained a rod-like morphology with slight
sintering (Fig. 4a, c and e). Neither Pd nor PdO was observed in
PXRD patterns in all three samples (Fig. S17†), displaying high
This journal is © The Royal Society of Chemistry 2023
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dispersion or extremely small particle size of Pd species on the
ceria supports.45 Energy dispersive spectroscopy (EDS) analysis
further conrmed that Pd species were highly dispersed in all
samples (Fig. S18†). To investigate the state of small-sized
metals on the surface, spherical aberration-corrected high-
angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) was performed to observe the
differences in the three samples at an atomic level. Pd clusters
were observed on both Pd_A and Pd_A-750 (Fig. 4d, f and S19d–
i†), while no clusters were found on Pd_A-ST (Fig. 4b and S19a–
c†), implying atomic dispersity of Pd on A-CeO2-ST. Atomic
intensity change analysis was performed to infer the most likely
positions of Pd single atoms on the A-CeO2-ST surface, which
were highlighted with yellow circles. In addition to Pd clusters,
a thin layer of Pd was also found on the surface of Pd_A (Fig. 4f
and S19i†). A similar metal layer has been reported on the Cu–
CeO2 catalyst,46 which was mainly caused by the MSI during the
heat treatment process. The driving force for this phenomenon
was the reduction of surface energy.6 The varying Pd loading
states, including Pd1 on A-CeO2-ST, Pdn (∼10 atoms) on A-CeO2-
750, Pdn (∼3 atoms) and the Pd layer on A-CeO2, reected the
distinct differences in MSI between Pd and different ceria
supports.

In addition to metal dispersion, MSI can also affect the
degree of charge transfer between metals and supports, leading
to changes in the valence states.44 To probe this, we performed
XPS of the Pd 3d core line (Fig. S20†). The decreasing order of
Pd2+ BE in the three samples is Pd_A-ST (338.2 eV) > Pd_A (337.8
eV) > Pd_A-750 (337.3 eV), indicating that the corresponding
MSI follows a trend of Pd_A-ST > Pd_A > Pd_A-750. The stronger
MSI of Pd_A-ST than the other two samples ensured the stability
of highly dispersed metal atoms. The result demonstrated the
Fig. 5 (a) Schematic diagram of the combination of calorimeter–chemis
adsorption heat, unadsorbed amount of CO, and molecular mass. (c) Sc
Pd_A-750, and Pd_A.

This journal is © The Royal Society of Chemistry 2023
additional advantages of utilizing OH-modied ceria to achieve
a high dispersion state. Furthermore, Pd_A-ST only possessed
one Pd2+ species (Fig. S20†), while both Pd_A-750 and Pd_A had
three types of Pd species (Pd2+, Pdd+, and Pd0), reecting a more
complex loading scenario ascribed to the weaker MSI. In addi-
tion to Pd2+, the Pdd+ (336.1 eV) of Pd_A was also shied to
a higher BE than that of Pd_A-750 (Pdd+: 335.5 eV). The
enhanced MSI of Pd_A may be a result of the formation of the
Pd layer structure. In a word, changes in support properties can
disturb the loading state of metals through MSI, exhibiting
different metal dispersion and valence states.

The catalyst with strong MSI typically tends to have strong
binding affinity with the reactants, but it is also accompanied by
surface poisoning for certain reactants, such as CO, which
limits the low-temperature reactivity.14,47 However, the strong
MSI and high CO oxidation activity can be both observed in
Pd_A-ST. To gure out the reason, a careful CO adsorption
experiment was performed to explore the inuence of the
steam-modied ceria on Pd–CO adsorption strength. We
combined chemical adsorption, chemical calorimetry, and
mass spectrometer devices (Fig. 5a). This combination study
could accurately measure the amount of CO adsorbed and the
heat released when CO passes through the sample. A mass
spectrometer was used to monitor the testing process which did
not involve any chemical reactions. Our results showed that no
CO2 signal was generated during the test for any of the samples
(Fig. 5b, S21a and b†), indicating that the process of CO mole-
cules passing through the catalyst without oxygen was purely an
adsorption process on the composite catalyst at 25 °C. Besides
the Pd–CeO2 composite samples, pure ceria supports were also
tested in the CO adsorption experiment (Fig. S21c†). We found
that the CO adsorption on all ceria supports at 25 °C was
orption analyzer–mass spectrometer devices. (b) Detection of the CO
hematic diagram of structure and CO adsorption strength of Pd_A-ST,

J. Mater. Chem. A, 2023, 11, 16838–16845 | 16843
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extremely weak, about one-thousandth of that on Pd-loaded
catalysts. Aer subtracting the effect of the ceria support and
calculating the adsorption energy required to form Pd–CO, the
adsorption amount and normalized adsorption heat are shown
in Table S3.† The energy emitted during the formation of Pd–
CO on Pd_A-ST was 84.7 kJ mol−1, which was lower than that of
Pd_A (100.1 kJ mol−1) and Pd_A-750 (107.1 kJ mol−1). This
result suggested that the high CO oxidation activity of Pd_A-ST
may come from low CO affinity, and the A-CeO2-ST support
weakened the binding strength between the loaded Pd and CO
molecules, although A-CeO2-ST can strongly interact with Pd.
According to the reported relationship between the adsorption
energy and Pd size,48 the adsorption energy increases as the
metal size decreases when the effective diameter of Pd is less
than 2 nm, which explains the stronger adsorption energy of
Pd_A-750 (∼3 atoms Pd) compared to Pd_A (∼10 atoms)
(Fig. 5c). However, atomically dispersed Pd_A-ST did not exhibit
stronger adsorption, which could be attributed to the inuence
of OH groups.49,50 In brief, OH not only regulated the surface
properties of the ceria support, which improved the dispersion
of metals, but also weakened the adsorption strength of CO on
Pd_A-ST, thereby lowering the activation energy and ultimately
achieving high reactivity.

3. Conclusions

In summary, we proposed a strategy to regulate the MSI of the
Pd–CeO2 composite catalyst by modifying the ceria support with
steam treatment before loading metals. This strategy effectively
reduced the activation energy of CO oxidation (11.6 kJ mol−1)
and achieved high reactivity (9.72 molCO h−1 gPd

−1) at room
temperature (27 °C). High ST temperature and a certain defect
concentration of CeO2 were the key factors in improving cata-
lytic activity. Crystallographic characterization and in situ XPS
analysis revealed that thermally stable OH groups were formed
on the oxygen defects of ceria during the ST process. The cross
control experiments conrmed that the OH groups were the
dominant factor for improving catalyst activity. HADDF-STEM
and XPS analysis demonstrated that OH-modied ceria inu-
enced the Pd dispersion and valence state, reecting the regu-
lation of MSI. Binding strength testing revealed that the
adsorption energy of Pd–CO (84.7 kJ mol−1) was weakened on
the Pd catalyst with OH-modied ceria, supporting the low
activation energy of CO oxidation at low temperatures. This
study demonstrates the signicant impact of support modi-
cation on the MSI and catalytic performance of composite
catalysts and provides a foundation for developing more effi-
cient metal catalysts.
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