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The three-way catalyst (TWC), as a promising approach to control automobile exhaust emission, has been
widely studied and applied. However, it still suffers from the high light-off temperature and poor stability.
Herein, we synthesized a multicomponent catalyst Rh/Cu-CeSn by using Cu metal doping to modify the
Ce-based solid solution, which exhibited good TWC catalytic performance: the light-off temperatures for
CO, NO, and C3Hg conversion are 172 °C, 266 °C, and 193 °C, respectively. Moreover, the catalyst still
maintained good activity after 12h of the continuous reaction under high-temperature conditions. The
experiments and mechanism studies reveal that due to the redox pair Cut*/Cu?*, the Cu incorporation
can effectively inhibit the Rh transition to the oxidation state and greatly enhance the catalytic activity
and stability. This work provides a viable strategy for precise characteristic modulation of composite oxide
supports during the fabrication of noble metal-based catalysts, which significantly reduces environmental
pollution from energy applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Severe automobile exhaust emissions, one of the air pollutants,
have caused a great threat to human health and world environ-
ment, attracting widespread attention [1-3]. As a promising tech-
nique to improve air quality, the three-way catalysts (TWCs) have
been deeply studied and applied, since they can convert the three
pollutants carbon monoxide (CO), nitrogen monoxide (NO), and hy-
drocarbons (HCs) from automobile exhaust into non-toxic carbon
dioxide (CO,), nitrogen (N;), and H,0 effectively and simultane-
ously [4]. However, although considerable efforts have been made,
developing high-performance TWCs with low-temperature activ-
ity and high-temperature stability while reducing the cost remains
challenging [5,6].

In recent years, Ce-based solid solutions have been widely
used as catalyst supports for various catalytic reactions, due to
their unique oxygen storage capacity and excellent redox prop-
erties [7,8]. Previous reports have pointed out that the incorpo-
ration of foreign metal atoms (such as Zr, Sn, Ti, Mn) into the
CeO, lattice to construct Ce-based solid solution leads to changes

* Corresponding authors.
E-mail addresses: wangxiao@ciac.ac.cn (X. Wang), wanghl@ciac.ac.cn (H. Wang),
songsy@ciac.ac.cn (S. Song).

https://doi.org/10.1016/j.cclet.2024.109640

in crystallite size and lattice strain, which is beneficial to the for-
mation of more oxygen vacancies and the activation of reactant
molecules, greatly promoting the catalytic performance enhance-
ment [9-12]. Safonova and co-workers [13] have shown that the
easier reducibility of Ce*+ at the Pt/Cey5Sng 50, interface increases
the catalytic CO oxidation rate, owing to the two electrons ex-
change between Ce*t/Ce3* and Sn**/Sn%* redox couples through
the redox equilibrium of 2Ce3+ 4+ Sn*t « 2Ce**+ +Sn?*. Although
many advances have been made in CeSn-based solid solutions so
far, due to the lack of an in-depth study of the structure-activity
relationship at the interface, there is still much interest in improv-
ing their three-way catalytic performances which are important for
practical catalytic applications [14-17].

Herein, we synthesize a series of high-performance Rh/Cu-CeSn
catalysts for efficient TWC reaction by introducing the Cu atoms
to CeSn-based solid solutions. Experiments and mechanism stud-
ies have confirmed that the presence of Cu™ and Cu?t ions can
not only increase the amount of support oxygen vacancy but also
effectively inhibit Rh from being oxidized. Compared to the bare
Rh/CeSn, the Rh/Cu-CeSn catalyst shows higher TWC catalytic ac-
tivity and stability: Its T5o values for CO, NO, and C3Hg conversion
are 172 °C, 266 °C, and 193 °C, respectively, and over 95% of the
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Fig. 1. (a) The synthesis route of Rh/Cu-CeSn. (b) TEM image of Rh/Cu-CeSn and the corresponding EDX mapping images. (c) HAADF-STEM image of Rh/Cu-CeSn with the
Rh SAs highlighted by the orange circles. (d) XRD patterns of the Rh/Cu-CeSn, Rh/CeSn, Cu-CeSn and CeSn.

initial activity can remain after 12h constantly operating at 400
°C, greatly improving the catalytic performance.

The specific synthesis route of the Rh/Cu-CeSn catalyst is shown
in Fig. 1a. The CeSn solid solution modified by Cu (Cu-CeSn) was
first prepared by the co-precipitation method. Because of the crys-
tal structure similarity of Cu with Ce and Sn, and its beneficial ef-
fect on inducing charge defect generation and valence state change,
Cu can be easily incorporated into CeSn solid solution as dopant
[18,19]. Then, the Rh/Cu-CeSn was obtained by the impregnation
method, in which the loading of Rh was controlled at 0.8 wt%,
and detailed results of inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) are shown in Table S1 (Supporting in-
formation). Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were carried out to observe the mor-
phology of the catalysts. The SEM and TEM images reveal that the
Rh/Cu-CeSn catalyst is composed of small nanoparticles, and the
lattice distance of 0.311 nm and 0.267 nm measured from the TEM
image matches well with the (111) and (200) planes of CeSn solid
solution (Fig. 1b, Figs. S1 and S2 in Supporting information). The
corresponding energy-dispersive X-ray spectroscopy (EDX) map-
ping images show that the Ce, Sn, Cu, Rh, and O elements are dis-
persed homogeneously. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) was further per-
formed to determine the fine structure of the catalyst. The STEM
image in Fig. 1c shows clearly that the visible single-atom Rh dis-
perses on the Cu-CeSn support. Besides, X-ray diffraction (XRD)
was used to determine the composition of the obtained catalysts.
The XRD patterns of all catalysts only exhibit diffraction peaks at
28.55°, 33.08°, 47.48°, and 56.34°, in line with the CeSn solid so-
lution (111), (200), (220), and (311) characteristics planes, respec-
tively (Fig. 1d). No diffraction peaks relating to Cu or Rh are ob-
served, indicating that these two metals are highly dispersed. The
specific surface area of the catalysts was also determined by nitro-
gen adsorption-desorption, in which the Brunauer-Emmett-Teller
(BET) specific surface area of Rh/Cu-CeSn was 51.297 m?/g, similar
to that of Cu-CeSn support and CeSn solid solution, reflecting that
Rh loading and Cu doping do not significantly change the morphol-
ogy and the surface area of the catalysts (Fig. S3 and Table S2 in
Supporting information). The above results prove that the success-
ful formation of the Rh/Cu-CeSn solid solution catalyst [11].

Next, to explore the redox properties in-depth, the reduc-
tion behavior of four catalysts was measured by temperature-
programmed reduction of hydrogen (H,-TPR), and the profiles are
shown in Fig. 2a. Two clear reduction peaks at around 500 °C and
750 °C are observed, which are identical with these of pure CeO,.
The low-temperature peak is attributed to the reduction of sur-
face CeO,, and the high-temperature peak belongs to the reduction
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Fig. 2. (a) H,-TPR profiles of the Rh/Cu-CeSn, Rh/CeSn, Cu-CeSn and CeSn. (b) XPS
spectra of Rh 3d and (d) O 1s over the Rh/Cu-CeSn, Rh/CeSn. (c) XPS spectra of Cu
2p over the Rh/Cu-CeSn, Cu-CeSn.

of volume CeO, [20-22]. For Rh/Cu-CeSn and Rh/CeSn, Cu-CeSn
and CeSn, the two reduction peaks shift to the low-temperature
direction obviously with the addition of Cu, which results from
the strong interaction between Ce**/Ce3* and Sn*+/Sn2* in the
presence of Cu through the redox equilibrium of 2Ce3+ 4+ Sn*t «
2Ce** +Sn?*, indicating that the oxygen atoms of the Rh/Cu-CeSn
catalyst are more easily transferred and produce oxygen vacancies
during the reduction process [23]. In addition, for the Cu-CeSn sup-
port, the peak near 160 °C can be attributed to the reduction of
finely dispersed Cu2* species to Cut by strong interaction with the
support, and the peak around 260 °C corresponds to the reduction
of larger CuO particles on the surface of the solid solution [24-26].
Notably, by comparing Rh/Cu-CeSn with Cu-CeSn, the Rh species
plays a key role in increasing the dispersity of Cu species and pro-
moting its reduction. And the reduction peak centered around 150
°C can be attributed to the reduction of RhOy species, which is lo-
cated on the support and the interface between metals and sup-
ports [27,28]. It has been reported that there may be a spillover ef-
fect between the noble metal active component and the easily re-
duced Ce-based support, resulting in the partial reduction of Ce**+
on the support surface and slight oxidation of the active compo-
nent Rh [29,30].
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Fig. 3. The evolution of CO adsorption spectra of the (a) Rh/Cu-CeSn and (b)
Rh/CeSn after 30 min purged with pure He (50 mL/min) at 200 °C, and then ad-
sorbed CO for 20 min to saturation.

The surface chemistry changes and electronic states of the cata-
lysts were further investigated by X-ray photoelectron spectroscopy
(XPS). The Rh 3d, Cu 2p, and O 1s XPS spectra of different cata-
lysts are shown in Fig. 2 and Fig. S4 (Supporting information), and
the relative proportions of different species of these elements are
summarized in Table S3 (Supporting information). The Rh 3d XPS
spectra of Rh/Cu-CeSn and Rh/CeSn are both fitted with six peaks
assigned to three pairs of spin-orbit doublets (Fig. 2b). Specifically,
the Rh 3dsj, peaks at 307.3, 309.0, and 310.6eV could be assigned
as Rh?, Rh3*, and Rh**, respectively. Previous studies have proved
that Rh? and Rh3+ species are catalytically active species for three-
way catalytic reactions due to their good redox properties, while
Rh** species is less active because it is more difficult to reduce
[31,32]. Comparing Rh/Cu-CeSn with Rh/CeSn, the addition of Cu
induces the binding energy of Rh species (Rh® and Rh3*) to de-
crease significantly, resulting in a distinct increase of the electron
cloud density, which contributes to maintaining Rh species at a
low valence state. The proportion of Rh® over Rh/Cu-CeSn is cal-
culated to be 31.95%, which is much higher than that over Rh/CeSn
(16.51%, Table S3). The Cu 2p spectra of Rh/Cu-CeSn and Cu-CeSn
show that the Cu 2p3, photopeak centered at 934.0eV is accom-
panied by a shake-up satellite structure in the range 939~947 eV
which embodies the presence of the Cu2t species, while the peak
band near 932.5eV is ascribed to the Cu™ species (Fig. 2c) [33].
And the relative proportions of Cu species represent that there is a
high proportion of Cu?* in the Rh/Cu-CeSn catalyst because the re-
dox pair of Cu affects the Rh transition between different species,
preventing the oxidation of Rh metal (Table S3). The O 1s spec-
tra of four catalysts (Fig. 2d and Fig. S4) depict that these peaks
are asymmetric, indicating two different O chemical species exist
in the catalysts. The peak at low binding energies (529.8-530.1 eV)
labeled as Oy, is attributed to the association with the lattice oxy-
gen of metal oxides, and the other peak at high binding energies
(531.3-533.3eV) denoted as 0,4, is the characteristic of surface-
adsorbed oxygen and oxygen vacancy which are related to surface-
active oxygen species [34,35]. The relative proportions of O species
listed in Table S3 represent the concentration of oxygen vacancies.
Comparing these four catalysts, the Rh/Cu-CeSn catalyst has the
highest oxygen vacancy concentration (72.4%) and the Cu addition
significantly increases the oxygen vacancies of the catalyst.

Then, the Rh/Cu-CeSn and Rh/CeSn catalysts were characterized
by in situ CO-diffuse reflectance infrared Fourier transform spec-
troscopy (CO—DRIFTs), in order to explore the interaction between
Cu and Rh [36]. The catalysts are purged with pure He (50 mL/min)
at 200 °C for 30min to completely remove adsorbed species on
the catalyst surface. Subsequently, the CO is introduced for 20 min
to ensure CO adsorption onto the active sites, and the evolution
of CO adsorption spectra are shown in Fig. 3. The two adsorption
peaks at ~2088 and ~2018 cm~! correspond to the CO on Rh sin-
gle atoms and they are attributed to the symmetric and asymmet-
ric CO-stretching mode of Rh(CO), species in accordance with pre-
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Fig. 4. (a) CO oxidation, (b) NO reduction, and (c) C3Hg oxidation by the Rh/Cu-
CeSn, Rh/CeSn, Cu-CeSn, CeSn. (d) The stability TWC test by the Rh/Cu-CeSn. The
space velocity was set at 200,000mL g~! h~'. The feed gas is composed of 2% CO,
1.75% 04, 2000 ppm C3Hg, 500 ppm NO, balance Ar.

vious studies, which agrees with our HAADT-STEM results [37,38].
In addition, a strong adsorption peak at ~2114 cm~! is also ob-
served, which can be assigned to the linear CO adsorbed on Cu*
sites (Cu™-CO), and it can also be detected in the Cu-CeSn support
(Fig. S5 in Supporting information) [39]. This validates the success-
ful doping of the Cu metal and its high dispersion in the catalysts,
consistent with our XPS and TPR results. And the strong adsorption
peak suggests that there is a certain amount of Cu* species in the
Rh/Cu-CeSn and Cu-CeSn catalysts at low temperatures, and they
would have a strong ability to adsorb CO at low temperatures [40].

To deeply study the influence of Cu on the three-way catalytic
performance of the Rh-supported CeSn solid solution catalyst, the
three-way catalytic performance of different catalysts was mea-
sured by the fix-bed reactor under a weight hourly space velocity
of 200,000mL g~! h~1. The conversion curves of CO, NO, and C3Hg
for different catalysts are shown in Fig. 4 and the Tsq (the reaction
temperature required when the conversion rate reaches 50%) val-
ues are listed in Table S4 (Supporting information). The pure sup-
port CeSn has almost no catalytic activity in the range of test tem-
perature, and the Rh/CeSn has certain activity, which its Tsqg values
for CO, NO, and C3Hg conversion are 258 °C, 329 °C, and 282 °C,
respectively. After the modification of Cu, the three-way catalytic
performance of the Rh/Cu-CeSn catalyst has been prominently in-
creased, and the light-off temperatures of CO, NO, and C3Hg de-
creased by 86 °C, 63 °C, and 89 °C, respectively. To confirm the role
of Cu species, we also prepared the Cu-CeSn support and tested
its TWC performance (Fig. S6 in Supporting information). It can be
found that the Cu-CeSn support has good CO oxidation activity, as
the previous report proposed that, Cu* acts as the adsorption site
for the chemisorption and activation of CO molecules for the CuCe
system, but it can hardly catalyze NO elimination and C3Hg oxida-
tion [41]. And we also tested the physical mixed sample, and its
TWC catalytic ability is not ideal (Fig. S7 in Supporting informa-
tion). Therefore, it can be proved that the superior TWC activity of
the Rh/Cu-CeSn catalyst results from the synergistic effect between
Cu and Rh. Additionally, the compared Ce-based catalysts (Rh/Cu-
Ce and Rh/CeQ,) were also prepared, among which the supports
are replaced by Cu-Ce solid solution and the pure CeO, (Figs. S8
and S9 in Supporting information). The result of catalytic perfor-
mance comparison shows that the promotion effect of Cu modifi-
cation in Ce-based support is not ideal, and the TWC performance
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Fig. 5. (a) TEM image of Rh/Cu-CeSn after reaction and the corresponding EDX mapping images. (b) XRD pattern of the Rh/Cu-CeSn after reaction.

is worse than CeSn-based catalysts, reflecting the importance of
CeSn solid solution supports (Fig. S10 in Supporting information).

We also optimized the ratio of Ce:Sn:Cu for the Rh/Cu-CeSn cat-
alyst, which are shown in Figs. S11 and S12 (Supporting informa-
tion). It can be seen that when Ce:Sn increases from 2:1 to 4:1, the
catalytic performance presents a volcanic curve distribution, and
the catalytic performance is better when the ratio is 3:1. And by
adjusting the loading amount of Cu metal, we found that when
Ce:Sn:Cu=6:2:1, the performance of the catalysts is remarkably
better than those of Ce:Sn:Cu=6:2:0.5 and Ce:Sn:Cu=6:2:2. These
comparisons show that the content of Ce, Sn, and Cu is extremely
critical for such catalysts, which relates to the formation of solid
solutions, the concentration of support oxygen vacancies, and the
strength of the synergistic effect among different metals [10,15,42].
Thus, Ce:Sn:Cu=6:2:1 is considered to be the optimal proportional
choice for the Rh/Cu-CeSn catalyst under our test conditions. Even-
tually, the stability of the Rh/Cu-CeSn catalyst was evaluated by
continuous high-temperature reaction at 400 °C for 12 h (Fig. 4d).
The conversion of CO, NO, and C3Hg of the Rh/Cu-CeSn catalyst
decrease slightly and the initial activity retains over 95% after 12h,
which confirms its good stability.

To further verify the stability of the Rh/Cu-CeSn catalyst, its
morphology and structure were characterized after the stability
test. The TEM image and the corresponding EDX mapping images
display that the catalyst still maintains good morphology and Cu,
Rh are dispersed well without agglomeration (Fig. 5a). The XRD
pattern of the used Rh/Cu-CeSn catalyst shows that there is no
clear difference in the structure of the catalysts before and after
reaction (Fig. 5b). No diffraction peaks associated with Cu, Rh and
other elements appear, representing that the solid solution has no
phase separation or metal segregation. And the ICP-OES results of
the used Rh/Cu-CeSn catalyst (Table S5) show that the content of
Rh element remains almost unchanged after the reaction. Further-
more, the BET specific surface area of the after-reaction Rh/Cu-
CeSn is basically the same as that before the reaction, indicating
its great stability, which corresponds to the above catalytic test re-
sult (Fig. S13 and Table S2 in Supporting information).

In summary, we successfully synthesized a multicomponent
catalyst Rh/Cu-CeSn by using Cu metal doping to modify the Ce-
based solid solution, which exhibited good TWC catalytic perfor-
mance: the light-off temperatures for CO, NO, and C3Hg conver-
sion are 172 °C, 266 °C, and 193 °C respectively. The experiments
and mechanism studies reveal that due to the redox pair Cu*/Cu2*,
the Cu incorporation can effectively inhibit the Rh transition to the
oxidation state, maintaining it in a reduced state with high TWC
activity, which facilitates the enhancement of catalytic activity and
stability greatly. This work represents a feasible strategy for rea-
sonable catalyst design precisely modulating the composite oxide
supports during the fabrication of noble metal-based catalysts. We
anticipate that the illustrated strategy based on support modifica-
tion will contribute to upgrading single-atom catalysts for a wide
range of catalytic applications.
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