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Regulating the Pt1–CeO2 interaction via alkali
modification for boosting the catalytic
performance of single-atom catalysts†
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With the introduction of potassium species, the catalytic oxidation

performance over the Pt1/CeO2 catalyst was significantly enhanced,

where potassium ions acted as structural and electronic promoters,

and formed Pt–O–K interactions with Pt to directly regulate the

coordination environment and electronic state of Pt and the metal-

support interaction between Pt and CeO2.

With the growth of vehicle ownership, environmental problems
caused by vehicle emissions (CO, NOx, hydrocarbons, etc.) have
become increasingly serious. Thus, many efforts have been
devoted to the emission control field. Among these mitigation
strategies, catalytic elimination of vehicle exhaust has been
taken as the most promising one. Platinum group metals (PGMs)
supported on various metal oxides, such as CeO2, Al2O3, etc.,
have been extensively applied in emission control systems.

Due to the relatively lower price of Pt compared to Rh and
Pd, as well as the promising catalytic oxidation performance of
Pt/CeO2 catalysts, Pt catalysts supported on CeO2-based materials
have attracted the attention of researchers.1–3 There have been
vigorous discussions on Pt single-atom catalysts (SACs) supported
on CeO2 (Pt1/CeO2) stemming from the attractive 100% Pt atom
utilization and excellent thermal stability. However, the Pt SACs
strongly anchored by CeO2 without further activation treatment
always exhibited limited CO oxidation activity,4,5 while after
appropriate activation treatment (e.g., steam aging, CO/H2/HC

reduction), the catalytic oxidation performance of Pt1/CeO2

could be substantially promoted.1,6 Nevertheless, these strict
pre-treatment conditions and the relatively high cost of use
limited their wide application. Developing a more facile strategy
for enhancing the catalytic oxidation activity of Pt1/CeO2 is
urgently needed. In previous studies, regulating the oxidation
state and coordination environment of PGM catalysts as well as
tuning the PGM-support interface by introducing other metal
oxides or chemical groups to improve their catalytic performance
in various reactions has also received extensive concern.7,8 In
many cases, alkali metals (K, Na, Li, etc.) have been reported to be
effective promoters for some PGM catalysts for various
reactions.9–11 Based on these achievements, there is a promising
prospect that alkali modification could be a practical method to
improve the catalytic oxidation activity of Pt1/CeO2.

Herein, a facile alkali metal (taking K+ as a representative)
modification strategy to promote the catalytic oxidation activity
of Pt1/CeO2 was proposed by co-depositing potassium and
platinum on CeO2 via incipient wetness impregnation. According
to the measurements of various characterizations, a clear
structure-activity relationship was well established. The deposi-
tion of potassium made a difference to Pt1/CeO2, which weakened
the interaction between Pt and CeO2 and effectively tuned the
oxidation state as well as the coordination environment of Pt sites
on Pt1/CeO2, which then collectively contributed to the enhance-
ment of its CO/C3H8 oxidation activity.

The CO oxidation performances of CeO2, Pt/CeO2 and K-Pt/
CeO2 were first evaluated and illustrated in Fig. 1(a) and
Table S1 (ESI†). Pt/CeO2 showed limited CO oxidation activity,
which was almost the same as that of pure CeO2 due to the
structural transformation caused by the excessive temperature.7

After K-modification, the CO oxidation activity on Pt/CeO2 was
dramatically improved, with the T50 (temperature at 50% con-
version) decreasing from 385 1C to 228 1C and better cycling
stability compared to the reduction-activated Pt/CeO2 (Fig. S1,
ESI†). In C3H8 oxidation reaction, K-Pt/CeO2 still performed
much better than Pt/CeO2, further supporting the view that
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K-modification could promote the catalytic oxidation activity of
Pt/CeO2 catalysts (Fig. 1(b)). Such a significant improvement in
the catalytic performance on Pt/CeO2 after K-modification indi-
cated that the introduction of K+ might have greatly changed the
state of Pt sites on Pt/CeO2.

According to the results of XRD (Fig. S2, ESI†), for both
Pt/CeO2 and K-Pt/CeO2 catalysts, only those XRD peaks assigned
to CeO2 (PDF #34-0394) were found, meaning that Pt species
in Pt/CeO2 and K-Pt/CeO2 were in a highly dispersed state.12

As demonstrated by the energy-dispersive X-ray spectroscopy and
corresponding mapping (EDS-mapping) images of Pt/CeO2 and
K-Pt/CeO2 (Fig. S3, ESI†), both Pt and K were highly dispersed. To
investigate the state of Pt species on Pt/CeO2 and K-Pt/CeO2,
HAADF-STEM images of these two samples were also collected.
As expected, no Pt clusters/particles formed on Pt/CeO2 and K-Pt/

CeO2. The bright dots marked by yellow circles on Pt/CeO2 and
K-Pt/CeO2 further indicated that Pt species were mainly in the
form of single atoms (Fig. 2(c) and (d)). It has been proven that
in situ DRIFTS of CO adsorption is a powerful means to probe the
state of Pt species on catalysts.5,13 As shown in Fig. 3(c), only a
well-defined band at ca. 2090 cm�1 was observed on Pt/CeO2 and
K-Pt/CeO2, which could be assigned to CO adsorbed on ionic Pt
single sites (CO-Ptd+@Pt1). Maurer et al. reported that Pt recon-
struction and redispersion can occur during CO oxidation.4

To clarify whether the Pt species on used Pt/CeO2 and K-Pt/CeO2

still existed as single atoms, in situ DRIFTS of CO adsorption on
used samples were also carried out. Interestingly, after being
exposed to CO oxidation reaction flow at 400 1C for 30 min,
the bands of CO adsorbed on Pt sites still could be assigned to
CO-Ptd+@Pt1 species only, implying that Pt species on Pt/CeO2 and
K-Pt/CeO2 exhibited superior stability and were kept in the single-
atom form throughout the reaction, which matched well with the
cycling stability results in Fig. S1 (ESI†).

To further investigate the chemical state and coordination
environment of Pt species on Pt/CeO2 and K-Pt/CeO2, XAS
analysis was performed. As shown in Fig. 3(a), the white line
intensities of Pt-L3 XANES for Pt/CeO2 and K-Pt/CeO2 were
between those for PtO2 and Pt foil, suggesting an intermediate
valence state (between +4 and 0) of Pt on both samples. Besides,
EXAFS data were processed and plotted in R space (Fig. 3(b)
and Table S2, ESI†), and the absence of Pt–Pt and Pt–O–Pt
coordination shells and the existence of Pt–O and Pt–O–Ce
coordination shells exclusively clearly confirmed the formation
of Pt single sites on Pt/CeO2 and K-Pt/CeO2. As shown in
Table S2 (ESI†) summarizing the EXAFS Pt L3-edge fitting
results, although the coordination number (CN) of Pt–O did
not change significantly on Pt/CeO2 (ca. 6.5) versus K-Pt/CeO2

(ca. 6.3), a lower CN of Pt–O–Ce was observed on K-Pt/CeO2

Fig. 1 (a) CO oxidation activities of Pt/CeO2, K-Pt/CeO2, CeO2 and CeO2

–800. (Reaction atmosphere: 1% CO + 1% O2, He balanced, and WHSV =
150,000 mL gcat

�1 h�1.) (b) C3H8 oxidation performance of Pt/CeO2 and K-
Pt/CeO2. (Reaction atmosphere: 4000 ppm propane, 4% O2/Ar balanced,
and WHSV= 100 000 mL gcat

�1 h�1).

Fig. 2 HAADF-STEM images of (a) and (c) Pt/CeO2, and (b) and (d) K-Pt/
CeO2. (Some of the single atomic Pt sites were identified by yellow circles.)

Fig. 3 (a) XANES and (b) EXAFS data recorded at the Pt L3 edge for Pt/
CeO2 and K-Pt/CeO2. (c) In situ DRIFTS of CO adsorption on fresh and
used Pt/CeO2 and K-Pt/CeO2. (d) Pt 4f XPS spectra of Pt/CeO2 and K-Pt/
CeO2.
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(ca. 2.9) than that on Pt/CeO2 (ca. 4.0), suggesting that K-
modification has tuned the coordination environment of Pt
atoms and the interaction between Pt and the CeO2 support. It
was proposed that Pt–O–Ce linkages may have been broken and
Pt–O–K linkages were formed simultaneously, which can be
further clarified by the ICP results shown in Table S3 (ESI†),
where the Pt/K ratio was close to 1 : 1 for different loadings,
while K cannot be retained on the CeO2 surface in the absence
of Pt when calcined at a high temperature of 800 1C.

Since the Pt species on Pt/CeO2 and K-Pt/CeO2 were both in
the form of single atoms, it could be inferred that the electronic
state of Pt or the interaction between Pt and the CeO2 support
must be tuned by K-modification. To accurately characterize
the chemical state of the surface Pt species, XPS was performed
on Pt/CeO2 and K-Pt/CeO2. As shown in Fig. 3(d), for Pt/CeO2, Pt
species mainly existed in the form of Pt2+ (93%), well supported
by the previous reports that Pt single atoms strongly anchored
on CeO2 with a valence state of +2.1,14 It was interesting to find
that a higher ratio of Pt4+ (14.6%) formed on K-Pt/CeO2, which
confirmed that K+ could perform as an electronic promoter. In
previous research,15 it has been found that ionic Pt single atoms
with higher valence always exhibited higher CO oxidation activity.
Zhang et al. also reported that Ptd+ with higher valence can induce
C–H dissociation more easily.16 According to the fitting results of
Ce 3d and O 1s XPS (Fig. S4, S5 and Table S4, ESI†), no obvious
changes in the concentration of surface Ce4+ and the ratio of
surface chemisorbed oxygen species were observed after the
potassium modification, suggesting that the changed state of Pt
species dominated the significant improvement in the catalytic
performance of K-Pt/CeO2.

H2-temperature programmed reduction (H2-TPR) could be
applied not only to investigate the redox properties of the
catalysts but also to dig out the structural information of
samples. As shown in Fig. 4(a), the H2 consumption peaks at
ca. 370 and 530 1C on CeO2 could be assigned to the reduction
of surface oxygen species and Ce4+ and the H2 consumption
occurring at higher temperatures should be related to the reduction
of bulk CeO2. For Pt/CeO2, an intensive H2 consumption peak
assigned to the reduction of Pt–O–Ce and adjacent Ce4+ species was
observed at ca. 260 1C. Interestingly, after K-modification, the H2

consumption peak of Pt–O–Ce shifted to a much lower temperature
of 164 1C with a decreased intensity, which meant that the strong

interaction between Pt single sites and CeO2 was weakened by
potassium. The lower temperature required for the reduction
of Pt species on K-Pt/CeO2 could facilitate the activation of reactants
in the low temperature range. That is, those Pt single sites on the
CeO2 support with over-strong Pt–O–Ce interactions were not
efficient in CO oxidation reaction.

As reported previously, Raman spectroscopy could be used
as a powerful tool to investigate the structure of Pt–CeO2-based
catalysts. As illustrated in Fig. 4(b), in addition to the intensive
band at ca. 460 cm�1 and the broad band at ca. 600 cm�1, which
could be ascribed to the F2g vibration mode of CeO2

17 and
VO–Ce3+ induced by oxygen vacancies on CeO2,18 respectively,
two new bands at ca. 550 and 670 cm�1 emerged on Pt/CeO2 and
K-Pt/CeO2, which were related to the formation of Pt–O–Ce
linkages. Consistent with the H2-TPR results, as demonstrated
by the inset figure, the intensity of the bands at ca. 670 cm�1

(Pt–O–Ce) decreased dramatically after K-modification, implying
that potassium modification could weaken the Pt–CeO2 inter-
action and reduced the amount of Pt–O–Ce linkages. The lower
CN of Pt–O–Ce on K-Pt/CeO2 (ca. 2.9) than that on Pt/CeO2

(ca. 4.0) from EXAFS data also indicated that less Pt–O–Ce
linkages were formed on K-Pt/CeO2, supporting the Raman
spectroscopy and H2-TPR results (Table S2, ESI†).

Furthermore, it has been reported that the deposition of Pt
could stabilize CeO2 through the strong Pt–CeO2 interaction
under high-temperature aging treatment.14 That is why Pt/CeO2

possessed a much higher specific surface area (32 m2 g�1) than
CeO2 -800 (CeO2 calcined at 800 1C in air for 10 h, 6.5 m2 g�1).
However, it was noteworthy that K-Pt/CeO2 showed a much lower
specific surface area (11 m2 g�1) compared with Pt/CeO2

(Table S1, ESI†), hinting at the weakened Pt-CeO2 interaction on
K-Pt/CeO2, which resulted in the more intensive sintering of CeO2.

As discussed above, the catalytic oxidation performance of
Pt/CeO2 and K-Pt/CeO2 was strongly related to the strength of
Pt–CeO2 interaction, as well as the amount of Pt–O–Ce linkages.
In order to better reveal the reasons for the dramatic improvement
of the alkali modification on the catalytic oxidation performance
of Pt/CeO2 and establish a clear structure–activity relationship, the
results of the catalytic performance evaluation, XPS, Raman
spectroscopy, H2-TPR and CN of Pt–O–Ce were rearranged and
are demonstrated in Fig. 5. After K-modification, an increase in
the valence state of Pt suggested that K ions might be located near
the Pt single sites and they acted as an electronic promoter
modifying the electronic state of the nearby Pt sites. The weak-
ened Pt–CeO2 interaction was well supported by the remarkable
shift of the H2 consumption peak of Pt–O–Ce species from 259 to
164 1C. In addition, the H2 consumption of Pt–O–Ce decreased
with the potassium modification and the peak area of Pt–O–Ce
species (ca. 670 cm�1) in Raman spectroscopy and the coordina-
tion number of Pt–O–Ce also decreased, further demonstrating
the breakage of partial Pt–O–Ce linkages. In this study, Pt/CeO2

was subjected to a calcination treatment at 800 1C for 10 h during
the catalyst synthesis, and thus Pt atoms were captured by the
CeO2 support through over-strong Pt–O–Ce linkages. The oxida-
tion of adsorbed CO on Pt single sites required the activation of
adjacent oxygen species. However, as demonstrated in Fig. 5, the

Fig. 4 (a) H2-TPR profiles of Pt/CeO2, K-Pt/CeO2, CeO2 and CeO2-800.
(b) Raman spectroscopy of Pt/CeO2 and K-Pt/CeO2 with the scale at 300–
900 cm�1.
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rigid Pt–O–Ce interaction inhibited the activation and mobility of
surface oxygen atoms. That’s why Pt/CeO2 exhibited a rather
limited CO oxidation activity, just like pure CeO2. Via introducing
K ions, the Pt–CeO2 interaction on Pt/CeO2 was appropriately
weakened so that the reducibility of Pt–O–Ce in K-Pt/CeO2 was
greatly improved. In other words, oxygen species at the interface
of Pt and the CeO2 support could react more efficiently with CO
adsorbed on Pt single sites, thus improving the catalytic oxidation
capability of K-Pt/CeO2, which could be illustrated by the O2-TPD
profiles in Fig. S6 (ESI†).

In conclusion, Pt1/CeO2 with over-strong Pt-CeO2 interaction
was not an efficient catalyst in CO/hydrocarbon oxidation reac-
tion. Via a simple potassium modification method, the catalytic
oxidation performance of Pt1/CeO2 was significantly promoted. It
was found that the introduction of K ions weakened the Pt–CeO2

interaction appropriately and formed Pt–O–K interaction, which
could improve the reducibility of the Pt–O–Ce structure. Then
the activation of oxygen atoms adjacent to Pt single sites and
their subsequent reaction with adsorbed CO would be facili-
tated. As a result, superior catalytic oxidation performance was
achieved on K-Pt/CeO2. This work highlighted that alkali could
be used as an electronic and structural promoter to finely tune
the state of PGMs and the strength of PGM-support interaction,
and provided a simple but effective strategy for the design of
efficient vehicle emission control catalysts.
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