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Carbon-CeO, interface confinement enhances the
chemical stability of Pt nanocatalyst for catalytic

oxidation reactions

Changjin Xu', Yue Zhang', Jing Chen’, Song Li"

ABSTRACT Noble metals are downsized to nano-/subnano-
scale to improve their catalytic activity and atom-economy.
However, the stabilities in chemical state and catalytic per-
formance of these nanocatalysts often suffer during harsh
conditions. For Pt nanoparticles (NPs) supported on CeO,,
activated oxygen diffused from the support over-stabilizes the
active sites of Pt, degrading its performance at mild tem-
perature. In this work, Pt nanocatalysts with unique structure
of triple-junction are synthesized by selectively growing Pt
NPs on the carbon-CeO, interface. Impressively, the Pt NPs
exhibit much enhanced catalytic stability and high activity for
CO oxidation at mild temperature. The enhancement is at-
tributed to electron donation from graphitized carbon and the
confinement effect from the high-density nanopores of the
CeO, support. The triple-junction of Pt-C-CeO,, combining
the merits of CeO, for activating O, and electron donating
capability of carbon, provides new inspiration to the fabrica-
tion of high-performance nanocatalysts.

Keywords: catalyst stability, Pt nanocatalyst, interface confine-
ment

INTRODUCTION

Nanometals dispersed on oxide supports play crucial
roles in a wide range of chemical reactions covering
energy conversion, chemical production, and pollution
elimination [1-5]. Performance instability of the delib-
erately fabricated nanostructures is a major hurdle to
their large-scale applications in industry [6]. Two me-
chanisms have been essentially identified for the pro-
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gressive degradation of nanocatalysts, i.e., (i) sintering of
the metal nanoparticles (NPs) driven by the reduction in
the surface energy [7,8], and (ii) variation of their che-
mical states that determine the adsorption/desorption of
intermediates [9]. To cure the former, thermodynamic or
kinetic countermeasures have been taken, including
strengthening the adhesion metal on the support surface
[10,11], building energy barriers for atomic migration
[12,13], or confining the NPs inside limited space
[14,15]. However, catalysts still suffer from additional
instability in chemical states, especially under oxidative
conditions.

To improve the catalytic activity, the binding strength
of intermediates on active sites is intentionally adjusted
via manipulation of the electronic structure of nanome-
tals, by means of alloying [16] or changing support
[17,18]. In particular, the electronic metal-support inter-
action (EMSI) is emphasized since its discovery on the Pt/
CeO, [19,20]. To practice the EMSI effect, reducible
oxides are used as support [2,21-24] so that the charge
transfer across the interface promotes the nanocatalyst
activity. A side-effect of the interaction is that the che-
mical states of nanometal in direct contact with the re-
ducible oxide are prone to change. For example, metallic
Pt rather than PtO, has been identified as the active site
for CO oxidation at mild temperatures (below 100°C)
[25,26]. However, the metallic Pt is easily oxidized to
inactive PtO, under mild condition through oxygen dif-
fusion from the reducible oxide support [27]. As a con-
sequence, Pt NPs decay rapidly [9] and the CO oxidation
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must be performed at elevated temperatures where PtO,
is active. Therefore, further efforts should be contributed
to design novel nanostructures that can simultaneously
maintain the electronic and structural stability under re-
action conditions.

Currently, metal-organic frameworks (MOFs) are at-
tracting intensive attention due to their exotic properties
such as large specific surface areas, ordered structure,
high porosity, and large cavity size, finding wide appli-
cations in the fields including gas sensors, drug delivery,
chemical separations, and heterogeneous catalysis [28-
32]. Also, MOFs serve as platform materials for con-
structing nanoarchitectures [33-36]. The pyrolysis of
MOF precursors under inert gas generates carbon mod-
ified oxides, providing a robust route to interfere the
metal-support interaction [37]. Hopefully, the electronic
and structural stability of noble metal NPs could be si-
multaneously achieved via this strategy.

In this work, we report the stabilization of Pt NPs by
carbonizing the Pt-CeO, interface that could be achieved
by pyrolysis of Ce-MOFs. The preparation involves the
following steps: an octahedron-shaped Ce-BDC MOFs is
firstly prepared through a solvothermal route by using
formic acid as the structure-modulator agent. After
thermal carbonization under inert atmosphere, the MOFs
are converted into porous CeO, with the surface partially
covered by carbon. After loading Pt NPs, the surface
carbon fixes the valance state of Pt by serving as an
electron reservoir [38]. And the high-density mesoporous
structure in CeO,-C restricts the diffusion of Pt. Our
results show that the three-phase junction derived from
MOFs conversion and selective deposition represents an
effective strategy that enables simultaneous stabilization
of atomic and electronic structure of supported noble
metal NPs.

EXPERIMENTAL SECTION

Synthesis of Ce-BDC MOFs

Ce-BDC MOFs precursor was prepared by the following
procedure. Firstly, 35.4 mg of 1,4-benzenedicarboxylic
acid (H,BDC) was dissolved into 3 mL of N,N-
dimethylformamide (DMF)-formic acid (FA) mixed so-
lution (Vpyp/ Vpa=4:1) and sonicated for 10 min. Subse-
quently, 1 mL of (NH,),-Ce(NO;), (0.3 mol LY aqueous
solution was dropwise added into the above mixture. The
resulting mixture was sealed in a vial and then reacted at
60°C for 2h. The precipitates were separated by cen-
trifugation, washed with DMF and acetone for three
times, and finally dried at 60°C overnight in vacuum.
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Synthesis of CeQ, supports

The carbon-covered CeO,-C with high-density nanopores
was prepared by calcinating the Ce-BDC MOFs precursor
at 600°C for 4h in Ar atmosphere. For comparison,
carbon-free CeO, support (denoted as CeO,-P) also with
high-density nanopores was achieved by calcinating the
Ce-BDC MOFs precursor at 400°C for 4 h in a muffle
furnace under the air atmosphere.

Synthesis of Pt/CeO, catalyst

In this work, Pt/CeO, catalysts were prepared via a sur-
face redox reaction between Pt'* and Ce™. Typical
synthesis procedures are as follows: the as-synthesized
Ce0,-C powers were dissolved in 100 mL of aqueous
solution and then sonicated for 30 min. Then, a stoi-
chiometric amount of chloroplatinic acid was added and
the above solution was stirred for 2 h to reach adsorption
equilibrium. Next, the pH of the above mixed solution
was adjusted to about 8 with NaOH aqueous solution.
Then, the suspension was held at 90°C for 4 h under
vigorous magnetic stirring. Subsequently, the obtained
precipitates were separated by centrifugation, washed,
and then dried in vacuum to get powders. Finally, the
powders were heated at 400°C for 2 h in the H, flow,
which yielded the Pt/CeO,-C catalyst. Meanwhile, the Pt/
CeO,-P catalyst was also prepared by the same procedure
as that for Pt/CeO,-C catalyst.

RESULTS AND DISCUSSION

Synthesis of Pt/Ce0O, nanocatalysts

A schematic of the synthesis process of Pt NPs supported
on porous CeO, with and without surface carbon mod-
ification is depicted in Fig. la. First, the octahedral Ce-
BDC MOFs hydrothermally grew in a solution containing
Ce"', DMF, and H,BDC. The carbon species in the Ce-
BDC MOFs could be thoroughly removed by calcinating
the MOFs in air (CeO,-P route) or could be residually left
on the surface to modify the physiochemical properties of
CeO, when calcined in Ar (CeO,-C route). Subsequently,
Pt NPs were impregnated by spontaneous surface reaction
to form the Pt/CeO, catalyst [22]. As shown in Fig. 1b, the
as-prepared Ce-BDC MOFs present an octahedral shape
with a smooth surface and an average size of 150 nm.
After calcination, nanopores of high-density and uniform
distribution in CeO,-P (Fig. 1c) and the CeO,-C (Fig. 1d)
samples were prepared. Furthermore, the as-prepared Ce-
BDC MOFs exhibit good structural stability to prevent
structural collapse during the calcination (Fig. S1) and
their surfaces are partially covered by carbon layer of
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Figure 1 (a) Scheme for preparation of porous CeO, support by an MOF-assisted strategy. TEM images of Ce-BDC MOFs (b), CeO,-P (c), and CeO,-

C (d). (e) TG curves.

~1 nm thickness (see high resolution transmission elec-
tron microscopy (HRTEM) images in Fig. S2).

The heating temperatures for converting Ce-BDC
MOFs into porous CeO, in the two kinds of atmospheres
were determined from thermogravimetric (TG) analysis
since different reactions were involved. As shown in
Fig. le, thermal decomposition of Ce-BDC MOFs pro-
ceeds via a stepwise pathway. The first weight loss below
310°C is assigned to the removal of adsorbed water mo-
lecules and DMF solvent [39]. The second weight loss
above 310°C corresponds to the conversion from Ce-BDC
MOFs to cerium oxide [40]. It is worth noting that the
temperature for complete decomposition of the Ce-BDC
MOFs is about 334°C in air and 591°C in Ar flow, re-
spectively. Therefore, in this work, we chose 400°C in air
and 600°C in Ar as the calcination temperatures to si-
multaneously ensure complete decomposition of Ce-BDC
MOFs and minimize/avoid the sintering of the product.
In addition, the TG curve in air shows that carbon stays
on the CeO, surface before 200°C and the content of
carbon in CeO,-C is approximate 18.5 wt%. It is thus
believed that the carbon in the Pt/CeO,-C stays un-
changed in the process of CO oxidation where the op-
erating temperature is far below 200°C. Thus, the catalyst
maintains its structural stability during the catalysis since
the reaction temperature is lower than the calcination
temperature. Moreover, the CeO,-C and CeQO,-P are not
different in nature except the former has a smaller CeO,

130 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

grain size owing to the confinement of carbon, as evi-
denced later by widening of X-ray diffraction (XRD)
peaks (Fig. S3).

Spontaneous redox reaction between the surface Ce’*
and adsorbed Pt"* ions was used to guide the growth of Pt
NPs on the CeO, surface. The electronic states of Pt NPs
prepared by this method are strongly influenced by the
interaction with the support due to the high-quality in-
terface [22,41]. The high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
images (Fig. 2) reveal that the octahedral morphology of
CeO, was retained well after impregnating 2 wt% of Pt
NPs; and no large Pt NPs were found on the surface.
Element mapping by energy dispersive X-ray spectro-
scopy (EDX, Fig. 2a;, b;) shows that the Pt NPs are
homogeneously distributed in the nanopores of MOFs-
derived CeO,. The average sizes of these Pt NPs on the
Pt/CeO,-C (Fig. 2a,) and Pt/CeO,-P (Fig. 2b,) are 3.1 and
3.5 nm, respectively, in agreement with the results cal-
culated by CO pulse chemisorption (Table S1). And the
Pt NPs get in close contact with CeO,, which features the
interfacial growth of Pt by surface redox reaction. The Pt
NPs grown on CeO,-C are smaller because these NPs
experience a stronger binding force from the support.
Importantly, Pt NPs in the Pt/CeO,-C sample are found
homogeneously sitting at the carbon-ceria interface to
form the Pt-CeO,-C triple junctions, as shown in Fig. 2
and sketched in Fig. la. Such a unique structure results
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Figure 2 HAADF-STEM, TEM-EDX mapping and HRTEM images of Pt/CeQ,-C (a, a,-a3), and Pt/CeO,-P (b, b;-b,), respectively. The crystal lattice
fringes d=0.31 and 0.23 nm are attributed to (111) facets of CeO, and (111) planes of Pt, respectively. The white dash circles mark the Pt NPs.

from the site selective growth of Pt that is driven by the
carbon-enhanced reduction ability of Ce’". Higher con-
centration of Ce’* or oxygen vacancies in the CeO, results
in less oxidative environment (Fig. S4). It is believed that
the neighboring carbon regulates the interfaces between
Pt NPs and CeO, and enhances the stability of the elec-
tronic structure of Pt NPs [42].

Catalytic performance
Considering the fine distribution of Pt NPs and the un-
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ique structure of the carbonized Pt/CeO,-C, their catalytic
properties were investigated through CO oxidation.
Fig. 3a shows the conversion of CO as a function of
temperature on catalysts of the same mass. The CeO,-C
support exhibits virtually no catalytic activity within the
temperature range of 30-120°C. With the incorporation
of Pt NPs into the mesoporous CeO, supports, the con-
version of CO has a great increase and Pt/CeO,-C pre-
sents a better activity than Pt/CeO,-P in the temperature
range of 30-90°C, confirming the importance of carbon
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Figure 3 Catalytic performance of the Pt/CeO, catalysts. (a) CO conversion as function of reaction temperature. (b) CO conversion for stability test at
90°C (mass of catalysts: 70 mg for both catalysts and 25 mg for Pt/CeO,-C to lower the CO conversion). TEM (c, e) and HAADF-STEM (d, f) images
of the Pt/CeO,-C (c, d) and Pt/CeO,-P (e,f) catalysts after 20 h stability test.

January 2021 | Vol.64 No. 1

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

131



ARTICLES

SCIENCE CHINA Materials

species for improving the catalytic activity. Both samples
reach a full conversion of CO at 90°C. However, the two
catalysts exhibit different turnover frequencies (TOFs),
2.19x10 *s ' for the Pt/CeO,-C and 0.58x10 *s ' for the
Pt/CeO,-P, respectively, which were calculated according
to the loadings and dispersions of Pt (Table S1). The
carbon in the Pt/CeO, junction position significantly
enhances the activity of the Pt/CeO,-C with a TOF four
times higher than that of the Pt/CeO,-P catalyst.

The long-term stabilities of the as-synthesized Pt
nanocatalysts for the CO oxidation were tested at a
complete and less than half conversion, as demonstrated
in Fig. 3b. The CO conversion over the Pt/CeO,-P
maintained at 100% for about 3 h and then rapidly de-
creased. After continuous stability test for 20 h, CO
conversion over the Pt/CeO,-P decreased to about 25%.
In contrast, the complete conversion of CO on the Pt/
CeO,-C catalyst did not decay for over 20 h, even at a
higher temperature of 150°C (Fig. S5). Particularly, ex-
ceptionally high stability was observed under lower con-
version (~43%) condition operated at a kinetics-control
region (Fig. 3b).

When performed for catalysis, the nanometals tend to
deactivate either by sintering of the particles [43,44] or by
loss of valance electrons [45]. The acquired TEM/
HAADEF-STEM images of Pt/CeO, catalysts after stability
test (Fig. 3c-f) show no obvious aggregation/growth of Pt
NPs, implying the hindering effect of porous structure of
the support on metal growth [15]. Thus, the activity decay
of the Pt/CeO,-P catalyst due to nanoparticle growth can
be excluded. Over Pt/CeO, catalysts, a Mars-van Krevelen
reaction mechanism is recommended where CO adsorbed
Pt’ reacts with active lattice oxygen species on the CeO,
[1]. However, at high reaction temperatures, the main
active sites for CO oxidation of Pt” are vulnerable to be
oxidized, which could over-stabilize their surface lattice
oxygen, losing catalytic reactivity progressively [9,26,46—
48]. In this work, the performance stability of the
Pt/Ce0O,-C catalyst is enhanced because the surface car-
bon provides extra electrons suppressing the oxidation of
Pt NPs.

Chemical states of Pt/CeO, nanocatalysts

We further characterized the electronic structure of the Pt
of Pt/CeO, catalysts using X-ray photoelectron spectro-
scopy (XPS) to correlate with their stability performance.
Fig. 4 shows two distinguishable peaks that can be as-
signed to Pt 4f;,, and Pt 4f,,. Through the deconvolution
of Pt4f peaks, constituent insights such as oxidation
states and charge distributions can be obtained from the
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Figure 4 XPS spectra of Pt 4f peak of the as-prepared fresh Pt/CeO,
catalysts (a) and after the 20 h stability test (b). The ratios of Pt in the
catalysts are displayed. Raman spectra (c) and Ce 3d XPS spectra (d) of
the as-prepared Pt/CeO, catalysts.

core-level energy shifts of the surface Pt species relative to
the bulk. The relative composition of the metallic Pt in all
Pt species was estimated based on the deconvoluted peak
areas in Fig. 4a, b. The results showed that both fresh Pt/
CeO, catalysts carried about 80% Pt’, but only the Pt/
CeO,-C reserved most of its metallic Pt” after running at
150°C for 20 h (Fig. S6). Therefore, it is reasonable to
infer that the deactivation of Pt/CeO,-P catalyst is caused
by losing the valance electrons since the Pt’ species serve
as the main active sites for catalyzing the CO oxidation at
mild temperature [1,25,49]. To be more specific, the
unique tri-junction structure of Pt-carbon-CeO, in the
Pt/CeO,-C retards the oxidation of Pt by donating elec-
trons to compensate the electron loss of Pt species. Cor-
respondingly, a shift of the Pt binding energy towards the
lowest position (70.6 eV) is observed on the Pt/CeO,-C,
indicating a strong EMSI induced by carbonizing Pt-
CeO, interfaces [5].

The partial graphitization of the Pt/CeO,-C surface was
further confirmed by Raman spectra in Fig. 4c. The two
remarkable peaks at 1348 and 1598 cm ' correspond to
the typical D and G bands, respectively [50]. The high
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ratio of D to G band intensities (Ip/I;, 1.02) suggests that
the carbon layer is defective [51]. The defects in carbon,
by breaking the lattice symmetry, favor both anchoring
the metal NPs and generating an electronic interaction
with Pt and CeO, [52,53]. XPS analysis (Fig. 4d) of the
Ce 3d shows that higher content of Ce’* exists in the Pt/
CeO,-C, which is due to decreased crystalline sizes as
confirmed by the XRD peak broadening (Fig. S3a, b). In
combination with the curvature of the carbon layer, the
defects promote the electron localization and increase the
electron density [54]. Therefore, stronger EMSI can be
achieved in the Pt/CeO,-C. Meanwhile, CO-TPD (tem-
perature programmed desorption) profiles of the as-pre-
pared Pt/CeO, catalysts are comprised of two desorption
peaks (Fig. S7) due to physically adsorbed CO and atop-
bonded CO [55]. The desorption temperature of Pt/
Ce0,-C is lower than that of Pt/CeO,-P because CO
chemisorption on the former is weakened, which sup-
presses the CO poisoning effect. Moreover, the strong
EMSI between Pt and CeO, in the Pt/CeO,-C is also
evidenced by higher reduction temperature in hydrogen
temperature programmed reduction (H,-TPR) profiles
(Fig. S8).

In situ DRIFTS

In situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS) studies were performed to
understand the role of surface carbon on stabilizing the
chemical states of CeO,-supported Pt under reaction
conditions because the chemical binding of CO is sensi-
tive to both adsorption and local electronic structure of
metal surfaces [26]. Fig. 5a shows two sets of IR peaks of
the Pt/CeO,-C catalysts that are centered at 2390-2310
and 2175-2120 cm ', attributed to gas phase CO, and
CO, respectively [4]. And the IR peak of the adsorbed CO
on metallic Pt’ (at 2074 cm ', denoted as Pt’-CO) [56] is
weak due to the high reactivity of Pt at the measured
temperature. The intensity of gas phase CO, adsorption
increases with the reaction temperature, in agreement
with increased CO conversion in Fig. 3. And the CO,
intensity over Pt/CeO,-C is much higher than that of Pt/
CeO,-P. The decay of catalytic activity for the Pt/CeO,-P
catalyst is also evidenced by the appearance of CO mo-
lecules residing on the catalyst surface as the reaction
temperature increases to 90°C (Fig. 5b).

For the CO oxidation proceeding via CO adsorbed on
Pt and CeO,-activated O, [1,57], the reaction could be
seriously suppressed if the interfacial Pt is oxidized due to
over-stabilization of the surrounding lattice oxygen spe-
cies bonded to the Pt atoms [26]. Using a photoemission
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Figure 5 In situ DRIFTS of CO adsorbed on the Pt/CeO,-C (a) and Pt/
CeO,-P (b) catalysts recorded under 1% CO, 20% O,, and N, as balance.

electron microscopy (PEEM), Suchorshi et al. [3] found
that the deactivation and reactivation of supported Pd
particles were initiated at the perimeter sites and then
expanded to further positions (Fig. 5b). In our previous
study, we demonstrated that the spare charges due to
interaction with support are not uniformly distributed
and the getting/losing mainly occurs on the perimeter
atoms of the metal NPs [17]. Therefore, it is reasonable to
infer that the perimeter Pt atoms lose their valance
electrons and get oxidized first during the decay process.
Since the Pt-adsorbed CO cannot be eliminated by Ce**-
activated O at the interface [57], the adsorbed CO mo-
lecules on metallic Pt” are observed on Pt/CeO,-P. In
contrast, no obvious IR peak related to Pt’-CO is ob-
served, suggesting that the valance electrons in Pt sup-
ported on graphitized CeO, is stabilized by the carbon so
that its reactivity is maintained.

CONCLUSIONS

In conclusion, we have demonstrated a partially graphi-
tized CeO, with porous structure as the support to sta-
bilize the Pt NPs in both atomic and electronic structure.
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Pt NPs are site-selectively grown on the carbon-ceria
interface by surface redox reaction between Ce’" and the
Pt precursor. The carbonized porous CeO, was derived
from Ce-BDC MOFs via pyrolysis in Ar. Benefiting from
the unique structure of the three-phase junction of Pt-
CeO,-C, the Pt NPs exhibit enhanced activity and ex-
cellent stability for the CO oxidation by retaining their
metallic Pt” states. Surface oxidation of metallic Pt’ to Pt
species on the CeO,-P is the main reason for the deac-
tivation in the investigated temperature range. The con-
finement effect of the interfacial carbon stabilizes the
metallic Pt’ state of the Pt NPs by promoting electron
transfer from the support to the Pt NPs. The triple-
junction strategy proposed in this work provides an ad-
ditional dimension for precise adjustment of the metal-
support interactions. With the assistance of the additional
phase such as carbon, novel functional nanomaterials
with outstanding performance could be constructed in
the future.
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