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(SMSI) is an effective approach to enhance the performa
supported metal catalysts by encapsulating the metal n

inducing SMSI processes is often accompanied
structural evolution of metal NPs. In i

electrochemical method has been develop
induce SMSI, using the cable structured

from the poisoned of CO im
(HOR), and the HOR current
2000 s with 10000 ppm CO
completely inactivated. In additi

. In situ

Introduction

The classical strong metal-support interaction (SMSI), which has
been extensively studied in supported metal catalysts, refers to
the encapsulation effect of the support material on metal
particles under specific conditions.l' In 1978, Tauster et al.
discovered that the adsorption behavior of CO on the TiO2
supported Pt nanoparticles (NPs) catalyst was significantly
changed after annealing in Hz, and named this phenomenon as
the “strong metal-support interaction”.%! In recent years, with the
advancement of characterization techniques, it has been
gradually recognized that these changes in catalytical properties
should be attributed to the evolution of catalyst structure.®® 71
During the reductive thermal treatment conditions, the support

orm a thin amorphous

on of reactants and reaction intermediates, which on
t of the electronic effect of synergistic effect. [&-131
commonly used method to induce SMSI is thermal
lowever, the harsh conditions of thermal reduction
(usually above 773 K) usually induce additional
| evolution of the supported catalysts, such as metal
growth/ripening and alloying with the elements of
supports.l'418 Some efforts have been devoted to induce SMSI
under mild conditions. Inducing SMSI typically requires two
processes: creating defects of supports and facilitating atomic
migration.'”- 81 Dai et al. utilized ultraviolet (UV) radiation to
stimulate the photocarrier in TiO, and lead to the formation of
Ti®* species and oxygen vacancies, thereby achieving
encapsulation of Pt NPs.'® Moreover, high-speed particle
collisions and shock waves during ultrasound treatment could
cause surface damage and oxygen vacancies in TiOz, also
resulting in SMSI.2% Electrochemical method is also an gentle
and controllable way to induce SMSI . Strasser et al. proposed
the electrochemical-method-induced SMSI in Pt-RuTiOx system
and the encapsulation of Pt by oxides was demonstrated.?'l The
encapsulation structure suppressed the catalytic activity towards
oxygen reduction reaction (ORR) as it impeded the O transport
to the Pt surface.??2% Although the electrochemical-method-
induced SMSI exhibits unique electrochemical behavior, the
mechanism still needs further in-depth exploration. Additionally,
since the thin encapsulation layer on the metal NPs does not
have a blocking effect on small molecules such as H, the SMSI-
derived catalysts hold promise for hydrogen electrocatalysis,
which has not been studied yet.

Herein, we demonstrate an electrochemical method to induce
the SMSI on core@shell structured CNT@SnO2 supported Pt
NPs (Pt-CNT@SnO2) and the encapsulated Pt NPs (E-Pt-
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CNT@SnO:) exhibits excellent hydrogen oxidation reaction
(HOR) activity and CO-tolerance. After a certain CV scanning
treatment (0.05-1.2 V vs. RHE, 200 cycles), amorphous SnOx
encapsulation was observed on the surface of Pt NPs while the
adsorption of CO on Pt surface was reduced, which proved the
occurrence of SMSI. The obtained E-Pt-CNT@SnO: catalyst
exhibits an excellent exchange current density of 1.55 A-mgp(’
for HOR, higher than that of the commercial Pt/C (1.24 A-mgp")
and Pt-CNT@SnO, (1.22 A-mgei"). Impressively, the elective
permeability (penetrating H> but blocking CO and Oz) of SnOy
encapsulation layer make E-Pt-CNT@SnO: has great CO
tolerance and can still maintain an 85% of current density in the
presence of 10000 ppm CO after 2000 s. Theoretical
calculations and in-situ Raman spectra results reveal that the
supported Pt NPs could extract electrons from SnO2 supports
and reduce the bond order of Sn-O bonds, thereby weakening
the Sn-O bond strength and promoting the migration of SnOy to
form encapsulation.

Experimental Section

Preparation of catalysts

Synthesis of CNT@SnO2: 10 mg CNTs were dissolved in 4
hydrochloric acid with pH = 1 under ultrasonic dispersi

with polyethylene film. The reaction was perfor
3h, and then centrifuged with deionized w:
CNT@SnO2 was obtained after freeze-d
Synthesis of E-Pt-CNT@SnO2: 16 mg a
T was dispersed in a mixture of ethylene
mL of 10 mg-mL-" chloroplatinj
mixture. Finally, the ratio

controlled to 3:1. The mixtur
for 1 h. The final catalyst
centrifugation and_freeze dryi
wt.%. Then the
followed by cycling
a scan rate of 200 m
obtain E-Pt-CNT@SnO%

electrode
5 VrHe at
4 to finally

Electrochemical Measu

Electrochemical measurement§iiliere performed with 3-electrode
system on CHI760e electrochi@nical workstation (Shanghai
Chenhua Instrument Corporation, China). Glassy carbon rotating
disk electrode was used as a working electrode (5 mm in
diameter), Ag/AgCI (saturated KCI) as a reference electrode and
graphite rod as a counter electrode. All potentials were
experimentally converted to values with reference to a reversible
hydrogen electrode (vs. RHE).

Pt-C, Pt-CNT@SnO: were dispersed in a mixture containing
water, isopropanol and Nafion (5%) (v/v/v = 1:1:0.1) to form a 1
mg-mL-" ink. Ink was cast on the glassy carbon and dried under
ambient condition. The final loading of the Pt was kept at about
10 pger:cm (determined by ICP-MS).

The CV measurements were performed in No-saturated 0.1 M
HCIOs solutions at a scan rate of 50 mV-'s'. The HOR
polarization curves were measured in Hao-saturated 0.1 M HCIO4
using a rotating disk electrode (RDE) at a rotation rate of 400 -
2500 rpm and a sweep rate of 1 mV-s.

For CO stripping measurements, pure CO gas at an ambient
pressure was bubbled into 0.1 M HCIO4 for 30 min while holding
the potential at 0.1 Vrye. After the electrolyte was purged with Ar
gas for 30 min to completely remove residual CO molecules in
the electrolyte, CO-stripping curves were obtained in Ar-
saturated electrolyte with a scan rate of 20 mV-s' at room
temperature and in the potential range of 0.05 - 1.2 Vrue. The
electrochemical surface (ECSA) was calculated by
integrating the currentg
hydrogen and CO o
H> charge of 2
MC-cm™2.
Kinetic cu

(1

d current density, the
.33x10* mol-L™"), and the
xchange current density (jo)

= o0 3)
R, T and F represent the transfer coefficient, the
tial, the universal gas constant (8.314 J-mol-'-K"), the
rature in Kelvin (298 K) and the Faraday constant,
pectively

Physicochemical Characterizations

TEM images were taken from a FEI Tecani G2 20 with an
operation voltage of 200 kV. HRTEM images were taken from a
FEI Tecani G2 F30 with an operation voltage of 300 kV. The
HAADF-STEM characterization was conducted on a JEOL
JEMARM200F STEM/TEM with a guaranteed resolution of
0.08 nm. XRD were collected from Rigaku MiniFlex 600
diffractometer with a Cu radiation source (A = 0.15406 nm). XPS
spectra were collected from AXIS-ULTRA DLD-600W. ICP-MS
result was carried out from ELAN DRC-e. EPR spectra were
acquired on a Bruker EMXplus spectrometer. In situ Raman
measurements were performed on Renishaw invia with 532 nm
excitation wavelength and a 50% microscope objective. Raman
frequency was calibrated by a Si wafer during each experiment.
In situ electrochemical Raman experiments were employed in a
Raman cell (Gaoss Union) and potentiostat (CHI 760e) was
used to control the potential.

First Principles Calculations

All the first principles calculations are performed with density-
functional theory (DFT) implemented in Vienna ab initio
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simulation package (VASP)P8l using the projector augmented-
wave method?”l. The valence electron wave functions are
expanded on the plane-wave basis sets with a kinetic energy
cutoff of 400 eV. The electronic exchange-correlation functional
is in the Perdew-Burke-Ernzerhof (PBE) form!?8 with generalized
gradient approximations. Based on the convergence test, the K-
points sampling in first Brillouin zone employ Monkhorst-Pack
schemel® with a 1x1x1 mesh. The SnO. slab model was
constructed based on the SnO2(101) surface model in a 4x2 in-
plane supercell. The adjacent slabs were separated by a 15 A
vacuum in the normal direction. The COHP analysis was
performed by using the LOBSTER software. [

Results and Discussion

Structural analysis

The schematic illustration of catalyst preparation process is
shown in Figure 1a. The SnO2 coated CNTs were prepared by a
precipitation method that the Sn2* precursor nucleated and
oxidized into SnO> at the carbonyl group of CNTs. The obtained

CNT@SnO,

E-Pt-CNT@Sn0,

Pt-CNT@$Sn0,

Intensityfa.u.

CNT@$Sn0,

SnO, (PDF #41-1445) Pt(PDF #04-0802)

T T T T T T T
10 20 30 0 50 60 70 80 20
26idegree

CNT@SnO, presents a cable structure, and the CNT s
effectively sealed by an external SnO: layer (Figure 1b and
Supporting Information Figure S1). Then, Pt NPs were
supported on the CNT@SnO: by a glycol reduction method and
named as Pt-CNT@SnO.. The average size of Pt NPs in Figure
1c and Supporting Information Figure S2 is 3.18 + 0.62 nm.
Finally, CV scanning on the Pt-CNT@SnO- with the potential
range of 0.05-1.2 V vs. RHE was executed to induce the SMSI,
and the final catalyst was obtained after 200 cycles (denoted as
E-Pt-CNT@SnO2). As shown in Figure 1d and Supporting
Information Figure S3, the overall structure and the average
particle size of Pt NPs of E-Pt-CNT@SnO. have no obvious
change after the electrochegmical treatment. In addition, X-ray
diffraction (XRD) pattg
1e and the peaks lo
to the rutile Sn

PDS PDF 41-1445),
orresponds to the
02). The particles

Pt-CNT@SnO,
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Figure 1. (a) Schematic illustration of the synthetic route to E-Pt-CNT@SnO.. HRTEM image of the(b) CNT@SnOz, (c) Pt-CNT@SnO., and (d) E-Pt-CNT@SnOx.
Inset: statistical distribution of Pt particle size. (e) XRD patterns of the CNT@SnO2, Pt-CNT@SnO2, and E-Pt-CNT@SnO:. (f) CV curves of the process of the

electrochemical-induced SMSI.

HOLPHOLES!

Figure 2. (a) HAADF-STEM images of E-Pt-CN

High-resolution Pt 4f XPS spectra of E-Pt-CNT@ and Pt-CNT@SnO2X

The curves of CV scannin
Figure 1f, and it should b
behavior of the catalyst
electrochemical @i
deposition of hydrogk
of OH adsorption
nking of the
b cycle, and then the
i 28 cycles, the CV
dicating the stabilization of the
structure and the preparation Ofi&-Pt- CNT@SnO.. This unusual
electrochemical behavior could B@pattributed to encapsulation of
Pt NPs by the amorphous SnOy layers during electrochemical
cycling, that is, the electrochemical-induced SMSI. It has been
studied that the thin oxide encapsulation layer acts as shielding
layer to hinders the oxygen intermediates to adsorption on the Pt
surface,®? but this thin oxide encapsulation layer doesn't
interfere with the transfer of H or protons.

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) is employed to characterize the
nanostructures of E-Pt-CNT@SnO.. As shown in Figure 2a-b,
the Pt NPs of E-Pt-CNT@SnO: are in contact with the crystalline
SnO2 on the support, while some amorphous material exists
around the Pt NPs. The spacings of lattice fringes are 0.262 nm

curve tended to be stable,

=h

E-PLCNT@Sn0,

Intensityla.u.

PLIV)
5

22%

Pt-CNT@sno, E-Pt-CNT@5n0O,

RS-elemental mappings of (c) Pt, (d) Sn and (e) mix sample. (f)

The compagition of the Pt(0), Pt(ll), and Pt(IV).

afd 0.223 nm, corresponding to (101) facets of SnO2 and (111)
facets of Pt, respectively, indicating that CNT@SnO: supports
does not exert significant stress on Pt. In the energy dispersive
spectroscopy (EDS) elemental mapping (Figure 2c-e), a faint
signal of Sn around the Pt NPs proves that the amorphous
material is SnOx. Meanwhile, X-ray photoelectron spectroscopy
(XPS) analysis indicates that there is no shift in the Pt 4f peak
position of E-Pt-CNT@SnO, and Pt-CNT@SnO: (Figure 2f and
Supporting Information Figure S4). However, the composition of
Pt(0) increases from 46% to 59% after encapsulation in Figure
2g. This can be attributed to the fact that the encapsulation of Pt
NPs increases the contact area between Pt and SnOx, which
enhances the electronic metal-support interaction (EMSI).
Consequently, more electrons are transferred from SnOyx to Pt
NPs, leading to a reduction in the oxidation state of Pt.

Electrochemical process analysis

To further explore the electrochemical properties of E-Pt-
CNT@SnO., a series of electrochemical tests were conducted.
Initially, CO-stripping tests were performed and CO could be
utilized as a molecule probe to examine the surface state of Pt.
The CO-stripping result for commercial Pt/C is illustrated in
Figure 3a. During the first cycle (solid line) of the scanning
process, there is no significant Hurp region observed and a
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sharp CO oxidation peak appeared around 0.76 V due to the
surface of Pt being occupied by CO molecules. As CO is
oxidized to COg, the surface of Pt is re-exposed, resulting in the
appearance of normal signals of Hurp and OHaqg region during
the second cycle (dashed line) of scanning. The E-Pt-
CNT@SnO: exhibits a distinctive result for CO-stripping tests

a

mAcm’

Pt/C

Current densityl(mA cm?)

“Pt-CNT@SnO,

CO-stripping process, w
transformation towards E-P@8l T@SnOz The electrochemical
surface areas (ECSA) of caW@lysts were calculated from the
integrated areas of Hupp region€@pd CO oxidation peak (Figure
3b). It was observed that the ECSA-Hupp and ECSA-COox for
Pt/C are very similar (52.3 vs. 53.5 m?-gp;'). However, for E-Pt-
CNT@SnOg, there is a significant disparity in ECSA between
these two methods (42.2 vs. 6.6 m?:gec'). This phenomenon
further supports the validity of the hypothesis of
electrochemically induced SMSI, which form the thin oxide
encapsulation layer to prevent the CO adsorption on the surface
of Pt NPs.

As depicted in schematic Figure 3c, due to the small size of
protons and H2 molecules, they can penetrate through the thin
amorphous SnOx layer. Consequently, E-Pt-CNT@SnO: exhibits
a comparable ECSA-Hupp to Pt/C. However, CO molecule is
relatively larger than H> molecule and hard to penetrate the

(o)

ECSAI(m? g, ")

N
o

(Figure 3a). During the first cycle, a certain area of Hupp region
is evident, while the CO oxidation peak is significantly
suppressed, suggesting restricted contact between Pt and CO.
In the second cycle of CV, the Hurp region of E-Pt-CNT@SnO:>
remains almost the same as in the first cycle, with a minimal
OHaq region.

80

ECSA-Hp R\ ECSA-CO
60
52.353.5

B
o
N

*H *OH co

E-Pt-CNT@SnO;
- 6

Carbon SnO,

*H

*OH, co

SnO,

emical-induced SMSI.

encapsulation layer,3® 34 leading to a significantly smaller
ECSA-COox for E-Pt-CNT@SnO.. Similarly, *OH molecule also
struggles to permeate the oxide layer, which is the reason for
the quite smaller OHaq region area in the CV curve of E-Pt-
CNT@SnO: than the Hupp region. Furthermore, as O2 molecules
cannot effectively reach the Pt surface, E-Pt-CNT@SnO:
exhibits a significantly inferior ORR activity to Pt-CNT@SnO:2
(Supporting Information Figure S5).

To further demonstrate the encapsulation of Pt NPs by SnOy, E-
Pt-CNT@SnO-2 was subject to the CV scanning in 0.1 M KOH to
remove the SnOy layer. After the alkaline treatment, the OHaq
region area of E-Pt-CNT@SnO: is observed (Supporting
Information Figure S6), and the ORR activity is noticeably
improved. This enhancement is attributed to the relatively poor
alkaline resistance of SnOy, and a portion of the amorphous
SnOx encapsulation layer on the surface of Pt is removed. In
general, tradition thermal-induce SMSI is usually considered to
be reversible on metal-oxides systems: supports could
encapsulate the metal NPs under reducing conditions and the
metal can be re-exposed under oxidizing conditions. Therefore,
we attempted an electrochemical oxidation treatment on E-Pt-



1 CNT@SnO; through CV scanning between 1.0 to 1.6 V.
2 However, the electrochemical oxidation process does not lead to

(Supporting Information Figure S7), and the reason needs

further investigations.

3 a greater exposure of Pt surface in E-Pt-CNT@SnO:
a CNT@SnO, b | E-ptcnT@Sno,
BZ
5 E, A1, clo, E, 576cm’ A1,  CIO,
< 464cm’  632cm” 936 cm™ 462 cm™' 628 cm™ 936 cm”
.‘;" 200 cycles
% 100 cycles [
E 10 cycles [t
5cycles |4
Initial s I
400 600 800 1000 400 0 1000
Raman shifticm™
0.6 10
charge d

consumption

T

charge
accumula

Planar average potentialleV ¢

8
DistancelA

1 Figure 4. In-situ Raman spectra of (a) CNT@SnOz and (b)Pt-
2 Hamilton population (pCOHP) for the Sn-O interactj
3 Mechanism analysis of SMSI
4 Typically, inducing SMSI re
S introduction of defects in the
6 radiation, shockwaves, or us
7 another is promoting atomic mI
8 mechanical
9 electrochemical proges
10 inducing defects in t
11 redox potentials of Sn
12 for Sn(ll) — Sn(IV)), al treatment of Pt-
13 CNT@SnO: is in a potenti .08%1.2 V would lead to
14 continuous redox of SnO,. In Raman spectra measurements
15 (Figure 4a-b) suggest that the @@Rtinuous redox process will not
16 change the structure of CNT@SnO:, especially the defect
17 concentration in SnO.. However, during the same process for
18 Pt-CNT@SnO>, the B2 mode located around 576 cm™ becomes
19 more obvious, indicating the increment of defect concentration in
20 SnO,. The electron paramagnetic resonance (EPR) result is
21 presented in Supporting Information Figure S8, indicating an
22 increment of the concentration of oxygen vacancies within E-Pt-
23 CNT@SnO,. These results demonstrate the critical role of Pt in
24 inducing defects in the SnO; support during the electrochemical
25 treatment.
26 On the other hand, some studies suggest that the presence of
27 noble metals could promote the migration of elements within the
28 supports.® 381 As shown in Raman spectra, the location of Aqg

fage charge density along the z-axis of Pt-SnO2. Projected crystal orbital
gl O in defected SnO: loaded with Pt.

E-Pt-CNT@SnO; (628 cm™) exhibits a negative shift
red to that in CNT@SnO; (632 cm™). Since the A¢q and
modes of rutile SnO: reflect the Sn-O bond vibrations
perpendicular to the z-axis, the negative shift of wavenumbers
indicates the weakening of the Sn-O bond strength and that
SnO, are more susceptible to defect formation in the presence
of Pt. This makes electrochemically induced SMSI feasible at a
room temperature.

Density functional theory (DFT) calculations are also employed
to unveil interaction between Pt NPs and supports, including the
electrons transfer and the bond strength. Given that Pt in E-Pt-
CNT@SnO: only interfaces with SnO2, the computational model
has been simplified with the ignoring of CNTs. When Pt NPs are
loaded onto SnO,, electrons transfer from SnO: to Pt, leading to
the formation of a charge consumption layer on SnO,, as
illustrated in Figure 4c. The number of bonding electrons
between Sn and O should decrease, resulting in a significant
decrease in the Sn-O bond energy around Pt NPs. To quantify
the Sn-O bond strength, the integrating of the projected crystal
orbital Hamilton population (IpCOHP) within the occupied states
for the SnO- under different conditions were analyzed. The more
positive the IpCOHP value indicates the weaker Sn-O bond
strength. As shown in Figure 4d and Supporting Information
Figure S9, the Sn-O bond strength is slightly reduced when the
SnO:; is defective. Moreover, when Pt is loaded on the defective
SnO,, the Sn-O bond strength is significantly reduced (Figure 4e
and Supporting Information Figure S10). It is worth mentioning
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that the bond strength between Sn atoms and the interior O  Subsequently, the small clusters migrate and realize the
atoms is weaker than that with surface O atoms. This facilitates  encapsulation of Pt NPs.
the formation of small clusters of SnOx around the Pt NPs.
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Figure 5. (a) HOR polarization curves of E-Pt-CNT@SnO2, Pt-CNT@SnQ
rate, 5 mVs™). (b) Micro region (-0.01 V - 0.01 V) of polarization cu

(rotating speed, 1600 rpm; scan
) Comparison of mass and specific
activities. (e) chronoamperometry curves with 10,000 ppm CO.

HOR performance Ooamperometry tests were used to assess the tolerance of
NT@SnO2 to CO (Figure 5e). Upon introducing 10,000
ppm o in Hz, the current density of Pt/C catalyst rapidly
declined Wil complete deactivation within 300 s, as CO
y poisoned the Pt sites. In contrast, E-Pt-CNT@SnO:2
s a slower current density decay and maintains 85% of
current density preserved within 2000 seconds. This
remarkable CO tolerance can be attributed to the effective
protection of Pt sites from CO poisoning due to the
electrochemical SMSI-induced SnOx encapsulation layer.

Since the obtained E-Pt-CNT@Sn
resistance to CO but does not impact
performance as a catalyst for HOR i
performance of E-Pt-CNT
commercial Pt/C were investi
at a scan rate of 5 mV-s™.
polarization curve of E-Pt-C

be attributed to thSil stronger

interfacial hydrogen S he micro c .
onclusion

region (-0.01-0.01 V) O 5b) and the

Tafel plots of kinetic curl S y igure 5c) was plotted.

In summary, we reported an electrochemical method to induce
SMSI in Pt-CNT@SnO, system for CO-tolerant HOR. It was
found that the CV scanning treatment can induce the dynamic
structural evolution of catalyst, and HRTEM images proves that
amorphous SnOy layer covers Pt NPs. The E-Pt-CNT@SnO:
encapsulated by amorphous SnOx exhibits  unique
electrochemical properties with confined adsorption of CO but
normal adsorption of Hz, which determine the excellent CO-
tolerance of E-Pt-CNT@SnO: that can retain 85% current
density for 2000 s under 10,000 ppm CO conditions. The
electrons transfer from SnOx to Pt NPs in E-Pt-CNT@SnO:
improved the HOR activity, and the excellent exchange current
density is 1.55 A-mgpr”. In addition, theoretical calculations and
in situ Raman spectra reveal that the electrochemical redox
operation and the charge transfer at a heterogeneous interface
resulted in the weakening the Sn-O bond, which is the key of the
occurrence of SMSI. This mild electrochemical-method provides

The current density of E- ‘ creases faster with
the potential, indicating the \@Rid reaction kinetics. The mass
normalized jx of E-Pt-CNT@S at the overpotential of 20 mV
is 1.06 A-mgpc’, which is high&”than that of Pt-CNT@SnO:2
(0.61 A'mgpi') and Pt/C (0.76 A-mgec'). Moreover, the
exchange current densities (jo) based on the linear fitting of the
polarization curves in the micro-polarized area by Butler-Volmer
equation was calculated (Figure 5d and Supporting Information
Figure S11). The jo of E-Pt-CNT@SnO; (1.55 A mgp(’) is also
higher than that of Pt-CNT@SnO:2 (1.22 A-mgp: ") and Pt/C (1.24
A-mgp), and it is the one of the best HOR catalyst in acidic
media (Table S1). It has been studied that the electron transfer
from SnOx to Pt will downshift the d-band center of Pt and then
weakens its adsorption energy with the H intermediate, - 38l
which could account for the improved HOR activity of the
catalyst.
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a new way for the design of supported catalysts, and also
appeals attention to the evolution of structure during the
electrochemical process of catalysts.

Supporting Information
The authors have cited additional references within the
Supporting Information.[3: 39-43]
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