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Rational design of Pt-based nanostructures with a controllable morphology and composition is vital for
electrocatalysis. Herein, we demonstrate a dual-template strategy to fabricate well-defined cage-bell
nanostructures including a Pt core and a mesoporous PtM (M = Co, Ni) bimetallic shell (Pt@mPtM (M =

Co, Ni) CBs). Owing to their unique nanostructure and bimetallic properties, Pt@mPtM (M = Co, Ni) CBs
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Accepted 8th February 2020 show higher catalytic activity, better durability and stronger CO tolerance for the methanol oxidation

reaction than commercial Pt/C. This work provides a general method for convenient preparation of
cage-bell nanostructures with a mesoporous bimetallic shell, which have high promising potential for
application in electrocatalytic fields.
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Introduction

Direct methanol fuel cells (DMFCs) as portable energy conver-
sion devices have the characteristics of convenient utilization of
methanol, high energy density, low emission of pollutants, and
low operating temperature in practical applications."* To
commercialize DMFCs, high-efficiency and low-cost electro-
catalysts for the methanol oxidation reaction (MOR) are highly
desired. Nowadays, platinum (Pt) attracts considerable atten-
tion because of its outstanding performance in electrocatalytic
applications, such as in the MOR, formic oxidation reaction
(FOR), and oxygen reduction reaction (ORR).*® Nevertheless,
the disadvantages of Pt-based catalysts, such as high price and
easy deactivation by CO poisoning, greatly limit their large-scale
applications.”™ To resolve these problems, it is urgent to
improve Pt utilization, reduce Pt loading and enhance the
activity and durability of Pt-based catalysts by controlling the
morphology and composition.

An effective way to improve the performance of Pt-based elec-
trocatalysts is to adjust the morphology of nanomaterials.”*™*
Abundant catalysts with various morphologies, such as hollow
nanostructures, dendritic nanostructures and mesoporous
nanostructures, for the enhancement of MOR performance have
been reported.”™ Among them, mesoporous materials have
received considerable interest because they can accelerate mass/
charge transfer, increase the number of active sites and reduce
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diffusion resistance. Mesoporous Pt-based nanoarchitectures,
which are usually prepared by using a soft or hard template, have
been proven to be excellent electrode materials for the MOR.">*
Currently, mesoporous Pt-based nanomaterials are in the form of
mesoporous nanoparticles (NPs) and films, which makes it diffi-
cult to make full use of Pt. >*** Hollow architectures of Pt-based
materials can effectively further improve their intrinsic perfor-
mance. The combination of mesoporous and hollow structures
can greatly improve the utilization of catalysts and significantly
enhance the catalytic performance over their solid counterparts.
The common fabrication of hollow structures is based on
replacement and dealloying methods that have difficulty in shape
control.***® To make full use of catalysts and effectively prevent
their agglomeration, the introduction of nanoparticles into
hollow structures is a very interesting strategy. Integrating the
structural advantages of nanoparticles, and mesoporous and
hollow structures would be highly desired to enhance the activity
and stability of Pt-based materials in electrochemical
applications.

Alloying Pt with another metal is also considered to be
a promising approach. Although marked progress has been
achieved by PtRu and PtPd alloys, their price is still very high.
Low-cost transition metals (M = Co, Ni, Fe, Cu) have also been
widely used for alloying with Pt.**** The adsorption of inter-
mediate products and toxic substances on the surface of elec-
trocatalysts can be effectively decreased by the addition of
transition metals.** The formation of such Pt-M alloy structures
causes a weak interaction of the Pt—-CO bond and the generation
of OH species at a lower potential that easily react with inter-
mediates on the surface of catalysts.***® Therefore, the incor-
poration of low-cost transition metals can reduce the Pt loading,
enhance resistance against poisoning, and improve catalytic

This journal is © The Royal Society of Chemistry 2020
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stability.*”*® Inspired by the above ideas, it is highly desired to
design and synthesize PtM (M = Co, Ni) alloy catalysts, which
are expected to achieve higher catalytic activity, better durability
and CO tolerance for the MOR.

Herein, a dual-template approach is rationally designed to
prepare Pt core@mesoporous PtM (M = Co, Ni) shell cage-bell
nanostructures (Pt@mPtM (M = Co, Ni) CBs). In the process
of preparation, SiO, NPs and Pluronic F127 are used as the hard
template and soft template for producing the cage-bell nano-
structure. Benefiting from the unique nanoarchitecture and
bimetallic composition, these Pt@mPtM (M = Co, Ni) CBs
exhibit outstanding catalytic activity, durability and CO toler-
ance for application in the MOR.

Experimental
Materials and chemicals

Chloroplatinic acid hexahydrate (H,PtCls-6H,0), potassium
tetrachloroplatinate (K,PtCl,), ascorbic acid (AA), sodium
citrate, cobalt chloride hexahydrate (CoCl,-6H,0) and nickel
chloride hexahydrate (NiCl,-6H,0) were purchased from
Aladdin. Pluronic F127, 3-aminopropyltrimethoxysilane
(APTMS) and Nafion 117 solution (5 wt%) were ordered from
Sigma-Aldrich. Tetraethylorthosilicate (TEOS), isopropanol
(98%), ammonia solution (NH;-H,0), hydrofluoric acid (HF
40%), sulfuric acid (H,SO,4) and methanol were brought from
Beijing Chemical Reagent. Commercial Pt/C (20 wt% Pt) was
obtained from Alfa Aesar Co.

Synthesis of Pt nanoparticles (Pt NPs)

Pt NPs were fabricated via a one-step reduction reaction in
4.2 mL of aqueous solution containing H,PtCls (0.04 mmol),
sodium citrate (0.068 mmol) and AA (0.2 mmol) for 2 h at 308 K
under ultrasonication. The Pt NPs were collected by centrifu-
gation at 7000 rpm, and dispersed in 44 mL of H,O for further
use.

Synthesis of Pt@SiO, core-shell nanoparticles (Pt@SiO, NPs)

In brief, 20 mL of isopropanol, 0.06 mL of TEOS, 4 mL of Pt NPs
and 0.5 mL of NH;-H,O were mixed under stirring for 12 h at
298 K. The Pt@SiO, NPs were collected by centrifugation at
7000 rpm, washed three times with ethanol/water, and then
dried for 24 h at 323 K.

Synthesis of Pt@mPtM (M = Co, Ni) CBs

First, APTMS was used to modify the Pt@SiO, NPs. Typically,
50 mg of Pt@SiO, NPs, 0.2 mL of APTMS and 10 mL of iso-
propanol were evenly mixed and refluxed for 12 h at 353 K. After
cooling to room temperature, APTMS-modified Pt@SiO, NPs
were collected by centrifugation at 6500 rpm, washed three
times with ethanol/water, and then dried under vacuum at 313
K for 24 h. After this, Pt@SiO,@mPtCo NPs were obtained from
the reduction reaction in an aqueous solution (4 mL) containing
APTMS-modified Pt@SiO, (2 mg), K,PtCl, (0.03 mmol), CoCl,
(0.01 mmol), F127 (20 mg) and AA (0.2 mmol) for 2 h at 308 K
under ultrasonication. After centrifugation and washing, the
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obtained Pt@SiO,@mPtCo NPs were etched in 20 mL of HF
(10 wt%) for 12 h. The Pt@mPtCo CBs were collected by
centrifugation at 3000 rpm and washed five times with H,O. The
synthesis of Pt@mPtNi CBs was similar to the synthesis of
Pt@mPtCo CBs, except for using NiCl, instead of CoCl,.

Characterization

The particle size and morphology of the samples were charac-
terized by using a ZEISS SUPRA 55 scanning electron micro-
scope (SEM) operated at 5 KkV. Transmission electron
microscopy (TEM), high-resolution TEM (HRTEM) and energy-
dispersive X-ray spectroscopy (EDS) were performed with
a JEOL-2100F operated at 200 kV. The phase and crystallinity of
the samples were studied by X-ray diffraction (XRD, PANalytical
X'Pert Powder) using Cu Ko radiation.

Electrochemical measurements of the MOR

A CHI 660D electrochemical analyzer was used to measure the
electrochemical performance. A traditional three-electrode cell
including a working electrode (modified glassy carbon elec-
trode), a counter electrode (Pt wire) and a reference electrode
(Ag/AgCl electrode (3 M KCl)) was used. For the modification of
the working electrode, 10 pg of the catalyst was dropped on the
surface of a clean glassy carbon electrode and dried at 323 K.
Then 3 pL of Nafion (0.5%) was coated and left to dry at the
same temperature. The current densities are normalized by the
electrode area (0.071 cm?). The electrochemically active surface
area (ECSA) was determined by integrating the charge involved
in the hydrogen under potential deposition (Hypp) region in the
voltammograms obtained in sulfuric acid after the subtraction
of the double layer contribution (ECSA = Q/(0.21 x m),
assuming 210 uC em ™ for the total charge and m (mg) for the Pt
loading). MOR investigations were conducted in 0.5 M H,SO,

with 1.0 M methanol electrolyte at a scan rate of 50 mV s~ .

Results and discussion

The proposed fabrication process of Pt@mPtM (M = Co, Ni)
CBs can be briefly summarized as follows. First, Pt@SiO, core—
shell NPs with a Pt core and SiO, shell are synthesized by the
Stober method (Fig. S11). Then the SiO, surfaces are function-
alized with amino groups using APTMS. Due to the electrostatic
interaction between -NH>* and PtCl,>”, Pt and Co (or Ni)
precursors are subsequently reduced to form a mesoporous
PtCo (or PtNi) alloy shell on the surface of APTMS-modified
Pt@SiO, NPs with the assistance of F127. Finally, the SiO,
interlayer in Pt@SiO,@mPtM (M = Co, Ni) NPs is etched with
HF to obtain Pt@mPtM (M = Co, Ni) CBs. The Pt@mPtM (M =
Co, Ni) CBs can provide more catalytically active sites and
transfer channels for the MOR.

As the starting materials, the monodisperse Pt@SiO, core—
shell NPs with high yield possess a uniform diameter of 150 nm.
The particle size of Pt NPs is around 20 nm and the thickness of
the SiO, shell is about 70 nm. Subsequently, Pt and Co species
are reduced by AA on the surface of the APTMS-modified
Pt@SiO, NPs with well-developed mesoporous structures
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(Fig. S27). After etching the SiO,, Pt@mPtCo CBs are obtained.
It can be seen from the SEM images that the high-dispersion
Pt@mPtCo CBs have a continuous well-developed mesoporous
structure on the surface without obvious changes (Fig. 1a and
b). In the high-magnification SEM image, it can be clearly
observed that the average particle size of Pt@mPtCo CBs is
around 200 nm and the average pore size is mainly distributed
at around 20 nm. From the large-scale TEM image of the
Pt@mPtCo CBs (Fig. S3at), it can be seen that the yield is very
high. As shown in the high-magnification TEM image (Fig. 1c),
the Pt@mPtCo CBs consist of spatially separated Pt NPs and
a mesoporous PtCo alloy shell. The thickness of the meso-
porous PtCo alloy shell is about 25 nm. The size of Pt@mPtCo
CBs is uniform and each PtCo shell is equipped with a Pt NP
core. The ring-like selected-area electron diffraction (SAED)
pattern of Pt@mPtCo CBs indicates their polycrystalline nature
(Fig. S3bT). The HRTEM image shows that the d spacing of the
edge for the PtCo shell is measured to be 0.23 nm, which is
attributed to the (111) plane of the face centered cubic (fcc) PtCo
alloy (Fig. 1d-f). The high-angle annular dark-field scanning
TEM (HAADF-STEM), EDS elemental mapping and line-scan
profile images clearly confirm the formation of cage-bell mes-
oporous nanostructures and the alloy state with a Pt and Co
atomic ratio of 98 : 2 (Fig. 2).

In order to further confirm the crystal structure of
Pt@mPtCo CBs, the XRD pattern of the Pt@mPtCo CBs is ob-
tained. As shown in Fig. 3, the five diffraction peaks in the XRD
pattern can be indexed to the (111), (200), (220), (311) and (222)
planes of the metallic fcc structure, in accordance with the
SAED result. These diffraction peaks deviate slightly from the
standard Pt peaks (JCPDS card no. 04-0802), and no other peaks
appeatr, indicating the formation of the PtCo alloy. The shift of
diffraction peaks from the standard Pt peaks is probably due to
the fact that the incorporation of Co atoms into Pt lattices

Fig. 1 (a and b) SEM images of Pt@mPtCo CBs. (c) TEM image of
a Pt@mPtCo CB. (d) HRTEM image of the Pt@mPtCo CBs. (e) Fourier
filtered lattice fringe image of the square area in (d) and (f) the cor-
responding FFT pattern.
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Fig.2 (a) HAADF-STEM image and compositional line profiles, and (b—
d) EDS elemental mapping images of a Pt@mPtCo CB.

causes the lattice expansion of Pt. To prove the importance of
the inner Pt core, we synthesized PtCo hollow mesoporous
nanoparticles (PtCo HMNs) as the comparison sample
(Fig. S4t). The synthesis method is similar with the typical
synthesis conditions except for replacing Pt@SiO, NPs with
SiO, NPs as the starting material.

This method is universal for the preparation of cage-bell
nanostructures. For instance, Pt@mPtNi CBs are also fabri-
cated by replacing Co species with Ni species. SEM and TEM
images of Pt@mPtNi CBs can clearly exhibit the uniform
particle size and mesoporous surface structure with a uniform
pore size distribution of approximately 20 nm, as well as the
existence of the inner Pt core (Fig. S5a-ct). The HRTEM image
shows that the d spacing of the PtNi shell is measured to be
0.23 nm, matching with the (111) plane of the face centered
cubic (fcc) PtNi alloy (Fig. S5d-ft). From the large-scale TEM
image of the Pt@mPtNi CBs, it can be seen that the yield is very
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Fig. 3 XRD pattern of Pt@mPtCo CBs.
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high (Fig. S6t). Similar to Pt@mPtCo CBs, the SAED (Fig. S67)
and XRD patterns (Fig. S71) of Pt@mPtNi CBs indicate the
polycrystalline nature and the formation of the PtNi alloy.
Additionally, the HAADF-STEM image and the corresponding
EDS elemental mapping and line-scan profile images also
confirm that the Pt@mPtNi CBs possess the cage-bell meso-
porous nanostructure with a Pt and Ni atomic ratio of 98 : 2
(Fig. S81).

Based on the above results, we would speculate the forma-
tion process of Pt@mPtM (M = Co, Ni) CBs. The Pt NPs are first
synthesized via a simple reduction reaction and they are coated
with SiO, to form Pt@SiO, core-shell NPs. After modification of
Pt@SiO, NPs with APTMS, rich amino groups are formed on the
surface of SiO, NPs. The NH,-modified Pt@SiO, NPs are mixed
with K,PtCl, aqueous solution, CoCl, (or NiCl,) aqueous solu-
tion, Pluronic F127 and AA. Due to the higher concentration of
F127 than the critical micelle concentration at the reaction
temperature, spherical molecules can be formed in the solu-
tions. The hydrophilic groups in F127 can bind with the amino
groups on the surface of Pt@SiO, NPs via hydrogen bonds. F127
micelles have hydrophilic ethylene oxide groups at each end,
which can adsorb the metal precursors.*® Pt and transition
metal species are reduced by AA, and Pt-based alloys are coated
on the Pt@SiO, surfaces. F127 is removed by washing with
water to form mesoporous structures. Finally, HF is applied to
etch the SiO, interlayer to synthesize the final product
Pt@mPtM (M = Co, Ni) CBs.

Due to the outstanding performance of Pt-based catalysts in
electrocatalysis, their controllable synthesis has attracted
intensive attention. To date, incorporation of transition metals
into Pt electrocatalysts with different nanostructures has been
widely reported.***> However, most PtM catalysts are intact or
smooth, and the inner catalysts cannot be utilized. For example,
Shen et al*® reported deeply excavated Pt;Co nanocubes
prepared by a solvothermal method in oleylamine at high
temperature (150 °C). Chen and co-workers** prepared cyanide
(CN™)-functionalized PtNi hollow nanospheres using a cyanogel
reduction method. Lee's group® reported the synthesis of Pt-Ni
multiframes in the oil phase at 270 °C. Many PtM nanocatalysts
with other morphologies such as core-shell NPs, nanowires,
and nanoflowers, have also been synthesized.**** However,
these catalysts usually suffer from harsh synthetic conditions
and/or irregular morphology. In our case, we employ a versatile
route to construct yolk-shell catalysts with mesoporous struc-
tures on the surface. The mesoporous nanostructures can
provide sufficient active sites and facile mass/charge transfer
channels for adsorption and activation of target species.
Meanwhile, the hollow structure allows the accessibility of
species to the internal active sites and inner Pt core through the
mesoporous structure and prevents the agglomeration of Pt
nanoparticles, leading to high Pt utilization and enhanced
performance.

As is well known, Pt-based materials are considered to be
excellent electrocatalysts for fuel cells. Therefore, the MOR is
chosen to explore the performance of Pt@mPtM (M = Co, Ni)
CBs in acidic media. PtCo HMNs and commercial Pt/C are
selected to measure MOR performance for comparison. Cyclic

This journal is © The Royal Society of Chemistry 2020
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voltammograms (CVs) are measured in a N,-saturated H,SO,
(0.5 M) aqueous solution at a scan rate of 50 mV s '. The
hydrogen adsorption and desorption peaks on the CVs can be
used to calculate the ECSA (Fig. S91). The ECSAs are calculated
to be 31.6, 28.5, 26.1 and 43.0 m”> g ' for Pt@mPtCo CBs,
Pt@mPtNi CBs, PtCo HMNs and Pt/C, respectively. The ECSA of
Pt@mPtCo CBs is higher than that of the Pt@mPtNi CBs,
indicating that more electrochemically active sites can be
generated when Pt alloys with Co. The advantages of inner Pt
NPs can be illustrated by the comparison of ECSA for
Pt@mPtCo CBs and PtCo HMNs. The MOR performance of
these catalysts is estimated from CVs in H,SO, (0.5 M) and
methanol (1.0 M) solution at a scan rate of 50 mV s~ *. For all
catalysts, the peak of methanol electro-oxidation in the positive
sweep is located at around 0.7 V. The reactivation of oxidized Pt
species in the negative sweep occurs at about 0.4 V. Compared
with the other three catalysts, Pt@mPtCo CBs exhibit higher
current density for oxygen adsorption and desorption due to
their structural and compositional advantages. We employ
specific activity that is defined as the ECSA-normalized current
to investigate the intrinsic activity (Fig. 4a). As we can see from
the CVs, the specific activity of Pt@mPtCo CBs at the peak
potential in the positive sweep is 1.84 mA cm ™2, which is 1.16,
1.30 and 4.18 times that of the Pt@mPtNi CBs (1.58 mA cm™?),
PtCo HMNSs (1.41 mA cm ™ ?) and Pt/C (0.44 mA cm ™ ?) (Fig. 4c).
Simultaneously, we measure mass activity that is the Pt mass-
normalized current to study the Pt utilization (Fig. 4b). The
mass activity of Pt@mPtCo CBs at the peak potential in the
positive sweep is 0.58 mA ugp ', which is 1.29, 1.57 and 3.05
times that of the Pt@mPtNi CBs (0.45 mA ugp, '), PtCo HMNs
(0.37 mA ugp ) and Pt/C (0.19 mA pgp ') (Fig. 4c). These
results demonstrate that the Pt@mPtCo CBs can achieve
excellent MOR activity with reduced usage of Pt due to the cage-
bell mesoporous structures of Pt cores and bimetallic PtCo
shells.

— Pt@mPtCo CBs (b) 6
— Pt@mPtNi CBs .
—— mPtCo NCs

— Pt@mPtCo CBs
— Pt@mPtNi CBs
—— mPtCo NCs
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Fig. 4 (a) ECSA-normalized and (b) mass-normalized CV curves of
Pt@amPtCo CBs, Pt@mPtNi CBs, mPtCo NCs, and Pt/Cin 0.5 M H,SO4
+ 1 M CH3OH at a scan rate of 50 mV s%. (c) The comparisons of the
mass activities and specific activities. (d) Chronoamperometric curves
(recorded at 0.65 V) obtained in 0.5 M H,SO4 + 1 M CHzOH. The
currents densities were normalized by the ECSAs.
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Fig. 5 CO stripping voltammograms of (a) Pt@amPtCo CBs, (b)
Pt@mPtNi CBs, (c) mPtCo NCs and (d) Pt/C.

The stability, CO tolerance and durability of catalysts are
critical for their practical applications. To investigate the
stability of different catalysts in the MOR, long-term catalytic
performances are measured. Chronoamperometric curves are
recorded at 0.65 V for 3600 s in H,SO, (0.5 M) and methanol (1.0
M) solution (Fig. 4d). At the initial stage, the current density of
all catalysts decreases sharply. As the reaction proceeds, the
methanol concentration decreases and the catalyst is poisoned,
resulting in the decrease of the current density. During the
entire reaction process, the current density of the Pt@mPtCo
CBs is always higher than that of the contrast samples, indi-
cating the superior durability of Pt@mPtCo CBs for the MOR.
Moreover, CO stripping tests of the Pt@mPtCo CBs, Pt@mPtNi
CBs, PtCo HMNs and Pt/C are performed to investigate the CO
tolerance of these catalysts. CO stripping cyclic voltammetry is
conducted in CO-saturated H,SO, (0.5 M) at a scan rate of 50 mV
s (Fig. 5). Because CO is easily adsorbed on the catalyst
surface, no hydrogen desorption peak appears during the first
positive sweep. The CO oxidation peak of the Pt@mPtCo CBs
appears at 0.67 V (Fig. 5a), which is more negative than that of
the Pt@mPtNi CBs (0.69 V), PtCo HMNSs (0.69 V) and Pt/C (0.71
V) (Fig. 5b—d). The onset potential of CO oxidation in Pt@mPtCo
CBs is more negative, indicating that Pt@mPtCo CBs are more
resistant to CO than other catalysts. It can be seen from these
results that Pt@mPtCo CBs have higher CO oxidation activity
and better CO tolerance.

Conclusions

In conclusion, we have successfully designed a universal dual-
template method for synthesizing well-defined cage-bell nano-
structures including a Pt core and a mesoporous PtM (M = Co,
Ni) bimetallic shell with uniform morphology and high yield.
These catalysts possess several advantages including all-
metallic cage-bell, mesoporous, hollow structure, and bime-
tallic composition, which are beneficial for the MOR. Therefore,

the unique Pt@mPtM (M = Co, Ni) CB nanoarchitecture
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exhibits outstanding catalytic activity, durability and CO toler-
ance for the MOR. More significantly, this synthesis strategy can
be extended to other materials to form cage-bell mesoporous
structures by changing metal precursors for application in
various electrocatalytic fields.
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