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1. Introduction

Te-induced fabrication of Pts;PdTeg, alloy
nanocages by the self-diffusion of Pd atoms with
unique MOR electrocatalytic performancey

Yuhe Shi,1? Ling Zhang, @ 1*@ Huiwen Zhou,? Ruanshan Liu, ©?2 Shichen Nie,?
Guojie Ye,© Fengxia Wu,® Wenxin Niu, © *@€ Jing Long Han*" and Ai Jie Wang™

The key to the application of direct methanol fuel cells is to improve the activity and durability of Pt-based
catalysts. Based on the upshift of the d-band centre and exposure to more Pt active sites, PtzPdTeq»
catalysts with significantly enhanced electrocatalytic performance for the methanol oxidation reaction
(MOR) were designed in this study. A series of different PtzPdTe, (x = 0.2, 0.35, and 0.4) alloy nanocages
with hollow and hierarchical structures were synthesized using cubic Pd nanoparticles as sacrificial
templates and PtClg?~ and TeOs2~ metal precursors as oxidative etching agents. The Pd nanocubes were
oxidized into an ionic complex, which was further co-reduced with Pt and Te precursors by reducing
agents to form the hollow PtsPdTe, alloy nanocages with a face-centred cubic lattice. The sizes of the
nanocages were around 30-40 nm, which were larger than the Pd templates (18 nm) and the
thicknesses of the walls were 7-9 nm. The PtzPdTeg, alloy nanocages exhibited the highest catalytic
activities and stabilities toward the MOR after electrochemical activation in sulfuric acid solution. CO-
stripping tests suggested the enhanced CO-tolerant ability due to the doping of Te. The specific activity
of PtsPdTeq, for the MOR reached 2.71 mA cm™? in acidic conditions, which was higher than those of
Pd@Pt core-shell and PtPd; 5 alloy nanoparticles and commercial Pt/C. A DMFC with PtzPdTeq, as the
anodic catalyst output a higher power density by 2.6 times than that of commercial Pt/C, demonstrating
its practicable application in clean energy conversions. Density functional theory (DFT) confirmed that
the alloyed Te atoms altered the electron distributions of PtzsPdTeg,, which could lower the Gibbs free
energy of the rate-determining methanol dehydrogenation step and greatly improve the MOR catalytic
activity and durability.

emission, and durable power generation."” Because of the slow
reaction kinetics of the anodic methanol oxidation reaction

Direct methanol fuel cells (DMFCs) are considered high-profile
renewable and clean energy conversion devices that could help
solve the energy and environmental crises thanks to their high
conversion efficiency, large safety factor, non-pollution
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(MOR), developing efficient anodic electrocatalysts for the MOR
is the key to improving the performances of DMFCs.® Pt is
recognized as a highly efficient electrocatalyst toward the MOR
due to its good performance, but the activity sites of Pt can
typically get occupied by the CO* intermediates during the
catalytic process, leading to a decline in its surface activity or
catalytic activity.”® On the other hand, the high price of Pt
limits the commercial applications of DMFCs. Therefore,
strategies to improve the catalytic activity and CO* anti-
poisoning ability of Pt to reduce the usage are urgently
needed. Various studies have shown that the MOR catalytic
performance of Pt catalysts can be significantly improved by
alloying a second or third foreign metal and non-metal
elements (e.g., Au, Pd, Rh, Ni, Co, Cu, Sn, Te, P, N) and
through adopting unique structures.**>¢

The use of special defective structures and alloying of oxo-
philic atoms (Rh, Ir, Pt, Cu, Te, etc.) can dramatically weaken the
CO* intermediates from methanol and enhance the OH*
adsorptions from water molecules, thus benefiting the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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oxidation of methanol into CO, and avoiding the poisoning of
the Pt active sites.®'1131527.28 Meanwhile, the d-centre of Pt can
be lowered dramatically and the electronic environment opti-
mized with synergistic effects achieved to further improve the
catalytic activities and durability of Pt-based catalysts. For
example, disordered Pt;Sn nanocubes,® Cu-incorporated PtBi
intermetallic nanofiber bundles,"* defect-rich PtTeCo nano-
rods,*® ultrathin PtNiRh nanowires," and Pt-Ni-P mesoporous
nanocages with high surface porosity'® have been synthesized
with the typical solvothermal, hydrothermal, and template-
sacrifice methods. All these nanocomposites showed much
higher electrocatalytic activities and stabilities towards the
MOR than those of commercial Pt/C catalysts due to the opti-
mized electronic structures of the Pt sites from the strain and
ligand effects of the defective and alloying structures.'®

Nanocages are considered among the most highly efficient
structures and can greatly improve the utilization of the costly
noble metal catalysts.'®**?*® Their ultrathin walls, rich surface
porosities, and hollow structures endow nanocages with large
surface areas, short charge-transport distances, and fast mass-
transport processes. Up to now, Pt-based nanocage catalysts
have been achieved by template-sacrifice,”® acidic etch-
ings,*>***® and galvanic replacement reactions.*** Te nanowires
and nanosheets are usually as the templates to obtain Pt- and
Pd-based alloy hollow and porous nanostructures or ultrathin
nanowires through galvanic replacement reactions.***** The
final PtTe relevant alloy nanostructures exhibited unique elec-
trocatalytic activities towards the MOR, hydrogen evolution
reaction (HER), and oxygen reduction reaction (OER). Moreover,
it was demonstrated by density functional theory (DFT) calcu-
lations that Te could help to activate OH™ and promote Pt to
more easily oxidize the CO* intermediates to CO, during the
formic acid electrooxidation.*® Thus, developing Te-alloyed Pt-
based electrocatalysts with high surface areas and porosity
would greatly promote their MOR electrocatalytic activities and
durability.

In this regard, we developed a new strategy to obtain Pt;-
PdTe, (x = 0.2, 0.35, and 0.4) trimetallic cubic alloy nanocages
with porous and hollow structures by the self-diffusion of Pd
atoms. As a test, H,PtCls and Na,TeO; were reduced by ascorbic
acid in the presence of the as-prepared 18 nm Pd cubes and
cetyltrimethylammonium bromide (CTAB) at 60 °C. The Pd
cubes were oxidatively etched in this condition and face-centred
cubic (fec) Pt;PdTe, alloy nanocages sized around 30-40 nm
were automatically formed. The thicknesses of the nanocages
were in the range of 7-9 nm, depending on the components of
Te in the alloy nanocages. The reported synthetic method
avoids the traditional need for harsh reaction conditions, e.g.,
high pressure, high temperature, and toxic reagents.'®**3¢
Thanks to the alloy, and porous and hollow structures, the ob-
tained Pt;PdTe,, nanocages showed much higher MOR elec-
trocatalytic activities, durability, and anti-fouling ability than
those of PA@Pt, PtPd, 5, and the commercial Pt/C. DFT calcu-
lations demonstrated that the rate-limiting step of the Pt;-
PdTe, , nanocages in the MOR process was breaking the C-H
bond of methanol to form *CH,OH, for which the reaction free
energy was much lower than those for Pt and Pt;Pd. The d-band
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centre of Pt;PdTe, , was the closest to the Fermi level, further
demonstrating the good durability of the Pt;PdTe, , catalysts.

2. Experimental section

2.1 Reagents

H,PtCls-6H,0 (Reagent grade), KOH (BC grade, =85%), and
PdCl, (BC grade) were purchased from Sangon Biotech
(Shanghai) Co., Ltd. Cetyltrimethylammonium bromide
(=98%) and r-ascorbic acid (Reagent grade, =98%) were ob-
tained from Sigma-Aldrich. Na,TeO; (Reagent grade, =98%)
and methanol (=99%) were purchased from Adamas Co., Ltd.
Sulfuric acid (Reagent grade, 95-98%) and hydrochloric acid
(Ultrapure, 36-38%) were obtained from Tansole Co., Ltd
(Shanghai). Commercial Pt/C (Pt loading, 20 wt%) was obtained
from Macklin. All the chemicals were used without further
purification. Ultrapure water (18.2 MQ cm) was used
throughout the experiments. The H,PdCl, mother solution (10
mM) was prepared by dissolving 0.1773 g of PdCl, powders in
10 mL of 0.2 M HCI aqueous solution and further diluting to
100 mL with ultrapure water.

2.2 Instruments

Scanning electron microscopy (SEM) characterizations were
performed on an Hitachi SU8010 field-emission microscope
operated at 5 kV. Transmission electron microscopy (TEM)
characterizations, high-resolution TEM (HR-TEM), high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), energy dispersive spectrometry (EDS), and
elemental mapping analyses were performed on a JEOL JEM-
3200FS microscope at 300 kV. X-Ray diffraction (XRD) patterns
were collected on a Rigaku SmartLab system (Cu Ka radiation).
Inductively coupled plasma-optical emission spectrometry (ICP-
OES) data for the weight concentrations of the metal elements
of the as-produced solutions were obtained on a Spectro Arcos II
MV instrument. X-Ray photoelectron spectroscopy (XPS)
measurements were conducted on an ESCALAB-MKII spec-
trometer (VG Co., United Kingdom) with Al Ko X-ray radiation
as the X-ray source for excitation.

2.3 Synthesis of the cubic Pd templates

Pd cubes with sizes of 17.8 & 2.0 nm were synthesized according
to a previous method.*” Briefly, 0.5 mL of 10 mM H,PdCl,
solution was added to 10 mL of 12.5 mM CTAB solution under
stirring and refluxing at 95 °C in an oil bath. After 5 min, 80 pL
of 100 mM ascorbic acid solution was added quickly. The
reaction proceeded for 30 min. Finally, the solution of Pd cubes
was kept at 30 °C for future use.

2.4 Synthesis of Pt;PdTe, porous alloy nanocages

In a typical synthesis, 100 uL of 1 M HCI solution, 100 pL of
10 mM H,PtClg, and 0.72 mL of Pd cubes solution were added
into 8 mL of 50 mM CTAB solution in multiple vessels and
parallelly kept in a water bath at 60 °C. After shaking up and
standing for 5 min, 20, 40, and 100 pL of 10 mM Na,TeO;
solution was added into each vessel to produce Pt;PdTe ,,

Nanoscale Adv., 2023, 5, 2804-2812 | 2805
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Pt;PdTe, 35, and PtzPdTe,, porous alloy nanocages, respec-
tively. Then, 0.3 mL of 0.1 M ascorbic acid solution was added,
and the solutions were shaken up gently and allowed to stand
for reacting. After 6 h, the as-products were collected and
washed with hydro-alcohol (1 : 1) mixture solution by centrifu-
gations (12 000 rpm, 5 min) five times. The final products were
dispersed in 200 pL hydro-alcohol (1:1) solution for the elec-
trocatalytic experiments, respectively.

Pd@Pt core-shell nanoparticles were produced by following
the similar steps as for Pt;PdTe,, except that Na,TeO; precursor
solutions were not introduced. PtPd, 5 alloy nanoparticles were
also produced by following similar steps as for Pt;PdTex except
that 100 pL of 10 mM H,PdCl, aliquot was added to replace the
cubic Pd templates and the Na,TeO; precursors were not added.
The weights of Pt and Pd elements in the as-produced disper-
sion solutions were measured by ICP-OES.

2.5 Electrochemical measurements

The electrochemical measurements were conducted on a CHI
760E electrochemical workstation (Shanghai Chenhua Instru-
ment Co., Ltd, China). Briefly, in a three-electrode system, Ag/
AgCl (saturated KCl) was used as the reference electrode, Pt
piece as the counter electrode, and the catalyst-coated glassy
carbon electrode (GCE) with a diameter of 4 mm was used as the
working electrode. For preparations of the working electrodes,
the GCE was first polished with 0.3 and 0.05 um Al,O; slurries
and sonicated in water, respectively. After drying, 12 pL of the
Pt;PdTe,, Pd@Pt, and PtPd, and Pt/C catalysts inks were cast
onto the GCE and room-dried for the MOR and CO-stripping
experiments, respectively.

The electrochemically active surface area (ECSA, cm?) was
determined by integrating the monolayer hydrogen adsorption
peaks at 0.05-0.35 V vs. RHE in the cyclic voltammograms (CVs)
in 0.5 M H,S0, solutions according to eqn (1),

Y

ECSA = 4551 (mC cm2) (1)

where Q is the charge for the monolayer hydrogen adsorption
on the catalysts surface, mC.

CO-stripping experiments were performed in 0.5 M H,SO,.
First, the electrocatalyst-modified GCEs were electrochemically
activated in 0.5 M H,SO, for 20 cycles by sweeping in the
potential range of 0-1.2 V (vs. RHE). Second, the electrolytes for
CO stripping were bubbled with CO for 15 min. Third, CO
adlayers were formed by applying —0.3 V (vs. RHE) for 15 min to
the electrocatalyst-modified GCEs under a CO atmosphere.
Fourth, N, was bubbled into the electrolyte for 10 min. Finally,
the GCEs were swept in the range of 0-1.2 V (vs. RHE) to achieve
CO-stripping curves. The relative adsorption amounts of the CO
adlayer on the electrocatalysts (p, %) were calculated using eqn

(2),
S — 8
pP=——
83

(2)

where S; and S; represent the charges for monolayer CO
adsorbed on the catalysts in the potential range of 0.6-1.2 V vs.
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RHE in segments 1 and 3 of the CVs for CO stripping, mC
cm >,

Toray carbon papers and 1 mg cm > Pt particles-loaded
carbon papers (10 cm x 10 cm x 0.19 mm) were purchased to
fabricate DMFC. Pt;PdTe,, (x = 0.2, 0.35, and 0.4) and
commercial Pt/C were used as anodic catalysts to promote the
MOR. The commercial Pt particles-loaded carbon papers were
used as cathodes to catalyse the ORR. Briefly, the carbon papers
were cut into smaller sizes with a length x width of 1.5 x 1 cm.
Next, 80 pL electrocatalysts was cast onto the carbon papers
with area of 0.5 x 1 cm, which were room-dried and swept in the
range of 0-1.25 V (vs. RHE) in 0.5 M H,SO, for 50 cycles to be
used as anodes. The length x width of the part immersed into
the electrolytes were 0.5 x 1 cm. Also, 0.1 M HCIO, was used as
the electrolytes in DMFC, and the anodic and cathodic cham-
bers were separated by a Nafion film. The electrolytes in the
cathodic chamber were bubbled with O, for 30 min before the
tests and the flow was controlled above the liquid surface to
maintain an O, atmosphere during the tests.

2.6 Computational methods

We employed the plane-wave code Vienna ab initio simulation
package (VASP) program to perform all the spin-polarized DFT
calculations within the generalized gradient approximation
(GGA) using  the Perdew-Burke-Ernzerhof  (PBE)
formulation.**** We chose the projected augmented wave
(PAW) potentials to describe the ionic cores and took the
valence electrons into account by using a plane-wave basis set
with a kinetic energy cut-off of 500 eV.*>** The valence electron
configurations applied in this work were 1s'(H), 2s*2p*(C),
2s*2p*(0), 55%4d°(Pd), 5s>5p*(Te), and 6s'5d°(Pt), respectively.
Partial occupancies of the Kohn-Sham orbitals were allowed
using the Gaussian smearing method and a width of 0.02 eV.
The electronic energy was considered self-consistent when the
energy change was smaller than 107° eV.

The equilibrium lattice constants of the [Pt] unit cell were
optimized using an 8 x 8 x 8 Monkhorst-Pack k-point grid for
Brillouin zone sampling as @ = b = ¢ = 3.91643 A. These lattice
constants were used to build the Pt(111) surface slab with 4
atomic layers, which contained 64 Pt atoms. The surfaces
mentioned above were chosen since these surfaces were
exposed on the surface of the materials, as confirmed by the
HRTEM studies. This slab was separated by a 15 A vacuum layer
in the z direction between the slab and its periodic images.
During structural optimization of all the surface models, a 3 x
3 x 1 gamma-point centred k-point grid for the Brillouin zone
was used. Also, all the atomic layers were allowed to fully relax.
In addition, the Pd and Te atoms were located in the Pt struc-
ture to consider the effect of the Pd and Te.

The Gibbs free energy (G, eV) at 298 K was calculated by eqn

(3),
G = H - TAS = EDFT + EZPE - TS (3)

where H is the enthalpy, eV; S the entropy, eV; T the tempera-
ture, K; Eppr the total energy from the DFT calculations, eV; and
Ezpg the zero-point energy, eV.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1 Synthesis and structural characterizations of the porous
Pt;PdTe, nanocages

In a typical synthesis, Pt;PdTe, (x = 0.2, 0.35, and 0.4) nanoc-
ages having a hollow structure were synthesized with Pd cubes
(17.8 £+ 2.0 nm, Fig. S17) as sacrificial templates, H,PtCls and
Na,TeO; as chemical corrosion agents, and CTAB as a capping
agent (Scheme 1). Both H,PtCls and Na,TeO; etched Pd cubes
into PdBr,>~ complex anions. Meanwhile, all the PtClg*",
TeO,>", and PdBr,>~ complexes were reduced by ascorbic acid,
so that Pt;PdTe, alloy nanoparticles with hollow structures and
porous surfaces were produced. The as-produced compounds
all exhibited cubic shapes the same as the Pd templates (Fig. 1a
and S2-547). The atomic ratios of Pt and Pd and Te elements in
the products were calculated from the ICP-OES results (Table
S17). The sizes of the Pt;PdTe, , nanocages were measured to be
29.2 + 4.7 nm and the thickness of the nanocages was estimated
to be 7.3 nm (Fig. 1b). Apparently hollow structures were
observed from the TEM analysis (Fig. 1) From the local ampli-
fied area, the lattice spacing of the Pt;PdTe,, nanocages was
measured to be 0.209 nm, which was close to those of the (100)
facets of the face-centred cubic (fcc) Pt and Pd (Fig. 1c and d).
The hollow structures of Pt;PdTe, , were also confirmed by EDS
and line-scanning elemental analysis (Fig. 1e and f). There were
little elemental signals for Pt, Pd, and Te in the middle parts in
the EDS images, and the signals in the middle were smaller
than those at the edges of Pt;PdTe,, in the line-scanning
profiles.

The content of elemental Te in the as-produced compounds
was affected by the amount of Na,TeO; introduced into the
growth solution. With the volume of 10 mM Na,TeO; aliquots
added increasing from 20 pL to 40 and 100 pL, the ratio of Te in
the as-produced compounds increased. The as-produced
compounds were Pt;PdTe,;s and Pt;PdTeq,, respectively
(Fig. S3 and S4t). The same hollow structures were formed. The
sizes of the nanocages were 42.5 & 8.6 and 28.4 & 4.5 nm, and
the thicknesses were 8.5 and 6.7 nm for Pt;PdTe, ;5 and Pts-
PdTe, 4, respectively. The alloying of low contents of Te (4.1-
6.4 wt%, Table S11) did not alter the crystal structures or lattice
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Scheme 1 Synthetic process diagram of PtzPdTe, alloy nanocages
and Pd@Pt core—shell nanoparticles.
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Fig.1 TEM image (a) and size distribution (b), HRTEM images (c and d),
and EDS elemental mappings (e) of PtsPdTeg » nanocages. Inset of (d),
corresponding FFT (fast Fourier transform) pattern. (f) Elemental line-
scanning profile across the white arrow of an individual PtzPdTeg»
nanocage (inset).

spacings of the alloy nanocages apparently. All three kinds of
Pt;PdTe, nanocages belonged to fcc noble metal crystal struc-
tures. The lattice spacings of Pt;PdTe, ;5 and Pt;PdTe, 4 were
measured to be 0.205 nm, and could be fitted to the (100) facets
of fcc Pt and Pd (Fig. S3e and S4ef).

Thanks to the presence of TeO;>~ ions in the growth solu-
tions, Pt;PdTe, alloy structures could be formed. Without
TeO,>”, the products were cubic core-shell nanoparticles
composed of cubic Pd cores and Pt shells (Fig. S5t). The Pd
cubes could not be etched in the absence of TeO;>~. The lattice
spacing of the Pt shell was measured to be 0.226 nm, which
could be fitted to Pt(111) (Fig. S5d}). Cubic Pd centres were
clearly exhibited in the EDS images (Fig. S5et). Pt shells were
formed around Pd, exhibiting strong EDS signals in the outer
part. Also, the Pd signals were stronger than those of Pt in the
middle part of the nanoparticles in the line-scanning profiles,
further confirming the core-shell structures (Fig. S5ft). The
sizes of the PA@Pt core-shell nanoparticles were 36.8 + 6.8 nm,
while the thickness of the Pt shells was estimated to be 9.5 nm
according to the TEM results. These results indicated that
TeO,>~ was important to induce the etching process of the Pd
cubes and the formations of Pt;PdTe, alloy nanoparticles with
hollow structures. This may be due to the oxidative properties of
Te, which probably vulcanized Pd and Pt somehow, resulting in
the etching process of the Pd cubes.

Nanoscale Adv., 2023, 5, 2804-2812 | 2807
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The XRD characterizations further reflected the crystalline
structures of Pt;PdTe, alloy nanocages and Pd@Pt core-shell
nanoparticles (Fig. 2). Typical peaks for the (111), (200), (220),
and (311) facets of fcc noble metal nanocrystals were clearly
exhibited (Pt pdf #04-0802, Pd JCPDS no. 05-0681).*** The
incorporation of Te into PtPd alloy crystals induced small
negative offsets in the peak positions due to the lower diffrac-
tion angles of Te with a trigonal phase (JCPDS no. 85-0554) than
those of Pt and Pd.*® This indicated that Pt;PdTe, alloyed
nanostructures were formed successfully by the self-diffusion of
Pd atoms.

To analyze the structures and valences of the surface chemical
elements of the catalysts, XPS characterizations were conducted
(Fig. 3). The main peaks at 73.9 and 70.5 eV could be fitted to Pt
4f5, and Pt 4f;), energy levels, respectively (Fig. 3a). Interestingly,
shoulder peaks at 74.9 and 71.6 eV were found for all the Pt;PdTe,
alloy and Pd@Pt core-shell nanoparticles, which were attributed
to Pt(u) 4f5,, and Pt(u) 4f;,, valence states, respectively. Such XPS
peaks for the Pt(u) valence states were also reportedly observed for
PtPdCu particles previously, which may be due to the formation of
micro PtO and Pt(OH),.*> Compared with Pd@Pt core-shell
nanoparticles, the binding energies of Pt 4f for the three kinds of
Pt;PdTe, alloy nanocages were all shifted positively, for which
Pt;PdTe, , exhibited the greatest positive change (about 0.25 eV).
Additionally, trace charge transfer occurred when Te was incor-
porated into the PtPd bimetallic alloy nanostructures, thus
leading to the enhanced peak area ratios of Pt(u)/Pt(0) and the
transitions from Pt(0) to Pt(u).*” Regarding the XPS of the surface
Te composites of Pt;PdTe, (Fig. 3b), the Te(v) valence states pre-
dominated. Also, the main peaks at 586.3 and 575.9 eV could be
fitted to Te(wv) 3ds, and 3ds, energy levels, while the shoulder
peaks at 583.6 and 573.1 eV belonged to Te(0) 3ds,, and 3ds,,
respectively.” The observation of peaks for Pd(0) 3ds/, and 3ds,
clearly indicated Pt;PdTe, alloy nanocages, while there were no
XPS signals suggesting Pd@Pt core-shell nanoparticles. The XPS
results suggested the vulcanizations of Pt and Pd by Te and the
presence of tellurides in the noble metal-based alloy nanocrystals.

3.2 Reconstitutions of Pt;PdTe, by electrochemical
activation

Before the electrocatalytic studies for the MOR, Pt,PdTe, alloy
nanocages, Pd@Pt core-shell, PtPd, 5 alloy (55.4 + 9.6 nm,

it Pt;PdTe,
A 200 (2200 @311)
> Ta T N Pt e
- Pt,PdTe, ;¢
= PdTe, 5
=
S
= .“~“'“~WA\uA~._.___-J\_tEZf:21_
Pd@Pt
. T
o n
Al T‘.ﬂ' 2 _natt [T
20 30 40 50 60 70 80 90
20/ Degree

Fig. 2 XRD patterns of PtsPdTe, nanocages and Pd@Pt core-shell
nanoparticles.
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Fig. 3 XPS spectra of Pt (a), Te (b), and Pd (c) elements of PtzPdTe,-
nanocages and Pd@Pt core—shell nanoparticles.

Fig. S61), and commercial Pt/C catalysts were electrochemically
activated in 0.5 M H,SO, solution to obtain clean surfaces
(Fig. 4a and S77). The hydrogen adsorption/desorption peaks
located in 0.05-0.35 V vs. RHE for the Pt;PdTe, alloy nanocages
started to form in the second CV cycle, which became larger
with activation and became stable up to the 50th CV cycle
(Fig. S7a-ct). Regarding Pd@Pt, PtPd, 5, and Pt/C, there were
obvious hydrogen adsorption/desorption peaks in the first CV
cycle, which differed from those in Pt,PdTe, (Fig. S7d-ff). This
difference may be due to some Te atoms blocking the active
sites of Pt, which were then dissolved in the electrolyte solutions
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Fig. 4 (a) CVs after 50 cycles of different catalyst-modified GCEs in

0.5 M H,SO, in an Ar atmosphere. Scanning rates, 50 mV s™*. (b and c)
Specific activities and mass activity curves of different catalysts
towards the electrooxidation of 1 M methanol in 0.1 M HClOy4. Scan-
ning rate of 50 mV s (d) Maximum specific activities and mass
activities in the backward scans of different catalysts. Durability tests
towards the electrooxidation of 1 M methanol by chronoamperometry
at 0.76 V for 3600 s (e) and cyclic voltammetry for 1000 cycles (f).
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after the electrochemical activation in the acidic medium. TEM-
EDS elemental analysis demonstrated that some Te was lost
after this process (Table S27). After the electrochemical activa-
tion, Pt;PdTe, alloy nanocages were stable and feasible to be
applied as electrocatalysts.

3.3 MOR catalytic behaviours

The electrocatalytic performances of Pt;PdTe,, PA@Pt, PtPd, s,
and Pt/C catalysts towards the MOR were investigated in 0.1 M
HClO, medium. Stronger specific activities and mass activities
of the three kinds of Pt;PdTe, alloy nanocages were observed
than those for Pd@Pt, PtPd, 5, and Pt/C (Fig. 4b and c). The
catalytic activity and Pt and Pd utilization efficiencies of Pt;-
PdTe, , were the best. The specific activities of Pt;PdTe, ,, Pt;-
PdTe, 35, Pt;PdTe, 4, PA@Pt, PtPd, 5, and Pt/C at 0.76 V vs. RHE
were 2.71, 2.36, 1.65, 1.11, 0.58, and 0.24 mA cm 2 in the
backward scan, respectively (Fig. 4d and Table S37), and the
mass activities were 2.14, 1.85, 0.98, 0.91, 0.16 and 0.18 A
mgpeipa  Tespectively (Fig. 4d and Table S3+). It can be inferred
that the alloying of Te into PtPd and the formation of a hollow
structure with a porous surface greatly enhanced the electro-
catalytic activity towards the MOR. More importantly, Pt;PdTe,
alloy nanocages had higher ratios of the backward peak
currents to the forward peak currents (I,,/Iy), indicating the good
anti-poisoning ability towards CO intermediates during the
MOR (Table S31). The CO-stripping experiments indicated the
better CO-tolerance properties of the Te-doped Pt nanocages
(Fig. 5).

Regarding Pt;PdTe,, there were two CO oxidation peaks, and
the peaks located around 0.86-0.88 V vs. RHE were induced by
the presence of Te (Fig. 5a). The relative amounts of adsorbed
CO on Pt;PdTe, were lower than those of PA@Pt and Pt/C (eqn
(2), Fig. 5b and S8t). Compared to the previous reports, the
Pt;PdTe,, alloy nanocages showed better specific catalytic
activity and mass activity than those of most PtTe-based alloy
nanowires/nanotubes and PtPd-based alloy nanowires/
dendrites (Table S47).'****! It was demonstrated that both
the alloyed Te composites and hollowed structures of Pt;PdTe, ,
developed in this work were important to improve the MOR
catalytic activity.

Moreover, the Pt;PdTe,, nanocages exhibited the best
durability among the Pt, PtPd, and Pt;PdTe, related catalysts.
After 3600 s at 0.76 V, the MOR specific activity was the highest
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Fig. 5 (a) CO-stripping curves of different electrocatalysts in 0.5 M

H,SO4. Scanning rate, 50 mV s™*. (b) Relative adsorption amounts of
CO on the electrocatalysts calculated by eqn (2).

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

and could be maintained at 23% of the initial activity (Fig. 4e
and S9at). After 1000 cycles in 1 M methanol, Pt;PdTe,,
maintained 14% specific activity and mass activity. These
activities were higher than those of Pd@Pt core-shell, PtPd, 5
alloy, and commercial Pt/C catalysts by 1.27, 7.67, and 20.94
times, respectively (Fig. 4f and S9bt). The Pt;PdTe, , nanocages
had stable structures after the durability tests in acidic medium
(Table S27). The mass percentage of Te in Pt;PdTe,, was not
decreased, and the hollowed nanocage structures were well
maintained (Fig. 6). To demonstrate the practicability of the
Pt;PdTe, , nanocages for producing clean energy, DMFCs were
fabricated with Pt;PdTe,, as the anodic catalyst. The output
voltage for the DMFC with Pt;PdTe,, was 0.2 V, which was
larger than that of commercial Pt/C by 50 mV. The maximum
output power density for Pt;PdTe, , were 17.8 uW cm >, which
were higher than those of Pt/C by 2.6 times (Fig. 7).

Furthermore, the stabilities of the DMFCs with Pt;PdTe, ,
catalysts were better than those of Pt/C, whereby the output
current densities could be maintained at 80 and 40% in 2 h at
0.1V, respectively.

3.4 DFT calculations

Based on the experimental data from the structural and
compositional analyses, DFT computational models for Pt,
Pt;Pd alloy, and Pt;PdTe, , alloy were established, which were
used to further elucidate the mechanism of the MOR. We con-
structed a complete reaction network, including the activation
energies and all the optimized structures of the intermediates to
investigate the preferred pathway for the process from meth-
anol to CO,. Gibbs free energy curves of the preferred reaction
paths were drawn according to the calculated data (Fig. 8). The
interacting atoms of the -OH*-containing intermediates
(CH,OH*, CHOH*, COH*) with sites in the three catalysts were
the C atoms, rather than the O atoms for the -O*-containing
intermediates (CO*, CH;0*, CH,O*, CHO¥), as shown in Fig. 9
and S10-S12.7 It was found that on the sites of Pt, Pt;Pd, and
Pt;PdTe, ,, methanol was more inclined to break the C-H bonds
producing CH,OH* than the O-H bonds producing CH;O* first
(Fig. 8 and 9). Then, H atoms were removed from the unsatu-
rated C sites of CH,OH* intermediates one by one. Finally, CO*
intermediates were produced and oxidized into CO, products
(Fig. 10a). The preferred paths were CH;OH — CH,OH* —
CHOH* — COH* — CO* — CO,. The rate-limiting step for the

Fig. 6 TEM images (a; and ay), STEM image (by), and EDS elemental
mapping (b,—bs) of PtsPdTeq > catalysts after the durability testin 0.1 M
HClO,4 towards the MOR.
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Fig.7 (a) Output voltage (left axis) and power density (right axis) of fuel

cells with PtzsPdTeq » and Pt/C catalysts as anodic catalysts. (b) Stability
of fuel cells running at 0.1V vs. RHE. Anode, 1 M methanol; cathode, O,
atmosphere; electrolytes, 0.1 M HCIO,.
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Pt;PdTe, ,-CH,OH
AG=-1.05eV

AG=-0.83eV

Pt,Pd-CH,OH Pt-CH,0H
AG=-093 eV AG=-0.82¢eV
@ Pt @ pPd © Te eC *O H

Fig. 9 Configurations of the three kinds of catalysts and Gibbs free
energy change diagrams of the first step of the MOR.

three catalysts in the MOR process were all the breaking of the
C-H bonds of methanol to generate *CH,OH, for which the
energy barriers were significantly higher than those of the other
basic steps.

Moreover, the reaction activity of this rate-determination
step catalyzed by the Pt;PdTe,, alloy (AG, —1.05 eV) was
calculated to be higher than with the Pt;Pd alloy (AG, —0.93 eV)
and Pt (AG, —0.82 eV), indicating the excellent performance of
the Te-alloyed PtPd in the MOR. In the CO* oxidation process,
O* began to form on the surface of catalysts and coupled with
CO* to finally produce CO,.
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Fig. 10 (a) Gibbs free energy change diagrams of the MOR process on
Pt, PtzPd, and PtzsPdTeq, (U = 0.624 V). (b) PDOS and ¢4 of Pt, PtzPd,
and PtzPdTeq », with Ef set to zero.

The partial density of states (PDOS) and d-band centre (eq4)
were calculated to demonstrate the change in the electronic
structure for Pt, Pt;Pd, and Pt;PdTe,, (Fig. 10b). The d-band
centre of Pt;PdTe,, was closer to its Fermi level (Eg)
compared with Pt and Pt;Pd, indicating that when it adsorbs
intermediates, less electrons will be filled into the antibonding
orbitals.>” Thus, the intermediates on the Pt;PdTe,, catalysts
were easier to be oxidized during the MOR, explaining the better
activity and durability of Pt;PdTe, , than those of Pt and PtPd
related catalysts.

4. Conclusion

To summarize, a new method for preparing Pt;PdTe, hollow
nanocages was proposed. Differing from the previous reports, it
employed a Pd nanocubes template instead of Te nanowires
template, avoiding the need for harsh synthetic conditions. The
obtained Pt;PdTe,, nanocages displayed much higher electro-
catalytic specific and mass activities and stabilities than those of
Pt and PtPd reference electrocatalysts towards the MOR in acidic
medium after electrochemical activation. Thanks to the hollow
structures and porous surfaces and the alloying effect of oxophilic
Te atoms, the Pt;PdTe,, alloy nanocages exhibited much better
catalytic performance. DFT studies confirmed that the Gibbs free
energy of the rate-determining step of the MOR catalyzed by Pts-
PdTe,, was lowered and the d-band centre of Pt;PdTe,, was
shifted to Ef, leading to the great catalytic activity and durability.
Thus, the study is important to improve the Pt utilization in
DMFCs and shows the importance of optimizing the shapes and
performance of hollow PtPdTe electrocatalysts.
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