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1. Introduction

With the rapid development of society, there is an urgent need
for researchers to develop advanced energy storage devices to
meet the ever-growing demand for energy.[1–3] Since the
1950s, proton exchange membrane fuel cells have attracted
extensive attention on account of their high power density, high
energy density, high energy conversion efficiency, clean prod-
ucts, etc.[4,5] Among them, direct ethanol fuel cells (DEFCs) have
bright application prospects.[6,7] On the one hand, compared with
other gaseous fuels such as H2, CH4, and CO, ethanol owns the
advantages of low toxicity, easy storage, and abundant sources.[8]

On the other hand, DEFCs exhibit higher
theoretical energy density than direct meth-
anol or formic acid fuel cells.[9] In principle,
there are twomain reaction pathways in the
anodic ethanol oxidation reaction (EOR):
the C2 pathway of 4-electron transfer for
incomplete oxidation of ethanol to acetic
acid or acetate; and the C1 pathway of
12-electron transfer for complete oxidation
to CO2.

[10,11] During EOR, the slow alcohol
oxidation kinetics and the poisoning effect
of CO-like carbonaceous intermediates
severely limit the reaction efficiency of
catalysts.[9] At present, Pt- and Pd-based cat-
alysts endow with highly efficient catalytic
activity for EOR, but the scarcity of noble
metals and some challenges in stability
hinder their large-scale industrial applica-
tions.[12,13] Therefore, the rational modifi-
cation of Pt or Pd metals with other

cheaper metals can improve the EOR performance of catalysts,
reduce the use of noble metals, and alleviate the scarcity of noble
metals.[14]

Generally, core–shell structured particles exhibit better elec-
trocatalytic performance compared with single-phase compo-
nents, and thus have been widely studied.[15,16] A variety of
core–shell nanoparticles can be obtained by adjusting their core
and shell layers.[17,18] The interesting electronic interactions
between the core and shell bring in three special effects, includ-
ing bulk effect,[19] ligand effect,[20] and geometric effect,[21] which
can be used to improve the electrocatalytic performance of the
catalysts. Previously, Huang et al. synthesized hexagonal
PtPb/Pt core–shell structured nanoplates,[22] in which the unique
biaxial strain occurs between the few-layer Pt shell and the PtPb
alloy core, enabling some Pt atoms on the surface to show the
optimized Pt–O adsorption energy, thereby greatly enhancing
their oxygen reduction activity. Metal Ag owns excellent electron
transfer ability, structural stability, and high electrical conductiv-
ity, and is usually alloyed with Pt to facilitate its EOR perfor-
mance by tuning the d-band center of Pt down through the
synergistic effect of electronic structure and the lattice strain
of the PtAg alloy.[23] Due to the Kirkendall effect, the growth
of Pt shells based on Ag cores is likely to destroy the original
Ag cores so that the Pt@Ag core–shell structure cannot be con-
veniently formed. Therefore, we expect to improve the EOR activ-
ity by changing the electronic structure of the Ag shell through
the Pt@Ag core–shell structure formed by wrapping Ag on the Pt
core. In particular, the electronic effects and lattice strain of the
core–shell structure become more prominent as the shell thick-
ness decreases.[24] The smaller lattice spacing of Pt will cause a
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Direct ethanol fuel cells have broad application prospects, but there are still some
issues such as slow oxidation kinetics and poisoning effects of intermediates
in the anodic ethanol reduction reaction (EOR). Herein, a series of few-layer
Ag-coated ordered mesoporous Pt nanocrystals (Meso-Pt@Ag) with different
Ag shell thicknesses are prepared by combining hard templating and in situ
reduction methods. Benefiting from the ordered mesoporous structure, the
lattice strain, and the electronic synergistic effect induced by the core–shell
structure, Meso-Pt@Ag2 nanocrystals exhibit the best EOR performance with
a mass activity of 10.01 AmgPt

�1, which is 8.40-fold of commercial Pt/C and
4.45-fold of Meso-Pt, respectively. And, Meso-Pt@Ag2 nanocrystals also show
the favorable toxicity resistance to carbonaceous intermediates and stability
for EOR. Furthermore, theoretical calculations demonstrate that the Ag-coated
Pt core has more optimized deprotonation reaction kinetics and lower CO
adsorption energy, indicating its better resistance to CO toxicity for EOR.
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certain compressive strain on the Ag shell and change the elec-
tronic structure of the surface Ag atoms.[25] From this point of
view, the rationally designed and regulated core–shell structure
of Pt@Ag can make full use of the electronic interaction and lat-
tice strain effects, and will definitely endow the Ag shell with an
optimized electronic structure to significantly improve EOR.

Here, we have utilized a strategy combining hard templating
and in situ reduction methods to synthesize a series of few-layer
Ag-coated ordered mesoporous Pt nanocrystals (Meso-Pt@Ag).
By adjusting the thickness of the Ag shell of the core–shell
PtAg, the lattice strain and electronic structure of the surface
Ag atoms are optimized, thereby realizing the improved EOR
performance. Among them, the obtained Meso-Pt@Ag2 owns
a suitable thickness of Ag shell, which enables it to have the opti-
mal lattice strain and electronic structure, thus exhibiting the
best EOR performance. Meanwhile, benefiting from the ordered
mesoporous structure, Meso-Pt@Ag2 nanocrystals have fast
mass transfer channels, high specific surface area, and abundant
catalytic sites, which are favorable for electrocatalytic EOR.
Impressively, it achieves the highest mass activity of
10.01 AmgPt

�1, which is 8.40 and 4.45 times higher than those
of commercial Pt/C and pure Meso-Pt, and has the favorable
antitoxicity and stability for EOR. At last, theoretical calculations
further verify that the two-layered Ag-wrapped Pt core has more
optimized deprotonation reaction kinetics and lower CO adsorp-
tion energy, reflecting its better CO antitoxicity.

2. Result and Discussion

2.1. Synthesis of Core–Shell Meso-Pt@Ag Nanocrystals

Core–shell Meso-Pt@Ag nanocrystals are first synthesized by the
following templating method as depicted in Figure 1. The typical
molecular sieve KIT-6 with Ia3d symmetry exhibits an ordered
mesoporous structure with a pore diameter of about 7.9 nm and
a high Brunauer–Emmett–Teller (BET)-specific surface area of
636.5 gm�2 (Figure S1, Supporting Information). Benefiting

from its large porosity and mesopore structure, KIT-6 is ratio-
nally chosen as the appropriate hard template. Then, after load-
ing K2PtCl4 into the KIT-6 powder, the ascorbic acid (AA)
solution is slowly dropped to reduce Pt ions that uniformly nucle-
ate into a mesoporous template by the classic nanocasting
method.[26] After the complete Pt crystallization for 12 h, the
obtained mesoporous Pt nanocrystals in KIT-6 (Meso-Pt@KIT-
6) are conveniently etched with hydrofluoric acid solution to give
the black mesoporous Pt nanocrystals (Meso-Pt). Then, the
high-purity hydrogen is further bubbled into the suspension
of Meso-Pt nanocrystals, in which the highly active surface of
Meso-Pt can easily activate H2 molecules into discrete H atoms
as metal hydride of PtHx shell, and store the activated H atoms,
thus generating the core–shell Meso-Pt@PtHx. In this case,
these activated H atoms in PtHx shell show a strong reductive
ability to in situ reduce Ag ions into metal Ag.[27] Therefore,
AgNO3 solution is tardily injected into the violently stirred
suspension of Meso-Pt@PtHx composite to uniformly grow
the Ag shell onto the Pt core. As we know, platinum (0.847 V)
has a more positive redox potential than silver (0.799 V).
Thus, in this process, Agþ ions cannot be reduced by Pt atoms,
but can only be reduced by active H atoms, which are wrapped in
the outer layer of the Pt core to form the Ag shell. By tuning the
concentration of AgNO3 solution, a series of Meso-Pt@Ag with
different thicknesses can be easily achieved.

2.2. Characterization of Morphology and Structure

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images show that monodisperse Meso-
Pt@Ag2 nanocrystals give an average diameter of 80 nm
(Figure 2a–c, Figure S2, Supporting Information). TEM images
further reveal that it possesses abundant ordered mesopores, and
the growth of the Ag shell does not block the mesopores of Meso-
Pt core (Figure 2c–f ). In Figure 2e, two typical nanocrystals
observed along the mesoscopic (100) and (111) directions
show that the whole core–shell Meso-Pt@Ag2 is featured with

Figure 1. Schematic stepwise synthesis of core–shell Meso-Pt@Ag nanocrystals.
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interconnected mesostructures with typical Ia3d symmetry.[28] It
verifies that the mesoporous Pt core has been completely nano-
cast from the KIT-6 template and retains the same symmetry
after the growth of the Ag shell. High-angle annular dark-field
scanning TEM (HAADF-STEM) and the corresponding energy
dispersive X-ray spectroscopy (EDS) mapping images of the
selected four Meso-Pt@Ag2 nanocrystals are shown in
Figure 2f, where Pt and Ag elements are evenly distributed, indi-
cating that Ag is successfully grown. The corresponding EDS ele-
mental analysis shows that the ratio of Pt to Ag in Meso-Pt@Ag2
is 84.4% to 15.6% (Figure 2g), while as for Meso-Pt, Meso-
Pt@Ag1, Meso-Pt@Ag3, and Meso-Pt@Ag4, the ratios of Pt to
Ag are defined as 100.0–0.0%, 90.–9.3%, 77.6–22.4%, and
69.5–30.5%, respectively (Figure S3f, S4f, S5f, S6f, and
Table S1, Supporting Information). To better prove the forma-
tion of the Ag shell on the Pt core, the EDS line scan elemental
profile of one corner of the Meso-Pt@Ag2 nanocrystal shows that
the corresponding element distribution of Ag is more focused on
both edges than that of Pt in Figure S7, Supporting Information,
which further confirms the core–shell structure of Meso-
Pt@Ag2.

In addition, the selected area electron diffraction (SAED)
pattern confirms that the single Meso-Pt@Ag2 nanocrystal is
polycrystalline. High-resolution TEM (HRTEM) images reveal
the lattice spacing of 0.228 nm that belongs to the (111) plane
of face-centered cubic (fcc) metallic Pt (Figure 2d). While in
Figure S3d, Supporting Information, two lattice spacings of
0.225 and 0.195 nm belong to the (111) and (200) planes of metal-
lic Pt for Meso-Pt, respectively. For Meso-Pt@Ag series, the lat-
tice spacings of Meso-Pt@Ag1/2/3/4 corresponding to Pt(111)
increase successively, which are calculated to be 0.227 nm
(Figure S4d, Supporting Information), 0.228 nm (Figure S2d,
Supporting Information), 0.229 nm (Figure S5d, Supporting

Information), and 0.231 nm (Figure S6d, Supporting
Information), respectively. The lattice spacings of Meso-Pt@Ag
nanocrystals are between the (111) plane of Ag (0.235 nm)[29] and
the (111) plane of Pt (0.225 nm). Therefore, we can deduce that
the lattice compression of the Ag shell gradually decreases with
the increase in the number of Ag layers, which can combine the
lattice strain and the electronic synergy between the core and
shell to change the electronic structure of Ag.[23] According to
X-ray diffraction (XRD) patterns (Figure 2h), all of Meso-
Pt@Ag andMeso-Pt nanocrystals exhibit three distinct character-
istic peaks at 39.9°, 46.4°, and 67.7° ascribed to (111), (200), and
(220) planes of fcc metallic Pt, respectively. Furthermore, in the
enlarged XRD patterns, the characteristic peaks of Meso-Pt@Ag
have a slight negative shift compared with Meso-Pt, due to the
lattice expansion caused by the few-layer Ag wrapped on the Pt
surface.[25] In the meantime, no characteristic peaks belonging to
fcc metallic Ag could be found. Thus, combining with XRD
patterns and HRTEM images, we have successfully wrapped
Ag shells with different several layers on the Pt core without
forming Ag nanocrystals individually.

X-ray photoelectron spectroscopy (XPS) is further utilized to
analyze the elemental composition of Meso-Pt@Ag2 and
Meso-Pt nanocrystals, especially the coordination environment
of surface atoms. In the full survey spectrum of Meso-
Pt@Ag2 (Figure 3a), there are distinct peaks corresponding to
C 1s, Pt 4f, Ag 3 d, and Ag MN1. As for Meso-Pt, no peaks
belonging to Ag 3 d and Ag MN1 can be observed. According
to the high-resolution XPS spectra (Figure 3b–d), we conclude
that the metallic Pt0 and Ag0 are dominant species in
the Meso-Pt@Ag2 and Meso-Pt nanocrystals. For Pt 4f
(Figure 3b), two pairs of peaks are assigned to metallic Pt0

and Pt2þ species.[30] Compared to Meso-Pt, the peaks for Pt 4f
of Meso-Pt@Ag2 show a slight negative shift of 0.14 eV, signing

Figure 2. Morphology and structure characterizations of Meso-Pt@Ag series. a,b) SEM images, c,e) TEM images, (d) HRTEM and SAED images of
Meso-Pt@Ag2; e) TEM images along the (100) and (111) directions; f ) HAADF-STEM, the corresponding elemental mapping images of Pt and Ag
elements, and g) EDS spectrum of the selected Meso-Pt@Ag2 nanocrystals; h) XRD patterns of Meso-Pt and Meso-Pt@Ag series.
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that the valence electrons of Ag would be transferred to Pt and
the strong charge interaction between the Ag shell and Pt core.[23]

And, according to XPS spectra for Pt 4f of Meso-Pt, Meso-
Pt@Ag1, Meso-Pt@Ag2, Meso-Pt@Ag3, and Meso-Pt@Ag4 in
Figure S8a, Supporting Information, we can also find that the
peak position shifts negatively with the increase of the Ag content
because more Ag wrapping will transfer more electrons to the Pt
core. In addition, two sharp peaks located at 367.8 and 373. 8 eV
are attributed to Ag0 3d5/2 and 3d3/2 of Meso-Pt@Ag2, respec-
tively (Figure 3c). In the close-up XPS spectra for Ag MN1 of
Meso-Pt@Ag2 (Figure 3d), there are two obvious Auger peaks
at around 351.9 and 357.5 eV, which is well consistent with pre-
vious reports.[31] Combing the spectra for Ag 3d and AgMN1, the
composition of Ag can be confirmed as metallic Ag0 in Meso-
Pt@Ag2. Moreover, by observing XPS spectra for Ag 3d of
Meso-Pt@Ag1, Meso-Pt@Ag2, Meso-Pt@Ag3, and Meso-
Pt@Ag4 (Figure S8b, Supporting Information), it can be seen
that the peak position shifts negatively with the increase of Ag
content. This is because the presence of more Ag atoms will
transfer fewer electrons from each Ag atom to the Pt core, thus
making the binding energy of Ag lower.

2.3. Electrocatalytic Properties for Ethanol Oxidation

To investigate the dual effect of the electronic and lattice strain
effects in the few-layer Ag shell on their EOR activity, this series
of Meso-Pt@Ag catalysts is measured in an alkaline solution. As
shown in Figure 4a, the cyclic voltammetry (CV) curves of as-
prepared Meso-Pt@Ag, Meso-Pt, and Pt/C are normalized by
electrode areas. Among them, Meso-Pt@Ag2 shows the highest
current density of 19.43mA cm�2, which is superior to Meso-
Pt@Ag1 (12.72mA cm�2), Meso-Pt@Ag3 (11.52mA cm�2),
Meso-Pt@Ag4 (7.73mA cm�2), Meso-Pt (4.83mA cm�2), and
commercial Pt/C (2.54mA cm�2). Then, CV curves are further
normalized by the Pt mass in Figure 4b in which Meso-Pt@Ag2
also exhibits the highest mass activities of up to 10.01 Amg�1

Pt.
In this case, the remarkable mass activity of core–shell Meso-
Pt@Ag2 is 1.59, 1.60, 2.23, 4.45, and 8.40 times that of the
core–shell Meso-Pt@Ag1 (6.27 Amg�1

Pt), Meso-Pt@Ag3
(6.24 Amg�1

Pt), Meso-Pt@Ag4 (4.49 Amg�1
Pt) nanocrystals,

pure Meso-Pt (2.25 Amg�1
pt), and Pt/C (1.19 Amg�1

Pt), respec-
tively (Figure 4c and Table S2, Supporting Information).
Moreover, the calculated Jf/Jb ratio is used as an important
parameter to evaluate the poisoning tolerance to the carbona-
ceous species for EOR, where Jf/Jb is the forward/backward cur-
rent densities.[32,33] All core–shell Meso-Pt@Ag nanocrystals
show the ratios of Jf/Jb> 1, while pure Meso-Pt shows a ratio
of Jf/Jb< 1. It indicates that the core–shell structure of the Pt core
coated with a few-layer Ag is less poisoned by carbonaceous inter-
mediates compared to the pure Pt surface. In Figure 4d, the cor-
responding Tafel curves present Meso-Pt@Ag2 with the lowest
slope of 193.6mV dec�1, indicating its optimized charge and
mass transfer kinetics.[34]

On the other hand, CV curves are recorded in the N2-saturated
1.0 M KOH solution (Figure 4e) where two peaks at around 0.05
and 0.27 V represent the H absorption on the Pt surface for
Meso-Pt and Pt/C, respectively. As for core–shell Meso-
Pt@Ag nanocrystals, the above two peaks do not appear, but
there is an obvious bulge at 0.3–0.9 V, which is because the exter-
nal Ag inhibits the H adsorption on the Pt surface and the oxi-
dation of the Ag shell, which also proves that the Ag shell wraps
the Pt core. Although the hydrogen adsorption method is less
reliable to evaluate the electrochemically active surface area
(ECSA), the values of these catalysts are roughly estimated by
the double-layer capacitance (Cdl) method (Figure S9,
Supporting Information). Among them, Meso-Pt@Ag2 is
175 μF cm�2, which is close to the Cdl of Meso-Pt
(206 μF cm�2) and Meso-Pt@Ag1 (191 μF cm�2), and larger than
that of Meso-Pt@Ag3 (135 μF cm�2) and Meso-Pt@Ag4
(119 μF cm�2) in turn (Figure 4f ). This indicates that the excess
of reduced Ag in Meso-Pt@Ag3/4 leads to the partial blockage of
the mesopores in Meso-Pt nanocrystals, thereby reducing their
ECSA to result in decreased activity. The Cdl of Meso-Pt@Ag2
is smaller than that of Meso-Pt and Meso-Pt@Ag1, but Meso-
Pt@Ag2 exhibits better EOR activity as it owns a suitable Ag shell
to change the electronic structure of core–shell Pt@Ag.

Electrochemical impedance spectroscopy (EIS) also reflects
the kinetics of EOR. As shown in Figure 4g, the diameter of
the semicircle representing the charge transfer resistance (Rct)
of EOR increases in the order of Meso-Pt@Ag2, Meso-Pt@Ag1,
Meso-Pt@Ag3, Meso-Pt@Ag4, Meso-Pt, and Pt/C. The

Figure 3. XPS survey spectra of Meso-Pt@Ag2 and Meso-Pt. a) The full survey XPS spectra; and the corresponding high-resolution XPS spectra for
b) Pt 4f, c) Ag 3d, and d) Ag MN1 of Meso-Pt@Ag2 and Meso-Pt, respectively.
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minimum semicircle diameter of the Meso-Pt@Ag2 means the
smallest Rct, which indicates that the Ag shell wrapping the Pt
core accelerates the charge transfer during ethanol oxidation
and optimizes the reaction kinetics. This is also in accord with
the obtained Tafel slope.[35] Furthermore, after continuous chro-
noamperometry for 20 000 s, Meso-Pt@Ag2 exhibits the slowest
current density decay, which is sequentially better than that of
Meso-Pt and Pt/C, indicating its excellent electrocatalytic durabil-
ity and antitoxicity (Figure 4h). Meanwhile, we also use the accel-
erated test to evaluate the EOR stability of Meso-Pt@Ag2. After
200 cycles of CV tests, Meso-Pt@Ag2 can still retain 94.8% of the
peak current density (Figure S10, Supporting Information). In
addition, it is worth mentioning that the mass activity of our opti-
mized core–shell Meso-Pt@Ag2 is superior to the vast majority
of previously reported catalysts (Figure 4i and Table S3,
Supporting Information).

2.4. Meso-Pt@Ag2 Nanocrystals After the EOR Reaction

In order to confirm the stability of Meso-Pt@Ag2 nanocrystals
after the EOR reaction for 20 000 s, we have carried out morphol-
ogy and structure characterization of Meso-Pt@Ag2 after EOR.
As shown in Figure S11, Supporting Information, it can be seen
from the SEM and TEM images of Meso-Pt@Ag2 after EOR that
the morphology and pore structure remain almost unchanged. In
the HRTEM image (Figure S11d, Supporting Information), the
lattice fringes of 0.228 nm belong to the (111) plane of Pt, and the
lattice fringes of 0.235 nm belong to the (111) plane of the Ag
shell. This indicates that the structure of Meso-Pt@Ag2 hardly
changes after EOR, and the Ag shell keeps in the outer layer
of the Pt core. Furthermore, the composition of Pt and Ag
elements of Meso-Pt@Ag2 basically does not change after the
reaction (Figure S11e–f, Supporting Information).

Figure 4. Electrochemical EOR performances of various electrocatalysts. CV curves normalized by a) electrode areas, b) Pt mass; c) the comparison of
specific activities and mass activities; d) the corresponding Tafel slopes, e) CV curves in N2-saturated 1.0 M KOH solution; f ) capacitive currents at 0.40 V
versus RHE with various scan rates; g) EIS Nyquist plots and the corresponding equivalence circuit; h) chronoamperometric curves; i) the activity
comparison of core–shell Meso-Pt@Ag2 nanocrystals with recently reported Pt/Pd-based nanocatalysts.
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Accordingly, we can find that the structure of Meso-Pt@Ag2
remains stable after the EOR reaction.

2.5. In Situ Raman Spectra and Density Functional Theory
Calculations

By in situ Raman spectra and density functional theory (DFT)
calculations, the surface reaction mechanism of EOR can be fur-
ther probed. Figure 5a,b shows the in situ Raman spectra from
0.0 to 1.0 V versus RHE of Meso-Pt@Ag2 and Meso-Pt nanocrys-
tals, respectively. The peaks at 878, 1044, and 1446 cm�1 corre-
sponding to C–C–O, & as (CH3), and ω(CH2) of CH3CH2OH are
gradually weakened with the increase of the applied voltage,
indicating the consumption of CH3CH2OH during the EOR pro-
cess.[36] Furthermore, the peaks assigned to ρ(CH3) and tw(CH2)
at 1090 and 1268 cm�1 decay because of the deprotonation of
CH3CH2OH during electrooxidation.[36] While as the EOR
proceeds, CH3CH2OH is completely oxidized to more CO2 mol-
ecules and converted to HCO3

� in KOH solution, which resulted
in the enhancement of the peak at 1065 cm�1 corresponding to
HCO3

�.[37] Thus, it could be reasonably concluded that the
CH3CH2OH molecules adsorbed on the Meso-Pt@Ag2 and
Meso-Pt surfaces undergo a process of deprotonation and are
finally converted into CO2.

Next, the Pt (111) model to represent the pure Meso-Pt, the
1-layer Ag-coated Pt (Pt@1 L-Ag (111)) model, and the 2-layer
Ag-coated Pt (Pt@2 L-Ag (111)) model to represent few-layer
Ag-coated Meso-Pt are constructed to analyze the effect of the

electronic effect and strain effect between the Ag shell and
the Pt core for EOR (Figure 5c). We have calculated the important
deprotonation process during ethanol oxidation of Pt(111),
Pt@1L-Ag (111), and Pt@2L-Ag (111) models.[38] The calculated
Gibbs free energy for the deprotonation process of the first four
protons is shown in Figure 5d. The rate-determining step (RDS)
of deprotonation on Pt (111) surface is the step IV CH3–
*CO! *CH2–COþHþþ e� with ΔG4 of 1.22 eV. Then, with
the Ag coating, the RDS of Pt@1 L-Ag (111) surface becomes
the step I CH3–CH2OH!CH3–*CHOHþHþ þ e� with
ΔG1 of 0.97 eV, which is smaller than Pt@2L-Ag (111) surface
of ΔG1 of 1.05 eV and Pt (111) surface of ΔG4 of 1.22 eV
(Figure 5d). This suggests that the Ag coating on the Pt core pro-
motes the reaction kinetics of ethanol deprotonation.
Furthermore, the adsorption between the CO and the catalyst
has a significant effect on the catalytic efficiency and antitoxicity
of the catalyst. Here, projected electronic densities of states
(PDOS) of adsorbed metal atoms in surfaces, the CO molecules,
and their interaction within adsorbed metal atom-CO configura-
tions are exhibited in Figure 5e, Figure S12, Supporting
Information. As the number of layers of wrapped Ag increases
on the Pt(111) surface, dπ* orbitals obtained by hybridization of
the p orbitals of CO and the d orbitals of the adsorbed metal atom
gradually close to the Fermi level.[39] And, the d-band centers of
Pt in Pt(111) (�2.59 eV), Ag in Pt@1L-Ag(111) (�3.91 eV), and
Ag in Pt@2L-Ag(111) (�4.58 eV) shift down sequentially, indi-
cating that the encapsulation of Ag weakens the binding energy
between CO and adsorption sites (Figure S12, Supporting
Information). In addition, CO exhibits a strong adsorption on

Figure 5. In situ Raman spectra and DFT calculations. In situ Raman spectra of a) Meso-Pt@Ag2 and b) Meso-Pt nanocrystals; c) the adsorption
configuration of CH3CH2OH and d) reaction energy profile of intermediates for ethanol oxidation on Pt (111), Pt@1L-Ag (111), and Pt@2 L-Ag
(111) models; e) PDOS profiles of metal-CO configuration in various models; f ) adsorption energies of CO on Pt (111), Pt@1 L-Ag (111), and
Pt@2L-Ag (111) surfaces.
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the Pt (111) surface with an adsorption energy (Eads) of�1.73 eV,
while the Eads of CO on the Ag-coated Pt (111) surface is much
reduced where the Eads of CO on the Pt@2L-Ag (111) surface is
�0.11 eV, smaller than that of Pt@1L-Ag (111) of �0.25 eV
(Figure 5f ). Therefore, it is verified that the Ag-coated Pt
surface performs more optimized surface conditions for CO
stripping compared to the pure Pt surface, which helps to
improve the CO antitoxicity and the EOR efficiency of the
electrocatalyst.

3. Conclusions

To sum up, we have developed a strategy to synthesize a series of
few-layer Ag-coated ordered mesoporous Pt nanocrystals with
different Ag shell thicknesses by combining hard templating
and in situ reduction. The ordered mesoporous structure pro-
vides high specific surface area and fast mass transfer channels.
The synergistic electronic and lattice strain effects induced by the
few-layer Ag-coated core–shell structure can optimize the
electronic structure of Ag atoms on the surface. Due to the advan-
tages brought by the ordered mesoporous structure and the few-
layer Ag-coated core–shell structure, Meso-Pt@Ag2 exhibits the
highest mass activity of 10.01 AmgPt

�1 in the alkaline electrolyte,
respectively, 8.4 times and 4.45 times that of commercial Pt/C
and pure Meso-Pt. Meanwhile, Meso-Pt@Ag2 also performs
the higher toxicity resistance to carbonaceous intermediates
and stability. Furthermore, theoretical calculations also suggest
that Ag atoms on the surface of the Pt(111) slab have more opti-
mized deprotonation reaction kinetics and lower CO adsorption
energy, signing that it has stronger resistance to CO toxicity. This
study provides an effective idea for precisely designing hierarchi-
cal core–shell porous catalysts and utilizing the electronic
synergy and lattice strain effect between the core and shell to opti-
mize the electronic structure of the catalyst surface for efficient
catalytic reactions.

4. Experimental Section

Synthesis of Meso-Pt@Ag2, Meso-Pt@Ag1, Meso-Pt@Ag3, and Meso-
Pt@Ag4 Nanocrystals: The detailed synthesis steps for the precursor of
Meso-Pt nanocrystals are shown in the Supporting Information. The yield
of Meso-Pt nanocrystals is 97%. Then, the above 5mL of 1 mg Pt mL�1

suspension of Meso-Pt nanocrystals is diluted to 25mL of 0.2 mg Pt ml�1

suspension. Then, pure hydrogen gas with a flow rate of 200mLmin�1 is
bubbled through the diluted suspension for 1 h to absorb H2 on the Pt
surface. The obtained black nanocrystals are denoted as Meso-
Pt@PtHx. The above 5mL suspension (0.2 mg Meso-Pt@PtHx/1 mL
H2O) is placed in a glass bottle with a stirring speed of 1200 rpm.
Then, 1mL of 1.50mgmL�1 AgNO3 solution is slowly injected into it with
a flow rate of 0.025mLmin�1. After the Ag reduction for 1 h, the reacted
suspension is centrifuged and washed with water three times, and the col-
lected nanocrystals are dispersed in H2O named Meso-Pt@Ag2. Similarly,
Meso-Pt@Ag1, Meso-Pt@Ag3, and Meso-Pt@Ag4 could be successfully
obtained by changing the concentration of AgNO3 solution by 0.75,
2.25, and 3.00mgmL�1, respectively. In the above steps of synthesizing
Meso-Pt@PtHx and Meso-Pt@Ag, almost no material is lost during trans-
fer and centrifugation, and the yields of Meso-Pt@Ag nanocrystals are
close to 100%.
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Supporting Information is available from the Wiley Online Library or from
the author.
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