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Abstract

Direct ethanol fuel cells are considered indispensable and prospective energy storage devices due to their high
volumetric energy density. Platinum (Pt) and Pt-based alloys are regarded as the most effective catalysts for both
oxygen reduction reaction (ORR) and ethanol oxidation reaction. To further enhance the catalytic performance of
the catalyst, it is necessary to improve the mass activity and utilization efficiency of Pt. In this work, we report a
strategy for fabricating ordered mesostructured platinum-palladium alloy nanotubes (MPPNs) with high
hierarchical porosity (68%) and abundant exposed active edge sites. MPPNs exhibit excellent catalytic activity and
stability for ORR, with a mass activity approximately 7.4 times higher than that of the commercial Pt/C catalyst.
After 20 k cycles of accelerated durability test for ORR, MPPNs demonstrate impressive retention of their original
mass activity, maintaining a value of 93.9%. Furthermore, they display superior catalytic activity and stability for
ethanol oxidation reactions, with a mass activity about 2.4 times higher than that of commercial Pt/C. After the
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2,000 scan cycles, the mass activity remains at 84.5% of initial performance. Both experimental and theoretical
studies reveal that the synergistic effect of neighboring (111) and (100) facets on the edge sites plays a critical role
in enhancing the electrocatalytic selectivity, activity and stability.

Keywords: Mesoporous PtPd nanotubes, ethanol oxidation reaction, oxygen reduction reaction, bifunctional
electrocatalysts, edge sites

INTRODUCTION

Direct ethanol fuel cells (DEFCs) are regarded as a promising power candidate for electronic portable
devices due to their high mass energy density (8.0 kWh/kg) and low environmental pollution". However,
their commercialization has been hindered by the high cost of noble catalysts and the sluggish kinetics of
electrode reactions of existing electrocatalysts. The development of highly active catalysts for
electrooxidation of ethanol molecules at the anode and reduction of oxygen at the cathode are urgent needs
for the practical applications of DEFCs. The complete ethanol oxidation to CO, involves 12 electrons and a
multi-step mechanism with the formation of poisoning intermediates. Among the intermediates, the CO,g,
(adsorbed CO) is the main poisoning species for Pt-based catalysts, which not only decreases the energy
capacity but also deactivates the anode reactions. On the other hand, the slow dynamics of oxygen reduction
reaction (ORR) at the cathode and inefficient ethanol oxidation reaction (EOR) at the anode due to the
chemically stable carbon-carbon (C-C) bond of ethanol are also key limiting factors impeding the
widespread application of DEFCs!*". Therefore, it is essential to develop efficient and stable catalysts for
both ORR and EOR.

Among various catalysts, platinum (Pt) and Pt-based alloys are considered the most effective for both ORR
and EOR"“"". Extensive efforts now focus on the manufacturing and engineering of Pt-based nanostructures
to achieve high-activity and high-stability catalysts. However, the state-of-the-art Pt catalysts do not display
satisfied activity and long-term stability due to their nanoparticles agglomerating or detaching from the
carbon support and the inevitable poisoning by intermediate species during the electrocatalytic
reaction">"”. Recently, many efforts have been made in the development of one-dimensional (1D) Pt-based
catalysts for ORR and EOR"*"¥. However, solid 1D nanomaterials contain a substantial proportion of metal
in the bulk vs. at the surface, resulting in a low surface-to-volume ratio, and hence low efficient utilization of
metal. To optimize the performance and utilization efficiency of Pt-based catalysts, the fabrication of
nanocatalysts with a high level of active surface atoms and high accessibility of matter molecules is critical
for applications in DEFCs.

The design of Pt-based alloys with various compositions has shown great potential for improving the
catalytic activity, which offers more attractive opportunities for increasing Pt utilization and improving the
functionalities compared with the single-metal counterparts"*>?. However, Pt is very scarce and expensive,
and it is easily devitalized during the electrooxidation of alcohols due to CO adsorption. Incorporation of a
second metal (such as Pd, Ru and Au) into Pt is an effective way to enhance its electrocatalytic performance
and CO tolerance. Pd is the most Pt-like metal, especially for EOR, but much more abundant than Pt. Pd
and Pt have similar electrochemical properties, and have drawn special attention due to their negligible
lattice mismatch and excellent miscibility®, which facilitates the formation of platinum-palladium (PtPd)
solid solutions. Bimetallic Pt and Pd nanomaterials with special morphology have shown outstanding
electrocatalytic activity and durability in the ethanol oxidation and ORR reaction® . The presence of Pd
involves a change in the electronic property of platinum, which can weaken the CO-Pt bond and improve
catalytic activity, resulting in an enhancement of the overall reaction rate”. Mesostructured nanotubes are a
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special type of 1D nanomaterials composed of nanoporous channels with mesopore walls. Such bimodal
pore size distribution is anticipated to enable fast mass transfer and high electroactivity because of the
extremely high surface-to-volume ratios in combination with excellent accessibility. Herein, we report the
fabrication of highly ordered mesostructured PtPd alloy nanotubes (MPPNs) as bifunctional catalysts for
both ORR and EOR. Benefiting from the extremely high surface-to-volume ratio and active surface area,
MPPN s exhibit prominent electrocatalytic performance with high mass activity and stability and enhanced
C-C dissociation kinetics and CO tolerance.

EXPERIMENTAL

Synthesis of MPPNs and nonporous PtPd nanowires

In a typical synthesis procedure, a gold film of about 10 nm thickness was deposited on one side of the
anodic aluminum oxide (AAQO) templates as electrodes by vacuum evaporation. The round-shaped AAO
templates with diameters ~12 mm and thicknesses ~20 pm were filled with the prepared octaethylene glycol
monohexadecyl ether (C,.EO,) solution. The sample was sealed and maintained for 12 h at 65-80 °C to form
a homogeneous C,EO, solution within the nanochannels of the AAO template. The binary C,,EO,-H,O
solutions containing 40-60 wt% C,,EO, were used for the formation of hexagonal lyotropic liquid-crystal
(LLC) phases. The binary C,,EO,-H,O system is stable, and a homogeneous C,.EO, solution can be easily
loaded into AAO at high temperatures. Then, the LLC-loaded AAO templates were cooled to room
temperature (~25 °C) and immersed into the plating solution. Electrodeposition of PtPd alloy nanotubes
was carried out from H,PtCl, (12 wt%) and PdCl, (8 wt%) in 2 M HCI solution solutions by using a
galvanostatic method at 100 pA cm?. After the deposition, the templates were etched away by using
1 M NaOH solution to release the mesoporous PtPd nanotubes. Nonporous PtPd nanowires (PPNWs) were
also prepared under similar conditions without using C, .EO,. All of the chemical reagents in this study were
of analytical grade and supplied by Aladdin.

Materials characterization

Scanning electron microscopy (SEM, JEOL JSM-7100) and transmission electron microscopy (TEM, JEOL-
2100F) were employed to investigate the morphology and structure of the mesoporous metal nanotubes.
X-ray photoelectron spectroscopy (XPS) was performed using an ESCALAB 250 spectrometer (150 W,
1,486.6 V). Nitrogen adsorption-desorption curves were measured using a specific surface area and
porosity analyzer (ASAP 2020MC). Before measurement, the samples were degassed at 300 C for 5 h. In
order to observe the cross sections of the MPPNs, the samples were mixed into Gatan G-1 epoxy (Mixing
ratio of resin and hardener is 10:1). The mixtures were heated to form a fully cured flake. Then, the flake
was polished to 30 um by the Gatan polishing tool. Finally, sectioning was conducted on the Reichert-jung
UltrCut S ultra-microtome by using a diamond knife from Diatome at room temperature. After sectioning,
the microtome slices were floating on top of water bath and transferred onto copper grids for TEM analysis.
The other slices were dissolved in butanone to remove the epoxy, and the MPPN samples were collected for
electrochemical tests.

Electrochemical measurements

Electrochemical measurements were performed by means of electroanalytical instrument (autolab II) at
room temperature. Pt and the KCl saturated Ag/AgCl electrode or a reversible hydrogen electrode (RHE)
reference electrode were used as the counter and reference electrodes, respectively. The electrocatalytic
performance of the obtained MPPNs with a diameter of 60 nm was investigated for the oxidation of ethanol
and oxygen reduction. The catalysts were prepared by loading the synthesized samples with commercial
carbon (Vulcan XC-72), and the mass loading was about 20 wt%. Then, 2.0 mg of catalyst was added to
2 mL aqueous solution containing 200 uL of 0.5 wt% Nation solution (DuPont, USA) and 1.8 mL deionized
(DI) water, and dispersed by sonication for 30 min. 20 uL of the catalytic suspension was loaded onto the
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glassy carbon rotating disk electrode (RDE) by using a micropipette, yielding a PtPd loading of
~20.8 ug cm”. After the catalyst ink is dropped onto the RDE, the electrode is subsequently placed in a blast
drying oven at 25 °C for 1 h to ensure thorough drying. Additionally, 3 mg of the commercial Pt/C catalyst
(TKK, 46.7 wt% Pt) was dispersed in 2.0 mL 0.05 wt% Nafion solution and 10 uL of the mixture was pipetted
onto the glassy carbon RDE, and the Pt loading is ~30.5 pg cm™?. The CV curve recording was performed in
an N,-saturated 0.1 M HCIO, solution. The ORR test was conducted in an O,-saturated 0.1 M HCIO,
solution at a rotation rate of 1,600 rpm and normalized according to the geometric area of RDE (0.196 cm?).
The accelerated durability measurement was performed in an O,- saturated 0.1 M HCIO, ranging from 0.6
to 1.1V vs. RHE at 100 mV s". The EOR test was carried out in Ar-purged 0.1 M HCIO, and 1.0 M
CH,CH,OH solution at 50 mV s™. For CO-stripping test, the potential was kept at -0.14 V vs. Saturated
Calomel Electrode (SCE) in a 0.1 M HCIO, solution. Accelerated durability test (ADT) was carried out in an
Ar-purged 0.1 M HCIO, and 1.0 M CH,CH,OH solution at 100 mV s™. Finally, a chronoamperometry (CA)
curve was recorded for 3,600 s with a sampling interval of 0.5 s.

Computational method

The density functional theory (DFT) calculations were performed on the software of Vienna Ab initio
Simulation Package (VASP v.5.4.4) via projector augmented wave method. The correlation interactions and
electron exchange were described by the Perdew-Burke-Ernzerhof and generalized gradient
approximation'. The plane wave cutoff energy was set as 450 €V to realize high computational efficiency.
PtPd(111), Pt(111)(200) and PtPd(111)(200) were modeled by means of the supercell approach with 4~6
layer atoms, and a 16 A vacuum was applied in the z-direction. The convergence criteria of maximum
energy and force were 1 x 10° eV and 0.03 eV A". The detailed calculation information is provided in
Supplementary Material.

RESULTS AND DISCUSSION

Synthesis and characterization of MPPNs

MPPNs were produced by initially preparing hexagonal LLC mesophases within the AAO template,
followed by the electrodeposition of the metals. A schematic of the preparation process is illustrated in
Figure 1. Previous literature has reported that electrocatalysts with a Pt/Pd ratio of 3:1 present the best
catalytic activity toward ORR and Anti-carbon monoxide poisoning properties during electrocatalytic
oxidation of alcohols in acid solution***!. Therefore, in this work, we have prepared the MPPN with a
Pt/Pd ratio of 3:1 as the typical sample.

The XRD patterns of the MPPN powder are depicted in Figure 2A. The diffraction peak positions clearly
correspond to the reflections of face-centered-cubic (FCC) PtPd alloy structure®. SEM images of the
MPPN array, with diameters of approximately 60 nm, are shown in Figure 2B and C. The high-resolution
SEM image reveals that the MPPNs consist of uniformly distributed mesopores, which are templated from
the LLC mesophase. The energy-dispersive X-ray spectroscopy (EDS) analysis result reveals that the MPPNs
mainly comprise Pt and Pd elements (with Cu originating from the substrate), with a Pt/Pd ratio of
approximately 3/1, as shown in Figure 2D. The TEM images and their corresponding selected area electron
diffraction (SAED) patterns of the MPPNss are presented in Figure 2E.

The SAED pattern confirms the FCC PtPd alloy structure, corroborating the XRD result. (inset of
Figure 2E). Ordered mesopores are clearly visible on the surface of MPPNs. A high-magnification TEM
image of MPPNs displays a highly ordered hexagonal arrangement of mesopores with a pore size of about
3 nm [Figure 2F]. Figure 2G and H, Supplementary Figure 1 exhibit the samples fabricated using a
microtome. The MPPNss exhibit uniform morphology with a length of about 240 nm and maintain an
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Figure 1. The schematic illustration of the fabrication process of MPPNs.
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Figure 2. Material characterization of MPPNs. (A) XRD spectrum. (B and C) SEM images. (D) EDS spectroscopy. (E and F) TEM images
and the corresponding electron diffraction pattern [inset in (E)]). (G and H) TEM images of the samples fabricated by microtome. (1)
HRTEM image and the corresponding Fourier transform (FT) pattern (inset).

ordered mesoporous structure. Two obvious lattice spacings of 0.20 and 0.22 nm in the high-resolution
TEM (HRTEM) image correspond to the (200) and (111) atomic planes of MPPNs, respectively [Figure 2I].
The corresponding Fourier transform images clearly reveal that the MPPN surface can be identified as the
(110) planes of FCC PtPd solid solution alloy structure.

The surface elemental composition and chemical state of MPPNs were analyzed by X-Ray Photoelectron
Spectroscopy (XPS). The XPS survey spectrum of the MPPNs is presented in Figure 3A. The surface atomic
ratio of Pt/Pd is 74.4/25.6, consistent with the EDS result. The Pt 4f peaks located at 74.7 and 71.3 eV
correspond to Pt Pt 4f,, and 4f,, of metallic Pt (0), respectively [Figure 3B]*". The weaker doublets situated
at 75.8 and 72.3 eV can be attributed to the surface Pt oxides. Notably, Pt 4f binding energies of the
MPPNs show a blue shift of 0.32 eV compared to those of Pt nanowires [Supplementary Figure 2]. The
blue-shift of Pt 4f binding energies implies a higher electron density around the Pt atoms, leading to a
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Figure 3. (A) XPS Survey spectrum, (B) Pt 4f, and (C) Pd 3d spectra of MPPNs. (D) N, sorption isotherm of MPPNs, and the
corresponding pore size distribution (inset).

[37,38

down-shift in the d-band center with respect to the Fermi level of the surface Pt atoms™**. The change of
the Pt d-band center can optimize the interaction between Pt and adsorption intermediates, thereby
enhancing the catalytic activity of MPPNs. The Pd 3d spectrum is depicted in Figure 3C. The characteristic
peaks of Pd 3d,, and Pd 3d,, of metallic Pd are located at 335.3 and 340.4 eV, respectively. The binding
energy of the Pd 3d spectrum is blue-shifted compared to bulk Pd"™. The two less intense peaks at 336.4 and
341.8 eV can be assigned to the oxidized state PdO"“. The N, sorption isotherm of the MPPNs is depicted in
Figure 3D. The Brunauer-Emmett-Teller (BET) surface area is about 45.4 m* g}, The pore size
distribution curve [Figure 3D, inset] reveals that the MPPN samples exhibit a distinct mesoporous structure

with a porosity of about 42.7% and an average pore size of 2.5 nm, respectively.

The electrocatalytic performance of MPPNs

The electrocatalytic performance of MPPNs was evaluated for ORR and EOR and compared with the
nonporous PPNWs and commercial Pt/C catalysts. Figure 4A presents the cyclic voltammograms (CVs).
The electrochemically active surface areas (ECSAs) were determined through the charges associated with
the hydrogen adsorption zone and the loading of noble metal on the working electrode. The ECSAs of
MPPNs, PPNWs and the commercial Pt/C catalysts are calculated to be 61.2, 48.9 and 52.3 m* g}, pq
respectively.

The ORR polarization curves of the catalysts were collected from the rotating disc electrode in an O,-
saturated 0.1 M HCIO, solution. As depicted in Figure 4B, the MPPNs exhibit a half-wave potential of
0.91 V, significantly higher than those of the PPNWs (0.89 V) and the commercial Pt/C (0.87 V), suggesting
enhanced ORR activity of the MPPNs. Figure 4C illustrates the Tafel plots of MPPNs, PPNWs and the
commercial Pt/C catalysts. The reduced Tafel slope of MPPNs (68 mV dec), compared to the other
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Figure 4. (A) CV curves of commercial TKK-Pt/C, MPPNs and PPNWs, recorded at 25 °C in an N,-purged 0.1 M HCIO, solution at
50 mV s™. (B) ORR polarization curves. (C) Mass activity (MA) Tafel slope and (D) histogram of mass activities at 0.9 V vs.RHE for
Pt/C, MPPNs and PPNWs; (E) The ORR polarization curves of MPPNs after the durability test. (F) The mass activities of MPPNs at
0.9V vs.RHE.

catalysts, demonstrates an improvement in the ORR kinetics. The mass activity of the catalysts was also
analyzed at 0.9 V vs. RHE. As expected, the MPPNs exhibit the highest mass activity of 1.18 A mg,,pq
significantly higher than that of PPNWs (0.395 A mg,.,,) and Pt/C catalyst (0.16 A mg,,,), being
approximately 7.4 times more active than commercial Pt/C catalyst [Figure 4D].

The electrochemical durability of the catalysts was further assessed by using the ADT. Figure 4E and F,
Supplementary Figure 3 display the ORR polarization curves of MPPNs, PPNWs, and Pt/C after the ADT
for 10 and 20 k cycles. The mass activity of the MPPNs demonstrated minimal change, decreasing by 6.91%
and 25.5% after 10 and 20 k cycles of ADTs, respectively. In contrast, after cycling for 10 k, the mass activity
of Pt/C and PPNW catalysts decreased by 40.3% and 47.3%, respectively. The results strongly suggest that
MPPNs exhibit enhanced durability in ORR applications. The enhanced durability of MPPNSs is likely
attributed to their unique 1D mesoporous structure, which renders them less susceptible to dissolution,
Ostwald ripening, and aggregation compared to nanoparticles during durability tests.
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The electrocatalytic OER activities of MPPNs, PPNWs, and Pt/C catalysts were investigated in the mixed
solution of 0.1 M HCIO, and 1M ethanol. The CVs for the catalysts are shown in Figure 5A, displaying a
typical oxidation profile with two characteristic oxidation peaks. During the forward scan, as the potential
increases, ethanol oxidation generates currents, leading to a prominent anodic peak. Among the catalysts,
the MPPN’s exhibit the highest mass activity of 1.0 A mg”y,.4 1.7 and 2.4 times larger than that of PPNWs
(0.60 A mg";,,py) and commercial Pt/C (0.33 A mgy,,pq), respectively. After 1 k cycles, the peak current
density of MPPNs is 22.3 mA cm?, maintaining 93.1% of its initial values [Figure 5B]. The peak current
density of MPPN’s remains 84.5% of the initial values after the 2 K scan cycles, suggesting excellent stability
of the MPPN’s toward ethanol electrooxidation reaction.

The electrochemical stabilities of the catalysts toward ethanol electrooxidation reaction were further
investigated by chronoamperometric (CA) experiments at 0.7 V in the mixed solution of 0.1 M HCIO, and
1M ethanol. As demonstrated in Figure 5C, the CA curves reveal a rapid current decay on the commercial
Pt/C electrodes due to the poisoning effect of the intermediate species absorbed on active site during the
ethanol electrooxidation reaction. Conversely, the MPPN’s exhibit a significantly slower current decay,
indicating a superior CO tolerance. Upon completion of the test, the MPPNs displayed significantly higher
oxidation currents than the Pt/C electrode. Figure 5D depicts the CO stripping voltammograms of both
MPPNs and Pt/C. The onset potential of CO electrooxidation on MPPNs is about 0.2 V lower than that of
Pt/C; the peak potential of MPPNs (0.54 V) is also negative by 50 mV compared to that of Pt/C (0.59 V).
This suggests a remarkable enhancement in CO oxidation kinetics on MPPNs. The ratio of the forward and
reverse peak current (Ip/Ir) for MPPNs is ~1.1, much higher than that of the Pt/C catalyst (0.90), indicating
that the MPPN catalyst has better CO tolerance during EOR.

Working mechanism

As can be seen from the HRTEM images and the schematics of the crystal structure of the mesopores,
MPPNs possess substantial active edge sites that contain certain atomic steps and high-index facets. Such
edge sites should play a significant role in promoting electrocatalytic kinetics'**!. In addition, mass transfer
is another important factor for the ethanol oxidation reaction. The hierarchical nanoporous structure of the
MPPNs can allow for much more efficient mass diffusion, and the oxidative removal of intermediate species
on Pt sites can be accelerated by the active oxygen-containing species such as -OH,, and -O,,*. The
experimental results demonstrate the fascinating characteristics of MPPNs in catalyzing ethanol oxidation,
such as high activity, excellent stability and exceptional resistance to CO poisoning.

To further reveal the role of edge sites in electrooxidation of ethanol on MPPNs, DFT calculations were
conducted. According to TEM observation, the mesopore of MPPNs primarily consists of (111) and (200)
crystal facets [Supplementary Figure 4]. Hence, three atomic structure models, PtPd(111), Pt(111)/(200) and
PtPd(111)/(200), were constructed to assess the effects of the surface structure and composition on ethanol
oxidation [Supplementary Figure 5]. Figure 6A-C displays their charge density distributions. It can be seen
that the charges of Pt atoms on the edge sites of PtPt(111)/(200) are significantly higher than those of
PtPd(111) and Pt(111)/(200), indicating that the edge sites of the mesopore enhance the charge density of
catalyst surface. An increase in charge density of the catalyst surface should influence its catalytic
performance . To further explore the effect of charge change, the electronic characteristics of d orbitals
are calculated to analyze the catalytic activity. Figure 6D-F shows the partial density of states (PDOS) of
PtPd(111), Pt(111)/(200) and PtPd(111)/(200), respectively. The d-states of PtPd(111) are relatively discrete,
resulting in the d-band center (g, = -2.08 eV) far away from the Fermi level. The d states of PtPd(111)/(200)
are more enriched near the Fermi level with g, of -1.91 eV, and the d-band center of PtPd(111)/(200) is
closer to the Fermi level than of Pt(111)/(200) (g, = -2.03 eV), suggesting that the active edge sites of
PtPd(111)/(200) are beneficial for the catalytic activity.
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Figure 6. (A-C) Charge density of PtPd(111), Pt(111)(200) and PtPd(111)(200) with isosurface level of 0.315 e bohr . The blue regions

represent charge accumulation. (D-F) PDOS of PtPd(111), Pt(111)/(200) and PtPd(111)/(200).

Figure 7A and Supplementary Figure 6 display the energy profile of ethanol adsorption. The adsorption
energies (E,) for all adsorption sites on PtPd(111) are negative, with the lowest E, being -0.22 eV. This
indicates that ethanol can stably adsorb on the PtPd(111) surface based on thermodynamic consideration,
and the adsorption process is exothermic. On Pt(111)/(200), a positive E, value is observed for some sites on
both the (111) and (200) facets, implying that the adsorption process is endothermic and the ethanol cannot
stably adsorb at these sites. In addition, the E, of ethanol adsorbed on the (111) facet (-0.28 eV) is lower than
that of the (200) surface (-0.26 eV), indicating that the (111) facet is more favorable for ethanol adsorption.
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Figure 7. (A) Ethanol adsorption energy at different sites. (B and C) The schematic representations and calculated reaction pathways
for ethanol decomposition on the surface of PtPd(111), and PtPd(111)/(200), respectively. (D-F) The energy barriers of breaking C-C
bond on PtPd(111), Pt(111)/(200) and PtPd(111)/(200), respectively. (G and H) The schematic representations and calculated reaction
pathways for CO oxidation.

The E, values of edge sites of PtPd(111)/(200) suggest the ethanol preferential adsorption on the (111) facet.
The above calculation results reveal that the mesopores composed of (111)/(200) edge sites may offer
localized reduction sites in ethanol adsorption on the catalyst surface. Furthermore, compared with
PtPd(111) and Pt(111)/(200), the PtPd(111)/(200) exhibits lower ethanol E,, which may be beneficial for
enhancing selectivity and suppressing other competitive reactions. The low ethanol E, of PtPd(111)/(200)
can be attributed to its d-orbital electronic properties, where the closer the d-band center is to the Fermi
level, the easier it is for electron transfer from d orbitals to the adsorbed ethanol, thus making the ethanol
adsorbed more strongly!*.

The energy variation and energy barrier of the EOR process on PtPd(111), PtPd(111)/(200) and Pt(111)/
(200) are shown in Figure 7B and C, Supplementary Figures 7-9. The calculation results show that the initial
decomposition process on PtPd(111) prefers C-OH scission rather than C-H or O-H scission, resulting in
the formation of ‘'CH,CH,. 'CH,CH, dehydrogenations to form "CH,CH, or ‘CH,CH requires overcoming
energy barriers of 2.68 and 2.72 eV, much higher than that of C-C scission (2.49 eV). Thus, C-C scission is
preferred over C-H scission. Similarly, the ‘CH, intermediate is more inclined to combine with OH' to form
‘CH,OH, and then undergoes C-H scission, O-H scission and C-H scission, until ‘CO intermediate is
formed. PtPd(111)/(200) has a similar EOR pathway as Pt(111)/(200), suggesting that the addition of Pd
does not influence the reaction pathway. During the initial decomposition process on PtPd(111)/(200), both
‘CH,CHOH and "'CH,CH, intermediates may be formed. However, the energy barrier of C-H scission
(2.14 eV) is lower than that of C-OH scission (2.30 eV); thus, CH,CHOH is generated preferentially. Then,
C-C scission is preferred during the following decomposition process, and the *CHOH intermediate
undergoes O-H and C-H scission to form *CO. Figure 7D-F displays the energy barriers of PtPd(111),
Pt(111)/(200), and PtPd(111)/(200) for C-C scission, and PtPd(111)/(200) exhibits the lowest energy barrier
(2.02 eV). The above calculation results confirm that the mesoporous structure can simplify the ethanol
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oxidation process, while the introduction of Pd can reduce reaction energy barriers; thus, MPPNs deliver
outstanding catalytic performance on ethanol electrooxidation.

CO,,, is the main poisoning species under an acidic environment. The high electrocatalytic activity and
stability indicate that MPPNs are more tolerant toward CO poisoning than commercial Pt/C catalysts.
Supplementary Figure 10 displays the binding energies of CO adsorbed on the catalyst surface, where the
binding energies of PtPd(111), Pt(111)/(200), and PtPd(111)/(200) are 1.97, 1.91 and 1.78 eV, respectively.
The calculation results further confirm that PtPd(111)/(200) has the weakest adsorption strength for CO. To
understand the CO oxidation, theoretic calculations have been conducted using DFT. Key oxidant species,
including OH and O, are introduced onto the catalyst surface. CO elimination occurs via coupling with
adsorbed OH or O. DFT calculations reveal that the (100) surfaces of Pt(111)/(200) and PtPd(111)/(200)
possess superior adsorption capacity for OH compared to their (111) surfaces [Supplementary Figure 11].
Therefore, atomic models were constructed with CO adsorbed on (111) and OH adsorbed on (200) surfaces
to assess CO elimination capacity. Figure 7G and H illustrates the energy changes associated with
elementary steps over PtPd(111), Pt(111)/(200) and PtPd(111)/(200). On the PtPd(111) facet, the coupling
of *CO and *OH (*CO + *OH — *COOH) is exothermic (-0.36 €V), while the conversion of OH — O is
endothermic (1.69 eV), indicating that the coupling with adsorbed OH is the primary mechanism for CO
removal from the catalyst surface. The subsequent dehydrogenation (*COOH — *COO + H" + ¢) is the
rate-determining step (RDS) with an energy barrier of 1.48 eV. On the edge sites of Pt(111)/(200) and
PtPd(111)/(200) surfaces, the coupling with adsorbed OH and dehydrogenation of ‘'OH are endothermic
processes, suggesting that ‘OH and "O can coexist and potentially act as oxidation agents simultaneously.
The maximum input energies for CO oxidation on PtPd(111), Pt(111)/(100) and PtPd(111)/(100) are 1.48,
1.1 and 1.02 eV, respectively. These calculation results reveal that constructing the mesoporous structure
can influence the oxidation pathway of CO, whereas the incorporation of Pd can decrease the energy
required for CO oxidation.

CONCLUSION

In summary, we have successfully prepared MPPNs with highly ordered mesostructure and precisely
controlled size and morphology. The MPPNs exhibit excellent bifunctional electrocatalytic activity toward
both oxygen reduction and ethanol oxidation. Moreover, the catalysts exhibit superior stability and CO-
tolerance. DFT studies confirm the critical role of the synergistic effect of neighboring (111) and (200) facets
on the edge sites. The mesoporous structure regulates the active sites, and affects the oxidation pathway of
ethanol and CO, enhancing the electrocatalytic activity and stability. This work provides an effective
strategy for precisely fabricating metallic mesostructures and developing high-performance catalysts for
direct alcohol fuel cells and beyond.
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