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The development of efficient alcohol electrooxidation catalysts is of vital importance for the commerciali-
zation of direct liquid fuel cells. As emerging advanced catalysts, two-dimensional (2D) noble metal nano-
materials have attracted much research attention due to their intrinsic structural advantages. Herein, we
report the synthesis of petal-like PdAg nanosheets (NSs) with an ultrathin 2D structure and jagged edges
via a facile wet-chemical approach, combining doping engineering and morphology tuning. Notably, the
highly active sites and Pd—Ag composition endowed PdAg NSs with improved toxicity tolerance and sub-
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stantially improved the durability toward the ethanol/methanol oxidation reaction (EOR/MOR). Moreover,
the electronic effect and synergistic effect significantly enhanced the EOR and MOR activities in compari-
son with Pd NSs and commercial Pd/C. This work provides efficient catalysts for fuel electrooxidations
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1. Introduction

Environmental deterioration and the urgent energy crisis call
for the development of eco-friendly and renewable energy
storage techniques. Direct liquid fuel cells, featuring portabil-
ity, environmental friendliness, and high energy output, hold
great potential as future possible energy substitutes.'™
Methanol and ethanol possess many advantages as excellent
liquid fuels including high volume energy density and ready
availability."® Therefore, direct alcohol fuel cells (DAFC) and
direct methanol fuel cells (DMFC) have gained widespread
attention in recent years. However, the sluggish ethanol and
methanol oxidation reaction (EOR and MOR) kinetics remain
a severe challenge.”® Previous studies have demonstrated that
Pd-based nanomaterials are favorable electrocatalysts for EOR
and MOR.'*™* Nonetheless, conventional Pd-based catalysts
suffer from insufficient activity and poor operation durability,
which still hinder their further utilization. Therefore, design-
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and deep insight into the rational design and fabrication of novel 2D nanoarchitecture.

ing and synthesizing active and durable Pd-based catalysts is
highly desired.

It has been demonstrated that the catalytic behavior
depends on the surface structure, involving the composition,
morphology, and electronic states. Generally, alloying Pd with
other metals, e.g. Au, Ag,"*'* or nonmetals, e.g. P, S, has been
regarded as an efficient strategy to improve the atom utiliz-
ation of Pd and tune the surface structure.'® The doping of
foreign elements induces electron redistribution and modifies
the electronic structure of Pd, thereby enhancing the antipoi-
soning ability of Pd-based nanomaterials. Moreover, the syner-
gistic effect between Pd and foreign elements also contributes
to boosting the reaction kinetics toward fuel oxidation.'®™°
Therefore, rational composition tuning in Pd-based nano-
materials is of great significance to catalytic performance
enhancement.

Apart from doping engineering, tuning the morphology of
the alloy nanostructures offers great flexibility to optimize
electrocatalytic performance yet it remains challenging in
terms of synthesis and mechanism exploration. Among
various dimension nanostructures, 2D Pd-based nano-
materials are considered a kind of high-performance catalyst
for anodic reactions.>’>® Previous advances proposed that
precise structural regulation on 2D nanomaterials could afford
rich active sites for anodic reactions. For instance, Wang and
co-worker reported that edge engineering for 2D PdPtCu nano-
structures and the ample edge sites of nanosheets and nanor-
ings accounted for the excellent EOR performances.>* It was
found that low-coordinated edge sites were more vigorous to

This journal is © The Royal Society of Chemistry 2024
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substantially improve the total catalytic efficiency.>>>° This
work has inspired a strategy of constructing 2D Pd-based nano-
structures with highly active sites to realize excellent catalytic
performance toward EOR and MOR.

Based on the considerations above, we adopted a facile wet-
chemical reduction for fabricating petal-like PdAg nanosheets
(NSs) with jagged edges. The doping of Ag endows PdAg NSs
with a robust electronic effect and bimetallic synergy, achiev-
ing improved toxicity tolerance and thus exhibiting remarkable
catalytic performance. Noticeably, the unique jagged edges
give catalysts highly active sites with high surface energy,
which could favor the adsorption and activation of fuel mole-
cules. Consequently, the as-obtained PdAg NSs exhibit mass
activities of 4.5 and 1.3 A mg ™" for the EOR and MOR, which
are 5.0 and 4.1 times that of commercial Pd/C, respectively.
This work provides a reference for the rational design of elab-
orate 2D Pd-based nanostructures with highly active sites.

2. Results and discussion
2.1. Physical characterization of PdAg NSs

2D PdAg NSs with distinct petal-like structures were fabricated
using a facile wet-chemistry approach, based on the thermal
decomposition of sodium tetrachloropalladate and the
reduction of silver nitrate in a mixed solvent of benzyl alcohol
and acetylacetone. In the one-pot synthesis route, cetyltri-
methylammonium chloride and molybdenum carbonyl were
also employed as structure-directed and reducing agents,
respectively. As shown in Fig. 1a and b, the high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and low-resolution TEM images reveal that the
well-dispersed PdAg NSs exhibit a high yield approaching
100% and a 2D ultrathin nanoarchitecture. A lattice fringe of
0.230 nm can be observed (Fig. 1c), corresponding to the
lattice distance of the (111) plane for the cubic Pd phase in a
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Fig. 1 (a) HAADF-STEM image, (b) TEM image, (c and d) high-magnifi-
cation TEM images, (€) HAADF-STEM-EDS elemental mappings; inset of
line-scan analysis, (f) Pd 3d and (g) Ag 3d XPS spectra of PdAg; 5 NSs.
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high-resolution TEM image. Moreover, the unique PdAg NSs
possessed numerous low-coordinated sites at the jagged edges
(Fig. 1d), which could be beneficial for catalytic performance
enhancement. As shown in Fig. S1,f the high-quality
nanosheets exhibited an average thickness and lateral size of
about 2.2 nm and 96.4 nm, respectively.

Selected-area electron diffraction (SAED) and X-ray diffrac-
tion (XRD) were performed to further reveal the structural fea-
tures. Multiple diffraction rings in the SAED pattern confirmed
the polycrystalline structure of PdAg NSs (Fig. S2t). Compared
with the standard face-centered cubic Pd structure, the peak
positions of PdAg NSs were left-shifted to lower degrees, orig-
inating from the doping of Ag into the Pd lattice for the for-
mation of PdAg alloy (Fig. S31). AgCl impurity was observed in
the XRD pattern, which originated from the metal precursor
and was electrochemically inactive. HAADF-STEM-energy-dis-
persive X-ray spectroscopy (EDS) demonstrated the uniform
merging of Pd and Ag elements in the nanosheets, being con-
sistent with the line-scan analysis inset in Fig. 1e.

For comparison, 2D Pd NSs with smooth edges were syn-
thesized as a reference (Fig. S4t). X-ray photoelectron spec-
troscopy (XPS) was carried out to investigate the electronic
structure of PdAg and Pd NS catalysts. As shown in Fig. 1f and
Fig. S5,1 they exhibited two sets of peaks of Pd 3d orbitals,
corresponding to metallic Pd and of Pd** species. Notably, a
noticeable increase in metallic Pd was observed after the
doping of Ag, which was revealed by the increase in the inte-
grated area ratio of Pd°/Pd** from 0.29 to 0.53. It was found
that the incorporation of Ag tailored the metal interaction,
resulting in a robust electronic effect for catalytic performance
optimization. Fig. 1g shows that Ag mainly exists in the metal-
lic state on the surface of PdAg NSs. The above analyses
demonstrate that doping engineering and morphology tuning
can realize the optimization of electrocatalysts in terms of
surface, geometry, and electronic structures, so that the PdAg
NSs are expected to deliver excellent performance.

The intermediate products collected at different reaction
stages were used to reveal the time-dependent composition,
shape evolution, and phase structures of the petal-like PdAg
NSs during the synthesis process. As shown in Fig. 2a-d, metal
precursors were rapidly reduced simultaneously, forming a
unique 2D structure due to the similar reduction potentials
between Ag'/Ag and [PdCl,]>"/Pd.* After being heated for
5-25 min, the composition evolved from a Pd/Ag of 84.7/15.3
to 71.4/28.6 (Fig. S61). The XRD patterns demonstrated that
the increase in Ag content made the diffraction peak shift to
the low angle region, indicating an increased alloying degree
(Fig. 2f).*" Furthermore, the effects of the presence of PVP,
CTAC, and Mo(CO)s on the nanosheet formation were investi-
gated. It is well known that PVP serves as a surface coating to
stabilize the nanosheets against agglomeration. Synthesis in
the absence of CTAC yielded plate-like nanostructures with
inhomogeneous shapes (Fig. S7a and bf). The results
suggested that CTAC played an important role in the preferen-
tial growth of 2D petal-like PdAg nanosheets. The reported
works have proposed that selective bonding of halide ions on
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Fig. 2 TEM images of PdAg; s NS intermediate products collected at (a)
5 min, (b)10 min, (c) 15 min, (d) 20 min, and (e) 25 min. The bars in (a)-
(e) are 100 nm. (f) The corresponding XRD patterns of different inter-
mediate products.

(100) of fcc metals can regulate the lateral growth rate and
thus is essential for the formation of a homogeneous shape
for the nanomaterials. Furthermore, synthesis in the absence
of Mo(CO)s yielded nanoplates with ill-defined structures
(Fig. S7c and d¥). The CO in the Mo(CO)s, serving as a surface
confining agent, has previously been demonstrated and
applied for the preparation of ultrathin Pd-based nanosheets.

2.2. Electrochemical performance of catalysts

Other PdAg NSs were also prepared by changing the amounts
of AgNO; and PdAg NSs with different Pd/Ag ratios all exhibit-
ing a 2D petal-like nanostructure (Fig. S8f). The EOR and
MOR activities of PdAg NSs were evaluated and benchmarked
against the Pd NSs and commercial Pd/C. Before the electro-
chemical tests, the as-prepared PdAg and Pd NSs were loaded
on carbon black (Vulcan XC72R carbon, C) for subsequent
tests. The cyclic voltammograms (CVs) of different catalysts
were recorded with a sweep rate of 50 mV s™" in 1 M KOH elec-
trolyte. Based on the reduction charges of PdO in CVs, the
electrochemical active surface areas (ECSAs) for PdAg, s NSs,
PdAg; NSs, PdAg; s NSs, Pd NSs, and Pd/C were calculated to
be 38.8, 40.7, 36.7, 26.6 and 31.7 m> g ', respectively
(Fig. S97).

The PdAg and Pd NSs were first employed as anodic MOR
electrocatalysts. Fig. 3a presents the CVs of all catalysts in 1 M
KOH solution containing 1 M ethanol. As depicted in Fig. 3,
PdAg; NSs exhibited the highest forward current among these
catalysts, indicating better EOR activity. Moreover, the onset
potential of PdAg; NSs was much more negative than those of
commercial Pd/C and Pd NSs by 88 mV (Fig. 3b), for which
reason the doping of Ag and highly active sites at the jagged
surface could contribute to improving the anodic reaction
kinetics. The mass and specific activity of different catalysts
are summarized in Fig. 3c by normalizing the peak current in
the forward scan with the loaded amount of Pd and ECSA. The
PdAg; NSs delivered a mass activity of 5.1 A mg™", which was
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Fig. 3 (a) CV curve in 1 M KOH + 1 M ethanol solution, (b) onset poten-
tial (c) mass and specific activity, (d) performance comparison of
different catalysts toward the EOR, (e) CA tests, and (f) Nyquist plots of
PdAgp s NS, PdAg; NS, PdAg; 5 NS, Pd NS, and Pd/C catalysts.

6.1, 3.0, 1.5, and 1.1 times higher than those of Pd/C (0.9 A
mg™"), Pd NS (1.7 A mg™"), PdAg,s NS (3.5 A mg™'), and
PdAg; s NS (4.5 A mg™") catalysts, respectively. As for the
specific activity, PdAg; NSs also exhibited the highest specific
activity of 12.6 mA cm™>, which was far beyond those of Pd/C
and Pd NSs. These petal-like PdAg NSs presented excellent
electrooxidation activity, even greater than the values for
various reported catalysts toward EOR (Fig. 3d). The electro-
chemical durability of various catalysts was investigated by
chronoamperometric (CA) tests and CV cycling. These PdAg
NSs maintained much higher mass activity over the entire
course in comparison with Pd NSs and Pd/C (Fig. 3e), revealing
their remarkable long-term stability. Consecutive CVs were
carried out to further investigate the electrocatalytic durability.
After 250 cycles, the highest mass activity was observed on
PdAg; NS catalysts during the whole testing program
(Fig. S107). In addition, electrochemical impedance spectra
(EIS) were employed to evaluate the capability of electron
transport in different catalysts (Fig. 3f). In Nyquist plots, the
semicircular diameters for these PdAg NSs were much smaller
than those of Pd NSs and Pd/C, indicating that the incorpor-
ation of Ag can significantly promote electron transport for the
EOR.32,33

Furthermore, we evaluated the anodic MOR performances
of different catalysts. Fig. 4a shows the typical MOR anodic
scan curves in 1 M KOH solution containing 1 M methanol. As
depicted in Fig. 4a, the 2D PdAg; NSs delivered the highest
mass activity from 0.6 to 1.0 V vs a reversible hydrogen elec-
trode (RHE) among all the catalysts. The lowest onset potential
was observed on the PdAg; NS surface, which was more nega-
tive than those of Pd/C and Pd NSs by 150 mV (Fig. 4b), imply-
ing facilitated catalytic efficiency. The mass activity of the
PdAg; NSs was determined to be 1.5 A mg™" (Fig. 4c), which
was 5.0-fold, 2.5-fold, 1.4-fold, and 1.2-fold larger than those
of Pd/C (0.3 A mg™), Pd NS (0.6 A mg™"), PdAg,s NS (1.1 A
mg™!), and PdAg,s NS (1.3 A mg™') catalysts, respectively.
Accordingly, PdAg; NSs exhibited a specific activity of 3.6 mA
em~?, 3.6-fold, and 1.7-fold larger than those of Pd/C and Pd
NSs, respectively. As summarized in Fig. 4d, the construction

This journal is © The Royal Society of Chemistry 2024
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Fig.4 (a) CV curve in 1 M KOH + 1 M methanol solution, (b) onset
potential (c) mass and specific activity, (d) performance comparison of
different catalysts toward the MOR, (e) CA tests, and (f) Nyquist plots of
PdAgo.s NS, PdAg; NS, PdAg; s NS, Pd NS, and Pd/C catalysts.

of PdAg materials with jagged surfaces and 2D ultrathin nano-
structures make it a good noble-based electrocatalyst toward
the MOR. Among all the as-prepared electrocatalysts, the
PdAg; NSs maintained the highest mass activity for CA tests
after 3600 s (Fig. 4e), which matched well with the results
observed in their 250 CV cycling (Fig. S11%). Similarly, the
unique structure endowed PdAg NSs with better capacity for
electron transport during the MOR process over Pd NSs and
Pd/C (Fig. 4f).

It is well known that Pd is very susceptible to CO poison-
ing. Therefore, CO-stripping tests were carried out to evalu-
ate the CO tolerance of catalysts. As depicted in Fig. S12,f
the PdAg; NS catalyst exhibited the most negative onset
potential compared to Pd NSs and commercial Pd. The
negative shift in CO-stripping onset potential for PdAg; NSs
indicated the weakened adsorption energy of carbonaceous
intermediates, which agreed well with the improved CO tol-
erance and electrocatalytic activity from the experimental
observations. The enhanced CO tolerance sustainably
improved the electrocatalytic activity and stability.
Consequently, the incorporation of Ag modified the elec-
tronic structure of Pd, therefore weakening the affinity for
carbonaceous poisonous species through synergistic effects
and electronic effects.

In addition, PdAg NSs after the durability tests showed rela-
tively limited changes with the 2D ultrathin structure
(Fig. S137), while the commercial Pd/C exhibited serious aggre-
gation (Fig. S147), further confirming the enhanced structural
stability. In comparison with the zero-dimensional (0D) Pd/C
catalyst, the superior stability of PdAg NSs could originate
from the anisotropic morphology. To be more specific, the 2D
nanostructure and the jagged edges endowed catalysts with
high surface area and highly active sites, facilitating the
adsorption and activation of reaction molecules and sub-
sequent oxidation of carbonaceous intermediates.>*° On the
other hand, 2D PdAg NSs can effectively strengthen the inter-
action between NSs and the carbon support, which is ben-
eficial for improving the chemical stability and boosting
catalysis.>”*®
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3. Conclusions

In summary, we demonstrated the synthesis of the petal-like
PdAg NSs through a facile wet-chemistry approach. This
unique material featured an ultrathin 2D nanostructure and
jagged edges, acting as a promising electrocatalyst for the
anodic fuel oxidation reaction. The as-obtained PdAg NSs pre-
sented excellent electrocatalytic activity and durability, as well
as enhanced reaction kinetics, which are superior to those of
Pd NS and Pd/C catalysts for the EOR/MOR. Detailed investi-
gations confirmed that the remarkable catalytic properties
could be attributed to the tailored electronic structure, fast
electron transport, and synergistic effect between Pd and Ag
originating from doping engineering. Moreover, the mor-
phology tuning provided highly active sites, and sustainably
activated the adsorption and activation of fuel molecules,
resulting in robust resistance to toxicity and improved long-
term durability of the well-organized PdAg NSs. This work pre-
sents a new understanding of the jagged edge in a 2D alloy
nanostructure, improving the design of efficient electrocata-
lysts for fuel cell catalysis.
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