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ABSTRACT: PdPb nanocrystals have drawn considerable atten-
tion due to their excellent catalytic properties, while their practical
applications have been impeded by the severe degradation of
activity, which is caused by the adsorption of intermediates
(especially CO) during the operation. Herein, we first present
porous PdPb alloys with the incorporation of amorphous Pb(OH),
species as highly active and stable electrocatalysts. Alloying Pd with
Pb species is initially proposed to optimize the Pd—Pd interatomic
distance and adjust the d-band center of Pd. Importantly, the
amorphous Pb(OH), species are beneficial to promoting the
formation of OH,4 and the removal of CO,4. Therefore, PdPb-
Pb(OH), catalysts show a mass activity of 3.18 A mgp; ' and keep
excellent stability for the ethanol oxidation reaction (EOR). In addition, further CO stripping and a series of CO poisoning
experiments indicate that PdPb-Pb(OH), composites possess much better CO tolerance benefiting from the tuned electronic
structure of Pd and surface incorporation of Pb(OH), species.
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1. INTRODUCTION

Direct ethanol fuel cells (DEFCs) have drawn increasing
attention due to their unique properties of ethanol fuel,
including high power density, low toxicity, and convenient
storage.””” Despite the great progress achieved in the past few
decades, DEFCs have not yet achieved widespread commercial
applications, which might be due to the high cost and low
operating durability of electrocatalysts.” Among the electro-
catalysts for DEFCs, platinum (Pt)-based catalysts have been
widely investigated owing to their geometric and electronic
modifications, while the high cost and poor durability have
limited their practical applications.” Therefore, how to use less
Pt or even develop non-Pt-based catalysts with advanced
performance for the ethanol oxidation reaction (EOR) is
essential.

It is well known that palladium (Pd) has a higher catalytic
activity for the EOR in alkaline medium.” However, the
practical applications of Pd-based catalysts have been hindered
by the relatively low activity and severe degradation of activity,
which is caused by the adsorption of CO intermediate during
the operation.” To overcome the above issues, a series of
bimetallic Pd—M catalysts (M = Ag,” Bi,” Ni,” Pb,'’ etc.) have
been successfully developed based on the adjustment of their
d-band center. With regard to this, bimetallic PdPb catalysts
have received considerable attention. For example, Guo et al.
reported bimetallic PAPb nanowires that have a defect-rich and
stable structure.'' They demonstrated that ultrathin PdPb

nanowires (PdPb NWs) can exhibit an activity as high as 6.3
times that of commercial Pd/C due to the synergistic effect.
Furthermore, with the introduction of Pb, Cabot and his co-
workers synthesized intermetallic Pd;Pb nanocrystals with
controlled size and cubic geometry exposing (100) facets,
which show high EOR activity and stability.'” Despite the
success, the design of most PdPb catalysts for the EOR is
concerned with alloys and their structure. In contrast, utilizing
the synergy between Pd and metal hydroxides can accelerate
the dissociation of H,O to generate the absorbed hydroxide
species (OH,q) near the Pd active sites, which favor the
oxidative removal of the absorbed CO species (CO,4) and
boost EOR performance. Li’s group first assembled Pd-based
hybrids using defective Ni(OH), nanoflakes as supports, which
can dramatically improve the EOR performance in an alkaline
solution."® Moreover, amorphous Bi(OH); has been reported
to modify the Pd nanocrystals with well-defined morpholo-
gies."”"> The surface modification of Bi(OH); was proved to
promote the formation of OH,4 which can promote the
removal of CO intermediate, leading to a superior EOR
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Figure 1. (a) Schematic illustration of the PdPb-Pb(OH), composite forming process. (b) TEM, (c) SAED, (d, e) HRTEM images, and (f) EDS

mapping of PdPb-Pb(OH), composites.

stability. However, much less attention has been paid to the
synergy between Pd and Pb hydroxides, especially the
integration of amorphous Pb hydroxides in the PdPb system.

Herein, we have successfully developed porous PdPb
nanocrystals with the modification of amorphous Pb(OH),
using a solution-phase method. The catalyst arrangement is
initially proposed by alloying Pd with Pb species, and the
incorporation of Pb species can increase the orbital overlap
between the Pd surface and Pb, which could widen the metal
d-band of Pd and then cause its d-band to shift down, thus
leading to the weaker adsorption of CO. In addition, the
porous structure with the large surface area is beneficial to high
utilization efficiency of Pd, which further contributes to the
enhancement of EOR activity. More importantly, the
amorphous Pb(OH), can promote the formation of OHy
and the removal of CO,4. Therefore, the as-prepared PdPb-
Pb(OH), catalysts show a mass activity of 3.18 A mgpy ™",
which is 2.5 times higher than that of commercial Pd/C.
Interestingly, there is no notable decline in EOR activity during
five successive cycles (50,000 s). At the same time, PdPb-
Pb(OH), catalysts exhibit a superior tolerance to CO
intermediate as demonstrated by a series of CO antitoxicity
experiments. Based on the above, this work emphasizes the
significance of a bimetallic PAPb structure and its synergy with
Pb hydroxides.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Commercial Pd/C (10 wt % of Pd),
potassium tetrachloropalladate (K,PdCl,, 99.95%), and f-
cyclodextrins (C4,H;O5s5, 98%) were purchased from Aladdin.
Lead nitrate (Pb(NO;),, 99%) was obtained from Yonghua
Chemical. Ethylene glycol (C,HO,, 98%) was purchased from
Macklin. Sodium borohydride (NaBH,, 96%) was obtained
from Enox. Nafion perfluorinated resin solution (5 wt %) was

obtained from Alfa Aesar. All chemicals were used as received
without further purification.

2.2. Synthesis of Porous PdPb-Pb(OH), Composites.
In a typical synthesis, f-cyclodextrin aqueous solution was
obtained by adding f-cyclodextrin (2.27 g, 10 Mm) into 200
mL of deionized water and then ultrasonicated for 30 min.
Next, Pb(NO;), was dissolved in a mixture aqueous solution,
containing 2 mL of ethylene glycol and 8 mL of f-cyclodextrin.
Moreover, K,PdCl, was added to 2 mL of B-cyclodextrin
aqueous solution. The above K,PdCl, solution and Pb(NO;),
solution were then mixed with 183 mL of f-cyclodextrin
aqueous solution to produce the yellow clear solution (the
molar ratio of Pd*" to Pb*" was 3:1). Five milliliters of a newly
prepared 40 mM NaBH, in f-cyclodextrin aqueous solution
was quickly injected into the aforesaid yellow clear solution
under stirring conditions. The resultant mixture was kept at
room temperature for 7 days to verify the completed reaction.
The black products were collected and then washed three
times using the ethanol and acetone mixture (1:1). The porous
PdPb-Pb(OH), composites were finally obtained by freeze-
drying. To obtain the different ratios of Pd/Pb products, we
adjusted the feeding molar ratios of Pd/Pb precursors as 1:1
and 1:3, respectively.

2.3. Characterization. To characterize the nanocrystal
structure, X-ray diffraction (XRD) was carried out on an
Ultima IV multipurpose X-ray diffractometer with Cu Ka
radiation (4 = 1.5406 A). X-ray photoelectron spectroscopy
(XPS) tests were conducted on a Kratos AXIS Untraded
ultrahigh vacuum (UHV) surface analysis system, and C 1s
(284.8 eV) was used to calibrate the binding energy. To
investigate the morphology of the as-obtained products,
scanning electron microscopy (SEM) images were obtained
at 5 kV using a Gemini SEM 300 from Carl Zeiss.
Transmission electron microscopy (TEM) was carried out
on a TECNAI G2 LaB6 at 200 kV, and the energy-dispersive
X-ray spectroscopy (EDS) mapping was obtained on a
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Figure 2. (a) XRD pattern of the as-prepared PdPb-Pb(OH), composites. (b) Enlarged image of the red region. XPS spectra: (c) Pd 3d, (d) Pb 4f,

and (e) O 1s.

TECNAI G2F20 at 200 kV. To identify the composition of the
products, inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) was performed on a Varian 710-ES. A
nitrogen gas adsorption/desorption analyzer (MicroActive for
ASAP 2460) was employed at 77 K to measure the pore
volume (V,), pore size (D,), and Brunauer—Emmett—Teller
(BET) specific surface area (Sggy) of PdPb-Pb(OH),
composites. The Barrett—Joyner—Halenda (BJH) model with
the Halsey equation was used to analyze the adsorption and
desorption data and yield pore size distribution.

2.4. Electrochemical Measurements. A standard three-
electrode system was used to carry out all of the electro-
chemical experiments on a CHI660E workstation. A glassy
carbon electrode (3 mm in diameter), Pt gauze, and saturated
calomel electrode (SCE) were employed as the working,
counter, and reference electrodes, respectively. To obtain a
homogeneous ink, the as-prepared catalysts and Vulcan XC-72
carbon (20 wt % of the catalysts) were dispersed in 1 mL of
Nafion solution, ethanol, and water (the volume ratio was
0.6:1:1) and ultrasonicated for 30 min. The ink solution was
drop-cast onto the glassy carbon electrode and then dried at
room temperature. The Pd loading for all of the catalysts was
kept at 28 ug cm™?, and the amount of the catalysts was
controlled based on ICP-AES measurements.

Cyclic voltammetry (CV) curves were plotted at a scan rate
of 50 mV s™! in a N,-saturated 1 M NaOH and 1 M NaOH +
1 M ethanol solution. The chronoamperometric (CA)
measurements were performed at —0.2 V (vs SCE) in the
N,-saturated 1 M NaOH and 1 M ethanol solution. In
addition, CO stripping experiments were carried out in 1 M
NaOH solution. High-purity gaseous CO was bubbled into the
electrolyte at the potential of —0.86 V (vs SCE) for 30 min.
Subsequently, to remove the dissolved CO in the solution,
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gaseous N, was bubbled into the above electrolyte for 15 min.
Finally, two complete cycles of CO-stripping CV curves were
obtained at a scan rate of 50 mV s™'. Furthermore, gaseous CO
was purged into the 1 M NaOH + 1 M ethanol solution at 200
s during the CA test to simulate the intermediate products.

3. RESULTS AND DISCUSSION

In this work, PdPb-Pb(OH), composites were successfully
prepared by a solution-phase chemical approach (Figure la).'¢
Potassium tetrachloropalladate (K,PdCl,) and lead nitrate
(Pb(NO;),) as precursors and f-cyclodextrin as a surfactant
were first dissolved in deionized water. The mixture solution
was reacted with sodium borohydride (NaBH,), and the
resultant mixture was then maintained at room temperature for
7 days to verify the completed reaction. The CV process could
oxidize metallic Pb to PbO in a basic solution. The formation
of PbO will exist as insoluble Pb(OH), when the potential
reached above 0.54 V (vs the reversible hydrogen electrode
(RHE)). The morphology of PdPb-Pb(OH), composites was
examined by SEM and TEM, as shown in Figures 1b and SI.
Both SEM and TEM images exhibit that PdPb-Pb(OH),
composites with the porous structure are successfully
synthesized. As seen from Figure ¢, the selected area electron
diffraction (SAED) results reveal a polycrystalline nature of
PdPb-Pb(OH), composites with the {111}, {200}, and {220}
facets of Pd."” Furthermore, as shown in Figures 1d,e and S2,
high-resolution TEM (HRTEM) image shows that the lattice
distance is 0.24 nm, which corresponds to the Pd(111) facet.
The lattice spacing and crystal structure of Pb(OH), species
cannot be observed, suggesting that Pb(OH), species belong
to an amorphous structure. Importantly, EDS elemental
mapping was used to explore the distribution of Pd and Pb
in the nanocrystals. As shown in Figure 1f, both Pd and Pb are
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Figure 3. CV curves of PdPb-Pb(OH), composites and commercial Pd/C measured in N,-saturated (a) 1 M NaOH and (b) 1 M NaOH + 1 M
ethanol at a scan rate of SO mV s™". (¢, d) CA curves in the N,-saturated 1 M NaOH + 1 M ethanol solution recorded at —0.2 V. (e) Histogram

showing the mass activity before and after the stability test.

uniformly distributed in the nanocrystals, meaning that PdPb-
Pb(OH), composites may have a bimetallic structure. Besides,
the mass ratio of Pd/Pb is 70.95:29.05 by EDS quantification
(Figure S3).

To investigate the crystal structure of PdPb-Pb(OH),
composites, XRD was employed to test the as-prepared
products. As illustrated in Figure 2a, the diffraction peaks at
39.1, 44.9, 66.3, and 79,3° can be indexed to the (111), (200),
(220), and (311) crystal planes of face-centered cubic Pd
(JCPDF no. 46-1043), respectively.®"” Additionally, no peaks
can be in line with Pb(OH),, further indicating that Pb(OH),
is an amorphous structure. Importantly, Figure 2b shows that
the peak position of PdPb-Pb(OH), composites shifts to the
lower angles compared to pure Pd, indicating that the larger
sized Pb atoms are doped into the lattice of Pd. In addition, to
investigate the specific surface area and pore size distribution,
BET experiments were performed on both PdPb-Pb(OH),
composites. Based on the BET results, PdPb-Pb(OH),
composites possess a large specific surface area, as shown in
Figure S4 and Table S1. The compositions and chemical states
of Pd and Pb elements were characterized by XPS. As shown in
Figure 2¢, two asymmetric peaks can be observed, which can
be ascribed to Pd 3d;, and 3ds), orbitals, respectively.””' The
peaks at 339.02 and 333.74 eV can be assigned to metallic
Pd(0), while the peaks at 340.09 and 334.76 eV can be indexed
to Pd(II). Figure 2d indicates two sets of peaks at the Pb 4f
orbital, including 4f; , and 4f; , orbitals of Pb(0) and Pb(II).*
In addition, the O 1s spectrum shows the weak peak of Pb—O
at 528.81 eV and the prominent peak of OH™ at 530.98 eV
(Figure 2e). As a result, both XRD and XPS results
demonstrate that PdPb-Pb(OH), composites possess two
components, containing PdPb alloys and amorphous Pb(OH),
species.

According to the previous reports, the compositions of
catalysts usually determine their electrocatalytic properties. To

obtain higher catalytic performance, PdPb-Pb(OH), compo-
sites were investigated by varying the feeding ratios of Pd and
Pb precursors. Figure S5 exhibits that there is no big difference
in the morphology and structure of PdPb-Pb(OH), when the
proportion of Pd/Pb ratios changes. As shown in Figure S6,
the values obtained from the EDS quantification of PdPb-
Pb(OH), composites with the feeding ratios of 1:1 and 1:3 can
match with their initial feeding ratios. Moreover, XPS
measurements also indicate that PdPb-Pb(OH), composites
are made up of bimetallic PdPb alloys and Pb(OH), (Figure
S7). To obtain better catalytic performance, CV curves were
carried out in the N,-saturated 1 M NaOH and 1 M NaOH +
1 M ethanol solution (Figure S8). For the EOR, the mass
activity of the porous composites with the feeding ratio of 3:1
is 3.18 A mgp ', and its current density can maintain >0.45 A
mgpy " after 10,000 s test, which is higher than those samples
with different feeding ratios of Pd/Pb. As a result, this work
will then focus on the investigation of PdPb-Pb(OH),
composites with a feeding ratio of 3:1.

To evaluate the electrochemical performance, both PdPb-
Pb(OH), and commercial Pd/C were carried out in the
alkaline medium. As can be seen from Figure 3a, CV curves are
first recorded in the N,-saturated 1 M NaOH solution. The
hydrogen adsorption/desorption peaks occur from —0.9 to
—0.7 V on the Pd/C electrode, while the pronounced cathodic
peak in the voltage range of —0.5 to —0.2 V belongs to the
reduction of PdO to Pd and Pb** to Pb.>® In contrast, there are
no significant hydrogen adsorption/desorption peaks on the
PdPb-Pb(OH), electrode, indicating a high coverage of Pb
species on the surface of Pd and the strong interaction between
Pd and Pb species. Meanwhile, the anodic peak of PdPb-
Pb(OH), around 0 V can be ascribed to the formation of PdO
and Pb?*.**** In addition, the location of the cathodic peak
shows a slight positive shift on the PdPb-Pb(OH), electrode
compared to Pd/C, which suggests that the incorporation of
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Figure 4. CO stripping measurements of (a) commercial Pd/C and (b) PdPb-Pb(OH), composites. CV curves in N,- or CO-saturated 1 M NaOH
+ 1 M ethanol solution of (c) commercial Pd/C and (d) PdPb-Pb(OH), composites. Response of (e) commercial Pd/C and (f) PdPb-Pb(OH),
composites to bubbling CO in 1 M NaOH + 1 M ethanol during the CA tests.

Pb species can optimize the Pd—Pd interatomic distance and
downshift the d-band center of Pd (Figure S9). In addition, it
can also be seen that the modification of amorphous Pb(OH),
may accelerate the desorption of OH,4 species and oxidative
removal of CO,4."*

The EOR performance of PdPb-Pb(OH), composites, pure
Pd, and Pd/C was measured in the N,-saturated 1 M NaOH +
1 M C,H;OH solution. Figures 3b and S10a illustrate that
peak I between —0.4 and —0.1 V in the forward scan belongs
to the oxidation of ethanol to intermediates, while peak II
between —0.6 and —0.3 V in the reverse scan could be assigned
to the further oxidation of intermediate products.”® Therefore,
the mass activity of PdPb-Pb(OH), composites (3.18 A
mgpg ') is 2.5 times higher than that of pure Pd (1.28 A
mgpy ') and Pd/C (1.27 A mgps'). To evaluate the EOR
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stability of PdPb-Pb(OH), composites, CA tests were
performed at the potential of —0.2 V. As shown in Figures
3c and S10Db, the current density of pure Pd and Pd/C rapidly
drops to nearly zero within 1000 s, suggesting unstable EOR
performance. In contrast, the current density of PdPb-
Pb(OH), composites can remain around 0.4 A mgp,~" after
each cycle, showing the key role of the amorphous Pb(OH),
adjacent to the Pd active sites. As a result, PdPb-Pb(OH),
composites show better EOR performance compared to pure
Pd and commercial Pd/C.

More impressively, the current density of PdPb-Pb(OH),
composites can be regained in a fresh electrolyte (Figure 3d).
This is because PdPb-Pb(OH), composites can be reactivated
by several CV cycles in 1 M NaOH solution after each 10,000 s
stability test, and then, the CA test was performed in a fresh 1
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M NaOH + 1 M ethanol solution. After reactivation, there is
no significant decrease in EOR activity over five consecutive
cycles, further demonstrating the excellent EOR stability. After
five consecutive cycles, Figure Slla depicts the well-
maintained morphology of PdPb-Pb(OH), composites, and
its lattice spacing after testing is 0.24 nm (Figure S11b), thus
demonstrating a stable composite structure. In addition, PdPb-
Pb(OH), composites almost can maintain its initial EOR
activity compared to commercial Pd/C (Figure 3e). This result
may be explained by the fact that the incorporation of Pb
species and strong synergistic effect between amorphous
Pb(OH), and bimetallic PdPb alloys contribute to the
outstanding EOR performance.

According to the previous works, Pd-based electrocatalysts
are more susceptible to poisoning by chemisorbed inter-
mediates (especially CO), which may block the active sites and
prevent further oxidation of ethanol.”’ To investigate the
mechanism of CO tolerance on PdPb-Pb(OH),, CO stripping
and a series of CO poisoning measurements were employed in
the alkaline medium.”® As shown in Figure 4a, a sharp
oxidation peak can be observed in the first scan on the
commercial Pd/C in the potential range of —0.3 to —0.1 V,
while no oxidation peak appears in the second scan, indicating
that CO,q on the Pd/C surface is completely removed. For
PdPb-Pb(OH), composites (Figure 4b), a very weak oxidation
peak can be observed at about —0.2 V, which can be attributed
to the oxidation of CO,4. The initial oxidation potential has a
negative shift of 0.2 V compared to Pd/C, indicating that
amorphous Pb(OH), can accelerate the removal of CO,4.>”
Based on the above results, it can be concluded that the
incorporation of Pb species can optimize the Pd—Pd
interatomic distance and adjust the d-band center of Pd,
thus leading to enhanced CO tolerance. Importantly,
amorphous Pb(OH), species may also involve in promoting
the formation of OH,4 species adjacent to the Pd active sites.
This is because amorphous Pb(OH), species with rich crystal
defects could greatly accelerate the dissociation of H,O to
generate more OH,y. The interaction between amorphous
metal hydroxides and OH,4 species is neither too strong nor
too weak, which favors the oxidative removal of CO,q (CO,4 +
OH,; — CO, + H* + ¢7).>>*! Therefore, the strong synergistic
effect between amorphous Pb(OH), and bimetallic PdPb
alloys can be attributed to the formation of OH,4 species
adjacent to the Pd active sites, resulting in promoting the
oxidative removal of CO,q.

CO poisoning experiments were performed to further
demonstrate the key role of Pb(OH), species. Compared to
the CV curves recorded in the N,-saturated 1 M NaOH + 1 M
ethanol solution, the current density of Pd/C decreases to 0.74
A mgpg ! in the CO-saturated 1 M NaOH + 1 M ethanol
solution (Figure 4c). In contrast, PAPb-Pb(OH), composites
can remain similar EOR activity, demonstrating their greater
CO tolerance (Figure 4d). Importantly, when CO gas was
bubbled into the electrolytes at 200 s during the CA test, the
current density of Pd/C immediately drops to zero, while the
current density of PdPb-Pb(OH), composites has a typical
peak and then keeps its beginning trend, further verifying the
superior CO tolerance (Figure 4e,f). Based on the above
discussion, the incorporation of amorphous Pb(OH),
contributes to the strong synergistic effect with bimetallic
PdPb alloys, which is beneficial to the enhancement of
antipoisoning ability.

4. CONCLUSIONS

In summary, bimetallic PdPb nanocrystals with the mod-
ification of amorphous Pb(OH), have been prepared via a
solution-phase chemical method. Taking advantage of the
tuned electronic structure of Pd by the incorporation of Pb
species, PdPb-Pb(OH), composites show better EOR
performance compared to commercial Pd/C. More impor-
tantly, the surface modification of amorphous Pb(OH), can
greatly promote the oxidative removal of CO intermediate by
accelerating the formation of OH,4 adjacent to the Pd active
sites, leading to the superior EOR durability. This work
highlights the importance of the composite construction
between Pd and Pb(OH), species for the enhanced EOR
performance.
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