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ABSTRACT: Alloyed Pd-based nanocatalysts are considered as
highly active fuel cell anodes toward the ethanol oxidation reaction
(EOR). However, challenges remain in synthesizing free-standing
monodisperse nanoparticles (NPs) with outstanding mass activity
and long-term stability. In this work, PdBi NPs are synthesized by a
one-step oil bath method with controllable sizes and compositions.
The doping of Bi displays a positive effect on the oxidation of
ethanol. The Pd8Bi NPs with an average size of 9.0 nm are found to
possess an exceptional electrocatalytic mass activity with superior
antitoxic ability and outstanding long-term stability toward EOR.
These are mainly attributed to the change in the electronic
structure and the d-band center of Pd, increase of the interatomic distance within a unit cell, and large electrochemically active
surface area values, with lots of reaction sites provided by the morphology-optimized NPs. Higher electrocatalytic temperatures,
higher pH values, and higher concentrations of C2H5OH accelerate each step of electro-oxidation on EOR. The density functional
theory calculations demonstrate that the energy barrier of PdBi NPs can be reduced by adjusting the Bi content, resulting in excellent
electrocatalytic activity toward EOR. This work provides a promising strategy to prepare monodisperse PdM alloys as efficient
catalysts for fuel electro-oxidation.
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1. INTRODUCTION

In comparison with fossil fuels that convert thermal energy to
mechanical energy, the efficiency of which is limited by the
Carnot cycle, direct ethanol fuel cells (DEFCs) display
excellent electrocatalytic performance by directly converting
the ethanol fuel into electricity.1−4 In addition, DEFCs with
features of low toxicity and low cost are regarded as green
power sources with high theoretical mass energy density (8 kW
h kg−1), low carbon emission, as well as stable conversion
efficiency.5−8

To further improve the efficiency of DEFCs, designing
highly efficient and stable catalysts becomes more urgent.
Compared with gold and platinum, palladium (Pd) is
considered a better candidate for the ethanol oxidation
reaction (EOR) because Pd has the advantages of CO
poisoning tolerance and low cost.9−11 Instead of pure metals,
alloying Pd with other metals can not only decrease the
amount of Pd but also increase the performance. Lots of
studies have been conducted to establish nanostructures for
alloyed PdM (M = Ag, Cu, Pb, Co, Sn, Bi, etc.) as high-
efficient catalysts toward the oxidation of ethanol, ascribed to
the ensemble effects, geometric effects, and electronic
effects.12−17 Such effects allow the binding strengths of the

reactants, intermediates, and products to optimal values, thus
boosting the intrinsic activity of Pd.10,18−21

Alloys like PdBi NPs have emerged as excellent electro-
catalysts, especially with unique antitoxic features and good
durability, demonstrating the positive effects of Bi. Hall et al.
reported the room-temperature synthesis of Pd31Bi12 nano-
structures with porous morphology by the electrodeposition
method for the oxygen reduction reaction.17 Atanassov et al.
synthesized bimetallic PdxBi materials with a sponge-like
structure by the sacrificial support method for the glycerol
oxidation reaction.22 However, the synthesis of monodisperse
alloys in a simple way remains a great challenge as the bismuth
precursor is easily hydrolyzed to form bismuth oxides and
bismuth hydroxides.23,24 The good electron interactions
between palladium and bismuth, and monodisperse alloyed
PdBi NPs, can expose abundant electrochemically active sites
for the electrocatalytic oxidation of ethanol.25 These greatly
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enhance the electrocatalytic mass activity, antitoxicity, and
long-term stability, related to their inherent optimized
electronic structure and morphological characteristics.17,26−29

Herein, we report an oil bath synthesis strategy to prepare
monodisperse PdBi NPs with controllable sizes and
compositions, including Pd12Bi NPs (7.0 nm), Pd8Bi NPs
(9.0 nm), and Pd4Bi NPs (6.1 nm). The PdBi NPs were
prepared in the presence of Pd(acac)2 and Bi (NO3)3·5H2O as
the precursors, hexadecyltrimethylammonium bromide
(CTAB) as the structure-directing agent, L-ascorbic acid
(AA) as the reducing agent, and N, N-dimethylformamide
(DMF) as the solvent. Pd8Bi NPs can reach the electrocatalytic
mass activity of 2020 mA mgPd

−1 toward EOR, approximately 4
times higher than the Pd/C (508 mA mgPd

−1) counterpart.
Through precise control of the catalytic temperature, pH value,
and C2H5OH concentration, the electrocatalytic mechanism of
PdBi NPs for EOR was explored. DFT calculation shows that
Pd8Bi NPs present the lowest reaction barrier, leading to the
higher mass activity of ethanol oxidation.

2. EXPERIMENTAL SECTION
2.1. Synthesis of PdBi NPs. In a typical synthesis of PdBi NPs,

certain amounts of Bi (NO3)3·5H2O and CTAB (100 mg) were
dissolved in 10 mL of DMF, kept stirring, and heated to 90 °C for 20
min. 30 mg of Pd-(acac)2 was dissolved in 5 mL of DMF, and 80 mg
of AA was dissolved in another 5 mL of DMF under ultrasonic
conditions. Then, 5 mL of Pd-(acac)2 was added in the above solution
and kept stirring for 20 min. Afterward, 5 mL of AA was added in the
above solution and kept stirring for 1 h. The black products were
collected by centrifugation at 10 000 rpm for 8 min and washed with
the mixed solution of ethanol and cyclohexane thoroughly, followed
by the drying process in a vacuum oven at 60 °C for 6 h. The amounts
of Bi (NO3)3·5H2O in the synthetic solutions were 3.98, 5.97, and
11.94 mg, respectively, and the corresponding PdBi products were
marked as Pd12Bi NPs, Pd8Bi NPs, and Pd4Bi NPs, respectively.

2.2. Electrochemical Measurements. All electrochemical
measurements were conducted in typical three-electrode cells at a
controlled temperature, utilizing a CHI660 workstation. The detailed
description was shown in our recent reports.30

2.3. First-Principles Calculations. The density functional theory
(DFT) calculations in the framework were carried out based on the
Dmol3 code. The exchange−correlation functional under the
generalized gradient approximation and Perdew−Burke−Ernzerhof

Figure 1. TEM images of Pd12Bi NPs (a), Pd8Bi NPs (b), and Pd4Bi NPs (c).

Figure 2. Aberration-corrected high-angle annular dark-field imaging (HAADF)-STEM images (a,d,f), SAED pattern (b), HRTEM images (c,e),
and HAADF-STEM EDS (g) elemental mapping of Pd8Bi NPs.
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functional were adopted to describe the electron−electron interaction
(see the Supporting Information online for more details).

3. RESULTS AND DISCUSSION
3.1. Crystal Structure Characterizations. The synthesis

route of the PdBi NPs is shown in Figure S1. In the
transmission electron microscopy (TEM) images (Figure 1
and Figures S2−S4), all the PdBi NPs are highly mono-
disperse. The average sizes of Pd12Bi NPs, Pd8Bi NPs, and
Pd4Bi NPs are about 7.0, 9.0, and 6.1 nm (Figure S5),
respectively, associated with the content of bismuth.
To further identify the intrinsic structure of bimetallic PdBi

NP catalysts, a number of characterizations are utilized to
analyze the physical structures of the NPs. Scanning trans-
mission electron microscopy (STEM) images in Figures 2a and
S6 show that the NPs are well dispersed and uniform in size.
The selected-area electron diffraction (SAED) patterns in the
insets of Figures 2b and S7 show the well-crystalline nature of
the PdBi NPs, where the diffraction patterns were identified as
Pd, including (111), (200), (220), and (311).31 Most of PdBi
NPs are single-crystalline, and an individual NP is displayed in
the TEM image (Figure 2c), where the lattice spacing of the
(111) plane is measured to be about 2.32 Å.
Some NPs show a twinning configuration, such as a

symmetric fivefold twinned (SFT) NP, as shown in Figure
2d,e. The SFT-NP has a symmetric structure with five equal-
length (111) twin interfaces and (200) edges, and the pole of
SFT is located at the center of the SFT-NP.32 The structural
model of this SFT crystal is presented in the inset of Figure 2e,
which consists of five identical subunits named T1−T5. In
Figure 2f, some atoms (in orange circles) with relatively larger
sizes have relatively higher intensity ratios and brightness than
the other ones (in blue circles) with smaller sizes.33 The
twinning configuration should provide more active sites and
boost the electrochemical performance of catalysts. Generally,
due to the high sensitivity of HAADF to the changes in the
atomic number of elements, brighter atoms have a larger
average atomic number.33,34 Further, there is a difference
between the atomic number of Pd (atomic number 46) and Bi
(atomic number 83). Therefore, the atoms in the blue and
orange circles could be assigned to Bi and pure Pd,
respectively. STEM energy-dispersive X-ray spectroscopy
(STEM-EDS) elemental mapping (Figures 2g and S8 and
S9), high-resolution line-scan EDS analysis (Figure S10), and
scanning electron microscopy EDS (SEM−EDS, Figures S11−
S13) data show that both Pd and Bi elements are uniformly
distributed in the NPs, where palladium is the main element
and relatively small amounts of bismuth can be clearly
observed.
The powder X-ray diffraction (PXRD) patterns in Figure

3a,b reveal the characteristic diffraction peaks of PdBi NPs.
The diffraction peaks of Pd4Bi NF appear at 39.30, 49.14,
66.94, and 80.44°, corresponding to the (111), (200), (220),
and (311) planes of Pd (JCPDS no. 46-1043) face-centered
cubic (fcc) crystal phases (Fm3̅m; a = 0.389 nm; ICDD 00-
005-0681), respectively.33,35 Meanwhile, no characteristic peak
of Bi (JCPDS 26-2014) could be observed, implying that Bi
atoms in the PdBi NPs were crystallized in an fcc phase.24 Four
typical direction peaks of PdBi NPs shifted to smaller angles
with more Bi content, indicating the slight lattice expansion in
the PdBi structure and the substitution of larger Bi atoms
(atomic radius: 1.70 Å) for Pd atoms (atomic radius: 1.37
Å).24 These indicate that the alloyed PdBi structure is formed.

XPS was carried out to investigate the binding states of PdBi
NPs (Figures 3c,d, and S14). A pair of peaks at ∼335.25 and
∼340.50 eV is indexed to the Pd 3d5/2 and Pd 3d3/2 states,
while another pair of peaks at ∼157.38 and ∼162.63 eV is
indexed to Bi 4f7/2 and Bi 4f5/2 states. The spectra of Bi 4f7/2
are also split into two peaks, relating to Bi (0) (157.38 eV) and
Bi (III) (158.75 eV).17,25,36 It can be observed that both the Pd
element and Bi element mainly exist in the form of zero
valences. The as-prepared PdBi NPs may have a multi-
component structure, containing bimetallic PdBi as well as
hydroxide Bi(OH)3. A small amount of bismuth hydroxide is
observed in ex situ XPS spectra as bismuth is hydrolyzed
probably during chemical synthesis.23

3.2. Exploring the Synthesis Mechanism of Pd8Bi NPs.
To investigate the synthesis mechanism of Pd8Bi NPs, the
intermediates were collected at different times ranging from 15
min to 6 h, characterized by TEM, SEM-EDS, and PXRD.
Clearly, the TEM images (Figures 4 and S17-S24) display that
the sizes of PdBi NPs become larger as the experiment
proceeds. The Pd8Bi NPs are highly monodispersed initially,
and the sizes range from 6.0 nm at 15 min to 9.1 nm at 1 h (ca.
1.0 nm per 15 min) and keep for the next few hours. The
SEM-EDS (Figure S15) and PXRD (Figure S16) results
demonstrate that Pd and Bi are formed simultaneously as the
atomic percentage of the two elements remained unchanged,
and the diffraction peaks have not shifted during the whole
synthesis process. The reducing agent, that is, AA, plays a
significant role in the co-reduction process due to the
difference between the reduction potential of Pd and Bi. It
can be summarized that the PdBi NPs containing Pd and Bi
atoms are formed in the initial stage and gradually grow to a
certain size as the reaction time increases.

3.3. Electrochemical Measurements and Analysis.
Motivated by the monodisperse alloyed PdBi NP structure
with high specific surface areas, we choose EOR as a model to
evaluate their electrocatalytic performance. The possible
mechanisms for EOR of the PdBi NP catalysts include the
following elementary reactions based on a dual-pathway
mechanism, as shown in Figure 5a.37,38 The ideal complete
oxidation of ethanol to carbon dioxide takes place through a 12
electron-transfer reaction, denoted as the C1 pathway,
requiring an extremely large energy (eq 1). In situ IR

Figure 3. (a,b) PXRD patterns of Pd12Bi NPs, Pd8Bi NPs, and Pd4Bi
NPs. (c,d) X-ray photoelectron spectroscopy (XPS) spectra of Pd8Bi
NPs.
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characterization showed that the mechanism toward EOR is
mainly a four-electron-transfer reaction denoted as the C2
pathway (eq 2).37,39

CH CH OH 16OH CO 11H O 12e3 2 3
2

2+ → + +− − −

(1)

CH CH OH 5OH CH CHOO 4H O 4e3 2 3 2+ → + +− − −

(2)

CV curves of PdBi NPs and Pd/C in 1 M KOH electrolyte
are presented in Figures 5b and S25a. The typical adsorption/
desorption region of hydrogen was limited by the presence of
bismuth between −0.85 and −0.65 V.37 The presence of
bismuth clearly affects the shape of the CV to a certain extent
by limiting the hydrogen adsorption/absorption processes on
Pd at low potentials, followed by the change of the oxidation

processes at high potentials. During forward scanning, Pd
would oxidize to Pd-O oxide film at a relatively higher
potential. Afterward, the Pd-O oxide film was reduced back to
Pd between −0.30 and −0.10 V in the reverse scan, where
ECSA values can be calculated by the coulometric charge, as
summarized in Table S1.40,41 The ECSA values of Pd12Bi NPs,
Pd8Bi NPs, and Pd4Bi NPs are about 36.4, 63.8, and 48.2 m2

gPd
−1, respectively. Among them, Pd8Bi NPs display the largest

ECSA, approximately 4.8 times higher than the commercial
Pd/C counterparts (13.4 m2 gPd

−1).
The electrocatalytic activities of PdBi NPs and commercial

Pd/C catalysts were compared in 1 M KOH + 1 M C2H5OH
solution, as shown in Figures 5c and S25b. The ethanol
molecules (C2H5OH) and OH

− would absorb on the PdBi NP
catalysts quickly (eqs 3−5).

Figure 4. Schematic illustration of the possible structural evolution of Pd8Bi NPs (a). TEM images of intermediates collected from the synthesis
system for Pd8Bi NPs at reaction times of 15 (b), 30 (c), 45 (d), 1 (e), 4 (f), and 6 h (g).

Figure 5. Possible mechanism for the EOR of PdBi NP catalysts in alkaline medium (a). Cyclic voltammetry (CV) curves (b,c), mass activities, and
jf/jb ratios (d) of PdBi NPs in an aqueous 1 M KOH solution (b) or 1 M KOH/1 M C2H5OH solution (c).
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Pd CH CH OH (Pd CH CH OH )3 2 3 2 ads‐ → ‐ (3)

Pd OH (Pd OH ) eads+ → ‐ +− −
(4)

2Bi 6OH 2(Bi (OH ) ) 6eads 3+ = ‐ +− −
(5)

During anodic scanning, ethanol adsorbent (Pd-C2H5OHads)
would oxidize to acetaldehyde adsorbent (Pd-CH3COads) with
OH− step by step through three-electron transfer (possible
mechanism: Pd-C2H5OHads → Pd-CH3CHOHads→Pd-
CH3CHOads→Pd-CH3COads), between −0.80 and −0.40 V
(eq 6). The acetaldehyde adsorbent (Pd-CH3COads) and
hydroxyl adsorbent (Pd-OHads) would react to form acetic acid
adsorbent (Pd-CH3COOHads) (eq 7), where lots of fresh Pd
are exposed.38,39,42 This is the rate-determining step of the
EOR between −0.40 and 0.05 V. After this, a large number of
acetic acid adsorbents form, and the current density increases
as fresh Pd is exposed (eq 8).40,42 Most of the fresh Pd are
exposed at the potential of ca. 0.04 V, denoted as jf. The mass
activity (Figure 5d) of Pd12Bi NPs, Pd8Bi NPs, and Pd4Bi NPs
is 1619, 2020, and 1474 mA mgPd

−1, respectively, much higher

than that of Pd/C (508 mA mgPd
−1). The second metal

element like Bi might play vital roles, including strain effect,
ligand effect, geometric effect, and bifunctional effect. It is clear
that the EOR activity is affected by the doping content of
Bi.6,42,43

On further anodic scanning, the current density drops
dramatically to zero between 0.04 and 0.3 V because the
oxidation of Pd to the oxide film Pd-O would block the
catalytic reaction. Meanwhile, the current density drops slowly
as the doping content of Bi increases, and this is explained by
the competition between the formation of (Pd-OHads) and (Bi-
(OHads)3).

22 When the content of Bi increases, the ratio of the
concentration of (Pd-OHads) to (Bi-(OHads)3), that is, c (Pd-
OHads)/c (Bi-(OHads)3) decreases, and fewer Pd-O is formed.

(Pd CH CH OH ) 3OH

(Pd CH CO ) 3H O 3e
3 2 ads

3 ads 2

‐ +

→ ‐ + +

−

−
(6)

(Pd CH CO ) (Pd OH ) (Pd CH COOH) Pd3 ads ads 3‐ + ‐ → ‐ +
(7)

Figure 6. Current densities (a−c) and CV curves (d−f) of PdBi NPs in KOH/C2H5OH solutions with different electrocatalytic temperatures,
KOH, and C2H5OH concentrations. Arrhenius plots (g) of Pd8Bi NPs in 1 M KOH/C2H5OH solutions at different catalytic temperatures. CV
curves of Pd8Bi NPs in 1 M C2H5OH (e) or 1 M KOH (f) solutions with different KOH or C2H5OH concentrations at 30 °C, respectively. Plots of
log j versus log CKOH (h)and plots of log j versus log CC2H5OH (i) of PdBi NP-modified GCEs in 1 M ethanol/KOH (with different KOH/ethanol
concentrations). The long-term CV curves (j), variation of current densities with cycles (k), and chronoamperometry (CA) curves (l) of Pd8Bi
NPs.
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(Pd CH COOH) OH Pd CH COO H O3 3 2‐ + → + +− −

(8)

During the cathodic scanning, the current density increases
rapidly at the potential of ca. −0.22 V, denoted as jb, where
much of carbon-containing (e.g., Pd-CH3CHOHads, Pd-
CH3COads, etc.) and oxygen-containing (e.g., Pd-O, etc.)
toxic intermediates would be removed, and lots of fresh Pd
would be exposed again. The higher values of the ratio of jf to
jb, that is, jf/jb, denote the antitoxicity of the PdBi NP
catalysts.43 The jf/jb values of Pd12Bi NPs, Pd8Bi NPs, and
Pd4Bi NPs are 2.2, 4.0, and 8.3, respectively. It is noted that the
ratio of jf/jb increases with more doped Bi as less Pd-O is
produced. The involved Bi atoms have higher affinity to adsorb
OH− from the electrolyte that is beneficial to the consecutive
oxidation reaction of the C2 intermediate (C2H5OH →
CH3CHOH → CH3CHO → CH3CO) discussed above, that
is, the bifunctional mechanism. The good antitoxic nature of
PdBi NPs can be explained by the bifunctional mechanism.
Appropriate reaction temperature and medium conditions

are favorable for the catalytic reaction.8,44,45 In Figures 6a−c,
S26, and Table S2, it is clear that higher electrocatalytic
temperature and higher KOH (higher pH value) or ethanol
concentration would favor the electrocatalysis of PdBi NPs on
EOR. On the contrary, the electrocatalytic activity turns lower.
A higher catalytic temperature would activate Pd reaction

sites, leading to better mass activity, as shown in Figure 6d.
The activation energies (Ea) on EOR of Pd12Bi NPs, Pd8Bi
NPs, and Pd4Bi NPs are calculated to be 23.06, 20.42, and
23.33 kJ molPd

−1, respectively, with the Arrhenius plots (Figure
6g) according to the Arrhenius formula (j = Ae−Ea/RT).6 Among
the PdBi NPs, the Pd8Bi NPs exhibit the lowest activation
energy.
Clearly, both the concentrations of KOH and ethanol have a

dramatic effect on EOR, and the corresponding catalytic
electrocatalytic mass activity at steady state is as follows (eq
9).37

j nFKC CM N
C H OH KOH2 5

= (9)

where j is the current at a specific potential, n is the electron-
transfer number, F is faradic constant, and K is the reaction
constant of EOR.
A higher concentration of KOH (Figure 6e) would lead to a

higher oxidation current. As the concentration of KOH

increases, the surface of PdBi NPs would be covered by
more OH−, followed by an acceleration of the formation of
(Pd-OHads) and the oxidation of (Pd-C2H5OHads) to (Pd-
CH3COads) step by step. Therefore, higher concentrations of
(Pd-OHads) and (Pd-CH3COads) accelerate the rate-determin-
ing step on EOR. It can be observed that the corresponding
potential of the forward peak (jf) shifted negatively and
dropped sharply as the concentration of OH− increases due to
the promotion of the formation of Pd-O.38,41 Plots of the
logarithm of mass activity versus log CKOH of Pd8Bi NPs in
fixed 1 M ethanol are shown in Figure 6h. The values of
currents increase as the values of CKOH increase at varied
potential ranges. Equation 9 can be rewritten as (eq 10)

j nFKC N Clog( ) log( ) log( )M
C H OH KOH2 5

= + (10)

When the ethanol concentration (1 M) and electrode
potential are held constant, we have (eqs 11 and 12)

j A N Clog( ) log( )KOH= + (11)

A nFKClog( )M
C H OH2 5

= (12)

where A is a new constant.
A higher concentration of ethanol (Figure 6f) would lead to

a higher electrocatalytic mass activity. The higher concen-
tration of Pd-C2H5OHads promotes the subsequent oxidation
of Pd-C2H5OHads to Pd-CH3COads, followed by the promotion
of EOR. Clearly, the potential of the jf shifts positively as the
concentration of ethanol increases. This may be because a
greater driving force is required to achieve a higher mass
activity as the concentration of ethanol increases. Plots of the
logarithm of mass activity versus log CC2H5OH of Pd8Bi NPs in
fixed 1 M KOH are shown in Figure 6i. The values of currents
increase as the values of CC2H5OH increase at varied potentials
(eq 13).

j M C nFKClog( ) log( ) log( )N
C H OH KOH2 5

= + (13)

When the KOH concentration (1 M) and the specific
electrode potential are fixed, we have (eqs 14 and 15)

j M C Blog( ) log( )C H OH2 5
= + (14)

B nFKClog( )N
KOH= (15)

Figure 7. Optimized intermediates and transition states in ethanol electro-oxidation of Pd8Bi NPs (a). DFT-calculated TS energy profiles of Pd12Bi
NPs (b), Pd8Bi NPs (c), and Pd4Bi NPs (d).
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where B is a new constant.
It is noticed that the ratio jf/jb increases with more Bi doping

(Table S3), further indicating that the antitoxicity and
durability of catalysis are deeply affected by the Bi element.
Figure 6j shows various CV curves of Pd8Bi NPs with

increasing cycle numbers. The electrocatalytic mass activity
reaches the peak at the ninth cycle and then decreases
gradually as the experiment proceeds. Clearly, the forward peak
potential shifts positive first as higher energy is needed as more
reactive sites are exposed and then shifts negative because
these reactive sites are captured by the toxic intermediate and
lower energy is required.8,46 Also, the ratio of jf/jb turns to a
lower value as the ability to clean toxic intermediates becomes
weaker. PdBi NPs show a much better cycle stability than the
commercial Pd/C counterpart, as shown in Figures 6k and
S25c. Pd8Bi NPs still possess 1151 mA mgPd

−1 after 1000
cycles. The size of Pd8Bi NPs becomes irregular after 1000
cycles (Figure S27), which may be caused by the consumption
of the catalyst surface. Figure 6l shows the long-term CA
curves of the catalysts held at −0.1 V. It is clear that the Pd8Bi
NPs are always the highest and much higher than that of
Pd12Bi NPs, Pd4Bi NPs, and commercial Pd/C (Figure S25d),
further indicating that Pd8Bi NPs possess a significantly
enhanced electrocatalytic activity and stability.47

3.4. First-Principles Calculations. DFT calculation was
carried out to further unveil the mechanism of alloyed PdBi
NPs for EOR. The geometry optimization of the two
constructed catalysts is shown in Figure S28. The hydroxyl
adsorbent (Pd-OHads) and acetaldehyde adsorbent (Pd-
CH3COads) are absorbed on the surface of the PdBi (111)
lattice plane to form the acetic acid adsorbent (Pd-
CH3COOHads) (Figure 7a and S28−S30), where the rate-
determining step of the EOR reacts.40,48 We focused on this
step of reaction calculation and discussed the effect of Bi
doping on the electrocatalytic activity of the catalyst. The
responding values of the reaction barrier are 0.18, 0.10, and
0.57 eV (Figure 7b−d), for Pd12Bi NPs, Pd8Bi NPs, and Pd4Bi
NPs, respectively. Pd8Bi NPs possess the lowest values, which
explain the highest electrocatalytic activity, consistent with the
experimental results.49

4. CONCLUSIONS

Monodisperse alloyed PdBi NPs have been successfully
synthesized, and the sizes are affected by the content of
bismuth with the optimized electron structure. Among various
PdBi NPs catalysts, the Pd8Bi NPs exhibit a significantly
enhanced mass activity (2020 mA mgPd

−1) and high stability
for ethanol oxidation, much better than the commercial Pd/C
counterpart. It is found that PdBi NP catalysts are more
favorable for EOR under the conditions of higher catalytic
temperature, higher pH values, as well as ethanol fuel
concentrations. DFT calculation demonstrates the optimized
electron structure, and the reaction barrier of the PdBi NPs
boosts EOR. This study offers new insights into the design of
noble-metal catalysts for enhanced catalytic activity and long-
term durability.
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