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ABSTRACT: Metal alloys with atomic scale ordering (ordered intermetallics) have emerged
as a new class of high performance materials for mediating electrochemical reactions.
However, ordered intermetallic nanostructures often require long synthesis times and/or
high temperature annealing to form because a high-activation energy barrier for interdiffusion
must be overcome for the constituent metals to equilibrate into ordered structures. Here we
report the direct synthesis of metastable ordered intermetallic Pd31Bi12 at room-temperature
in minutes via electrochemical deposition. Pd31Bi12 is highly active for the reduction of O2 to
H2O, delivering specific activities over 35× higher than those of commercial Pt and Pd
nanocatalysts, placing it as the most active Pd-based catalyst, to the best of our knowledge,
reported under similar testing conditions. Stability tests demonstrate minimal loss of activity
after 10,000 cycles, and a retention of intermetallic crystallinity. This study demonstrates a
new method of preparing ordered intermetallics with extraordinary catalytic activity at room
temperature, providing a new direction in catalyst discovery and synthesis.

■ INTRODUCTION

Nanostructured precious metals are efficient catalysts for
various renewable energy conversion and storage technolo-
gies.1,2 The most common strategy for designing high
performance electrocatalysts is to alloy precious metals with
d-block transition metals, allowing the adsorption energy of
reaction intermediates to be tuned toward more optimal
values.3 Recent results have demonstrated that some ordered
intermetallic compounds (OICs) can outperform solid
solution alloys of the same composition for the oxygen
reduction reaction,4−7 formic acid oxidation,8 methanol
oxidation,9 and CO2 reduction.10 An OIC can exhibit
drastically different electronic structure compared to its
constituent elements, particularly when the crystal structure
of the intermetallic differs from that of its parent elements.11,12

However, most OICs composed of precious metals (e.g., Pt,
Pd, Au, Cu, etc.) that are evaluated as electrocatalysts adopt
the face-centered tetragonal crystal lattice (FCT), which can
be thought of as a face-centered cubic lattice (FCC) that is
slightly elongated along one axis. OICs having drastically
reduced symmetry relative to their parent elements are rarely
encountered in electrocatalysis.
The synthesis of nanoscale OICs is challenging because

temperatures in excess of 700 °C are often required to facilitate
interdiffusion and equilibration of atoms into atomically
ordered structures.6,13 Recently, methods utilizing high
temperature annealing in silica shells and KCl matrixes have
been developed to prepare nanoscale OICs.14−16 OICs can be
accessed by colloidal synthesis; however, this method is only
viable for a narrow range of particle sizes and compositions due

to competition with the formation of kinetically facile solid-
solution phases.5,9,17 The lack of accessible methods for
synthesizing nanostructured OICs in mild conditions has
stymied progress in the discovery of new catalysts. Synthetic
methods allowing for the preparation of new OICs under mild
reaction conditions have the potential accelerate catalyst
development.
Electrodeposition is a flexible method that has been used to

prepare OICs composed of non-noble metal elements for
lithium-ion batteries,18 lithium−sulfur batteries,19 and thermo-
electric devices.20 However, this method is rarely used to
prepare OICs for catalytic applications, due to the difficulty of
precisely controlling the final material composition when
codepositing precious metals and nonprecious metals.21

Electrodeposition has several significant advantages over
other synthetic methods for catalyst preparation, including
the ability to grow directly on conductive substrates without
postannealing or binding,5,9 and the ability to modulate
composition, crystallinity, and faceting.22−26 Lastly, electro-
deposition can fulfill the industrial demands of large-scale
production.
Here, we report the direct preparation of Pd31Bi12 ordered

intermetallic thin films at room temperature via electro-
chemical deposition from an aqueous electrolyte. Electro-
deposition yields an OIC in minutes, while conventional
nanoparticle synthesis or high temperature annealing methods
require many hours for the synthesis to complete.27−30 To the
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best of our knowledge, electrodeposited Pd31Bi12 exhibits the
highest specific activity measured among Pd-based materials
for the oxygen reduction reaction (ORR). We demonstrate
that the enhanced activity of Pd31Bi12 arises from a more
favorable electron transfer coefficient and downshifted valence
band center, relative to Pd.

■ RESULTS AND DISCUSSION
Room Temperature Synthesis of Pd31Bi12. Pd31Bi12 was

deposited from a solution containing Bi(C2H3O2)3, Na2PdCl4,
C10H16N2O8 (EDTA), and CH3COOH. Cyclic voltammetry
(CV) was used to assess the reduction potential of the Pd2+

and Bi3+ complexed with EDTA (Figure 1a) on glassy carbon

(GC) electrodes. To understand the origin of the redox
features of this plating bath, we evaluated the electrochemical
response of Bi3+ (Figure 1b) or Pd2+ (Figure 1c) salts with
EDTA. The CV of Bi-EDTA exhibits a reductive wave which
onsets at −0.20 V and can be attributed to the deposition of
bulk Bi. As the scan direction is reversed, we observe a crossing
point of the wave near −0.45 V and as the voltage is scanned
more positively we observe an increased current density
relative to the forward trace until −0.15 V. This so-called
“crossing over” of the forward and reverse scans is indicative of
a nucleation overpotential, where additional voltage is required
to drive the deposition of the metal beyond its equilibrium
potential. We observe a broad feature centered at 0.40 V in the
reverse trace from the oxidative dissolution of Bi. For Pd-
EDTA solution, we observe two cathodic waves at −0.11 and
−0.25 V, and as the solution is scanned toward more negative
voltages a sharp reductive wave is observed (Figure 1c). The
small reductive wave at −0.11 V arises from a small amount of
[PdCl3(H2O)]

− ions which are present at concentrations of
∼1 μM assuming an equilibrium constant of 105 for Pd-EDTA-
Cl complexes (Figure 1, inset).31,32 The feature at −0.25 V
arises from the deposition of Pd-EDTA-Cl complex, and the
sharp reductive feature at more negative voltages arises
predominately from H2 evolution. In the mixed Pd−Bi bath,
we observe the onset of a small wave which is attributable to

the codeposition of Pd and Bi at −0.10 V and has an onset
similar to the one observed for the deposition bath containing
only Pd albeit with a larger current density. At this potential
[PdCl3(H2O)]

− ions deposit onto the electrode surface, and
Bi3+ deposits onto the Pd nuclei via underpotential deposition
(UPD). The other reductive features appear at more negative
potentials. The oxidation of Bi in the mixed bath shifts to more
negative potentials, while for Pd it shifts to more positive
potentials, indicating that Bi is easier to oxidize, and Pd is more
difficult to oxidize when deposited together. To prepare Pd−Bi
intermetallic we applied a potential of −0.10 V for 1000 s and
recorded a current density of ∼0.10 mA cm−2 (Figure S1).
Before electrochemical evaluation, all the samples underwent a
thorough cleaning process to remove organic residue from the
surface of the films. Further details can be found in the
Supporting Information (SI).

Characterization of Electrodeposited Pd31Bi12. X-ray
diffraction (XRD) was used to identify the crystal structure of
the deposited material (Figure 2a). Remarkably, the room

temperature deposition yielded a phase pure, ordered
intermetallic Pd31Bi12 (R3 space group).33 The primary peaks
match well with the diffraction pattern of Pd31Bi12, which can
be differentiated from other Pd-rich phases, such as Pd3Bi
(Figure S2).34,35 Differences in electronegativity and crystal
structure between Pd (FCC) and Bi (rhomobohedral) inhibit
the formation of solid-solutions as indicated by the Pd−Bi
phase diagram; allowing ordered phases to be accessed
directly.36 The phase diagram of Pd−Bi indicates that
Pd31Bi12 is thermodynamically stable from 550 to 605 °C.
Electrodeposition normally takes place under conditions far
from equilibrium, especially when deposition is performed at
large overpotentials, and therefore phases which are not
accessible by conventional metallurgical processes can be
accessed.36,37 The two main reflections of Pd31Bi12 are broad
relative to those in the simulated pattern suggesting that the
sample contains a distribution of nanoscale grains with ∼35
nm diameter (Figure S3). Pd31Bi12 adopts a low symmetry
crystal structure with a rhombohedral lattice (Figure 2b). X-ray
photoelectron spectroscopy (XPS) was used to measure the
oxidation state and composition of Pd31Bi12. The ratio of Pd to
Bi according to an XPS survey scan is 73% Pd and 27% Bi,

Figure 1. Cyclic voltammograms (CV) of solutions containing (a) 50
mM EDTA + 25 mM Bi(C2H3O2)3 + 4 mM Na2PdCl4, (b) 50 mM
EDTA + 25 mM Bi(C2H3O2)3, and (c) 50 mM EDTA + 4 mM
Na2PdCl4. All solutions were adjusted to pH 3.7 with acetic acid.All
data was collected at 20 mV/s scan rate and is presented vs the
normal hydrogen electrode (NHE). Inset: Zoom in of the −0.16 to
0.08 V vs NHE region for Pd2+ solution showing a small cathodic
wave. Figure 2. (a) XRD of electrodeposited Pd31Bi12 thin films. (b) Unit

cell of Pd31Bi12 along three low index viewing directions. High
resolution XPS spectra of the (c) Pd 3d region and (d) Bi 4f region of
a Pd31Bi12 thin film.
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which is within a percent of the theoretical value of Pd31Bi12
(72% Pd, 28% Bi). Hi-resolution XPS scans of Pd31Bi12 reveal
the binding energy of the 3d5/2 and 3d3/2 levels to be 335.25
and 340.50 eV, respectively, indicating the oxidation state is
similar to metallic Pd (Figure 2c). Evaluation of the Bi core
levels reveals the Bi 4f7/2 and Bi 4f3/2 levels to be 157.25 and
162.50 eV respectively, indicating that the oxidation state is
similar to elemental Bi (Figure 2d). Taken together, these data
indicate the formation of a metallic Pd31Bi12 compound.
Scanning electron microscopy (SEM) images and atomic

force microscopy (AFM) topographical maps of electro-
deposited Pd31Bi12 identify a compact film consisting of a
few layers of nanoparticles with diameters ranging between
∼30 and 300 nm (Figures 3a,b and S4). High-resolution

transmission electron microscopy (HRTEM) images indicate
that the electrodeposited material is polycrystalline, with an
observed lattice spacing of 2.3 Å that can be indexed to the (1
1 15) plane of Pd31Bi12 (Figure 3c). The observed rings and
intensities in the Selected Area Electron Diffraction (SAED)
pattern collected near the region near Figure 3c can be indexed
to the (1 1 3), (1 1 15), (3 3 0), and (3 3 12) reflections of
Pd31Bi12.
ORR Activity and Selectivity of Pd31Bi12. The activity of

Pd31Bi12 for ORR was assessed on a 5 mm diameter GC
rotating-disk electrode in O2-saturated 0.1 M KOH electrolyte
with a graphite rod counter electrode. We collected linear
sweep voltammograms (LSV) on Pd31Bi12 , Pt/C
(TEC10E40E, TKK), and Pd/C (40% Pd on Vulcan XC-72,
Premetek) at 1600 rpm to assess the ORR activity (Figures 4a
and S5−S7). The electrochemical surface area (ECSA) was
measured by CO stripping in 0.1 M KOH (Figures S8−S10).
All ORR data are referenced to the reversible hydrogen
electrode (RHE).

The onset potential for ORR in Pd31Bi12 (0.96 V) is lower
than Pt/C (0.99 V) and Pd/C (0.98 V). Pd31Bi12 exhibits a
very steep slope near its onset potential for ORR, thereby
allowing it to reach larger current densities at voltages < 0.95
V. The half-wave potential of Pd31Bi12 is 0.93 V, which is 28
mV higher than Pd/C and 45 mV higher than Pt/C, indicating
that Pd31Bi12 exhibits superior activity compared to commer-
cial Pt-group catalysts. To discern if ORR occurs via the two-
electron (2e−) or a four-electron (4e−) pathway on Pd31Bi12, a
Koutecky−Levich (KL) plot was constructed by measuring the
steady-state chronoamperometry at various rotation rates.38

KL analysis indicates the 4e− reaction pathway is dominant
throughout the entire potential range (Figure S11).
To directly compare the intrinsic activity of all of the

catalysts, the Pd/Pt-based specific activities were averaged
across three or more freshly prepared samples (Figure 4b). At
0.90 V, the specific activity of Pd31Bi12 (9.20 ± 1.41 mA/
cm2

Pd) is significantly higher than that of Pt/C (0.32 ± 0.12
mA/cm2

Pt) and Pd/C (0.77 ± 0.17 mA/cm2
Pd); and at 0.85 V,

the specific activity of Pd31Bi12 (61.7 ± 20.73 mA/cm2
Pd) is

significantly higher than that of Pt/C (1.12 ± 0.15 mA/cm2
Pt)

and Pd/C (1.71 ± 0.21 mA/cm2
Pd). The 10-fold to 35-fold

enhancement of the specific activity of Pd31Bi12 occurs because
it nearly reaches nearly diffusion limited current densities at
0.90 and 0.85 V, while Pt/C and Pd/C are far from reaching
diffusion limited currents in the same range.
The specific activity of Pd31Bi12 was also compared to

electrodeposited Pd- and Pt-thin films, which were prepared in
the same way as Pd31Bi12 except the bath contained only
Na2PdCl4 or Na2PtCl4 salts for the metal source. The resulting
films exhibit similar surface area and morphology to electro-
deposited Pd31Bi12 (Figures S11−S13). The specific activity of
Pd31Bi12 is >10x or 15x higher than electrodeposited Pd- and
Pt-thin films at 0.90 and 0.85 V, respectively (Figure S14),
indicating that the specific activity of Pd31Bi12 is superior to
both Pt/Pd nanoparticles and thin films.
The mass activity of the Pd31Bi12 thin film is comparable to

Pt/C and Pd/C since increases in activity are negated by the
large mass loading and reduced surface area to volume ratio of
the electrodeposited films (Figures S15 and S16). These
results indicate the preparation of highly dispersed Pd31Bi12

Figure 3. Representative (a) SEM image, (b) AFM map of the
electrodeposited film, and (c) transmission electron microscopy
(TEM) image of the electrodeposited film and the corresponding
selected area electron diffraction (SAED) pattern which matches
Pd31Bi12.

Figure 4. (a) Linear sweep voltammograms (LSV) collected at 1600
rpm. (b) Mass transport corrected specific activity at 0.85 and 0.90 V
vs RHE. (c) LSVs and (d) Mass transfer corrected specific activity
after 5000 and 10,000 cycles of accelerated durability testing collected
at 1600 rpm.
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nanoparticles with small diameters have the possibility of
exhibiting significantly improved mass activity compared to
Pd/C and Pt/C.
Long-term stability was assessed via accelerated durability

testing (ADT), which consists of repeatedly cycling the
electrodes between 0.60 and 1.00 V at 100 mV/s in O2-
saturated electrolyte. The half-wave potential of Pd31Bi12 shifts
by −4 mV after 10,000 cycles (Figure 4c); the negligible loss of
half-wave potential indicates that Pd31Bi12 possesses extra-
ordinary stability. The specific activity after 5000 and 10,000
cycles was measured to assess the catalyst stability (Figure 4d).
At 0.90 V, the specific activity of Pd31Bi12 decreases from 7.6 to
7.1 mA/cm2

Pd and at 0.85 V it decreases from 63 to 39 mA/
cm2

Pd after 10,000 cycles. The specific activity for Pd/C
decreases from 0.77 to 0.31 mA/cm2

Pd (0.9 V) and 1.80 to
0.91 mA/cm2

Pd (0.85 V) and for Pt/C it decreases from 0.136
to 0.067 mA/cm2

Pt (0.90 V) and from 0.51 to 0.26 mA/cm2
Pt

(0.85 V) after 10,000 cycles (Figures 4d, S18, and S19). The
decrease in activity after ADT for Pd31Bi12 and Pt/C can be
attributed to removal of highly active sites, given that the
ECSA of these electrodes decreased by ∼10% after 10,000
cycles (Figure S20). In contrast, Pd/C exhibits a large decrease
in activity for the first 5000 cycles, presumably caused by
particle detachment as suggested by a ∼40% decrease in ECSA.
Despite a decrease in specific activity after ADT for Pd31Bi12, it
still maintains a ∼10 fold or more enhancement in specific
activity relative to fresh Pt/C and Pd/C. After ADT, the ratio
of Pd to Bi is ∼71% Pd to 29% Bi which is within a few percent
of the fresh sample and theoretical composition (Figure S21).
HRTEM images and SAED patterns on Pd31Bi12 after the
10,000 cycles indicates that the intermetallic crystallinity of
Pd31Bi12 is retained (Figure S22).
Mechanistic Insights of Pd31Bi12 during ORR. To

provide insight into the mechanism of ORR on Pd31Bi12, we
performed electrokinetic measurements. Tafel slopes ( E

j
d

d log( )
)

were measured by steady-state chronoamperometry, corrected
for mass transport effects by the K-L method, and normalized
by the ECSA (Figure 5). Pd31Bi12 exhibits two Tafel slopes
depending on the applied overpotential (η); for η < 0.30 V a
21 mV/dec Tafel slope is observed, while for η > 0.30 V a 58
mV/dec Tafel slope is observed. A Tafel slope of 24 and 58
mV/dec cor re sponds to a t r ans fe r coeffic i en t ,

α =
−

( )RT
F

E
j

2.303 d
d log( )

1
, of 1.0 and 2.9, respectively. For Pd,

the Tafel slope is 54 mV/dec at low overpotentials and 193
mV/dec at larger overpotentials, corresponding to an α of 1.0
and 0.31, respectively. The transfer coefficient (α) provides
information about the number of electrons transferred between
the resting state and the rate-limiting step of the catalytic cycle,
and the fraction of the interfacial potential that lowers the free
energy barrier of the reaction.39,40 Therefore, a larger α
(smaller Tafel slope) is desirable from a kinetic perspective as a
smaller change in the applied voltage will lead to a larger
increase in the reaction rate.
The exchange current density, i0, of Pd31Bi12 is 3 orders of

magnitude lower than Pd in both Tafel regions, indicating that
it exhibits lower intrinsic activity at equilibrium (Figure 5B).
However, Pd31Bi12 exhibits a larger α for both Tafel regions,
indicating that Pd31Bi12 exhibits a lower barrier to electron
transfer relative to Pd. The aggregate rate constant of a
cathode, ic, is dependent on both the exchange current density,
i0, and the transfer coefficient, α, as shown in eq 1, where R is

the universal gas constant, F is Faraday’s constant, and T is
temperature (in K). Indeed, as the voltage is increased, a larger
fraction of the interfacial potential is used to lower the free
energy barrier of the electrochemical reaction, allowing
Pd31Bi12 to exhibit greater activity for η > 0.28 V (E < 0.95 V).

= αi i e EF RT
c 0

/
(1)

The rate-limiting step of Pd and Pt surfaces is the 1e−

reduction of O2; this is consistent with a Tafel slope of 60 mV/
dec at low overpotential and 120 mV/dec at higher
overpotentials.41,42 Although the Tafel slopes are different in
both potential ranges, it is consistent with the same mechanism
for a material with a decreasing population of kinetically
incompetent coadsorbates, such as OH−, as the overpotential is
increased.41,42 For Pd31Bi12, a Tafel slope of 60 mV/dec can
indicate rate-limiting 1e− reduction of O2 or chemical
decomposition of surface adsorbed OOH, depending on the
surface coverage of OH− on the electrode surface; while a
Tafel slope near 24 mV/dec indicates that the 1 e− reduction
of surface adsorbed O is rate-limiting. However, it is difficult to
propose a rate-limiting step from Tafel slopes alone due to its
dependence on OH− surface coverage. Hence, we will defer a
mechanistic proposal to a more comprehensive study.
Nevertheless, large differences in α between Pd31Bi12 and Pd
indicate that the mechanism of ORR on Pd31Bi12 is different
from that on Pd, contrary to what is observed with reported Pd
and Pt alloys (Table S1).
Alloying Pd with Bi can serve to modify the electronic

structure of Pd via (1) electronic effects which are sensitive to
the composition and symmetry of the crystal, (2) the
geometric effect which is related to the local arrangement of
the active sites on the surface, and (3) ensemble effects which
are related to the distribution of neighboring atoms on the
surface of the catalyst for each atom.3 Generally, such effects
can give rise to lower adsorption energies of O2-reaction

Figure 5. (a) Mass-transport corrected plot of voltage vs log current
and (b) table of transfer coefficients, Tafel slopes, and exchange
current density of Pd31Bi12 and Pd/C collected by steady state
chronoamperometry in O2-saturated 0.1 M KOH.
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intermediates on Pt or Pd alloys, while leaving the reaction
mechanism similar to the parent metal, as indicated by similar
Tafel slopes (Table S1).
The electronic structure of a material dictates its catalytic

activity since the adsorption energy of reaction intermediates is
sensitive to the d-band center (valence band) of the material. A
lower lying valence band center (relative to the Fermi level) is
associated with weaker adsorbate binding due to a larger
occupancy of the adsorbate’s antibonding orbitals. Accord-
ingly, a higher lying valence band relative to the Fermi level
indicates stronger adsorbate binding.
To obtain insight regarding the modification of Pd by Bi

alloying, we measured the valence band spectra of Pd31Bi12 and
Pd foil with Ultraviolet Photoelectron Spectroscopy (UPS)
with a He ion source (Figures 6, S23, and S24). The valence-

band center of Pd lies at −3.1 eV, while the valence band
center lies at −7 eV for Pd31Bi12. The lower lying valence band
center of Pd31Bi12 implies that the adsorption energy of ORR
intermediates is reduced relative to Pd. According to the
Sabatier principle, Pd adsorbs oxygen-based intermediates too
strongly, and hence, a reduction in adsorption energy should
enhance catalysis.43 Indeed, Pd31Bi12 exhibits superior catalytic
reactivity relative to elemental Pd, indicating that alloying Pd
with Bi shifts the adsorption energy of intermediates to more
optimal values.

■ CONCLUSION

In conclusion, we have demonstrated that electrodeposition
can be used to prepare thin films of ordered intermetallic
Pd31Bi12 at room temperature. Pd31Bi12 is a highly active and
stable material for mediating the reduction of O2 to H2O. The
increased activity and stability of our material relative to other
Pt-group metals is attributed to the formation of a Pd−Bi alloy
with atomic scale ordering, reaching specific activities that
exceed Pd and Pt by as much as 35-fold at 0.85 V, and 10-fold
at 0.90 V. Interestingly, electrokinetic studies have indicated
that the mechanism of O2 reduction on Pd31Bi12 is different
than that on elemental Pd. We ascribe this difference in
mechanism to the formation of an OIC with significantly
reduced symmetry relative to the highly symmetric elemental
Pd. OICs containing Pd and metalloids are poised to serve as a
promising new class of high performance electrocatalysts.
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