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ABSTRACT: Hydrogen evolution reaction (HER) is a key reaction @
in hydrogen production through water electrolysis. Platinum (Pt) is ; pd
CuorPd

the best-known element for HER catalysis. Due to the scarcity of Pt,
the development of non-Pt nanocatalysts is desired to achieve
broad scale implementations. Here we demonstrate that the PdCu
nanostructure containing an intermetallic B2 phase (PdCu-B2)
shows a smaller Tafel slope, higher exchange current density, and
lower overpotential for HER compared to commercial Pt/C in
acidic conditions. Density functional theory (DFT) calculations
demonstrate that the improved HER performance in acidic
conditions can be attributed to the decrease in the hydrogen
binding energy (HBE) on the compressed intermetallic PdCu-B2,
shifting the HBE to a more optimal position even compared to Pt/
C. In addition, PdCu-B2 exhibits the highest mass activity toward
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the formic acid oxidation reaction, making it a good anode catalyst candidate for formic-acid-based fuel cells.

renewable energies with low pollutant emissions is

imperative for a sustainable environment. Hydrogen is
globally known as a future green fuel source, leading to zero
carbon dioxide emissions.’ Hydrogen (H,) generation can be
accomplished by natural gas reforming or electrochemical
water (H,O) splitting at an applied potential (U) in the
presence of an electrocatalyst.” > The hydrogen evolution
reaction (HER), the cathodic reaction in electrochemical water
splitting, is accompanied by adsorption of hydrogen (*H) on
the electrode surface and its reaction with H,O to form H,. To
enhance the HER kinetics, the catalyst must induce proton
reduction with minimal overpotential (), high current
densities, and high faradaic efficiency while exhibiting fast
kinetics.”® Pt-based materials are optimal catalysts for HER.”
Nevertheless, the cost and scarcity of Pt makes Pt-based
catalysts unsuitable for large scale applications.”’

Pd-based materials and alloys with transition metals (e.g,,
Cu, Ag, Ni, Co, Fe, Ru) are attractive candidates due to their
similar chemical stability to that of noble metals but at higher
abundancy than Pt.*'°"*° Pd and Pd alloy nanoparticles (NPs)
have been widely studied due to their high surface area, but
they usually suffer from agglomeration.'””" One dimensional
(1D) nanomaterials, on the other hand, suffer from far less
agglomeration.g’zz'23 The interconnected nature of 1D nano-
materials significantly increases the electrical conductivity to
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enhance the activity and structure stability compared with
NPs.'”** Meanwhile, intermetallic compounds with high
atomic ordering have been shown to demonstrate multifunc-
tional catalytic activities and better stability over random alloy
materials.'¥*°73! Nevertheless, these intermetallic comgounds
are often obtained at high annealing temperatures’®' to
overcome the activation energy barrier for interdiffusion and
the subsequent equilibrium of atoms toward a more ordered
structure which ultimately induces Ostwald ripening, reducing
the surface area to volume ratio. For example, Pt;Co and
Pd;Pb intermetallic nanowires (NWs) showed improved
activities toward reduction and oxidation reactions compared
with their alloy counterparts despite displaying relatively low
electrochemical active surface areas (ECSAs) of around 52.1
and 44.8 m?/g, respectively.’* In addition, alloying Pd with
CO poison resistant transition metal hosts'®™'®** has been
reported to be effective catalyst within fuel cell systems,'®%*¢
such as the formic acid oxidation reaction (FAOR) which is
the anodic reaction in direct formic acid fuel cells (DFAFCs),
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Figure 1. (a) Scheme for synthesis of the PdCu-A1 NW network and its transformation to develop PdCu-B2 NWs. (b—d) PdCu-A1 NWs. (b)
BF image. (c, d) HAADF images. (d) Zoom in corresponding to the red circle area in (c). (e—g) PdCu-B2 NWs. (e) BF image. (f, g) HAADF
images, where blue circle in (f) corresponds to the image in (g). The yellow lines in (d, g) indicate the orientation of lattice plane. The noted
interplanar spacing is an average of multiple lattice planes. Overlapped and individual (small panel) elemental map of PdCu-Al (h) and
PdCu-B2 (i) based on EDS spectra. Green represents Pd, and red represents Cu. (j) HAADF images of PdCu-B2 NWs showing area of twin
defects at the tips of the ordered structure. Yellow circle indicates Pd ,while blue circle indicates Cu. (k) BF image taken at the similar area as
(j) indicating strain measurement locations. (I) Strain percentage measurement in three different locations related to the location of the twin
boundary: next to, middle, and far from the boundary. Each data point corresponds to an average over six analyses.

providing a path for nontoxic and nonflammable alternatives Transformation from the Al phase to the intermetallic B2
toward greener energies.'>'”'® phase has been observed in the PdCu NWs through an
Herein, we report the synthesis of ultrathin palladium electrochemical treatment at room temperature. The inter-
copper random alloy nanowires labeled as PdCu-Al NWs. metallic B2 phase containing NWs was denoted as PdCu-B2
3673 https://dx.doi.org/10.1021/acsenergylett.0c01959
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Figure 2. HER electrochemical performance of the as-synthesized PdCu-A1 NWs, PdCu-B2 NWs, Pd NWs, commercial Pt/C, and Pt/C
cycled (sample tested in acidic media for 10 h) in acidic condition of 0.5 M H,SO, (a—f) and basic condition of 1 M KOH (g—i). (a, ¢, d, g)
HER polarization curves. (b) Transformation of PdCu-A1 NWs into PdCu-B2 NWs after 10 h reaction in 0.5 M H,SO, and its comparison
with commercial Pt/C under the same conditions transforming to Pt/C cycled (e, h) overpotential at 10 mA/cm?. (£, i) corresponding Tafel
plots. All the polarization curves were recorded with a scan rate of 20 mV/s and a rotation rate of 1600 rpm, and all the current densities
were normalized to the geometric area of the working electrode. PdCu-A1 NWs, PdCu-B2 NWs are abbreviated as PdCu-Al and PdCu-B2 in

all figures, respectively.

NWs (Figure 1a). The synthesized PdCu-A1 NWs presented a
superior ECSA and enhanced HER compared with pure
palladium (Pd) NWs. Moreover, the PdCu-B2 NWs exhibit
record-high HER performance in acidic media at a low
overpotential of 19.7 mV at 10 mA/ cm?, a low Tafel slope of
27 mV/decade, and an high exchange current density of 4.7
mA/cm?, superior to PdCu-Al NWs, Pd NWs, and even
commercial Pt/C. Similar advantages were observed during
HER in alkaline media. In addition, with an extra-high ECSA
of 116 m*/g, PdCu-B2 NWs presented the highest mass
activity (MA) of 3735 mA/mgp, at the lowest onset potentials
during FAOR among all the studied materials, which is almost
7 times higher than the MA of commercial Pd/C.

The PdCu-Al NW network was obtained following reported
procedures.’”*® In a typical synthesis, dihydrogen tetrachlor-
opalladate (H,PdCl,) and copper(II) chloride (CuCl,) were
mixed in water solution containing Triton X-100 (0.2% v/v)
and then reduced in the presence of NaBH, (Figure S1). The
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products were collected by centrifuge and washed five times
with ethanol/water (details noted in the Supporting
Information). Transmission electron microscopy (TEM)
images showed the network morphology of the product
(Figure 1b). The atomic resolution high angle annular dark
field-scanning transmission electron microscopy (HAADF-
STEM) images in Figure 1c and d suggest that Pd and Cu form
an alloy face centered cubic (fcc) structure (phase Al) as
indicated by a d-spacing of 0.222 + 0.001 nm corresponding to
a (111) interplanar distance. Energy dispersive spectroscopy
(EDS) mapping (Figures 1h and S2) showed even distribution
of Pd and Cu atoms along the NW structure. The alloy PdCu-
Al NWs showed an average body diameter of around 3.5 + 0.8
nm and a larger average diameter of 5.0 + 0.9 nm at the tips/
junctions (Figure S3). X-ray powder diffraction (XRD) studies
confirmed the alloy formation with a face center cubic (fcc)
packing and lattice parameter of about 0.3850 nm (Figure S4).
We hence named the as-synthesized NWs as PdCu-Al NWs.

https://dx.doi.org/10.1021/acsenergylett.0c01959
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Based on the d-spacing of the bright field (BF) STEM images
and XRD spectrum, the approximated overall Pd/Cu atomic
ratio using Vegard’s law was PdgsCu,s, which is close to the
composition ratio extracted from energy dispersive spectros-
copy (EDS) (Pd 84%, Cu 16%) and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) (Pd 83.8%
and Cu 16.2%). Furthermore, X-ray photoelectron spectros-
copy (XPS) revealed a ratio of Pd 91% and Cu 9%, suggesting
a Pd-rich surface (Figure SS).

These PdCu-Al1 NWs were then treated in an electro-
chemical process at room temperature in acidic media that
allowed Pd and Cu atoms to rearrange toward a more ordered
structure (B2-intermetallic rich phase). The sample was loaded
on a glassy carbon electrode and maintained in N,-saturated
0.5 M H,SO, at a constant current density of 10 mA/cm? and
at a constant rotation rate of 1600 rpm for 10 h. HER tests on
the produced materials showed superior performance with
lower overpotentials compared to the initial PdCu-Al sample
and even slightly better than commercial Pt/C, as shown in
detail in Figure 2a—f.

We hence performed additional structural and compositional
characterizations to identify these electrochemically treated
PdCu-Al samples. The TEM image in Figure le shows the
preserved interconnected structure. However, the overall
longitude and diameter of the NWs changed. Size distribution
analysis based on BF STEM images showed that the treated
NWs became noticeably shorter and were around 2 nm wider
compared to their initial PdCu-Al structure (Figures 1 and
S3). Interestingly, HAADF STEM images (Figure 1f, g)
showed the appearance of an ordered PdCu-B2 phase mostly
evident at the tips and junctions of the NWs with typical d-
spacings of around 0.205 + 0.012 nm corresponding to the B2
(110) plane and 0.289 + 0.002 nm corresponding to the B2
(100) plane. Moreover, atomic rows with different contrast
were clearly observable in the BF and HAADF images (Figures
1g and S6), which confirmed the ordering of the Pd and Cu
atoms after the electrochemical treatment process.”*** EDS
mapping (Figure 1i) of the processed sample also showed
clearly a good distribution of Pd and Cu atoms, especially at
the tips and junctions of the NW structure. More detailed
studies of the processed sample (Figure S7) proved that the
structure exhibited an ordered phase which was more evident
at the tips and junctions of the NWs, with some remaining Al-
phase in their body. The EDS analysis of the ordered areas
suggests a ratio composition of PdssCuy, (Figure S8) which
agrees with composition of the PdCu B2-phase as suggested by
the BF and HAADF images. On the basis of these
observations, we designated the new structure as PdCu-B2
NWs to indicate the formation of the B2 phase in the NW
structure (Figures le—g and S6—S8). The BF and HAADF
studies on PdCu-B2 NWs also indicated the presence of lattice
strain around twin boundaries. The twin defects observed in
Figure 1j were taken at the tips of the PdCu-B2 NWs, which
were also observed at the junctions of the material as shown in
Figure S8 (c and d, respectively). Importantly, compressive
strain was observed around these twin boundaries (Figure 1k,
1), which has been reported to a play role in modifying the
catalytic properties of the PdCu-B2.*'~*

The overall composition analysis of the newly transformed
PdCu-B2 NWs suggested an eventual loss of Pd compared to
Cu, during the electrochemical process. This could be partially
attributed to Pd-rich surface of PdCu-A1 (Figure SS), although
detachment of PdCu-Al fragments can also occur during the
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treatment process. In addition, the absence of the Cu oxidation
peaks™ indicated that Cu atoms were embedded from the
beginning and hence better protected against dissolution.
Further evidence of absence of Cu on the surface was provided
by the absence of the typical Cu oxidation peaks during the
cyclic voltammetry (CV) measurement (Figure S12).**

We investigated the electrocatalytic HER activities of PdCu-
Al and PdCu-B2 NWs, and compared their performances
against our synthesized Pd NWs and commercial Pt/C in a
standard three electrode electrochemical cell in acid (0.5 M
H,S0,) and alkaline media (1 M KOH) (see the Supporting
Information for details). Representative linear sweep voltam-
metry (LSV) of geometric current density (mA/cm?) vs RHE
results for these catalysts are shown in Figure 2. HER
performance in acid media is reported in Figure 2a—f, whereas
alkaline media results are shown in Figure 2g—i. All potentials
reported were against reversible hydrogen electrode (RHE)
and iR compensations were applied in all data unless
specifically noted.

We first compared the HER activities of PdCu-A1 NWs, Pd
NWs, and commercial Pt/C under acidic conditions (Figure
2a). It was observed that, to obtain a current density of 10
mA/cm? an overpotential of 41.3 mV was required for PdCu-
Al, which was much lower than that exhibited by Pd NWs
(231.2 mV) but almost twice as high as that of Pt/C (19.2
mV) (Figure 2e, Table 1). In addition, the PdCu-Al NWs

Table 1. Comparison of HER Performance in Acidic
Conditions for State of the Art Pd- and Pt-Based Catalysts”

catalyst
loading, ug/ 1 at 10 mA/cm?  Tafel slope,
sample cm? mV mV/dec source

PdCu-B2 NWs 51 19.7 27 this
work

PdCu-Al NWs 51 41.3 33 this
work

Pd NWs 51 231.2 55 this
work

Pt/C 51 19.2 29 this
work

PdCu@PdNCs 140 68 35 ref 8

Pd—Cu-§ ~660 58 35 ref 47

amorphous
Pd-CNx np 43 SS 3S ref 2

“Note: dec is short for decade.

presented a Tafel slope of 33 mv/decade which is close to that
of commercial Pt/C (29 mV/decade) (Figure 2f) and much
smaller than that of the Pd NWs (55 mV/decade) (Figure S9),
following a Volmer—Tafel mechanism.>** Chronopotentiom-
etry tests (stability tests) in acidic media (0.5 M H,SO,) at 10
mA/cm? showed that PACu-Al1 NWs outperformed commer-
cial Pt/C in terms of stability and induced the electrochemical
transformation of PdCu-Al1 NWs to PdCu-B2 NWs (Figure
2b). After cycling tests in acidic media, HER catalytic activities
were investigated on the final samples, PdCu-B2 NWs and Pt/
C cycled. Surprisingly, HER catalytic activity of PdCuB2-NWs
improved significantly compared to its initial counterpart
PdCuAl NWs (Figure 2c), whereas commercial Pt/C cycled
performed worse than its initial counterpart commercial Pt/C
(Figure 2d).

Impressively, from all the studied catalysts, PdCu-B2 NWs
showed outstanding in performance for HER in acidic media
with an overpotential of 19.7 mV, comparable to that of

https://dx.doi.org/10.1021/acsenergylett.0c01959
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Figure 3. (a) CV profile acquired in 0.5 M H,SO, solution at a scan rate of 20 mV/s in the range of —0.2 to 0.4 V vs RHE for Pt/C, PdCu-Al,
and PdCu-B2 NWs. (b, ¢) CV curves acquired in acidic and alkaline media at a scan rate of 100 mV/s in the range of 0.05—1.1 V vs RHE of
(b) Pt/C and (c) PdCu-B2 NWs. (d) DFT calculated hydrogen binding energies (HBEs). (e) DFT calculated reaction barrier for water

dissociation (E,(H,O-dissociation)).

commercial Pt/C, while it exhibited a Tafel slope of 27 mv/
decade, similar to and slightly smaller than commercial Pt/C.
The Tafel slope decreases in the order of Pd NWs > PdCu-Al
> Pt/C cycled > Pt/C > PdCu-B2 (Figure 2f; Tables 1 and
S2), indicating the fastest HER reaction kinetics on the PdCu-
B2 surface even when compared to commercial Pt/C.
Meanwhile, PdCu-B2 also exhibited a much higher exchange
current density of 4.7 mA/cm” when compared to commercial
Pt/C, PdCu-Al (both ca. 3.2 mA/cm?®) and Pd NWs (0.02
mA/cm?). These observations are in agreement with previous
literature where a smaller Tafel slope usually leads to higher
exchange current densities, and a smaller overpotential signifies
the HER rate can gain a faster increase at a competitive
potential for practical applications.*® Indeed, to obtain a
current density of 50 mA/cm? an overpotential of 90 mV was
sufficient with PdCu-B2, which was lower than the comparison
samples (Table S2). Thus, these results suggest that PdCu-B2
display the best HER kinetics among all electrocatalysts
investigated in acid media here.

Additionally, PdCu-Al and PdCu-B2 curves in Figure 2c
suggest typical presence of hydrogen absorption peaks (H,y,)
in the range of 0.0—0.05 V. Thus, we ran a full CV profile for
PdCu-Al as an example (Figure S10) and identified asym-
metrical anodic and cathodic peaks at around 0.21 and 0.26 V
corresponding to underpotential hydrogen adsorption (UPD-
H,4) and desorption (UPD-Hg,) peaks, respectively. In
addition, asymmetrical peaks at a range around —0.03 and
0.11 V were also observed, corresponding to overpotential
hydrogen absorption (OPD-H,,) and desorption (OPD-Hy,,),
respectively.”*" Lastly, PdCu-B2 showed an impressive ECSA
(Figures S11 and S12; Table S1), especially a high ECSA¢q of
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around 116 m*/g from CO stripping measurements, which will
contribute to its eventual high mass activity as electrocatalysts.

The performance of the PdCu-Al and PdCu-B2 catalysts
were also investigated in alkaline solution (1 M KOH) and
compared to Pd NWs and commercial Pt/C (Figure 2g—i).
Previous reports have established that, in neutral and alkaline
solutions, the HER mechanism may be different from that in
acidic solution, where not only HBE plays a role but also the
HO—H bond in H,O and its dissociation play a crucial role in
the whole HER process.”*>* LSV curves in Figure 2g and
overpotential bars in Figure 2h show that, to obtain a current
density of 10 mA/cm? PdCu-B2 NWs needed an overpotential
of 154.3 mV which is lower than their PdCu-Al counterpart
and comparable with Pt/C. Surprisingly, in order to obtain a
higher current density of 50 mA/cm?, PdCu-B2 NWs required
the lowest overpotential than the other catalysts (Figure S13;
Table S3). In fact, PACu-B2 NWs required an overpotential of
only 247.9 mV versus 303.7, 316.4, and 547.1 mV of PdCu-Al
NWs, Pt/C, and Pd NWs, respectively. Tafel slopes
corroborated the result for PdCu-B2 NWs in alkaline media
showing a smaller slope of around 122 mV/decade than Pt/C
which exhibited a slope of 136 mV/decade. The rest of the
catalysts exhibited much higher values in Tafel slopes (Figure
2i; Table S3). Once again, these results suggested better
kinetics for PdCu-B2 NWs in alkaline media than PdCu-Al
and commercial Pt/C. Furthermore, chronopotentiometry
tests were performed in alkaline media at 10 mA/ cm? for as
synthesized PdCu-Al NWs catalysts and compared with
commercial Pt/C (Figure S14). PdCu-Al in alkaline
conditions performed similarly in acidic media, exhibiting
higher stability than commercial Pt/C.
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In order to elucidate the mechanism of the exceptional HER
enhancement observed in PdCu-B2, we performed further
electrochemical analyses and DFT calculations. HBE has been
suggested to directly correlate to the UPD-Hy,, peak potential,
and plays a critical role during HER performance.”** We
performed CV studies in both acidic and alkaline solutions and
observed differences in the UPD-Hy,, peaks (Figure 3a—c). In
0.5 M H,SO, solution at a scan rate of 20 mV/s in the range of
—0.2 to 0.4 V, it was observed that UPD-H, 4, and UPD-Hy,
were minimal or almost null in PdCu-B2 NWs and commercial
Pt/C samples compared to PdCu-Al NWs, where UPD-H,_ 4,
and UPD-Hy,, peaks were clearly observed at 0.22 and 0.26 V
(Figure 3a). These results indicate that, similar to the case of
Pt/C, PdCu-B2 NWs bind hydrogen at a close-to “optimal”
binding strength for HER, whereas PdCu-A1 NWs may bind
hydrogen too strong which leads to decreased HER activity, in
agreement with previous reports.**’ Moreover, PdCu-B2
(Figure 3a, red) exhibited strong OPD-H,;, at 0.02 V and the
corresponding OPD-Hy,, peak at 0.08 V, which indicates that
OPD-H,;,, on PdCu-B2 initiates at potentials very close to the
reversible H*/H, potential.2 These observations allowed us to
hypothesize that the optimized HBE on PdCu-B2 NWs in acid
media may account for their better HER performance than Pt/
C.

In addition, we compared CV curves acquired in acidic (0.5
M H,S0,) and alkaline media (1 M KOH) in the range of
0.05—1.1 V for Pt/C and PdCu-B2 NWs (Figure 3b, c). It is
evident that the UPD-H peaks shifted to a more positive
potential in both catalysts, suggesting a slower HER kinetics in
alkaline media compared to acidic media. This agrees with
literature suggested trend in decreasing HER activity in
alkaline conditions when compared to acid conditions for
nanocatalyst based on Pd, Pt, Ir, and Rh elements.>*>#55051

To obtain further understanding of the high HER activity on
PdCu-B2 in both acid and alkaline media, we performed DFT
studies (PBE-D3-flavor). The calculated HBEs and EaH,O
dissociation results for different catalysts are shown in Figure
3d and e. Calculations for oxygen reduction reaction (ORR)
on the B2 phase were reported previously.”> We calculated the
HBEs of the experimentally investigated systems: PdCu-Al
(Pdg4Cuy), PAdCu-B2, compressed PdCu-B2, Pt, Pd, and Cu
(more details about the models are provided in the Supporting
Information). As shown in Figure 3d, the calculated HBEs are
—0.18 eV for PdCu-Al, —0.13 eV for PdCu-B2, —0.02 eV for
compressed PdCu-B2, —0.04 ¢V for Pt, —0.24 eV for Pd, and
0.21 eV for Cu. Thus, the HBE of compressed PdCu-B2 is
closest to zero, indicating that compressed PdCu-B2 provides
the best performance at acidic conditions, which is consistent
with the experiment.

We also calculated the reaction barrier for water dissociation
(E,(H,O-dissociation)) of the experimentally investigated
systems (Figure 3e): PdCu-Al, PdCu-B2, compressed PdCu-
B2 (PdCu—B2-C), Pt, Pd, and Cu. The calculated E,(H,O-
dissociation) values are 1.08 eV for PdCu-Al, 0.94 eV for
PdCu-B2, 0.98 eV for PdACu—B2-C, 0.77 eV for Pt, 1.10 eV for
Pd, and 1.02 eV for Cu. Thus, the E,(H,0-dissociation) value
of Pt is the lowest and that of PdCu-B2 is the second-lowest,
indicating that Pt represents the best performance and PdCu-
B2 represents the second-best performance at alkaline
conditions. This is again consistent with experimental
observations. Overall, the DFT calculations predict that the
PdCu-B2 phase presence is responsible for the improved HER
performance. Specifically, the exceptional HER performance at
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acidic conditions might be attributed to the decreased HBE on
the compressed PdCu-B2 phase even when compared to Pt/C,
and the improved HER performance at alkaline conditions
compared to PdCu-Al might be attributed to the reduced
water dissociation barriers.

Pd-based catalysts are known as excellent catalysts for
electron-oxidation reaction of small molecules like FAOR, the
anodic reaction in DFACFCs. In this reaction, formic acid is
first adsorbed on the Pd surface to promote its dissociation,
followed by a two electron oxidation process to convert to CO,
in a direct oxidation pathway, eliminating undesired products
such as CO commonly observed on Pt-based catalysts.' **%**
Incorporating a transition metal into the Pd catalyst promotes
HO formation and thus the oxidization of CO which also
increases the CO tolerance.’® Hence, it suggests excellent
FAOR performance on PdCu-B2 NWs. CV curves are
presented in Figure 4a where Cu oxidation peaks were not
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Figure 4. (a) Cyclic voltammetry (CV) curves and (b) FAOR CVs
of the as-synthesized NWs PdCu-Al1 NWs, PdCu-B2 NWs, and
commercial Pd/C. (c) FAOR CV of initial PdCu-B2 NWs and after
30 cycles. (d) Chronoamperometry (CA) curves of the as-
synthesized NWs PdCu-A1 NWs, PdCu-B2 NWs, and commercial
Pd/C. CVs were obtained in N, saturated 0.5 M H,SO, at a scan
rate of 100 mV/s, and the FAOR CVs were in N, saturated 0.5 M
H,S0, + 0.5 M HCOOH with a scan rate of S0 mV/s. CA curves
were recorded at 0.4 V for 5000 s in a 0.5 M H,SO, + 0.5 M
HCOOH solution. All the tests were conducted at room
temperature.

observed in a range of 0.3—0.7 V vs RHE, " suggesting that the
NWs surface is well conditioned.”® Figure 4b shows that,
during the positive scan, a current was generated, indicating
the oxidation of formic acid where the maximum current peak
is characteristic for each catalyst tested. As it was observed,
PdCu-B2 NWs exhibit the highest MA with a value of 3735
mA/mgpg, which was much higher than that of PdCu-Al
(2540 mA/mgpy) and 7 times higher than that of commercial
Pd/C (527 mA/mgpg). After 30 cycles of forward/backward
scans, PdCu-B2 NWs still retained a mass activity of 3361 mA/
mgpg, which is only 10% less than the initial mass current
density (Figures 4c and S16). The MA of PdCu-B2 NWs is
also superior to previously reported values (Table S4)."°
FAOR curves of PdCu-A1 NWs (purple line in Figure 4b)
evidenced that the main mechanism controlling the reaction is
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through directly dehydrogenation of formic acid toward CO,
production. Nonetheless, a small shoulder during the positive
scan at around 0.9 V vs RHE indicates that FAOR still
undergoes an intermediate dehydration pathway (CO + H,0).
This shoulder, corresponding to CO, is slightly reduced during
FAOR on PdCu-B2 (red line in Figure 4b), suggesting a better
dehydrogenation process.’®>® Meanwhile, the onset potential
was much lower in PdCu-B2 (0.168 V) compared to the
PdCu-Al alloy (0.178 V) and commercial Pd/C (0.188 V).
Moreover, the sharp peaks observed at around 0.8 V in the
negative scan for both PdCu-Al and PdCu-B2 NWs indicated
that the catalyst surface was regenerated via surface reduction,
as observed by the sudden jump in the current. These
observations suggested that Pd in the PdCu-B2 and PdCu-Al
NWs was reduced more efficiently than the Pd in commercial
Pd/C, in agreement with previous literature.'**> Thus, the
higher oxidation peak value for mass activity and the lower
onset potential demonstrated that the electrooxidation activity
for FAOR is favored in PdCu-B2 NWs.">*37*® Finally, stability
tests were performed (Figure 4d). In the first 250 s,
commercial Pd/C decayed very fast. After 1000 s, PdCu-Al
and commercial Pd/C showed equivalent current densities,
suggesting similar stability in the later stage, while PdCu-B2
NWs exhibited better stability and displayed higher mass
current density than PdCu-Al and commercial Pd/C
throughout the test. After the stability tests, no significant
morphology changes of PdCu-B2 NWs were observed (Figure
S15).

In summary, we have demonstrated the transformation of
alloy Al phase into intermetallic B2 phase through the
electrochemical treatment of the PdCu NW networks.
Impressively, the NWs containing the PdCu-B2 phase
demonstrated enhanced electrocatalytic activity toward HER
in acid and alkaline conditions, showing even higher HER
activity and electrochemical surface area than those of
commercial Pt/C in acids. DFT calculations demonstrated
that the improved HER performance at acidic conditions can
be attributed to the decreased HBE due to the presence of a
compressed PdCu-B2 phase, while the improved HER
performance compared to PdCu-Al at alkaline conditions
can be attributed to the reduced water dissociation energy
barrier. In addition, both PdCu-Al and PdCu-B2 demon-
strated superior FAOR activities, with PdCu-B2 showing the
highest MA compared to reported values. This work provides
an alternative approach to design and develop electrocatalysts
with outstanding performance for diverse reactions that can
enable practical applications.
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