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ABSTRACT: Metallic glasses or amorphous alloys, with their
excellent chemical stability, disordered atomic arrangement, and
ability for thermoplastic nanostructuring, show promising perform-
ance toward a range of electrocatalytic reactions in proton-
exchange membrane fuel cells. However, there are knowledge gaps T3 3 35 6 % o m m om0 e
and a distinct lack of understanding of the role of amorphous alloy oGt

chemistry in determining their catalytic activity. Here, we
demonstrate the influence of alloy chemistry and the associated |||m H
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electronic structure on the hydrogen oxidation reaction (HOR)
activity of a systematic series of Pty ,Pd,Cu,,NigsP,, bulk
metallic glasses (BMGs) with x = 0 to 42.5 at%. The HOR activity
and electrochemical active surface area as a function of
composition were in the form of volcano plots, with a peak around equal proportion of Pt and Pd. The lower relative electron
work function and higher binding energy of the Pt core level explain the reduced charge-transfer resistance and improved
electrocatalytic activity due to weakened chemisorption of protons in the mid-range composition. Density functional theory
calculations show the lower free energy change and higher hydrogen adsorption density for these Pt,, s ,Pd,Cu,;NiysP,; BMGs,
suggesting a synergistic effect from the presence of both noble metals, Pt and Pd.
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1. INTRODUCTION

Countries around the globe are increasingly investing in clean
and renewable energy sources due to environmental concerns
and the impact of climate change. Hydrogen energy represents
a promising route for decarbonization as it presents a platform
for applications like fuel for transportation"

ture synthesis routes often suffer from limited control over
catalyst morphology and length scale.'>'°

The majority of PGM catalysts studied till date are
crystalline, which favor catalytic reactions primarily along few
crystallographic orientations,'”'® thereby limiting the full
potential of the catalyst. In contrast, bulk metallic glasses
(BMGs) represent a new paradigm in electrocatalyst design
and have shown promising performance in many catalytic
reactions due to their disordered atomic structure and high

and energy
wherein the proton-
exchange membrane fuel cells (PEMFCs) play an important

storage for heat and power generation™"

role in utilizing the hydrogen energy.’ Over the past three
decades, PEMFC technology has advanced tremendously
resulting in the first commercial fuel cell-powered automobile.’
However, large-scale market penetration of this technology
remains limited due to the high cost of platinum group metal
(PGM) catalysts used. Over 40% cost of PEMFCs comes from
PGM loading,7 with the high cost of platinum (Pt) being the
primary bottleneck for widespread adoption of these fuel cells.
Therefore, higher activity of the catalyst is needed to reduce Pt
usage. Substantial efforts have been devoted for enhancing the
activity of PGMs like alloying with transition metals,””
reducing the particle size,'’ and directed synthe51s of large
surface area nanostructures such as nanowires, '
nanodendrites,"® and nanoframes.'* However, the nanostruc-

nanocages )
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density of low-coordination surface sites.'”~>* Each surface site
in a metallic glass is potentially active because of atomic-scale
disorders and electron localization.>® Furthermore, BMGs have
the unique appeal of facile and scalable thermoplastic
manipulation at the nanometer length scale to synthesize
complex hierarchical nanostructures that are attractive for
catalytic applications.”””® Noble metal-based BMG catalysts,
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Figure 1. (a) Optical images of representative Pt,, s_,Pd, alloys in the bulk form, where x = 0, 17.5, 25, and 42.5; (b—d) schematic showing TPF of
BMG nanowires, where the viscous BMG flows into the AAO template under a controlled pressure and temperature; (e) optical images of the
Pty,5_,Pd, BMGs after TPF with nanowires on the top surface; (f—~h) SEM images of the Pt,, s, Pt;;sPd,s, and Pd,, s BMG nanowires with an
aspect ratio of around S; and HRTEM images of (i) Pty, s, (j) Pt;;5Pd,s, (k) Pd,, s nanowires with the SAD pattern (inset) showing diffused rings

indicating a fully amorphous structure.

such as PANiCuP,”” PdNiPB,”* PtCuNiP,*® PdCuNiP,** and
PtPdCuNiP,”” have shown significantly higher activity
compared to pure noble metals. However, there are knowledge
gaps and a distinct lack of understanding of the role of BMG
alloy chemistry on their catalytic activity. Fundamental
understanding of these correlations will greatly help in the
rational design and systematic development of next-generation
electrocatalysts. In addition, there is limited understanding on
the correlations between catalytic activity and electronic
characteristics like binding energy and electron work function
(EWF). Charge transfer during a catalytic reaction is a
multistep process,”” > which may be related to the work
function of the catalyst surface.”*>~>> The ease of electron
removal has been directly correlated with the catalyst activity
in several important reactions, including hydrogen evolution,
oxygen reduction, ammonia synthesis, N,O decomposition,
and soot combustion.**™*'

In this study, the hydrogen oxidation reaction (HOR)
response of a systematic series of Pty,s_,Pd,Cu,,Nig Py,
BMGs was evaluated, where platinum was systematically
replaced by topologically equivalent palladium atoms. Bulk
electrochemical studies were combined with scanning kelvin
probe (SKP) and scanning electrochemical microscopy
(SECM) for obtaining insights into the influence of electronic
structure on electrocatalysis. An X-ray photoelectron spectros-

copy (XPS) analysis was performed to determine the change in
binding energy with the chemistry of the BMG. Furthermore,
the correlations between hydrogen adsorption energy, hydro-
gen adsorption density, and catalytic activity were studied
using density functional theory (DFT) calculations.

2. RESULTS AND DISCUSSION

2.1. Structural Characterization of the Bulk Samples
and Nanowires. Representative bulk samples of Pt,,_,Pd,
BMGs, S mm in diameter, are shown in Figure la that were
obtained after induction melting of the ingots and tilt-casting
in water-cooled copper molds under an argon atmosphere. A
schematic of the thermoplastic forming (TPF) process used to
obtain BMG nanowires is shown in Figure 1b—d. Commer-
cially available anodized aluminum oxide (AAO) templates,
with a pore size of 200 nm, were used for TPF at a temperature
of T, + 50 K, where T, represents the calorimetric glass
transition temperature. The BMGs were heated in their
supercooled liquid region and pushed into the nanoporous
templates with controlled application of 5000 N force. Figure
le shows the optical images of the BMG samples after TPF
and dissolution of the AAO templates, with free-standing
nanowires attached to the BMG substrate. Scanning electron
microscopy (SEM) images of the nanowires for the three
alloys, namely, Pt,, 5, Pt;; sPd,s, and Pd,, 5, are shown in Figure
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Figure 2. (a) Cyclic voltammetry (CV) curves of Pt,, ;_,Pd,Cu,,Nig ;P,; BMGs at a scan rate of S0 mV/s, (b) peak current density in the HOR
region as a function of alloy chemistry, and (c) ECSA as a function of alloy chemistry calculated from the hydrogen desorption peak in the CV

curves.

1f—h. The synthesized nanowires showed on average a length
of ~1 ym and a diameter of ~200 nm, indicating an aspect
ratio of around S. Figure li—k shows the high-resolution
transmission electron microscopy (HRTEM) images of the
Pt,,s, Pt;;Pd,;, and Pd,,; nanowires with the diffused
selected area diffraction (SAD) patterns of nanowires (insets)
indicating a fully amorphous structure.

2.2. Electrochemical Characterization of the Bulk
Samples and Nanowires. Figure 2a shows the cyclic
polarization of the BMG flat samples in H,-saturated 0.5 M
H,SO,. The terminal BMGs (Pty,s and Pd,,s) showed a
higher HOR activity than polycrystalline pure Pt. Furthermore,
the Pty s_,Pd, BMGs containing both Pt and Pd showed a
much better performance compared to the terminal BMGs,
indicating the synergistic effect from the simultaneous presence
of both Pt and Pd. All the catalysts showed an onset potential
of ~0 V versus RHE, demonstrating the high HOR activity.
The HOR current for pure Pt increased with the applied
overpotential below ~0.07 V and decreased at overpotentials
greater than 0.07 V, whereas the HOR current for all the
BMGs increased with the applied overpotential below 0.1 V.
The Pty, s Pd, BMGs with x = 0, 2.5, 35, 40, and 42.5 showed
two similar current peaks in the HOR region at ~0.1 and ~0.3
V. In contrast, the Pt,,s_,Pd, BMGs with x = 7.5, 12.5, 17.5,
20, 22.5, 25, and 30 showed a monotonic increase in the HOR
current with a limiting current at ~0.31 V. Figure 2b shows the
peak current density for all the studied BMGs. The peak
current density for hydrogen oxidation was significantly higher
for the Pt,, s Pd, BMGs, with the most active being Pt,, ;Pd,

BMG with a peak current of 1.74 mA/cm”. In comparison, the
peak current density was 0.7, 1.13, and 0.96 mA/cm” for pure
Pt, Pt,, s BMG, and Pd,, s BMG, respectively. The electro-
chemical active surface area (ECSA) was calculated to compare
the catalytic activity of the different alloys as shown in Figure
2c. The ECSA was calculated by measuring the charge
collected in the hydrogen adsorption/desorption region and
assuming a value of 021 mC/ cm? for the adsorption/
desorption of a hydrogen monolayer. The ECSA can be
calculated by Qy/(m X 0.21), where m represents the loading
of Pt and Pd.*”~*® The ECSA of terminal BMGs was higher by
an average of three times that of pure Pt, while the catalysts
with compositions around equal proportions of Pt and Pd
showed a higher ECSA by a factor of ~6 compared to pure Pt
and almost twice against terminal BMGs.

BMGs may be thermoplastically manipulated into complex
hierarchical nanostructures. BMG nanowires represent a new
architecture for fuel cell catalysts and provide facile pathways
for electron transfer while offering a large surface area for
catalytic reactions.””*® Nanowires were thermoplastically
synthesized for Pt,, s BMG, Pt;;Pd,s BMG, and Pd,;
BMG as three representative systems from the entire
composition library. The HOR performance of the Pt;,Pd,;
and terminal BMG nanowires was tested under identical
conditions as the flat samples. The nanowires demonstrated a
significantly higher electrocatalytic activity toward HOR
compared to their corresponding flat samples as shown in
Figure 3a,b. Among the three alloys studied, the nanowires of
the alloy with both Pt and Pd showed the highest activity. The
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Figure 3. (a) CV curves of Pt,, s BMG, Pt;;Pd,s BMG, and Pd,, s BMG nanowires in a H,-saturated 0.5 M H,SO, solution at a scan rate of 50
mV/s; (b) zoomed-in view of the polarization curves for the BMG nanowires; (c) EIS Nyquist plots of Pt,, s BMG, Pt;;Pd,; BMG, and Pd,,
BMG flat samples at 39 mV overpotential; (d) ECSA calculated from the hydrogen desorption peak in the CV curves of the BMG nanowires; and
(e) HOR/hydrogen evolution reaction (HER) polarization plots recorded at 2 mV/s. The Butler—Volmer fits are indicated as black dashed lines.

Pt;; sPd,s BMG nanowire showed a HOR peak current density
of 9.5 mA/ cméeo, which is ~five times higher compared to its
corresponding flat sample and two times that of the Pt,, 5 and
Pd,, s BMG nanowires. The superior HOR activity observed
for Pt;;Pd,s BMG is explained by the electrochemical
impedance spectroscopy (EIS) measurements, which showed
the smallest charge-transfer resistance for Pt;; ;Pd,s compared
to Pt,, s BMG and Pd,, s BMG at 29 mV overpotential (Figure
3c). The ECSA of Pt;, ;Pd,; BMG nanowires was on average
higher by a factor of two compared to Pty, s and Pdy, s BMG
nanowires, which is similar to the ratio for the flat samples
(Figure 3d). The BMG nanowire showed higher ECSA by
three times than the geometrically flats BMGs, demonstrating
the enhanced activity by geometric manipulation of these
BMGs. The polarization curves (Figure 3e) were fitted with a
Butler—Volmer equation to obtain the exchange current
density (j°) values:

j= jO x (eaFr//RT _ e—(l—u)Fr//RT) (1)
where 7 is the overpotential, a is the transfer coefficient, T is
the temperature, R is the gas constant (8.314 J mol™ K™'), and
F is the Faraday constant (96,485 C mol™'). The exchange

current density follows the order Pt;,Pd,s (2.4 mA/cm?) >
Pt,, s (1.1 mA/cm?) > Pd,, 5 (0.8 mA/cm?).

2.3. SECM and SKP Measurements for Correlating
with EWF. To further elucidate the difference in electro-
catalytic activity among the BMGs, the performance of the
Pt,, s_,Pd, alloys was compared with those of pure Pt and pure
Pd using high-resolution SECM. Identical conditions of the
electrolyte, temperature, and exposed surface area were
maintained for all the samples. To minimize any variation
related to the experimental factors, all the samples were
mounted side by side on a hard resin and were tested in the
same run, as shown schematically in Figure 4a. The HOR
performance was studied in a 0.5 M H,SO, solution identical
to the CV studies. No overpotential was applied to the
substrate during the experiment. Polarization between —1.2
and 0.1 V (vs Epng /AgCl) at the SECM tip was performed in the
bulk solution at a scan rate of SO mV/s. Due to the
overpotential of the SECM tip for HER, the significant
cathodic current was not observed till —0.8 V. Approach curves
were measured for the metallic glass alloys and neighboring
nonconductive areas to optimize the tip/substrate separation.
The substrate and SECM tip were held at the open-circuit
potential and —1.2 V, respectively. Positive feedback was seen
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Figure 4. (a) Schematic of the experimental setup for SECM (d = S ym) and SKP (d = S0 ym) measurements, showing the array of Pt,,s_Pd,
BMGs and pure Pt and pure Pd mounted side by side in a nonconductive resin; (b) Z-approach curves of a Pt ultramicroelectrode (UME) over a
BMG surface and nonconductive resin, the dashed line shows the selected tip/substrate distance; (c) reduction current for Pt,, ;_,Pd, BMGs in a
0.5 M H,SO, solution and tip potential held fixed at —1.2 V (vs Ag/AgCl); and (d) SKP potential for the Pt,, s . Pd, BMGs compared to pure Pt

and pure Pd.
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Figure 5. XPS spectra of (a) Pt 4f and (b) Pd 3d for the Pt,,,_,Pd,Cu,,NiyP,; BMGs in comparison with pure Pt and pure Pd.

when the SECM tip approached the metallic glass alloy, while
negative feedback was seen for the nonconductive resin. A
representative approach curve is shown in Figure 4b for Pd,,
BMG. The maximum SECM tip current was observed at ~§
pum tip/substrate separation. The SECM tip was polarized at
—1.2 V to have appreciable reduction of protons and scanned
over each of the alloys at a fixed separation of S ym. The
SECM tip current is proportional to the rate of catalysis, and a
more negative current corresponds to the higher activity of the

alloy. The average SECM tip current was measured for all the
Pty 5 ,Pd, BMG flat samples along with pure Pt and pure Pd
discs (Figure 4c). The Pty and Pd,, s BMGs showed on
average ~20% higher SECM current compared to pure Pt and
Pd flat samples. The SECM tip current for Pt;, ;Pd,; BMG was
roughly two times that of a pure Pt flat sample. The trend in
catalytic activity measured using SECM is along the same lines
as the bulk CV curves. The higher activity of the Pty ,Pd,
BMGs compared to the terminal BMGs may be attributed to
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Figure 6. Schematic illustration of (a) 3D view of Pt;;sPd,s BMG and (b) top view of Pt;;Pd,s BMG showing the distribution of constituent
atoms; (c) average free energy of hydrogen adsorption for a Pty, ;_ ,Pd, BMG as a function of hydrogen coverage; (d) free energy diagram with the
Heyrovsky—Volmer pathway for the Pt,, ;_,Pd, BMGs (100% hydrogen coverage) UN"F = 0; (e) hydrogen adsorption energy (overpotential) for
the Pt,, s_,Pd, BMGs with 100% hydrogen coverage; and (f) hydrogen adsorption density (i.e,, number of hydrogen atoms per unit area) on the

surface of Pty,s_,Pd, BMGs.

the synergistic effect of Pt and Pd from electronic structure
modification, which weakens the electronic interaction
between the surface atoms and oxygenated species.*’ A similar
synergistic effect has been demonstrated for crystalline Pd—Pt
catalysts for oxygen reduction’’™>” and Pd—Au catalysts for
ethanol oxidation.”

EWF is the minimum energy required for removing an
electron from a material’s surface and is a measure of the
surface reactivity in redox reactions. EWF has been correlated
with the surface charge-transfer process, which is an important
contributing factor in electrocatalytic reactions.”’** The
relative EWF of the systematic series of Pt,,s_.Pd, BMGs
was determined by measuring the SKP potential (Vggp). Vigp is
the potential applied by the instrument to nullify the contact
potential difference (Vcpp) between the tungsten probe and
the sample. Thus, the Vyp is a measure of the work function
with respect to the tungsten probe (Vgp = DTungsten —

¢Sample)'54 Considering a constant work function of the
tungsten probe, the difference in potential values was
attributed to their relative EWF (relative SKP potential). An
inverse correlation between the relative SKP potential and
HOR activity (SECM tip current) of the Pt,,; ,Pd, BMGs is
shown in Figure 4c,d. The BMGs containing both Pd and Pt
showed lower relative SKP potential values in comparison with
Pt-based BMG and Pd-based BMG. The Pt,, Pd,; BMG (and
the immediate neighboring compositions) showed the lowest
relative SKP potential and correspondingly the highest SECM
tip current among the series of Pt,,s_,Pd, BMGs. Thus, the
superior catalytic performance toward HOR of the BMGs
containing both Pt and Pd may be related to the electronic
structure modification and lowering of the relative EWF, with
the highest performance seen for alloys with roughly equal
proportion of Pt and Pd.
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Figure 7. Surface atoms and charge distributions on the surface of Pt,,5_,Pd,Cu,,NigsP,; BMGs: (a) x = 0, (b) x = 17.5, (c) x = 25, and (d) x =
42.5. The colored and white atoms represent the surface and subsurface atoms in the alloys, respectively. Pt, Pd, Cu, Ni, and P are represented by

black, purple, blue, green, and pink circles, respectively.

2.4. XPS Analysis for Correlating the Catalytic
Activity with the Binding Energy. XPS was performed to
characterize the surface chemical state and the recorded Pt 4f
and Pd 3d core levels as shown in Figure Sa,b, respectively, for
all the Pt,,_,Pd, BMGs. The core levels for Pt and Pd are
separated into Pt 4f,,, Pt 4f;,, Pd 3ds;, and Pd 3d;),
respectively, due to spin—orbit splitting. The binding energy
(B.E.) values at 71.3 and 74.6 €V correspond to Pt 4f,,, and Pt
4f; ), respectively, which are attributed to Pt’. The absence of
other Pt valence states, such as Pt**, indicates that Pt is not
present in the form of oxide or hydroxide on the surface but
rather in its zero-valent state. The shift in the B.E. of core levels
of both Pt and Pd indicates the modification of the electronic
structure with change in alloy chemistry. With an increase in
the Pd content for the Pty, ;_,Pd, BMGs, the B.E. of Pt and Pd
showed a positive shift compared to the respective pure Pt and
pure Pd binding energies. The XPS peak shifts may be
correlated with the change in the d-band center, Fermi energy,
and work function.”>*® Usually, a positive shift in the core level

B.E. is related to loss of electrons.”” ¢!

The positive shift of Pt
and Pd core level B.Es. may be explained by partial electron
transfer from less noble elements, as previously reported with
alloying of Ru, Nj, Fe, Co, B, and Cu.>>*%616% The shift of Pt
4f and Pd 3d core levels of our systematic series of Pty ;_,Pd,
BMGs may be attributed to electron transfer from the alloying
elements (Cu, Ni, and P), which is consistent with the
electronegativity order. The positive shift in B.E. may be
attributed to the work function difference between pure Pt and
its alloy along with rehybridization of the d-band (valence
band).”® The change in work function, which is an upshift of
the Fermi level, would result in a downshift of the core level
and the valence band (d-band). The downshift of the d-band
center in Pt and Pd may lead to weakened chemisorption of
protons on the metallic glass surface, resulting in an enhanced
catalytic activity. The B.E. of the Pt core level increases with an
increase in the Pd content until x = 25. This trend explains the
improved catalytic activity due to weakened chemisorption of
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protons on the surface of the BMGs with an increase in the Pd
content until x = 25 and a decrease in activity thereafter.

2.5. Theoretical Calculations. For fundamental under-
standing of the HOR mechanisms and to simulate the
hydrogen adsorption energy and hydrogen adsorption density,
molecular models of the BMGs were developed as shown in
Figure 6a,b. Four models were used with different ratios of Pt/
Pd (Pt,,s_,Pd,Cu,,NigP,;,, x = 0, 15.4, 21.9, and 42.5) and
with a nominal composition identical to some of the
experimentally studied alloys. The total number of atoms for
each model is 96, including Pt, Pd, Cu, Ni, and P. Each
amorphous alloy cell was generated by heating to a high
temperature followed by quenching and relaxation. The
unoptimized cells were original with a length, width, and
height of a = 13 A, b = 13 A, and ¢ = 27 A, respectively (Figure
6a). A vacuum spacing of at least 20 A in the perpendicular z-
direction (c direction, height) was employed to avert artificial
interactions between the periodically repeated images. The cell
parameters (length, width, and height) will slightly change
once they are fully relaxed to a stable equilibrium state. For
each model BMG composition, five different structures were
generated to account for the stochastic nature of the
distribution of surface atoms.

In an acidic environment, hydrogen oxidation may proceed
via two different pathways,> Heyrovsky or Tafel step, followed
by the Volmer step. Based on our previous work, HOR
preferentially follows the Heyrovsky—Volmer pathway.®* Since
the absolute value of the free energy for hydrogen adsorption is
the overpotential for HOR, the HOR catalytic activity of the
BMG may be measured in terms of the hydrogen adsorption
energy. From a thermodynamic viewpoint, the best catalyst is
the one with the lowest overpotential for HOR. Therefore, the
catalytic activity for HOR may be determined by calculating
the free energy change of hydrogen desorption from the BMG
surface (Volmer step). Hydrogen adsorption was simulated
using DFT by introducing H atoms on the metal sites of the
BMG surface. The adsorption energy was found to increase
with increasing hydrogen coverage as shown in Figure 6,
which is consistent with the trend reported for pure Pt.°* Since
HOR typically proceeds under high proton coverage, ~100%
hydrogen coverage was considered. Figure 6d shows the free
energy change for the overall HOR process (Heyrovsky—
Volmer pathway) with full hydrogen adsorption for the model
BMGs in comparison to pure Pt and pure Pd. The free energy
for the BMGs was significantly lower than that of pure Pt or
pure Pd, which may explain their experimentally observed high
catalytic activity toward HOR. To further understand the effect
due to change in the Pd content in the Pty ;_ Pd, BMGs, four
compositions (x = 0, 17.5, 25, and 42.5 at. %) were selected to
perform the adsorption energy studies and Bader charge
analysis. Five different structures of each model Pty _,Pd,
BMG composition were calculated for the adsorption energy
studies. Figure 6e shows the HOR adsorption energy for the
BMGs with 100% hydrogen coverage, and the values are
similar for all the compositions within the margin of error.
However, the hydrogen adsorption density (i.e., the number of
hydrogen atoms per unit area), as shown in Figure 6f, was
higher for the alloys containing both Pt and Pd. In other
words, the efficiency of hydrogen adsorption is higher for
Pt;; ;Pd,s and Pt,sPd;; s BMGs compared to Pt,, s and Pd,, s,
even though the total noble metal content is the same for all
four alloys.

The high catalytic activity of the PtPd-based BMGs
originates from the synergistic effect between the alloying
elements due to the electronic band structure modification and
charge redistribution.”* We calculated the Bader charge
distribution on the BMG surfaces as shown in Figure 7a—d
for Pty s, Pt,sPd,;5, Pty;sPd,s, and Pdy, s BMGs. Here, the
positive charge represents gain of an electron and negative
charge denotes the loss of an electron. The Pt and Pd atoms
were positively charged, while Cu, Ni, and P atoms were
negatively charged. Using Bader charge analysis, we found
considerable charge transfer from Cu, Nji, and P atoms to Pt
and Pd atoms, which is consistent with the electronegativity
order. This finding is in line with the XPS analysis that showed
a positive shift in Pt and Pd core level B.Es. (Figure S) due to
electron transfer from the constituent Cu, Ni, and P atoms to
the noble metals. DFT calculations show that the free energy
of the mid-range Pty s Pd, BMGs is lower than that of the
terminal compositions (Pt,, s BMG and Pd,, s BMG) and the
adsorption density for the mid-range BMGs is more than 20%
higher than that for the terminal compositions. Thus, the lower
free energy and higher hydrogen adsorption density likely
contribute to the higher catalytic activity for the mid-range
composition around equal proportion of Pt and Pd in the
systematic series of Pt,,;_,Pd, BMGs.

3. CONCLUSIONS

The HOR activity of a systematic series of Pt,,_.Pd, BMGs
(namely, Pt,,s_,Pd,Cuy,NigsP,;) was studied using CV and
SECM. The HOR activity and ECSA as a function of
composition were in the form of volcano plots with the peak
around equal proportion of Pt and Pd. Nanowires with an
average length of ~1 ym and a diameter of ~200 nm were
successfully synthesized for select compositions by the TPF
process using commercially available AAO nanotemplates. The
relative EWF of the BMGs, determined using SKP, showed an
inverse correlation with the HOR activity. The XPS analysis
showed a positive shift in the B.E. of the Pt core level with an
increasing Pd content due to electron transfer from the
constituent non-noble elements to the noble metals. The
increasing B.E. of the Pt core level with maximum at Pt;; ;Pd,
BMG explains the improved activity due to weakened
chemisorption of protons.

The Gibbs’s free energy change for hydrogen adsorption was
calculated using DFT for molecular models with compositions
identical to the experiments. The free energy change for the
overall HOR process (Heyrovsky—Volmer pathway) with full
hydrogen coverage for the mid-range compositions was
significantly lower than those for the terminal compositions
(Pty,s BMG and Pd,,; BMG), pure Pt, and pure Pd. In
addition, the hydrogen adsorption density for the mid-range
compositions was more than 20% higher than that for the
terminal compositions. The Bader charge analysis suggests
electron transfer from the non-noble constituents (Cu, Ni, and
P) to Pt and Pd, which is consistent with the shifts in B.E.
observed from the XPS analysis. In summary, the synergy
between Pt and Pd atoms in Pt,,;_ Pd, BMGs resulted in a
higher activity due to weakened chemisorption of hydrogen on
the surface of these amorphous alloys.

4. MATERIALS AND METHODS

4.1. Materials and Characterization. A systematic series of
PtPd-based BMGs was prepared with a nominal composition of
Pt s_.Pd,Cuy,Niy P, where x = 0, 2.5, 7.5, 12.5, 17.5, 20, 22.5, 25,
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30, 35, 40, and 42.5 at. %, as reported recently.ﬁs'(’s The total noble
metal content (i.e, Pt + Pd) was kept constant at 42.5 at% for all the
alloys. In this study, the specific alloys will be referred to by their Pt
and Pd contents, for example, Pt;Pd;,s (Pt,,s_,Pd,) for
Pty,Pd;, Cuy;Nig Pyy (Ptyy s Pd,Cu,y,Nig Py, ) since the amount of
the other three constituents (Cu, Ni, and P) remains the same for all
the alloys. Pty, sCup;NigsPy; (Ptyps) and Pdy, sCuyNigsPyy (Pdyys)
will be referred to as the terminal compositions. TPF was utilized to
make nanowires for three representative alloys, namely, Pt, ;Pd,5 and
the two terminal compositions. The AAO templates were dissolved in
a KOH solution to expose the BMG nanowires attached to the BMG
substrate. The nanowires were characterized by SEM (FEI Quanta
ESEM 200) and transmission electron microscopy (FEI Tecnai G2
TF20). XPS (PHI 5000 VersaProbe) was utilized to analyze the
surface valence state of the alloys using flat samples, and binding
energies were calibrated based on the C 1s peak value at 284.6 eV.

4.2. Electrochemical Measurements. 4.2.1. CV. CV was used
for measuring the electrocatalytic performance of the BMGs in a
standard three-electrode cell using a potentiostat/galvanostat (Gamry
Ref 3000) with a carbon rod as the counter electrode and a saturated
calomel electrode as the reference. All the CVs were performed in a
H,-saturated 0.5 M H,SO, electrolyte with a scan rate of 50 mV/s at
room temperature.

4.2.2. SECM. For a side-by-side evaluation of the catalytic activity of
all the BMGs in the same experimental setup, a high-resolution SECM
(VersaSCAN, Ametek) was used in the redox competition mode. The
main module of the system is comprised of a potentiostat
(VersaSTAT 3F) attached with a linear variable differential trans-
former positioning system, a UME, and alloys as working electrodes.
To eliminate any variability associated with the electrolyte and other
experimental factors, all the alloys were scanned and monitored in a
single run. All the alloys were mounted on a hard resin and were
mechanically polished up to 0.1 um followed by Vibromet polishing
in a 0.04 um colloidal silica suspension for 24 h. An Ag/AgCl (3 M)
electrode (E = 0.196 V vs SHE) and a Pt wire were used as the
reference and counter electrodes, respectively. A Pt/Ir (80/20) UME
with a diameter of 10 ym surrounded with a borosilicate glass tube
was used as the SECM tip. The tip/sample separation was optimized
to S um and kept constant using software-based tilt correction. Scans
with a step size of 10 ym were recorded using the polarized UME
over the surface of the alloys.

4.2.3. Scanning Kelvin Probe (SKP). An SKP (VersaSCAN,
Princeton Applied Research) was utilized to measure the relative
EWF for each of the alloys in dry lab air. A pure tungsten microprobe
(250 pm in diameter) was used as a reference electrode vibrating at a
frequency of 80 Hz with an amplitude of 30 #m normal to the surface.
The high-resolution topography history of the samples was recorded
using the constant height mode with a step size of 20 ym over all the
samples to maintain a constant tip-to-sample separation of 50 ym
during work function measurement. The work function was measured
for all the alloys with a fixed step size, potential gain, time constant,
and sensitivity.

4.3. Computational Model. HOR was studied by DFT
calculations using the Vienna ab initio simulation package code for
alloys with identical composition as the experiments. The exchange-
correlation energy was calculated with gradient-corrected approx-
imation of the Perdew—Burke—Ernzerhof functional.’”” The electron—
ion interaction was described with projector augmented wave—
generalized gradient approximation pseudopotentials with Hubbard U
(DFT + U) corrections.””*® Wave functions were expanded using a
plane-wave basis set with a kinetic energy cutoff of 500 eV with a
Gamma k-point grid of 3 X 3 X 2 for Brillouin zone sampling for
structural optimization. The self-consistent field was fully relaxed until
a residual force convergence threshold of 0.01 eV/A. A vacuum
spacing of at least 20 A in the perpendicular z-direction was employed
to avert artificial interactions between the periodically repeated
images. Spin polarization was considered in all calculations. The
above parameters were optimized until the energy change was
negligible.
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