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a b s t r a c t

Noble-metal based metallic glasses have recently shown excellent performance towards a range of
catalytic reactions, which is attributed to their disordered atomic structure and high density of active
sites on the surface. An in-depth understanding of the mechanisms that promote the catalytic perfor-
mance of amorphous alloys would facilitate the design and development of highly efficient catalysts with
significantly lower precious metal loading. In the present study, the electro-catalytic behavior of
amorphous Pt- and Pd-based metallic glasses was studied towards hydrogen oxidation reaction by cyclic
voltammetry and scanning electrochemical microscopy. The electrochemically active surface area for the
metallic glasses was found to be several folds higher compared to pure Pt and Pd. Density functional
theory calculations showed that hydrogen oxidation on the surface of the amorphous alloys preferen-
tially followed the reverse Heyrovsky-Volmer pathway. The minimum over-potential for the amorphous
alloys was calculated to be significantly lower compared to pure Pt and Pd, consistent with the exper-
imental trends. The enhanced catalytic activity for the amorphous alloys was attributed to the reduced
chemisorption of hydrogen on the metallic glass surface, particularly for the alloys containing both Pt
and Pd.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Increased impact of climate change has resulted in a strong drive
towards cleaner and more sustainable energy resources as a
replacement for conventional fossil fuels [1]. Hydrogen is believed
to be one of the cleanest and the most promising energy sources of
the current century [2,3]. Proton-exchange membrane (PEM) fuel
cells using hydrogen have multiple attractive attributes that make
them the leading candidates for transportation and portable elec-
tronic applications [4]. These include low operating temperature,
light weight, long stack life, fast start-up, higher energy density
compared to batteries, and potential for lower cost and volume.
Expedited hydrogen oxidation reaction (HOR) and oxygen reduc-
tion reaction (ORR) over the anode and cathode surface of a PEM
fuel cell, respectively, is critical in achieving high efficiency and
output power. This requires efficient and inexpensive catalyst
design and development for achieving high electro-catalytic ac-
tivity in the aforementioned reactions. Platinum and palladium-
ukherjee).
based nano-materials have been reported to be the most effective
electro-catalysts for hydrogen oxidation reaction (HOR) [4e6].
Although great progress has beenmade in PEM fuel cell science and
technology, widespread commercialization is still hindered by
sluggish kinetics of oxidation/reduction reactions and durability
and cost of state-of-the-art catalysts. Development of active, du-
rable, and less expensive electro-catalysts for PEM fuel cell re-
actions remain as key steps in the realization of fuel cell economy
[7].

In an effort to enhance the performance and durability of the
catalysts while keeping the precious metal content as low as
possible, several pathways have been introduced during the last
decade including alloyed and impregnated catalysts [8,9], core-
shell structures [10,11], atomic layer catalysts [12], nano-
structured catalysts [13,14], and more recently metallic glass cata-
lysts [15e17]. Due to the disordered non-equilibrium atomic
structure and high density of low-coordination surface sites, the
recently developed amorphous Pt/Pd-based catalysts could be
promising alternatives for enhanced catalytic reactions. As opposed
to conventional crystalline catalysts in which the catalytic reaction
is favored along limited crystallographic orientations, amorphous
alloys act as atomic catalysts where each surface site is potentially
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active for chemical species oxidation/reduction [16,17]. Metallic
glasses may be thermo-plastically processed into hierarchical
nano-structures [18] that possess high electrochemically active
surface area and better durability compared to state-of-the-art Pt/C
[19,20]. So far, metallic glasses have shown excellent performance
as catalysts in hydrogen evolution [20], methanol electro-oxidation
[15,21], and other heterogeneous catalytic reactions [22].

Design of next generation metallic glass catalysts requires
fundamental understanding of the link between the chemistry (or
composition) of the alloy and its catalytic activity given they all
have similar amorphous structures. Furthermore, there is no clear
understanding of the correlation between amorphous chemistry
variation, electro-catalytic activity, and adsorption strength of the
chemical species involved in the oxidation/reduction reactions.
Here, hydrogen oxidation was studied as the primary anodic reac-
tion in PEM fuel cell for several metallic glasses through cyclic
voltammetry and in-situ electrochemical methods. These metallic
glasses had varying amounts of Pt and Pd and could be cast into
fully amorphous form in bulk dimensions demonstrating excellent
glass forming ability. A correlation between adsorption energy and
electrocatalytic activity was established using density function
theory (DFT) calculations at different levels of hydrogen coverage
on the catalyst surface. The synergistic effect of Pt and Pd towards
HOR was evaluated for the amorphous alloys containing both the
noble metals.

2. Materials and methods

2.1. Materials

Four recently developed fully amorphous bulk metallic glasses
(BMGs) based on Pt and Pd were chosen for this study including a
Pt-based bulk metallic glass of composition Pt57.5Cu14.7Ni5.3P22.5
[23] (referred to as Pt57Pd0), a Pd-based BMG of composition
Pd43Ni10Cu27P20 [24] (referred to as Pd43Pt0), and two BMGs con-
taining both Pt and Pd, namely Pd27.5Pt20.9Cu22.6Ni8.2P20.9 (referred
to as Pd28Pt21) and Pd36.1Pt9.2Cu25.1Ni9.2P20.3 (referred to as
Pd36Pt9). Using high purity starting elements, the alloys were made
in the form of amorphous rods by induction melting in vacuum-
sealed quartz tubes after appropriate B2O3 fluxing. The quartz
tubes containing molten samples were then water quenched to
obtain the amorphous alloys. The chemical composition of the al-
loys was characterized using a FEI Quanta 200 scanning electron
microscope (SEM) equipped with energy dispersive X-ray spec-
troscopy (EDS). The crystallinity of the alloys was evaluated using a
high-resolution X-ray diffractometer (Rigaku Ultima III) with Cu-Ka
radiation (l ¼ 1.54056 nm) at a voltage of 20 kV. Differential
scanning calorimetry (DSC-Netzsch) with a heating rate of 20 K/
min was used to obtain the glass transition (Tg) and crystallization
(Tx) temperatures.

2.2. Electrochemical measurements

Cyclic voltammetry (CV) was used for measuring the electro-
catalytic performance of the metallic glasses in a standard three-
electrode cell using a potentiostat/galvanostat (Gamry Ref-3000)
with Pt wire as counter electrode, Ag/AgCl (3 M) electrode as
reference, and each alloy as a working electrode. Pure Pt and Pd
were used as reference materials for comparison. All the CVs were
conducted in N2-saturated 0.01MH2SO4þ 0.1MNa2SO4 electrolyte
with a scan rate of 20 mV/s at room temperature. Electrochemically
active surface area (ECSA) for each metallic glass was determined
from the corresponding cyclic voltammogram by the charge asso-
ciated with hydrogen adsorption normalized by the weight per-
centage of noble metal. For side by side comparison of the catalytic
activity of the alloys in the same experimental setup, high resolu-
tion scanning electrochemical microscopy (SECM, VersaSCAN-
AMETEK) was used in collection-generation mode. All the alloys
were scanned and monitored in a single run to eliminate any
variability associated with the electrolyte and other experimental
factors. All the samples weremounted in hard resin and polished to
a 0.1 mm surface finish using grinding paper followed by Vibromet
polishing for 24 h in 0.04 mm colloidal silica suspension to achieve
identical surface roughness for all the alloys. A Pt/Ir (80/20) ultra-
microelectrode (UME) with a diameter of 10 mm surrounded with a
borosilicate glass tube was used for the measurements. The cyclic
voltammetry and SECM experiments were done under identical
conditions of the electrolyte to allow for direct comparison be-
tween the two methods. The acid medium also helped in achieving
higher proton concentration and electrolyte conductivity, better
contrast of catalytic activity, and higher signal-to-noise ratio for
SECM imaging. Initially, a series of CVs were performed with the
UME as the working electrode while it was placed far from the
sample surface ( >1mm) in deaerated H2SO4 þ Na2SO4 electrolyte
to find the appropriate potential for maximum hydrogen (H2)
generation at the tip. The tip current reached steady state at a
potential of �1200 mV (vs. Ag/AgCl) during the cathodic potential
sweep and recorded the highest current for hydrogen reduction. To
determine the tip to substrate distance, the polarized tip was slowly
brought closer to the substrate and the non-conductive neigh-
boring area to measure the approach curves. The normalized tip
current was close to zero when the tip approached the non-
conductive region and there was no electrocatalytic activity. On
the other hand, the normalized current increased significantly as
the tip approached themetallic glass surface due to the oxidation of
H2 at the tip (positive feedback from the substrate). The response
towards HOR varied depending on the tip to substrate separation
for each alloy, as shown in the UME tip voltammograms for Pt57Pd0
in Fig. 1a as an example. The normalized tip current with respect to
the tip current in the bulk electrolyte ðUME tipibulkÞshowed an
almost 12-fold increase when the tip to substrate separation was
reduced from 50 mm to 5 mm. A fixed tip to sample separation of
~5 mm was chosen in which there was a large difference between
the two approach curves. The tip potential and tip to substrate
separation were kept fixed at these values during the scan over the
different metallic glass surfaces. Several line scans with a step size
of 10 mmwere recorded using the polarized UME over the metallic
glass catalysts to ensure repeatability of the readings. The SECM
setup to measure the electro-catalytic activity of the amorphous
alloys along with pure Pt and Pd mounted side by side is shown in
Fig. 1b.
2.3. Computational models

A series of molecular models were developed to simulate
hydrogen oxidation reaction on fully amorphous alloys identical to
the Pt/Pd-based metallic glasses used in the experiments. In the
models, a vacuum spacing of at least 20 Åwas set in the z-direction.
Density functional theory (DFT) calculations were carried out using
soft projector-augmented wave (PAW) pseudopotentials [25,26]
and the Perdew-Burke-Ernzenhof (PBE) [26] exchange correlation
functional, as implemented in the VASP code [27,28]. The k-point
setting of the Brillouin zone was obtained by 5 � 5 � 1 grid
generating meshes with their origin at the gamma point. The plane
wave kinetic energy had high cut-off energy of 500 eV throughout
the computation. Moreover, all the spin-polarized calculations
converged to 0.01 eV Å�1 for all surfaces and geometries.



Fig. 1. (a) Normalized tip current in the electrolyte at different tip to substrate separation for Pt57Pd0 metallic glass. The tip potential was scanned between �1.2 V and 0.1 V (vs Ag/
AgCl) at 20 mV/s, while the substrate was held at OCP; (b) Schematic representation of the scanning electrochemical microscopy (SECM) setup is shown on the left to evaluate the
electro-catalytic activity of all the amorphous alloys mounted side by side as shown in the image to the right along with the scale-bar.
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3. Results and discussion

3.1. Structure and thermal stability of the metallic glasses

X-ray diffraction patterns for the as-cast Pt- and Pd-based
metallic glass rods are shown in Fig. 2a. Broad diffraction peaks
were seen for all the alloys indicating a fully amorphous structure.
DSC analysis was performed to determine the thermal stability and
crystallization behavior of the glassy alloys in the temperature
range of 150 �Ce500 �C as shown in Fig. 2b. All the alloys showed a
distinct glass transition (Tg) followed by super-cooled liquid region
and then exothermic reaction corresponding to crystallization (Tx).
The Pt-based alloy (Pt57Pd0) showed the lowest glass transition
temperature followed by Pd28Pt21, Pd36Pt9, and then Pd-based BMG
(Pd43Pt0). The large difference between crystallization and glass
transition temperatures for all the four alloys supports their
excellent glass forming ability and thermal stability in the super-
cooled liquid region.

3.2. Electrochemical characterization

Cyclic voltammetry was employed to investigate the electro-
catalytic activity of the metallic glasses toward hydrogen oxida-
tion in 0.01 MH2SO4. The Pd- and Pt-basedmetallic glasses showed
much higher reactivity compared with elemental pure Pt and Pd
(Fig. 3a and b). PteH under-potential deposition for pure Pt,
Pt57Pd0, and Pd28Pt21 was observed in 0:01< EðVÞ<0:2 (vs Ag/AgCl)
Fig. 2. (a) XRD patterns for the Pt- and Pd-based metallic glasses; (b)
and hydrogen adsorption was in the potential range of
EðVÞ<0:01 V . Potentials higher than 0.5 V were identified as Pt-
oxide region. Both Pt57Pd0 and Pd28Pt21 showed higher hydrogen
oxidation peak currents compared to pure Pt. Furthermore,
Pd28Pt21 demonstrated a higher oxidation peak than Pt57Pd0
although its’ overall noble-metal content was lower. Fig. 3b shows
the voltammogram for pure Pd compared to Pd36Pt9 and Pd43Pt0. A
similar profile for hydrogen adsorption/desorption has been re-
ported for Pd-based catalysts [29e31]. Hydrogen desorption
showed a relatively broad peak for Pd36Pt9 in the positive scan
similar to that reported for crystalline catalysts containing Pt and
Pd [32]. Themetallic glasses containing both Pd and Pt showed very
similar behavior towards hydrogen oxidation. High resolution
scanning electrochemical microscopy (SECM) [33] was employed to
compare the performance of the amorphous catalysts with respect
to pure Pd and Pt [34] under identical conditions of electrolyte, pH,
temperature, and exposed surface area. The hydrogen oxidation
reaction was studied in a deaerated solution containing a high
concentration of protons (Hþ) identical to the electrolyte used for
cyclic voltammetry. Higher hydrogen concentration was measured
by the UME tip for the more active alloy compositions which
resulted in higher recorded tip current. The recorded current at the
UME tip was attributed solely to the electrochemical activity of the
catalyst since all the alloys were mounted side by side and had a
similar surface finish and morphology. A series of line scans were
recorded with the fixed parameters and small step size (of 10 mm)
and some of the results are plotted in Fig. 3c. The average UME tip
DSC curves of the metallic glasses at a heating rate of 20 K/min.



Fig. 3. (a) Cyclic voltammograms of Pt-based metallic glasses compared with pure Pt in 0.01 M H2SO4 þ 0.1 M Na2SO4 electrolyte at a scan rate of 20 mV/s; (b) cyclic voltam-
mograms of Pd-based metallic glasses compared with pure Pd in 0.01 M H2SO4 þ 0.1 M Na2SO4 electrolyte at a scan rate of 20 mV/s; (c) UME tip current variation measured by SECM
line scans on the surface of the metallic glass alloys compared with pure Pt and Pd.; (d) The average of the UME tip current variation measured by SECM.
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current measured from SECM for all the systems studied is plotted
in Fig. 3d. Pure Pt and Pd showed the lowest catalytic reactivity
towards HOR among all the samples. On the other hand, Pd43Pt0
and Pt57Pd0 amorphous alloys showed higher hydrogen oxidation
rates although their noble metal content was significantly lower.
The average UME tip current for Pd43Pt0 and Pt57Pd0 amorphous
alloys was higher by ~80 nA compared to pure Pt and Pd (Table 1).
The metallic glasses containing both Pd and Pt demonstrated the
highest activity towards HOR. The average UME tip current for
Pd28Pt21 and Pd36Pt9 amorphous alloys was higher by ~210 nA
compared to pure Pt and Pd (Table 1). Synergistic effects have been
demonstrated for noble bimetallic crystalline alloys including
PdeAu catalysts for ethanol oxidation [35] and PdePt catalysts for
oxygen reduction [36]. This was attributed to the modification of Pt
d-band center and reduced interaction between the Pt atoms and
Table 1
Electrochemical characterization of the metallic glasses in comparison with pure Pt and

Catalyst Noble metal wt.% ECSA (m

Pt 100 4.20
Pd 100 3.64
Pt57Pd0 Pt: 85 12.06
Pd28Pt21 Pd:30, Pt: 43 21.43
Pd36Pt9 Pd:46, Pt:21 19.30
Pd43Pt0 Pd: 61 11.65
oxygenated species [36]. To explain the synergistic effect seen for
the metallic glasses, results from DFT calculations will be discussed
in the next section.

The electrochemically active surface area (ECSA) for each alloy
was calculated according to the following equation:

ECSA
�
m2g�1

�
¼QH2

.�
Qref � ½noble metal�

�
(1)

where, QH2
ðC =m2Þ is the charge exchanged during hydrogen

desorption on the catalyst surface, [noble metal] is the weight
percentage of Pt and Pd, and Qref is the charge required to oxidize a
monolayer of hydrogen on the catalyst surface equivalent to 210 mC
cm�2 on Pt. The reported H adsorption/desorption charge density is
calculated based on polycrystalline Pt and averaged over the three
Pd.

2 gmetal
�1 ) from CV Avg. UME tip current from SECM (mA)

0.76 ± 0.02
0.74 ± 0.02
0.83 ± 0.03
0.97 ± 0.01
0.94 ± 0.01
0.82 ± 0.04
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crystalline orientations of (111), (110), and (100) [34,37]. For
metallic glasses, there are no crystalline orientations, but the
charge density value of 210 mC cm�2 was used as the best
approximation for the Pt-based amorphous alloy. In the case of Pd-
based alloy, the Coulombic charge consumed during PdOx reduc-
tion in the cathodic sweep was used for calculating the ECSA
[38,39]. The value of the charge consumed for a monolayer oxide
reduction was considered to be 424 mC cm�2 [40]. For the catalysts
containing both Pt and Pd, the contribution to ECSA for each active
element was calculated and added since both elements contribute
to the overall electro-catalytic performance. The results of the ECSA
calculation are summarized in Table 1. The ECSA value on an
average for Pd43Pt0 and Pt57Pd0 amorphous alloys was higher by a
factor of three compared to pure Pt and Pd. For the alloys containing
both Pt and Pd, Pd28Pt21 and Pd36Pt9 metallic glasses, the ECSA
value was on an average higher by a factor of five compared to pure
Pt and Pd.
3.3. Theoretical calculations

To explain the hydrogen oxidation mechanism for the metallic
glasses, molecular models were created, as shown in Fig. 4, with
compositions identical to the experimentally studied alloys. Since
the surface atomic configurations may vary in different regions of
the alloy, five different structures were generated for each alloy
composition to explore the effect of atomic arrangement on cata-
lytic performance. The overall HOR pathway in acidic solution may
be expressed as [41]:

H2 /H* þ Hþ þ e� ðReverse Heyrovsky stepÞ (2)

or
Fig. 4. Schematic illustrations of (a) side view and (b) top view of Pt57.5Cu14.7Ni5.3P22.5 (Pt57P
(e) side view and (f) top view Pd36.1Pt9.2Cu25.1Ni9.2P20.3 (Pd36Pt9), and (g) side view and (h) to
applied for all the structures. The silver, blue, green, red and pink circles represent Pt, Cu,
legend, the reader is referred to the Web version of this article.)
H2 /H* þ H* ðReverse Tafel stepÞ (3)

followed by

H* /Hþ þ e� ðReverse Volmer stepÞ (4)

where, * refers to the potential active site on the surface and H*
denotes the hydrogen atom adsorbed on the surface. The overall
oxidation reaction consists of two elementary steps: H2 is decom-
posed into a proton and H adsorbed on the catalyst surface (H*) by
losing an electron, and the desorption of H* to form the second
proton after losing another electron [42]. Therefore, catalytic ac-
tivity for HOR may be determined by calculating the desorption
energy of hydrogen from the amorphous alloy surface (Volmer
step).

Hydrogen desorption may be considered as the reverse process
of hydrogen adsorption. The hydrogen adsorption energy on
various compositions of the amorphous alloys was calculated by:

DEads ¼ EBMGþH* � EBMG � 1
2
EH2

(5)

where, EBMGþH*is the total energy of metallic glass with H*
adsorption, EBMG is the energy of a clean metallic glass surface, and
EH2

is the energy of hydrogen gas molecules. For “n” hydrogen
atoms adsorbed on the surface of the metallic glasses:

DEn�ads ¼
�
EBMGþnH*� EBMG �n *

�
1
2
EH2

���
n (6)

The Gibbs free energy of hydrogen adsorptionmay be calculated
by the following equation:
d0) metallic glass, (c) side view and (d) top view of Pd27.5Pt20.9Cu22.6Ni8.2P20.9 (Pd28Pt21),
p view of Pd43Ni10Cu27P20 (Pd43Pt0) metallic glasses. Periodic boundary conditions were
Ni, P and Pd, respectively. (For interpretation of the references to colour in this figure
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DGH* ¼DEn�ads þ DEZPE � TDS (7)

where, the DEZPE is the zero-point energy and DS is the entropy
change for hydrogen adsorption. Using the known values for DEZPE
and DS, the overall corrections at room temperature may bewritten
as [41]:

DGH* ¼DEn�ads þ 0:24 eV (8)

The over-potential for HOR was calculated by:

hHOR ¼GHOR

e
(9)

where, GHOR ¼ maxfDG1 ; DG2g
Thus, smaller over-potential would indicate higher catalytic

activity [41]. An ideal catalyst enables oxidation reaction just above
the equilibrium potential with zero over-potential, which may
however be difficult due to the binding energies. Lower over-
potential would correspond to better performance from a ther-
modynamic viewpoint and over-potential may be considered as an
index representing the energy barrier to overcome in HOR.

Using the first-principles method, the elementary steps of HOR
were simulated by introducing H atoms on the amorphous alloy
surface. Our calculations show that HOR preferentially follows the
reverse Heyrovsky-Volmer pathway instead of the reverse Tafel-
Volmer pathway (Fig. 5a). Therefore, the reverse Heyrovsky-
Volmer step for the amorphous alloys was the rate-limiting step
in HOR. Fig. 5b shows the free energy diagram for the overall HOR
process (Reverse Heyrovsky-Volmer pathway) for the four metallic
glasses that were experimentally studied. The reaction free en-
ergies of pure Pt and Pd [41] are also plotted in Fig. 5b. The figure
indicates that the reaction over the surface of Pd28Pt21, Pd36Pd9, and
Pt57Pd0 metallic glasses was essentially thermo-neutral while this
was not the case for Pd43Pt0 alloy and elemental Pt and Pd catalysts.
The over-potential for the metallic glasses was relatively lower
compared to pure Pt and Pd. Therefore, the enhanced catalytic
activity for the metallic glasses towards HOR may be attributed to
the reduced chemisorption of hydrogen on the catalyst surface.

Adsorption energy was calculated for different degrees of
hydrogen coverage on the surface of the metallic glasses. Fig. 6a
shows the adsorption energy of hydrogenwith coverage of 25% and
100% for each of the amorphous alloys. The adsorption energy was
found to increase with increasing coverage, consistent with the
trend reported for pure Pt [41]. Hydrogen oxidation reaction (HOR)
Fig. 5. (a) Free energy diagram for overall hydrogen oxidation at equilibrium for Pt57Pd
Heyrovsky-Volmer pathway for the typical metallic glass structures (100% adsorbate (H) co
typically proceeds under high proton coverage. Therefore, 100% of
hydrogen coverage was used for the calculation of the minimum
value of over-potential for different structures of the same alloy to
represent the catalytic performance. The minimum value of over-
potential for each metallic glass is shown in Fig. 6b and compared
with pure Pt and Pd. The results show that Pd27.5Pt20.9Cu22.6-
Ni8.2P20.9 (Pd28Pt21) and Pd36.1Pt9.2Cu25.1Ni9.2P20.3 (Pd36Pt9) have
very low over-potential, almost close to zero. Compared with pure
Pt and Pd, over-potentials for the amorphous alloys were found to
be significantly lower. This trend obtained from the DFT calcula-
tions is consistent with the experimental results shown in Fig. 3.
The high catalytic activity of the amorphous alloys likely originates
from the synergistic effect between Pt and Pd due to electronic
band structure modification and lowering of work function (WF)
[43]. Work function is defined as the minimum energy required to
remove an electron from the surface of a material and shown to be
directly correlated with charge transfer and catalytic activity
[44,45]. Work function has been correlated with the activity of
heterogeneous catalysts in several important catalytic reactions
including oxygen reduction reaction (ORR) [46], ammonia synthe-
sis [47], N2O decomposition [48], and hydrogen evolution reaction
(HER) [49]. Scanning Kelvin Probe (SKP) measurements for the
metallic glasses used in this study showed that WF was lower for
the amorphous alloys compared with pure Pt and Pd [43]. In
addition to lower WF, binding energy of Pt and Pd core levels was
relatively higher for themetallic glasses compared with pure Pt and
Pd [43], which determines the activation energy for hydrogen
oxidation [50]. The DFT calculations strongly support the experi-
mental findings that the amorphous alloys containing both Pd and
Pt exhibited the highest activity towards HOR among all the
metallic glasses studied, although they contained significantly
lower amounts of noble metal.

4. Conclusions

The electro-catalytic performance of recently developed noble
metal-based bulk metallic glasses towards hydrogen oxidation re-
action was studied using cyclic voltammetry and scanning elec-
trochemical microscopy. All the metallic glasses showed much
higher catalytic current density compared with pure crystalline Pt
and Pd under identical experimental conditions. The amorphous
alloys containing both Pt and Pd showed the best performance.
Gibbs’s free energy for hydrogen adsorption was calculated using
DFT for molecular models of composition identical to the experi-
ments. The DFT calculations were in good agreement with
0 metallic glass through different pathways; (b) Free energy diagram with Reverse
verage) and at a potential U ¼ 0 V relative to the normal hydrogen electrode (NHE).



Fig. 6. (a) Gibbs free energy for hydrogen adsorption for four metallic glass structures, Pt57Pd0, Pd28Pt21, Pd36Pt9, and Pd43Pt0, with hydrogen coverage of 25% and 100%; (b)
Minimum values of the over-potential for the four metallic glass catalysts with 100% hydrogen coverage (values for pure Pd and Pt are also added based on reference [41]).
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experimental findings on the trend of catalytic activity and
hydrogen adsorption energy. Weakened chemisorption of
hydrogen on the surface of the amorphous alloys promoted higher
catalytic activity towards hydrogen oxidation compared to pure
Platinum and Palladium.
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