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Although various catalytic materials have emerged for hydrogen evolution 
reaction (HER), it remains crucial to develop intrinsically effective catalysts 
with minimum uses of expensive and scarce precious metals. Metallic 
glasses (MGs) or amorphous alloys show up as attractive HER catalysts, 
but have so far limited to material forms and compositions that result in 
high precious-metal loadings. Here, an Ir25Ni33Ta42 MG nanofilm exhibiting 
high intrinsic activity and superior stability at an ultralow Ir loading of 
8.14 µg cm−2 for HER in 0.5 m H2SO4 is reported. With an overpotential 
of 99 mV for a current density of 10 mA cm−2, a small Tafel slope of 
35 mV dec−1, and high turnover frequencies of 1.76 and 19.3 H2 s−1 at 50 and 
100 mV overpotentials, the glassy film is among the most intrinsically active 
HER catalysts, outcompetes any reported MG, representative sulfides, and 
phosphides, and compares favorably with other precious-metal-containing 
catalysts. The outstanding HER performance of the Ir25Ni33Ta42 MG film is 
attributed to the synergistic effect of the novel alloy system and amorphous 
structure, which may inspire the development of multicomponent alloys for 
heterogeneous catalysis.

Hydrogen has been proposed as an attrac-
tive energy carrier that could play a key 
role in sustainable energy systems.[1] 
Electrochemical water splitting offers a 
carbon-neutral way of producing hydrogen 
when driven by renewable energy sources 
of electricity.[1,2] As a fundamental compo-
nent of this process, hydrogen evolution 
reaction (HER), 2H+ + 2e− → H2, requires 
the use of a well-performing catalyst to 
achieve a high energetic efficiency.[2] At 
present, the most effective catalysts for 
HER in acidic electrolytes are still pre-
cious metals such as Pt and Ir.[2] Their low 
abundance and high cost have motivated 
great efforts to develop materials that 
could show similar HER properties but 
are far more cost-effective.[2]

Over the past decades, a number of 
Earth-abundant catalysts such as transi-
tion metal sulfides and phosphides were 
found to display HER activity approaching 
that of Pt or Ir in terms of the overpoten-

tial necessary to drive a specific current per geometric area (typi-
cally 10 mA cm−2

geo).[3] However, such high electrode activity 
generally arises from the enlarged surface areas or high cata-
lyst loadings, underlining the insufficient intrinsic activity of 
these materials.[2] To develop low-cost catalysts of high intrinsic 
activity, two main strategies have been proposed to take better 
advantage of precious metals,[4] namely, to increase the surface 
area-to-volume ratio of a catalyst,[4] e.g., by reducing the dimen-
sion of Pt from bulk to thin film, monolayer, or even single 
atom,[5] and to alloy precious metals with nonprecious ones.[6] 
Although it can be expected that combining the two strategies 
would substantially reduce the use of precious metals without 
sacrificing efficiency, developing an alloy catalyst based on 
nonprecious metals for HER in acids with both high intrinsic 
activity and stability remains challenging.[2,4]

Metallic glasses (MGs), also known as amorphous alloys, 
are structurally disordered solids usually formed from molten 
alloy liquids by rapid quenching.[7] Unlike crystalline metals in 
which the constituent atoms reside at thermodynamic equilib-
rium, MGs are metastable materials in far-from-equilibrium 
states and exhibit a number of exotic mechanical and func-
tional properties, e.g., high elastic limits, strength, toughness, 
and corrosion resistance.[7b–f ] As a representative example, 
our recently developed bulk MGs in the Ir-Ni-Ta-(B) system 
can maintain a high strength of 3.7 GPa at 1000 K and even 
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withstand the corrosion of aqua regia.[8] Despite that MGs have 
been demonstrated as appealing catalysts for a variety of reac-
tions since 1980s,[9] it is only recently that a few MGs have been 
used to catalyze HER in acidic solutions, most of which are lim-
ited to material forms and compositions that result in ultrahigh 
precious metal loadings.[10] Therefore, new MG alloys and fabri-
cation methods are required to further tap the potential of MGs 
for HER.

Here, we report a low-iridium-content Ir25Ni33Ta42 
(at% throughout this paper) MG film of nanometer thickness 
as an intrinsically active and highly stable HER catalyst in 0.5 m 
H2SO4. The film was fabricated by ion-beam deposition (IBD) 
on Si substrate. Its intrinsic activity is higher than any reported 
MG, representative sulfides, and phosphides, and compares 
favorably with other precious-metal-containing catalysts. We 
ascribe the excellent HER performance of the Ir25Ni33Ta42 
MG film to the synergistic effect of the novel alloy system and 
amorphous structure. This understanding may provide further 

impetus for designing multicomponent alloys as heterogeneous  
catalysts.

The fabrication of a binder-free Ir25Ni33Ta42/Si electrode by 
the IBD method is illustrated in Figure 1a. An energetic beam 
of argon ions generated by the deposition ion source is directed 
toward the Ir35Ni25Ta40 alloy sputtering target that was made 
by arc-melting followed by copper-mold casting. We chose this 
alloy as the target for its excellent glass-forming ability, thermal, 
and chemical stability.[8] During deposition, atoms are sputtered 
from the target surface and condensed as a thin film onto the 
Si substrate that has been cleaned by the assisted ion source. 
This IBD method is not only facile and scalable, but also can 
produce integrated electrodes as it allows straightforward depo-
sition of various catalytic materials on a wide range of commer-
cially available substrates such as carbon paper, carbon cloth, 
and metal foil or mesh. The film composition is determined 
to be Ir25Ni33Ta42 by the energy-dispersive X-ray spectroscopy 
(EDX) spectrum of an approximately 1 µm thick freestanding 
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Figure 1. Fabrication and characterization of the Ir25Ni33Ta42 MG film. a) Schematic diagram illustrating deposition of the Ir25Ni33Ta42 MG film on Si 
substrates. b) Measured and calculated XRR data of the Ir25Ni33Ta42 MG film on Si substrates. The film thickness is determined to be 15 nm. c) HRTEM 
image and its corresponding SAED pattern (inset) of the as-deposited Ir25Ni33Ta42 MG film. d) AFM topography of the Ir25Ni33Ta42 MG film surface. 
e–h) SEM morphology and EDX elemental mappings of the Ir25Ni33Ta42 MG film. i–k) XPS spectra of Ir 4f (i), Ni 2p (j), and Ta 4f (k) of the Ir25Ni33Ta42 
MG film surface before electrochemical measurements. The satellite peaks for Ni2+ 2p are denoted as “sat.” in (j).
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film (Figure S1, Supporting Information). The different com-
positions between the film and alloy target arise from different 
sputtering yields of Ir, Ni, and Ta elements.[11]

The thickness of the Ir25Ni33Ta42 film deposited under ion 
beam energy of 750 eV and current of 60 mA for 2 min was 
determined to be 15 nm by fitting the X-ray reflectivity (XRR) 
curve (Figure 1b). As shown in Figure S2 in the Supporting 
Information, the X-ray grazing incidence diffraction pattern of 
the as-deposited Ir25Ni33Ta42 film under the same deposition 
rate of 7.5 nm min−1 only shows a broad hump without any 
sharp Bragg peaks, indicating that the film is of a fully amor-
phous structure.[7d] This was further confirmed by the high-
resolution transmission electron microscopy (HRTEM) image 
that exhibits a maze-like pattern and its corresponding selected 
area electron diffraction (SAED) pattern that features a diffuse 
halo-ring (Figure 1c).[7d]

In distinct contrast to many studies in which the enhance-
ment of catalytic activity relies on an increased surface area by 
creating nanostructures on the surface, the Ir25Ni33Ta42 MG 
film displays a surface that is almost atomically flat. Figure 1d 
shows its surface topography characterized by atomic force 
microscopy (AFM). As can be seen, the film has a very smooth 
surface without any notable structural features. The root mean 
square roughness is about 0.73 nm, only two to three atomic 
layers on average. The roughness factor, defined as the ratio 
between the electrochemical active surface area (ECSA) and 
geometric area of the scanned region (2 × 2 µm2),[12] is essen-
tially 1 cm2

ECSA cm−2
geo. The nearly atomically flat surface of 

the Ir25Ni33Ta42 MG film can greatly facilitate the evaluation of 
its intrinsic activity.

The scanning electron microscopy (SEM) image and its cor-
responding EDX elemental mappings (Figure 1e–h) reveal that 
the flat Ir25Ni33Ta42 MG film is chemically homogenous as the 
distribution of Ir, Ni, and Ta elements is uniform. We also per-
formed X-ray photoelectron spectroscopy (XPS) to investigate 
the chemical state of the Ir25Ni33Ta42 MG film surface before 
electrochemical measurements (Figure 1i–k). The peaks at 
60.16 and 63.18 eV are assigned to metallic Ir 4f7/2 and 4f5/2, 
respectively (Figure 1i), and the peaks with binding energies 
of 852.62 and 869.81 eV are indicative of metallic Ni species 
(Figure 1j).[13] It can be judged from the relative intensity that 
the surface Ir and Ni mainly exist in their metallic forms. 
In contrast, the XPS spectrum of Ta 4f (Figure 1k) is decon-
voluted into four peaks that could be assigned to Ta1+ 4f7/2 
(22.56 eV), Ta1+ 4f5/2 (24.44 eV), Ta4+ 4f7/2 (25.43 eV), and Ta4+ 
4f5/2 (27.32 eV).[14] The strong oxidation tendency and low elec-
tronegativity of Ta could account for the absence of its metallic 
form.[15] There are also minor oxidized Ir and Ni species on the 
surface due to slight surface oxidation which is inevitable to 
the fresh sample during sample transfer. With a thickness of 
15 nm and an estimated density of 16.19 g cm−3, the Ir loading 
of the as-deposited Ir25Ni33Ta42 MG film is calculated to be 
8.14 µg cm−2 (Table S1, Supporting Information).

The electrocatalytic HER activity of the Ir25Ni33Ta42/Si elec-
trode was evaluated in 0.5 m H2SO4 at a scan rate of 2 mV s−1 
in a two-compartment three-electrode setup. For comparison, 
Ir/Si electrode (Ir loading: 24.92 µg cm−2) and Pt/Si electrode 
(Pt loading: 35.85 µg cm−2) were also examined along with a 
bare Si electrode. The Ir/Si and Pt/Si electrodes were prepared 

under the same deposition condition as that for the Ir25Ni33Ta42/
Si electrode. Both of the as-deposited Ir and Pt films have a 
thickness and roughness similar to that of the Ir25Ni33Ta42 MG 
film (Figures S3 and S4 and Table S1, Supporting Information). 
Figure 2a shows the iR-corrected polarization curves of these 
electrodes on the reversible hydrogen electrode (RHE) scale. As 
expected, the bare Si electrode has no detectable contribution 
to hydrogen evolution within the investigated potential window. 
For the Ir/Si electrode, the overpotential to reach a geometric 
current density of 10 mA cm−2 is 59 mV, while that for the Pt/
Si electrode is 46 mV, consistent with a previous report.[16] It is 
remarkable that the Ir25Ni33Ta42/Si electrode with an extremely 
flat surface only needs an overpotential of 99 mV to deliver 
10 mA cm−2. This performance is also highly reproducible, as 
illustrated by the polarization curves displayed in Figure S5 in 
the Supporting Information for three consecutive electrodes. 
More importantly, the small overpotential of 99 mV is far less 
than that of highly active phosphide films fabricated on Si sub-
strates, e.g., CoP (202 mV),[12] MoP (237 mV),[12] Co2P (310 mV), 
and Ni2P (240 mV) (Figure S6, Supporting Information).[17] In 
addition, the overpotential of the Ir25Ni33Ta42/Si electrode for a 
mass activity of 1.0 mA µg−1

Pt or Ir is only slightly higher than 
that of the Ir/Si and Pt/Si electrodes (Figure S7, Supporting 
Information). These results imply that the Ir25Ni33Ta42 MG film 
may have a high intrinsic activity for HER in acids.

It is generally accepted that HER in acidic environ-
ment with one catalytic intermediate H* (where * denotes 
an active site on the electrode surface) may occur through 
the Volmer step (H+ + e− + * → H*), followed by the Hey-
rovsky step (H* + H+ + e− → H2 + *) or the Tafel step 
(H* + H* → H2 + 2*).[4,18] Although it remains challenging to 
elucidate the exact reaction mechanism on a catalyst surface, 
Tafel slope can help identify the rate-determining step, and 
may provide insights into the possible reaction pathways.[4,18] 
Figure 2b presents the Tafel plots (overpotential η vs loga-
rithmic current density log|j|) for the Ir25Ni33Ta42/Si, Ir/Si, and 
Pt/Si electrodes. The linear portions of the plots were fitted 
by Tafel equation to obtain the Tafel slopes.[4,18] As shown in 
Figure 2b, the Tafel slopes of the Ir/Si and Pt/Si electrodes are 
30 and 28 mV dec−1, respectively, which are consistent with the 
values reported in literature.[19] Surprisingly, the Ir25Ni33Ta42/Si 
electrode also shows a small Tafel slope of 35 mV dec−1. When 
the Volmer step, Heyrovsky step, or Tafel step is sluggish, the 
Tafel slope is 118, 39, or 30 mV dec−1, respectively.[4,18] The 
35 mV dec−1 Tafel slope of the Ir25Ni33Ta42/Si electrode suggests 
that hydrogen desorption could be the rate-determining step 
after fast hydrogen adsorption. However, the precise reaction 
pathway on the Ir25Ni33Ta42 MG surface cannot be precisely 
identified at present due to the multicomponent nature of the 
alloy.

In addition to activity, stability is another major concern 
for HER catalysts. The short-term stability of the Ir25Ni33Ta42/
Si electrode was assessed by performing accelerated cyclic 
voltammetry (CV) scans between +0.1 and −0.3 V versus 
RHE (not iR-corrected) and compared with that of the Ir and 
Pt films. Figure 2c shows that after 1000 cycles the polariza-
tion curves of the Ir25Ni33Ta42/Si, Ir/Si, and Pt/Si electrodes 
are almost coincident with the initial ones. This implies that 
the Ir25Ni33Ta42 MG is as stable as Ir and Pt under short-term 
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startup–shutdown conditions. We further conducted chrono-
potentiometry to examine the long-term stability of these elec-
trodes. Specifically, we monitored the overpotential change at 
a fixed current density of 10 mA cm−2 for 10 h. As shown in 
Figure 2d, within the first 1 h both of the Ir/Si and Pt/Si elec-
trodes experience dramatic increase in the overpotential and this 
tendency continues afterward. After 10 h, the increase of over-
potential is up to ≈250 mV for the Ir/Si electrode and ≈200 mV 
for the Pt/Si electrode. This phenomenon was also observed in 
previous studies.[10a,19,20] In contrast, the Ir25Ni33Ta42/Si elec-
trode only shows a slight and slow deactivation in the process, 
with an overpotential increase of only 50 mV after 10 h. Despite 
that Ir and Pt are more active in terms of overpotential at a cur-
rent density of 10 mA cm−2 (Figure 2a,b), the better operation 
stability of the Ir25Ni33Ta42 MG makes it more competitive for 
potential applications.

The overpotential increase of the Ir25Ni33Ta42/Si electrode 
during chronopotentiometry can be primarily attributed to its 
atomically flat film morphology. As the flat metallic surface 
cannot remove the evolved hydrogen bubbles quickly and spon-
taneously (Figure S8, Supporting Information), some active 

sites may be blocked from the electrolyte or even stripped off 
the electrode surface.[20] In addition, the slight deactivation of 
the Ir25Ni33Ta42/Si electrode may also be associated with the 
changes in the chemical state of the Ir25Ni33Ta42 MG film sur-
face. We have reported that Ir35Ni25Ta40 bulk MG is highly cor-
rosion-resistant, showing no weight loss in aqua regia for more 
than 100 days.[8] This prominent characteristic also holds true 
for the Ir25Ni33Ta42 MG film as it does not dissolve in aqua regia 
even after high-pressure digestion treatment at 453 K for 24 h 
in an autoclave for three times (Figure S9, Supporting Informa-
tion). However, even though the surface of the Ir25Ni33Ta42/Si 
electrode remains extremely flat (Figure S10, Supporting Infor-
mation) and chemically homogenous (Figure S11, Supporting 
Information) after the chronopotentiometry, a decrease in Ni 
content (Table S2, Supporting Information) on the surface 
(Figure S12, Supporting Information) can be observed. In addi-
tion, the XPS spectra collected after the chronopotentiometry 
reveal that the consumption of metallic Ir and Ni on the surface 
exposes more oxidized species that are less active for HER, and 
the Ta4+ state becomes dominant with a substantial decrease in 
the Ta1+ state (Figure S12, Supporting Information).

Adv. Mater. 2019, 1906384

Figure 2. Electrochemical HER activity and stability of the Ir25Ni33Ta42/Si electrode in 0.5 m H2SO4, along with that for the Ir/Si and Pt/Si electrodes. 
a) Polarization curves and b) Tafel plots of the Ir25Ni33Ta42/Si, Ir/Si and Pt/Si electrodes. c) Polarization curves of the Ir25Ni33Ta42/Si, Ir/Si, and Pt/Si 
electrodes before (symbols) and after 1000 CV scans (lines) between +0.1 and −0.3 V versus RHE. d) Chronopotentiometry curves of the Ir25Ni33Ta42/Si, 
Ir/Si, and Pt/Si electrodes showing the changes of overpotentials with time at a constant current density of 10 mA cm−2.
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Compared with previously reported MG catalysts (Figure 3a), 
the Ir25Ni33Ta42 MG film exhibits both a low overpotential of 
99 mV for 10 mA cm−2 and a small Tafel slope of 35 mV dec−1. 
In fact, there are four MG-based electrodes (enclosed by 
the dashed ellipse in Figure 3a) that appear to exhibit lower 
overpotentials. However, surface structures may play dominant 
roles in such MG electrodes. For example, the H-NPPd electrode 
(Pd: 60.54 at%) with a micro/nano hierarchical porous structure 
is obtained by electrochemically dealloying the micropatterned 
M-Pd32Ni48P20 ribbon, while the NPPD electrode (Pd: 80.82 
at%) is obtained from the relatively flat Pd32Ni48P20 ribbon 
after the same treatment.[10e] Similarly, the Pd40.5Ni40.5Si4.5P14.5 
nanorod arrays (NRAs) and the D-Pd40Ni10Cu30P20 electrode are 
fabricated by micropatterning or dealloying of their respective 
precursor MG plate or ribbon.[10a,b] Therefore, it is evident that 
the low overpotentials of these complex-structured electrodes 
actually originate from the significantly increased surface 
areas rather than their intrinsic behaviors, because their rela-
tively flat MG precursors show much worse HER performance 
(Figure 3a). Another noteworthy point is that P is an essential 
element in all the previously reported MG catalysts for HER in 
0.5 m H2SO4 (Figure 3a). This is because P is not only necessary 
to guarantee the glass formation of these alloys,[7d] but also can 
promote HER by acting as negatively charged centers to trap 
protons at a low hydrogen coverage while facilitating hydrogen 
desorption at a high coverage.[3c] However, fabrication of P-con-
taining MGs generally needs sophisticated procedure,[10c,21] and 
the chemical methods of synthesizing phosphides are difficult 
to obtain an amorphous structure.[3b,c] Furthermore, most of 
the MG catalysts containing P are Pd-rich alloys in the form 
of ribbons (Figure 3a). This form of materials inevitably results 
in extravagantly high Pd loadings that are about four orders of 
magnitude greater than the Ir loading of the Ir25Ni33Ta42 MG 
film (see Supporting Information for an example). Therefore, 

the Ir25Ni33Ta42 MG film with an ultralow Ir loading is the most 
intrinsically active MG catalyst for HER in acids to date.

To quantify intrinsic activity, we estimated the turnover fre-
quency (TOF), which is the number of hydrogen molecules 
evolved per second per site at a specific overpotential.[2b,c,3a] 
An atomically flat catalyst film with a roughness factor of 
1 cm2

ECSA cm−2
geo provides an ideal model for the assessment 

of TOF as it facilitates estimation of the number of active sites 
on a catalyst surface.[12] The flat morphology is also beneficial 
for the determination of the inherent electrochemical double-
layer capacitance of a catalyst.[12] As shown in Figure S13  
in the Supporting Information, the specific capacitance of the 
flat Ir25Ni33Ta42 MG film measured by performing CV scans 
in a non-Faradaic potential range at ten different rates is 
45.72 ± 0.32 µF cm−2. This value falls into the commonly used 
range of 20–60 µF cm−2 for a flat surface,[22] and can be used to 
improve the accuracy of TOF estimation for other Ir25Ni33Ta42 
MG catalysts with more complex structures. Prior to TOF cal-
culation, the Faradaic efficiency of the Ir25Ni33Ta42/Si electrode 
was measured by means of volume displacement.[22] For the 
Ir25Ni33Ta42/Si electrode, essentially all the current contrib-
utes to hydrogen evolution because of a nearly 100% Faradaic 
efficiency (Figure S14, Supporting Information). To estimate 
the TOF of the Ir25Ni33Ta42 MG film, we assumed that all 
the surface Ir, Ni, and Ta atomic sites are equally active (see 
Supporting Information for details). In fact, the calculation of 
the TOF of the Ir25Ni33Ta42 MG film is insensitive to the exact 
surface composition as the three elements have similar atomic 
volumes (Figure S15, Supporting Information).

Figure 3b summarizes the estimated TOF of the Ir25Ni33Ta42 
MG, Ir, and Pt films, along with that of representative HER 
catalysts including sulfides, phosphides, and precious-metal-
containing catalysts (see Table S3 for more information in the 
Supporting Information). The TOF values of the Ir25Ni33Ta42 
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Figure 3. Comparison of the Ir25Ni33Ta42 MG film with other catalysts for HER in 0.5 m H2SO4. a) Tafel slope versus the overpotential at 10 mA cm−2 
for existing MG catalysts for HER, including as-spun (green top-filled square) and dealloyed (green bottom-filled square) Pd40Ni10Cu30P20 ribbons,[10a] 
Pd40.5Ni40.5Si4.5P14.5 plate and NRAs (blue hexagons),[10b] Pd-Ni-P MG or MG-based ribbons (pink circles),[10c,e] as-spun (black triangle) and crystallized 
(black inverted triangle) Ni40Fe40P20 ribbons,[10c] and Fe40Co40P13C7 ribbon (black diamond).[10d] H-NPPd (Pd: 60.51 at%) with a hierarchical nanoporous 
structure is obtained from micropatterned M-Pd32Ni48P20 ribbon by electrochemical dealloying, and NPPd (Pd: 80.82 at%) with a nanoporous structure 
is obtained from as-spun Pd32Ni48P20 ribbon by the same electrochemical dealloying.[10e] MGs with overpotentials lower than that of the Ir25Ni33Ta42/Si 
electrode are enclosed by a dashed ellipse. b) TOF values averaged over all surface sites of the Ir25Ni33Ta42 MG film compared with the Ir film, Pt film, 
and other highly active HER catalysts, including molybdenum sulfide-based catalysts, transition metal phosphides, and precious-metal-containing 
catalysts. Detailed HER metrics of these catalysts are summarized in Table S3 in the Supporting Information.
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MG film, e.g., 1.76 and 19.3 H2 s−1 at overpotentials of 50 and 
100 mV, respectively, are orders of magnitude greater than that 
of the catalysts based on molybdenum sulfides and transition 
metal phosphides, and outperforms many precious-metal-
containing catalysts (Figure 3b). More importantly, the high 
intrinsic activity of the Ir25Ni33Ta42 MG is achieved at an Ir 
loading of 8.14 µg cm−2 that is among the lowest for precious-
metal-containing catalysts (Table S3, Supporting Information). 
It has been demonstrated that MGs can form in a broad com-
position range in the Ir-Ni-Ta system by sputtering deposition,[8] 
and their energy states can be widely tuned by a number of 
approaches.[23] Thus, further enhancement of intrinsic activity 
at a lower Ir loading is highly possible.

The excellent intrinsic activity and superior stability of the 
Ir25Ni33Ta42 MG film indicate that it is a promising catalyst for 
HER in acids. Its outstanding performance can be attributed to 
the proper alloy system and amorphous structure. As HER con-
sists of hydrogen adsorption and desorption, either too strong 
or too weak binding of hydrogen to the catalyst surface will 
decelerate the reaction.[24] A high activity is achieved only when 
the binding energy is appropriate,[24] as elaborated by the so-
called “volcano plot” that serves as a valuable theoretical frame-
work for catalyst design.[2b,6b,25] In the volcano plot for HER, 
precious metals (such as Pt and Ir) are located near the top, 
while early (such as Mo, Ti, and Ta) and late transition metals 
(such as Cu and Ni) are located on the opposite slopes of the 
volcano.[24a] Highly active binary alloy catalysts by combining 
elements on the opposite slopes, e.g., NiMo and CuTi alloys, 
have been successfully designed for HER in alkaline solutions, 
but often degrade rapidly in acidic electrolytes.[26] Our Ir-Ni-Ta 
alloy system demonstrates an effective strategy for designing 
acid-stable HER catalysts, i.e., combination of minor precious 
metals with early and late transition metals according to the 
volcano plot. The minor addition of precious metals not only 
greatly boosts the intrinsic activity but also alleviates the insuf-
ficient stability of alloys based on nonprecious metals in acids.

The amorphous structure of the Ir25Ni33Ta42 MG film can 
also improve its activity and stability. In the disordered atomic 
structure of an MG, there are plenty of coordinatively unsatu-
rated sites in association with higher energy states. Such char-
acteristics have been proved helpful in promoting catalytic 
activity.[7d,f,9,27] As shown in Figure S16 in the Supporting Infor-
mation, the Ir25Ni33Ta42 MG film is far more active for HER 
than its crystalline counterpart. Moreover, in the absence of 
any conventional structural defects such as grain boundaries or 
dislocations, an MG is more corrosion-resistant than its crystal-
line counterpart, so that an enhanced catalytic stability in harsh 
environment can be achieved.[9,10c,d] Hence, it is the synergistic 
effect of choosing a proper alloy system and forming an amor-
phous alloy that leads to the outstanding activity and stability 
of the Ir25Ni33Ta42 MG film. This alloy system also provides a 
platform for high-throughput computational or experimental 
screening to pinpoint the optimal composition with the highest 
intrinsic activity and stability at the lowest possible precious 
metal loading.[6b,28] It is reasonable to assume that our strategy 
can also be extended to the development of multicomponent 
alloys for other heterogeneous catalytic reactions.

In summary, a 15 nm thick Ir25Ni33Ta42 MG film with an Ir 
loading as low as 8.14 µg cm−2 is grown on planar Si substrates 

using a facile IBD method. The MG film shows high intrinsic 
activity and superior stability for HER in 0.5 m H2SO4. The 
Ir25Ni33Ta42/Si electrode with a nearly atomically flat surface only 
requires an overpotential of 99 mV to drive a current density of 
10 mA cm−2 and exhibits a small Tafel slope of 35 mV dec−1.  
Moreover, with high TOF values of 1.76 and 19.3 H2 s−1 at  
50 and 100 mV, respectively, the Ir25Ni33Ta42 MG film is among 
the most intrinsically active HER catalysts, outperforming any 
reported MG catalyst, representative moly bdenum sulfide-
based catalysts and transition metal phosphides, and com-
paring favorably with other precious-metal-containing catalysts. 
The outstanding HER performance of the Ir25Ni33Ta42 MG film 
can be ascribed to the choice of the proper alloy system and 
amorphous structure. Our work not only provides a novel alloy 
system for HER in acids, but also bears importance for the 
design and development of multicomponent alloys as highly-
performing heterogeneous catalysts.
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