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Supplementary Table 1. Comparison between Pt single-atom-layer catalysis and current Pt
catalyst, including 1D, 2D, and 3D Pt nanostructures, and 0D Pt single-atom or nanocluster in hosting
materials. For example, (1) nanocrystallization of Pt into 1D nanowires1, 2D nanosheets2,3, and 3D
porous structures4-7 e.g., nanocrystal or nanoframe and (2) dispersion of Pt into individual atoms
(single-atom catalysis8-10 with a mass loading of ~5 wt%11) or small clusters12,13 in hosting materials.
Their advantages are also highlighted here. 0D single-atom and nanocluster possess the advantages of
high atom-utilization, low mass-loading, well-defined active center, etc. 1D, 2D, and 3D Pt
nanostructures deliver the advantages of well-controlled composition and geometrical-configuration,
as well as well-tuned active sites. In this work, the developed 2D single-atom-layer, with amorphous
PtSex as an example, shows a high mass-loading, atomical thickness, and wafer-scale fabrication.
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Supplementary Figure 1. Growth of 2-inch water-size PtSex film. (a) Deposition of 0.5-1 nm thick
Pt films onto wafer-size SiO2/Si or sapphire substrates through e-beam evaporation at the rate of 0.1
Å s−1. (b) Home-built CVD system for the growth of PtSe2 films. The growth process includes a twostep selenylation of Pt metal on SiO2/Si substrate: i) a long-time low temperature at 200 °C to avoid
dewetting behavior (Supplementary Figure 6); ii) high-temperature annealing to improve the
crystalline of film. (c) Amorphization of the wafer-size films in a DRIE system at a low-energy Arplasma atmosphere and a low substrate temperature (approximately -30℃). In this process, a lowtemperature substrate is to protect the materials from the plasma-induced local heating effect during
the etching process (Supplementary Figure 7), which would cause the aggregation of the surface atom
and finally lead to a failed amorphization.
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Supplementary Figure 2. AFM images of PtSex film. It can be seen that the as-fabricated PtSex film
on SiO2/Si substrate delivers a uniform structure, with a thickness of 1~1.2 nm.
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Supplementary Figure 3. Optical image of 2-inch wafer-scale transfer of PtSex film. The transfer
process includes four steps: (1) spin PMMA film (500 nm - 1 μm thick) on as-fabricated PtSex film on
SiO2/Si substrate; (2) lift off the PtSe2/PMMA film from SiO2/Si substrate via KOH etching; (3) wash
the film in DI water for several times and coat it onto the target substrate; (4) remove PMMA film in
acetone and IPA.
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Supplementary Figure 4. Atomic resolution HAADF STEM general view image of the
atomically-thin amorphous PtSex film over an approximately 4000 nm2 area (a-b).
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Supplementary Figure 5. Atomic resolution HAADF STEM images of amorphous PtSex film at
five typical regions (top panel) and their corresponding Fourier-transform (FFT) spectra
(bottom panel), showing a completely amorphous atomic structure. These results indicate a uniform
amorphization of PtSe2 film on a large scale.
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Supplementary Figure 6. HAADF STEM images of a granular PtSe2 film. (a-b) Lowmagnification (a) and high-magnification (b) HAADF STEM images. Owing to the solid-state
dewetting behavior between Pt and substrate, the Pt thin film (0.5-1 nm) will easily aggregate at a high
temperature during selenylation process, resulting a granular film. To abbreviate this, we kept the
starting selenylation process at a very low temperature (300 °C) through loading Se source in the
middle of furnace to close to Pt. Then, we anneal the obtained film at a high temperature (600 °C) for
a good quality.
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Supplementary Figure 7. The morphologies of PtSex under DRIE process at different substrate
temperatures. (a) HAADF STEM image of PSex sample treated by a room-temperature DRIE. (b)
HAADF STEM image of PSex sample treated by a 0 ℃ DRIE. (c) HAADF STEM image of PSex
sample treated by a -30 ℃ DRIE. It shows that the plasma-induced local heating may cause the
aggregation of surface atom, resulting in a hole-rich morphology. The scale bar corresponds to 5 nm
in all the images. In Supplementary Figure 7c, the zoom-in images confirm an amorphous structure of
bright clusters. On the other hand, it was found that the Pt clusters (marked by red dash lines in
Supplementary Figure 7a) were usually formed under the DRIE process at room temperature. These
Pt clusters give a crystalline structure with clear lattice patterns, in sharp contrary to an amorphous
structure of bright cluster in amorphous PtSex sample that DRIE treated at a low temperature of -30
o
C. In short, a room temperature and DRIE will result in Pt clusters due to the over-heating effect,
while low-temperature and low plasma energy will lead to amorphous PtSex.
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Supplementary Figure 8. Structure evolution of PtSex with varied Pt/Se ratio under DRIE
process. (a-f) Atomic resolution HAADF STEM images of PtSex samples as the increase of the DRIE
time, showing that the structure changes from crystalline 1T phase (a), to defected 1T phase (b), later
to a mixture of amorphous structure/1T phase (c), and finally to a completely amorphous structure (df). As time is further prolonged, this amorphous layer will shrink by itself, resulting in a hole-rich
morphology. (g) The Se:Pt atomic ratio decreases with increasing duration time under DRIE process,
as obtained from XPS measurements. By using the aberration-corrected atomic resolution HAADF
STEM, the amorphous structure begins to form as the Ar-plasma duration is about 35s.
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Supplementary Figure 9. No observation of isolated Pt atom in Ar-plasma treated PtSex samples.
In Pt 4f region, Pt(IV) and Pt(II) were observed while no significant Pt(O) peaks were found, in which
Pt (IV) should be associated with PtSe2 while Pt (II) can be associated with oxides of Pt, i.e., PtOx. No
significant Pt(O) peaks were found.
13

Supplementary Figure 10. Investigation of Se states in Ar-plasma treated PtSex samples. The peak
of Se edge/amorphous shifts to higher binding energy, and the number of states (curve area) was
increased once the structure of PtSex samples evolves into the amorphous structure. Moreover, no
apparent agglomeration of Se atoms was observed XPS for amorphous samples. In addition, Se edge
corresponds to the amorphous structure or Se at the edge sites which exists a minor phase. Similar
labeling for the Se 3d core-level spectra could be found in the previous report14. Due to the lack of
coordination with Pt, these Se atoms are expected to be slightly more electropositive and have higher
binding energy.
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Supplementary Figure 11. XAS measurement of the amorphous PtSex samples. (a-b) Platinum Kedge XANES spectra (a) and the corresponding fine-structure Fourier transform spectra (b) of the
amorphous PtSex, crystalline PtSe2, and Pt foil (the reference). (c-d) Fitting curves for the Pt-Se peaks
of amorphous PtSex (c) and crystalline PtSe2 (d). Solid and dashed lines represent experimental data
and fitting curves, respectively. (e) The structure parameters around Pt atoms in the amorphous PtSex
and crystalline PtSe2. N (coordination number) was fixed as 6 when the curve fitting was performed.
In Supplementary Figure 11a, a similar platinum K-edge X-ray absorption near edge structure
(XANES) spectra for both the amorphous PtSex and crystalline PtSe2 was observed, implying their
similar coordination environment. In order to verify their local structures, Fourier transform analysis
of the platinum K-edge extended X-ray absorption fine structure was used, as shown in Supplementary
Figure 11b. No pronounced Pt-Pt bond peak was found in amorphous PtSex, suggesting no isolated Pt
nanoparticles, which agrees with XPS results. Compared to crystalline PtSe2, a reduced Pt-Se peak
intensity was observed in amorphous PtSex, proving that the Pt-Se bond in the sample is distorted after
low-temperature DRIE. We later perform the curve fitting to obtain the quantitative structural
parameters around platinum atoms (Supplementary Figure 11c and Supplementary Figure 11d). The
obtained structural parameters are listed in Supplementary Figure 11e. Compared with crystalline
PtSe2, amorphous PtSex presents a less Pt-Se coordination number (5.1) and an elongated bond length
(~0.02 Å), indicating that the amorphous sample’s structural homogeneity is reduced.
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Supplementary Figure 12. The structure evolution of PtSex as the amount of Se atom decreasing
from molecule dynamic simulation (MDS).
It can be seen that the amorphization of PtSex begins as the ratio of Pt:Se is close to 1/1.38, and a
completed transform of amorphous structure will be generated at an atom ratio of 1.33. In the following
Supplementary Figure 13, Supplementary Figure 14, Supplementary Figure 15, Supplementary Figure
16, Supplementary Figure 17, and Supplementary Figure 18, the amorphous structure of PtSex is
detailly examined with varied ΔE (ΔE is the energy difference relative to the structure with lowest
energy), and the optimized one is employed to a further analysis of structure displacements.
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Supplementary Figure 13. Schematic atomic structures of PtSe1.38 from molecule dynamic
simulation. (a)-(i) The structure evolution of PtSe1.38 with varied ΔE (from 0.428 eV to 0 eV). Blue
for Pt atoms and yellow for Se atoms, and ΔE is the energy difference relative to the structure with the
lowest energy, i.e. ΔE=0.
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Supplementary Figure 14. Schematic atomic structures of PtSe1.36 from molecule dynamic
simulation. (a)-(i) The structure evolution of PtSe1.36 with varied ΔE (from 0.428 eV to 0 eV). Blue
for Pt atoms and yellow for Se atoms, and ΔE is the energy difference relative to the structure with the
lowest energy, i.e. ΔE=0.
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Supplementary Figure 15. Schematic atomic structures of PtSe1.33 from molecule dynamic
simulation. (a)-(p) The structure evolution of PtSe1.33 with varied ΔE (from 1.299 eV to 0 eV). Blue
for Pt atoms and yellow for Se atoms, and ΔE is the energy difference relative to the structure with the
lowest energy, i.e. ΔE=0.
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Supplementary Figure 16. Schematic atomic structures of PtSe1.30 from molecule dynamic
simulation. (a)-(p) The structure evolution of PtSe1.30 with varied ΔE (from 1.549 eV to 0 eV). Blue
for Pt atoms and yellow for Se atoms, and ΔE is the energy difference relative to the structure with the
lowest energy, i.e. ΔE=0.
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Supplementary Figure 17. Schematic atomic structures of PtSe1.27 from molecule dynamic
simulation. (a)-(p) The structure evolution of PtSe1.27 with varied ΔE (from 1.660 eV to 0 eV). Blue
for Pt atoms and yellow for Se atoms, and ΔE is the energy difference relative to the structure with the
lowest energy, i.e. ΔE=0.
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Supplementary Figure 18 Schematic atomic structures of PtSe1.25 from molecule dynamic
simulation. (a)-(p) The structure evolution of PtSe1.25 with varied ΔE (from 1.914 eV to 0 eV). Blue
for Pt atoms and yellow for Se atoms, and ΔE is the energy difference relative to the structure with the
lowest energy, i.e. ΔE=0.
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Supplementary Figure 19. Statistical distribution of the distance between two adjacent Pt-Pt
atoms in an amorphous PtSex monolayer from the STEM image and calculated structure. Blue:
the distributions of bond length of Pt-Pt in single-layer amorphous PtSex from STEM experiment data
(Exp.). Red: the distributions of bond length of Pt-Pt in single-layer amorphous PtSex from theoretical
results (The.). Crystalline PtSe2 imaged under similar conditions with the same mapping algorithm is
shown as a reference.
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Supplementary Figure 20. Comparison of Pt-Se bond angles of amorphous PtSex and 1T phase
PtSe2. It can be seen that the amorphous PtSex has a much broader variation of Pt-Se bond angles, that
is, 40–140° for the in-plane projections, which is in contrast to crystalline PtSe2 with bond angles
centered at 84° and 95°
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Supplementary Figure 21. Fabrication of PtSe2 nanosheet (21 nm thick) based micro-cell device.
First, 16×16 mm2 SiO2 (285 nm)/Si chips with pre-patterned 32 Au contact pads were fabricated using
conventional photolithography (Supplementary Figure 21a). Second, mechanically-exfoliated PtSe2
nanosheets were transferred onto the chips (Supplementary Figure 21b). Third, the metal electrodes
were made on the nanosheet by electron-beam lithography (EBL) followed by thermal or electronbeam evaporation of 5/60 nm Cr/Au (Supplementary Figure 21c). Finally, the device chip was
passivated with 500 nm poly(methylmethacrylate) (PMMA) film, followed by EBL process to create
the opening window on the PMMA to expose the region of interest on the nanosheet (Supplementary
Figure 21d1-dN). As the PMMA is inert in the potential range investigated, we expect the
electrochemical reactions only to occur in the exposed regions. Note that we choose the mechanically25

exfoliated PtSe2 nanosheet due to its perfect atomic surface, which can guarantee that no other activity
sites (defects or edges) can make the interferences on the measurement. The reaction windows were
opened at the desired regions on the same nanosheet with varied Ar-plasma treatment time. As a result,
this micro-cell method allows a rigorous (or even semi-quantitative) investigation on the surface
evolutions of PtSe2 from 1T phase to amorphous.
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Supplementary Figure 22. Calibration of the reference electrode in our experiment. (a) Optical
image of leakless Ag/AgCl reference electrode (left) and hydroflex-hydrogen-electrode (right) used in
HER measurements. (b) Potential measurement of leakless Ag/AgCl reference electrode, showing a
stable reference potential at 0.219V.
In all electrochemical measurements, Ag/AgCl microelectrodes were used as reference electrodes, a
leakless reference electrode from Harvard Apparatus or eDAQ company (Supplementary Figure 22a
left). Before each measurement, hydroflex-hydrogen-electrode (standard hydrogen electrode,
Supplementary Figure 22a right) was employed to calibrate their potentials in an electrochemical
workstation (Biologic). This Hydroflex-Hydrogen-Electrode is a modern Hydrogen Electrode with an
integrated hydrogen source, making for convenient and safe operation. Supplementary Figure 22b
shows the typical potential measurement of the leakless Ag/AgCl reference electrode, and it has a
stable reference potential at 0.219V.
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Supplementary Figure 23. Investigation of the influence of underlying PtSe2 on HER activity of
amorphous PtSex. (a) Optical images of amorphous PtSex micro-devices on varied-thicknesses PtSe2
substrates. (b) Typical polarization curves of micro-devices on PtSe2 substrates with different
thicknesses. (c) Statistical distributions of Tafel slopes and Onset potentials of amorphous PtSex as a
function of the thickness of PtSe2 substrates. These data indicate that the thickness of the underlying
PtSe2 has negligible effects on metallic-behavior amorphous PtSex samples.
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Supplementary Figure 24. In-situ electronic/electrochemical measurement of amorphous PtSex
nanosheet toward HER. The blue curves (left) and the red curves (right) are obtained from the
electrochemical and the electronic signals. The bias voltage in our experiments was kept at 5 mV to
collect electronic signals. From the electronic result, amorphous PtSex nanosheet gives a high
conductivity with a metallic behavior (see red curve), indicating the facilitated charge transport during
the HER process.
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Supplementary Figure 25. HER performances of the PtSex nanosheet. (a) Polarization curves
collected at a low current density from Figure 3b in the main text. (b) The corresponding Tafel slopes
of the PtSex nanosheet with treatment duration from 0 to 60 s from Figure 3b in the main text. (c) HER
mechanism of amorphous PtSex. It is clearly seen that the samples have an extended linearity region
crossing from several to hundred mA/cm-2, which is comparable to Pt metal, suggesting a fast kinetic
process with a Volmer-Tafel routine

30

Supplementary Figure 26. Electrochemical impedance spectroscopy (EIS) measurements of
amorphous PtSe1.26, defective PtSe1.58, and crystalline PtSe2 in the micro-cell. Re(Z) is the real
impendence, and lm(Z) is the imaginary impedance. Inset: equivalent Randles circuits (top) and the
value of Rct (bottom). In our experiment, a smaller Rct value (0.431 MΩ) for the amorphous sample is
observed compared to the other two samples, indicating its faster HER kinetics.
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Supplementary Figure 27. Tafel slopes and the onset potentials of amorphous PtSex and
previously-reported other TMD catalysts.
We collected Tafel slopes and onset potentials of current TMD catalysts such as MoS215-23, MoSe220,
WS224, ReS225, VS226, VSe227, NbS228, Nb1.35S229, TaS228, and PtX2 (X=S, Se30,31, Te) group32, and their
activity-engineering strategies includes phase transform (1T-2H)17,22,24, edge18,20,23,25,30, atom-doping21,
different defects28 (vacancy16,23 or strained vacancy 15), external strain15, and gate voltage19,27, etc. As
shown in Supplementary Figure 27, the obtained catalytic activity of PtSe1.26 in our work is much
better than those TMD catalysts. Regarding to reported PtX2-group catalysts, amorphous PtSe1.26 is
also superior to edge- or defect-engineered PtSe2, PtS2 or PtTe2. Besides onset potential and Tafel slop,
the current density is another important parameter of catalyst in the application.29 We collected the data
of current density ratios of TMD catalyst/ Pt catalyst (at 50 mV vs RHE) in the literature (Figure 3f).
Impressively, to the best of our knowledge, we noted that our amorphous catalyst has the highest value
in current TMD catalysts, which is close to 100% of the current density of pure Pt catalyst. Except for
metallic VSe2 (53%), VS2 (33%), NbS2 (55%), Nb1.35S2 (4%), TaS2 (31%) catalysts, this ratio value is
usually less than 1% in PtX2 and other TMD catalysts.
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Supplementary Table 2. Comparison of the HER performance of amorphous PtSe1.26 film with
currently-reported different TMD catalysts in acidic electrolyte.
Active site

Onset
overpotential
(mV vs. RHE)

Tafel slope
( mV dec-1)

j (mA cm-2)
ratio of Material/Pt
catalyst at η=50 mV

Ref.

MoS2

Edge

150

50

/

18

MoS2

Edge

～140

105

<1%

20

MoS2

70～120

75～100

<1%

23

～50

60

<1%

15

MoS2

S vacancies
Strained S
vacancies
1T Phase

～70

100

<1%

22

MoS2

1T phase

125

40

<1%

17

MoS2

～100

50

<1%

16

～80

100

<1%

19

90

50

<1%

21

～140

110

<1%

20

80

～60

<1%

24

ReS2

Defect/1T contact
Electrical field
modulation
Edge and Codoping
Edge
1T Phase/S
Vacancies
Edge

70

84

<1%

25

VS2

Edge/basal plane

23

34

～33%

26

VSe2

Edge/basal plane

20

56

～53%

27

NbS2

Edge/defect

50

30

～55%

28

Nb1.35S2

Nb atom

100

38

～4%

29

TaS2

Edge/defect

60

37

～31%

28

PtS2

Defect

150

110

<1%

32

PtTe2

Defect

70

100

<1%

32

PtSe2

Defect

90

80

<1%

32

PtSe2

edge

42

60

<1%

30

PtSe2

edge

130

38

<1%
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Amorphous PtSe1.26

Amorphous

～0

39-42

～100%

This work

PtSe2

10% Se vacancies

100

110

<1%

This work

Materials
/structure

MoS2

MoS2
MoS2
MoSe2
WS2
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Supplementary Figure 28. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 2.8% of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms and
𝑁𝑁

pink for H atoms. The atomic hydrogen concentrations:θ = 𝑀𝑀 𝐻𝐻 × 100%, NH indicates the number of
𝑃𝑃𝑃𝑃

hydrogen atoms and MPt indicates the active site of Pt atoms. The ΔE is the energy difference relative
to the adsorbed structure with the lowest energy, i.e. ΔE=0.
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Supplementary Figure 29. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 5.6 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms and
pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Figure 30. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 8.3 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms and
pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.

36

Supplementary Figure 31. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 11.1 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms
and pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.

37

Supplementary Figure 32. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 13.9 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms
and pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Figure 33. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 16.7 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms
and pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Figure 34. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 19.4 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms
and pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Figure 35. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 22.2% of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms
and pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Figure 36. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 25 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms and
pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Figure 37. Schematic isomer structures of H atoms adsorbed on the PtSe1.33
surface with a 28 % of atomic hydrogen concentration. Blue for Pt atoms, yellow for Se atoms and
pink for H atoms. The ΔE is the energy difference relative to the adsorbed structure with the lowest
energy, i.e. ΔE=0.
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Supplementary Note 1. Discussions of hydrogen coverages
Different hydrogen coverages were considered to examine the robustness of the catalytic performance
of the amorphized PtSex monolayer. Note that when the PtSex monolayer was exposed to water, H
atoms could be strongly adsorbed on the part of Pt sites and not to be desorbed. As a result, the catalytic
performance must be re-assessed for the PtSex monolayers with N (N=1,2,3…) strongly-adsorbed H
𝑁𝑁

atoms. The hydrogen coverage was defined as 𝜃𝜃 = 𝑀𝑀 𝐻𝐻 , where MPt was the total number of Pt sites.
𝑃𝑃𝑃𝑃

Starting from a given supercell for the PtSex monolayer, ∆GH of each hydrogen atom was calculated
by scanning all possible sites, corresponding to θ=2.8%. Next, the most stable structure for the
PtSex+1H monolayer was chosen as the initial structure for calculating ∆GH of all available sites at

θ=5.6%. We repeated this process for the PtSex monolayer with different hydrogen coverages until
θ=28%, that is, the PtSex+10H monolayer.
Here, the maximum coverage of 28% was chosen for two reasons. First, the catalytic performance of
the PtSex monolayer became quite stable across different θ when θ>5.6%, as evidenced by stable
numbers of active sites characterized by small magnitudes of ∆GH. Second, based on the most stable
structure of the PtSex+10H monolayer, we noted that 11th H atoms could no longer be strongly adsorbed
(i.e., lowest ∆GH = -0.6 eV).
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Supplementary Note 2. Discussions of possible active sites with ∆GH (eV) falling in the range (0.20, 0.20)
It is very challenging to determine an accurate threshold of ∆GH for qualifying a site to be active. We
set this range of ∆GH based on an extensive survey of literature regarding the “volcano” plot33 as well
as commonly-used catalysts for HER.29,34-40. The survey showed that ∆GH calculated for
experimentally identified catalysts with acceptable performance are distributed within this range.
Taking metal catalyst as an example, Au has a ∆GH value close to 0.3 eV and is active for HER with
acceptable performance (Supplementary Figure 38). Also, the edges of MoS2 are active for HER (Tafel
slops: 111mV dec-1 and Onset potentials: 0.24 V vs. RHE), and the corresponding ∆GH is equal to 0.250.45 eV.38 Similarly, 3R Nb1.35Se2 shows an HER activity (Tafel slops: 76 mV dec-1 and Onset
potentials: ~0.23 V vs. RHE) with a ∆GH of 0.24 eV.29 Based on above analysis, we choose the sites
with ∆GH falling in the range (-0.20 eV, 0.20 eV) to be active, as a result, ~ 25% Pt atoms could
contribute to the HER at a maximum hydrogen coverage.

Supplementary Figure 38. Typical “volcano” plot of hydrogen adsorption free energy (ΔGH) of
different metal catalysts in HER from the summary of Nørskov et al.33. Right table: Summary of
experimentally-measured HER activity of Au from previous reports.
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Supplementary Figure 39. Density of states (DOS) of amorphous PtSex (a) and crystal PtSe2 (b).
Right panel: Top and side view of charge density difference of hydrogen adsorbed on amorphous PtSex
and crystal PtSe2, showing that a Pt site in the PtSe1.33 monolayer exhibits enhanced charge transfer
with the adsorbed H atom compared to the case of a pristine PtSe2 monolayer. These data indicate that
amorphous PtSex has a higher density of states at the Fermi level than that of single-layer crystalline
PtSe2, thus leading to a higher measured conductivity (Figure 1f and Supplementary Figure 24) and
better charge transfer kinetics.
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Supplementary Figure 40. Calculations of partial density of states (a), local density of states (b),
and the energy of Pt d-band center (c) for amorphous PtSe1.33.
For all the hydrogen adsorption sites, the local density of states (LDOS) around the Fermi level were
calculated. 50.68% of the density of states (DOS) at the Fermi level is contributed by the d orbital of
Pt and 40.15% by the p orbital of Se (Supplementary Figure 40a). Supplementary Figure 40b presents
the LDOS and ∆GH of each site. There is no an intuitive correlation between the density of states and
free energy. Then the d-band center (Supplementary Figure 40c) of Pt atom was further analyzed,
showing that the atom with d-band center near 2 eV has good catalytic properties. According to the dband center model41, in the context of chemisorption of molecules to a metal surface, a higher d-band
center results in stronger bonding. Similarly, a lower d-band center means weaker bonding. For the
amorphous PtSex, the LDOS of Pt sites is determined by the disordered coordination environment,
which can adjust the d-band center energy, and too much or too little charge transfer is not conducive
to the catalytic performance (Supplementary Figure 40c).
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Supplementary Figure 41. Investigation of Pt atom-utilization efficiency of amorphous PtSex
through the Cu underpotential deposition (UPD) method in a micro-cell (scan rate: 10 mV/s). Copper
UPD was performed in N2-saturated 0.5 M H2SO4 in the absence (bule curve) and presence (red curve)
of 10 mM CuSO4. Inset table: the obtained parameters in the measurement.
The copper underpotential deposition (Cu-upd) method42-46 wsa used to quantify the number of active
sites for the amorphous PtSex sample in our experiment. In this method, the number of active sites can
be obtained from the UPD Cu stripping charge (QCu, Cuupd → Cu2+ + 2e-) using the equation: n =
QCu/(2F), where F is the Faraday constant (96485 C mol-1). In our experiment, the tests were carried
out in N2 saturated 0.5M H2SO4 + 10 mM CuSO4 solution in the micro-cell system, with leakless
Ag/AgCl electrode as the reference electrode and carbon rob as the counter electrode. The exposed
area of the PtSex sample to the electrolyte is about 46.64 μm2. The Background current is <0.01 nA.
Supplementary Figure 41 shows the CV curves for the signal of Cu underpotential stripping on
amorphous PtSex. The obtained parameters are summarized in the inset of Supplementary Figure 41.
It can be seen that our sample delivers a 4.06e-19 mol of active sites, which attributes to a 26.4 wt% of
Pt atom-utilization efficiency. This value is close to the theoretically calculated value, indicating good
accordance between theory and experiment.
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Supplementary Table 3. The mass activity of Pt collected in PtSex amorphous layer, and other
reported Pt catalysts. Abbreviation: OLC: onion-like nanospheres of carbon; PCM: nitrogencontaining porous carbon matrix; hNCNC: hierarchical nitrogen-doped carbon nanocages; NPC:
nitrogen-doped porous carbon; GDY: graphdiyne; S-C: sulfur-doped carbon; NGNs: nitrogen-doped
graphene nanosheets; MH: multiple hollow; NC: nitrogen-doped carbon; HMCS: hollow mesoporous
carbon spheres; SWNT: single-walled carbon nanotubes; NWNs: nanowire-networks; NG: nitrogendoped graphene.

It can be seen that the Pt mass activity in PtSex amorphous layer is comparable (or even superior) to
most Pt catalysts (3D porous structures, 2D nanosheet structures, 1D nanowire structures, 0D cluster
structures, and individual atoms), indicating a high atom-utilization efficiency of Pt at the layer limit
in our work.
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Supplementary Figure 42. Setup for H2 production on the wafer-scale amorphous PtSex film. (a)
The setup of wafer-scale HER measurement. (b) The full cover of H2 bubbles on amorphous PtSex
during HER measurement.
In detail, a 2-inch PtSe2 film (3 nm thick) was firstly grown by CVD method and then transferred onto
an Au (50 nm) /SiO2/Si substrate though a PMMA-assisted transfer method as described above. Then,
its surface is treated by a low-temperature DRIE process with a 40 s treatment to form an amorphous
PtSex top-layer, which catalyzes H2 production. By applying a constant potential of -0.25 V (versus
RHE), a full cover of H2 bubbles on the electrode surface is observed.
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Supplementary Figure 43. XPS spectra of amorphous PtSex sample on glassy carbon electrode
before and after electrochemical stability test. (a) Full XPS spectrum of the film before and after
stability testing. There is no apparent difference, indicating that all elements in PtSex samples remained
after the stability test. (b)(c) The high-resolution XPS spectra of Pt(IV) and Pt(II) in Pt 4f region (b)
and Se states (c), showing no apparent peak shifts as compared with the original one.
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Supplementary Figure 44. TEM investigation of amorphous PtSex sample after stability test. (a)
The PPC-assisted transfer process of amorphous PtSex film from glassy carbon electrode. This method
has been widely used in the 2D-material transfer47, which mechanically peels the targeted material
from the original substrate, excluding possible chemical contamination during the transfer process. (b)
TEM image of the sample after stability test, showing the uniform distribution of Pt and Se elements
and the well-preserved film structure as well. Note that, slight cracks and crinkles are observed in the
film, possibly arising from the mechanically transferred process. (c) STEM image and the
corresponding FFT spectrum of the sample after stability test, showing that the amorphous feature of
the PtSex film remained the same as the original one.
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Supplementary Figure 45. “Layer-by-layer replenishment” property of amorphous PtSex
catalyst. (a) Schematic illustration of a quasi layer-by-layer “reproduction” process of amorphous
catalyst. (b)(c) Polarization curves (b) and Tafel slops (c) of amorphous PtSex catalyst reproduced
through a quasi layer-by-layer amorphization of PtSe2.
In order to obtain a long lifetime of catalysts, we here develop a quasi “layer-by-layer replenishment”
method of amorphous PtSex. In detail, a CVD-grown PtSe2 film was transferred onto an Au (50 nm)
/SiO2/Si substrate as a typical electrode. The first top-layer of amorphous PtSex was made on the
electrode surface through a low-temperature DRIE process with a 40 s treatment, and then conducted
a cycling measurement (the potential window of 0.151 to ~ 0.219 V (versus RHE) and a scan rate of
100 mV s−1). Once its performance was degraded, the electrode would be taken out, and its surface
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was treated by DRIE again to form a new amorphous layer for cycling measurement, where the
treatment time is about 100-120 s. In order to extract the relationship between cycles and thickness,
the thickness of PtSe2 film was examined by AFM after five-cycles. In our work, a serial of PtSe2 films
were examined, e.g., a 10-nm thick film thinned to be a 4 nm, a 12-nm thick film thinned to be a 7 nm,
or an 8-nm thick film thinned to be a 4 nm. Based on those results, we roughly concluded a quasi
“layer-by-layer replenishment” process of amorphous PtSex.
Supplementary Figure 45 shows that the newly-generated amorphous layer keeps a high performance
like the original one, verifying a successful “replenishment” process. What is more, we extended such
a process up to six cycles, and the cyclic variation of the current density and Tafel slops suggests a
good repeatable process (Supplementary Figure 46). To the best of our knowledge, this “replenishment”
method is the first demonstration of “repeated-use Pt catalyst” in water splitting, the advantage of
which is attributed to the unique layered-stacking characteristic of 2D material that makes layer-bylayer fabrication possible.
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Supplementary Figure 46. Replenishments of amorphous PtSex catalyst for six cycles. The
performance, e.g., current densities at -0.1 V vs. RHE (black y axial) and Tafel slopes (red y axial), can
be recovered after Ar plasma treatment, indicating the possibility of repeatable performance of this
type of electrocatalyst.
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Supplementary Figure 47. Averaged displacements of noble metal atoms <δ> in various selenides
structures, including PdSex, IrSex, OsSex, RuSex and RhSex (where x is 1.33) with an amorphous
characteristic.
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Supplementary Figure 48. Atomic resolution HAADF STEM images of Ar-plasma treated PdSe2
surface. (a) (b) Large field of view (a) and small field of view (b) ADF-STEM image of showing the
undulant surface of amorphous structure, showing distinct amorphous and crystalline regions. In our
preliminary attempt, the mechanically-exfoliated PdSe2 nanosheet was used and treated by DRIE with
a low-density Ar plasma for 40s.
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Supplementary Figure 49. The HAADF-STEM images and corresponding FFTs of Ar-plasma
treated PdSe2 surface. The amorphous structure can be visualized from the FFTs after applying a
mask, showing a broad and continuous halo.

58

Supplementary Figure 50. The optical images of MoS2 and PtSe2 nanosheets in the air after Ar
plasma treatment. It shows that they present distinct morphologies, and MoS2 will decomposes at the
treated region (small droplets are observed) in air, compared with the stable PtSe2 sample. The
mechanically-exfoliated nanosheet samples with a perfect Basal plane were used for comparison.
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