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ABSTRACT: Atomic defects, e.g., vacancies, substitutions, and
dopants, play crucial roles in determining the functionalities of two-
dimensional (2D) materials, including spin glass, single-photon
emitters, and energy storage and conversion, due to the
introduction of abnormal charge states and noncentrosymmetric
distortion. In particular, anti-substitutions are regarded as
promising topological defect types, in which substitution occurs
at opposite charge sites, fundamentally modifying the atomic and
electronic structures of pristine lattices. However, the fabrication of
large-scale anti-substitutions remains challenging due to high
formation energies and complex reaction paths. Here, we propose
an approach for synthesizing atomically dispersed Pt anti-

substitutions in defective 1T’-MoTe, using the electrochemical exfoliation-assisted leaching—redeposition (EELR) method.
Atomic-resolution scanning transmission electron microscopy (STEM) imaging reveals that Pt atoms substitute Te sites, forming
unconventional Mo—Pt bonds. A rich variety of Pt anti-substitution configurations and Pt anti-substitutions coupling with Te
vacancies have been fabricated by controlled electrochemical conditions. Density functional theory (DFT) calculations suggest that
Pt atoms preferentially occupy the Te vacancy sites coupled with neighboring Te vacancies, stabilizing the anti-substitution
configurations. The coupled Pt—Te defect complexes exhibit excellent hydrogen evolution reaction, with an overpotential of only
12.9 mV because the paired defect complexes cause charge redistribution and regulate the d-band center of the active sites as
suggested by DFT. These findings introduce an effective approach for engineering atomically dispersed anti-substitutions in 2D
materials, presenting new opportunities for the precise design of atomic features with targeted functionalities in catalytic and other

advanced applications.

B INTRODUCTION

Atomic defects are inherent and unavoidable features of crystal
materials, driven by the second law of thermodynamics.1 The
introduction of these defects often initiates structural
rearrangements and charge redistributions, which, in turn,
significantly influence orbital hybridization and the electronic
structure of materials.”™> The distinct three-atom-thick
architecture of monolayer transition metal dichalcogenides
(TMDs) provides an optimal platform for engineering a range
of atomic defects, such as vacancies, antisites, substitutions,
and adatoms.’”® Defect engineering in TMDs has been
extensivelg explored, demonstrating its power in modulatin%
optical,g’l electrical,'"** magnetic,m’14 and mechanical™>’
properties to unlock new functionalities, which holds
considerable promise for applications in nanomagnetic
systems,17 novel exciton emissions,'® defect-based qubits,19
flexible electronics,” catalytic chemistry,”" etc.

The diversity of defect configurations in TMD monolayers
offers a broad spectrum of precisely tunable physiochemical
properties. For instance, prevalent anion vacancies in the as-
grown TMD samples, are well recognized for their crucial role
in shaping electronic behavior, particularly by introducing deep
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in-gap defect levels.”” " In antisite Mo, defects, a local
magnetic moment of 2 uB has been predicted, attributed to the
strong orbital hybridization between the center Mo atom and
neighboring Mo and S atoms.”® Additionally, neutral anion-
antisite defects (W, and Wg,) in 1H-phase group-VI TMDs
reveal promising potential as defect-spin qubits, capable of
hosting stable triplet ground states." Substitutions doping in
monolayer TMDs are comparably intriguing, as oxygen-
incorporated V, sites in monolayer MoS, can effectively
passivate sulfur vacancies, suppress the formation of donor
states, and thereby lower the electrical contact resistance.”
Besides, substituting 50% of Mo with Re in MoS, induces a
phase transition, resulting in wider channels between cation
chains and offering supreme active sites for catalysis.’’
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Figure 1. Fabrication of Ptr, anti-substitution in monolayer 1T’-MoTe,. (a) Schematic illustration depicting the growth of Ptr, anti-substitution in
1T’-MoTe, monolayer via the electrochemical exfoliation-induced leaching and redeposition method. (b) Optical microscopy and selected area
electron diffraction (SAED) images of exfoliated 1T’-MoTe, flakes. (c, d) Annular dark-field scanning transmission electron microscopy (ADF-
STEM) image showing the (c) Pt atoms and Te vacancies and (d) Te vacancies in 1T’-MoTe, using Pt foil or graphite rod as the anode,
respectively. (e, f) Corresponding energy-dispersive X-ray spectroscopy (EDS) of Pt,-MoTe, (e) and Vy,-MoTe, (f). (g) ADF-STEM image of
white box region from (c) showing the configuration of Ptr, anti-substitution. Atomic models and corresponding simulated images of (h) Pt
substituting the Te site, and (i) Pt adsorbing on the Te site. (j) Intensity line profiles of Te and Pt sites in (g—i). Scale bars: (b) S ym, (c) 1 nm,

(d) 1 nm, (g—i) 0.2 nm.

Controlled substitution holds great potential for producing complexes containing coupled Te vacancy and Pt anti-
atomic-scale local magnetic moments, reducing electrical substitution emerge. Density functional theory (DFT)
contact resistance, and enhancing catalytic activity. However, calculations indicate that Te vacancies in 1T'-MoTe,
substitutions are confined to heterovalent and isovalent, where preferentially attracts Pt anti-substitution atoms, releasing
doping occurs at the same type of ionic site.”’ >’ Anti- energy and stabilizing the defect structure. Electrochemical
substitution, which is particularly unique due to its potential measurements show that samples containing paired Pt anti-
for novel functionalities,"? is rare because of the high formation substitutions and Te vacancies exhibit excellent catalytic
energies of oppositely charged sites,”" environmental factors, performance, with an overpotential of only 12.9 mV versus a
and crystal symmetry constraints."”*" Consequently, achieving reversible hydrogen electrode (RHE) at a current density of 10
large-scale, atomic-scale anti-substitution in TMD monolayers mA cm 2 First-principles calculations disclose that coupled
remains challenging, and their intriguing functionalities are structures result in charge redistribution, regulate the d-band
elusive. structure of both Pt and Mo sites, optimize the hydrogen

In this work, we synthesized atomically dispersed Pt anti- adsorption energy, and ultimately enhance the hydrogen
substitutions by electrochemical exfoliation-assisted leaching— evolution efficiency.

redeposition (EELR) method. Atomic-resolution annular dark-
field scanning transmission electron microscopy (ADF-STEM) B RESULTS AND DISCUSSION
imaging confirmed that Pt single atoms were kinetically driven
to occupy Te vacancy sites, forming anti-substitutions, where
considerable Te vacancies were in situ generated during the

Synthesis and Characterization of Pt Anti-Substitu-
tions in 1T'-MoTe,. Electrochemical exfoliation is a widely

exfoliation of 1T’-MoTe,. In the sample containing a low utilized method for producing monolayer TMDs,*” during
density of Te vacancies, five distinct structures of Pt anti- which chalcogen vacancies are preferentially generated.*® The
substitution defects were observed. At a lower voltage of —4 'V, vacancies could serve as ideal sites for the incorporation of
which produces a higher density of Te vacancies, vacancy other groups (or atoms).”* Leveraging this property, Pt atoms
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Figure 2. Atomic structures of Te vacancies in 1T'-MoTe,. (a) Atomic models of 1T’-MoTe,. (b) Atomic-resolution annular dark-field STEM
(ADF-STEM) image of monolayer 1T'-MoTe, containing abundant Te vacancies. (c) Schematic atomic model of white box region from (b)
revealing the spatial distribution of Te vacancies in monolayer 1T'-MoTe,. Blue balls, Mo atoms; yellow balls, Te, atoms; light orange balls, Te,
atoms; pink balls, single Te vacancy sites (Vy,). (d) Zoom-in ADF-STEM images showing a variety of Te vacancy configurations, with the
corresponding atomic models and simulated images displayed in the middle and bottom panels, respectively. (e) Statistical counting of four
predominant types of Te vacancies. (f) DFT-calculated formation energies of various Te vacancies in monolayer MoTe, as a function of Te

chemical potential. Scale bars: 2 nm in (b), 0.2 nm in (d).

were introduced into the Te vacancy sites in 1T’-MoTe,
during the electrochemical exfoliation process when using a
Pt foil as the anode (Figure 1). The Pt atoms originated from
Pt foil infiltrated and subsequently deposited into Te vacancy
sites, a process termed the electrochemical exfoliation-induced
leaching and redeposition method, as depicted in Figure la. In
the electrochemical exfoliation process, 1T'-MoTe, bulk
crystals are utilized as the cathode, and tetraalkylammonium
halides (THA) and acetonitrile are employed as intercalation
agents and electrolyte solutions, respectively, facilitating
effective ion intercalation and subsequent exfoliation. Under
a negative electrochemical potential of —3 V, tetrahexylammo-
nium cations intercalate into the van der Waals (vdW) gaps of
bulk 1T’-MoTe, crystals, leading to interlayer expansion
(Supporting Figure 1).35 Upon gentle sonication, large
numbers of monolayer MoTe, nanosheets were prepared
(Figure 1b and Supporting Figure 2).*° The selected area
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electron diffraction (SAED) pattern (Figure 1b, inset)
confirms that the as-prepared 1T’-MoTe, nanosheets are
single-crystalline.

Atomic-resolution ADF-STEM image (Figure lc) reveals
that the as-exfoliated 1T'-MoTe, is a monolayer containing a
significant number of Te vacancies and atomically dispersed Pt
dopants, as further confirmed by the energy-dispersive X-ray
spectroscopy (EDS) (Figure le). To examine the Pt source
during the exfoliation, a graphite rod was used to replace Pt foil
as the anode for comparison. As expected we did not find any
Pt dopants (Figure 1d,f), and a large number of Te vacancies
were detected instead serving as the host for foreign Pt
adatoms.***’

To validate the atomic configurations, ie., either surface
absorption or lattice replacement of Pt dopants, the intensities
of the Pt atomic blobs in the ADF-STEM images were
precisely analyzed (Figure 1g—j). Two doping configurations

https://doi.org/10.1021/jacs.5c00033
J. Am. Chem. Soc. 2025, 147, 98259835
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Figure 3. Atomic structures of Pt anti-substitutions in 1T’-MoTe,. (a) Atomic-resolution ADF-STEM image of Pt-MoTe,. (b) Schematic atomic
model of white box region from (a) illustrating the spatial distribution of Pt anti-substitutions and Te vacancies. Blue balls, Mo atoms; yellow balls,
Te, atoms; light orange balls, Te, atoms; orange balls, Ptr, anti-substitutions; pink balls, Te vacancies. (c) Atomic-resolution ADF-STEM images
showing the different anti-substitution structures of (i) Ptr,, (ii) Ptr, Ptr,, (iii) Pty,Ptr,, (iv) Ptr,, (v) Pty Ptr,, with corresponding atomic

models, simulated images, and intensity line profiles displayed in sequence from top to bottom panels, respectively. (d) Statistical counting of a
variety of vacancies and anti-substitutions. (e) DFT-calculated formation energies of various anti-substitutions as a function of Te chemical

potential. Scale bars: (a) 2 nm, (c) 0.2 nm.

were simulated: Pt substituting for the Te site (Ptr,) and Pt
adsorbed on the top of the Te site. It can be seen that the
experimental image (Figure 1lg) greatly resembles the
simulated images derived from the substitution model (Figure
1h) rather than the adsorption model (Figure 1i), as verified by
the intensity ratios between Pt and Te atom blob, which reveal
1.3, 1.2, and 3.2, respectively. In addition, we found that Pt
atoms are relatively immobile upon the e-beam irradiation,
which further suggests the strong interaction between Pt atoms
and adjacent atoms. Therefore, we can confirm the creation of
Pt;-MoTe, anti-substitutions rather than surface absorption
by the EELR method.”

To systematically examine the atomic structure of Te
vacancies in 1T'-MoTe,, we conducted the exfoliation process
utilizing a graphite rod, denoted as V;,-MoTe, (Supporting
Figure 3 and Supporting Table 1). Atomic-resolution ADF-
STEM image shows that Te could be precisely identified
(Figure 2b) based on the Z-contrast ADF image. Distorted 1T
phase (1T’) in monolayer MoTe, exhibits unique zigzag chains
displaying a 1 X 2 metal dimerization superstructure, which
contain two nonequivalent Te sites (Te,, and Te,) in one unit
cell, marked by yellow and light orange colors, respectively

9828

(Figure 2a). Based on a hierarchy framework, i.e., Zernike
polynomial (ZP) clustering,”® specific types of Te vacancies
can be efficiently and precisely identified and classified (Figure
2¢ and Supporting Figures 4 and S). Four predominant Te
vacancies and vacancy complexes are spotted, ie., Vr,, Vr,,

ViV, and Vr,, Vry, (Figure 2d), as confirmed by the

corresponding simulated images (Figure 2d). Statistically,
vacancies are prone to occur at the Te, site with a density of
0.25 nm™? (Figure 2e). The formation energy of Te vacancies
as a function of the Te chemical potential is calculated by DFT
(Figure 2f). It can be seen that Vr, exhibits the lowest
formation energy, whereas V7, is relatively higher, presumably
ascribed to the relatively large space volume of the Te, site
compared to the Te.”” Despite being energetically less
favorable, the actual density of Vr, surpasses that of Vr,,

implying that the generation of Te vacancies is presumably
mediated by a kinetic growth process.

It has been demonstrated that a large number of Te
vacancies can be generated during electrochemical exfoliation.
To validate whether those vacancies can be in situ occupied by

https://doi.org/10.1021/jacs.5c00033
J. Am. Chem. Soc. 2025, 147, 98259835
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Figure 4. Atomic structures of coupled anti-substitution-vacancy defects in 1T’-MoTe,. (a) Atomic model of monolayer 1T’-MoTe, displaying the
configurations of characteristic Te atoms. (b) Atomic-resolution ADF-STEM image of Pt;, V;-MoTe, synthesized under the electrochemical
exfoliation voltage of —4 V. (c) Schematic atomic model of the white box region from (b) illustrating the spatial distribution of Te vacancies and Pt
anti-substitutions. Blue balls, Mo atoms; yellow balls, Te, atoms; light orange balls, Te, atoms; orange balls, Pt anti-substitutions; pink balls, Te
vacancies. (d) Atomic-resolution ADF-STEM images showing the different coupled anti-substitution-vacancy structures of (i) Pty, Vr, , (ii)

Pty, Vi, , (i) Pty, Vr,, (iv) Ptg, Vr,, (v) Ptp, Vr,, with the corresponding atomic models, simulated images, and intensity line profiles

displayed in sequence from the top to bottom panels, respectively. (e) Statistical counting of a variety of coupled anti-substitution-vacancy defects.
(f) DFT-calculated formation energies of various coupled anti-substitution-vacancy defects as a function of Pt chemical potential. Scale bars: (b) 2

nm, (d) 0.2 nm.

foreign atomically dispersed atoms, we utilize Pt foil serving as
the anode for electrochemical exfoliation.”” Notably, ADF-
STEM imaging together with EDS measurements confirm the
presence of a large number of atomically dispersed Pt anti-
substitutions (2.02%) in monolayer MoTe, (Figure 3a,b and
Supporting Figure 6 and Supporting Table 2), denoted as Pty,-
MoTe,. Based on the Zernike polynomial clustering model
analysis, five distinct Pt coordination structures are revealed
(Figure 3c), including two anti-substitution sites where Pt
substitutes Te sites (Ptr, (Figure 3c(i)) and Pty (Figure

3c(iv))), and three coupled Ptr, and Ptr, structures (Ptr, Ptr,
(Figure 3c(ii)), Ptr, Ptr,, (Figure 3c(iii)) and Ptr, Ptr, (Figure
3c(v))). These configurations are corroborated by the
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consistency in the intensity line profiles between the
experimental and corresponding simulated images. Statistical
analysis of STEM images over areas larger than 10 X 10 nm
based on the customized algorithm reveals that the density of
Ptr, is approximately one time larger than that of Ptr,, (Figure
3d) with a density of 0.3 nm™2, and ~50% Te, vacancies are
occupied by Pt atoms. The formation energies of all Pt anti-
substitutions are exclusively negative, indicating that they are
all thermodynamically stable (Figure 3e). A relatively higher
occurrence of Ptr, is perhaps due to a higher initial density of

in situ generated V7, compared to that of Vp, during the

electrochemical exfoliation. Furthermore, the preferred for-
mation of Pty, as opposed to Ptr, is presumably due to a large

https://doi.org/10.1021/jacs.5c00033
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Figure 5. HER performance and DFT calculations. (a) Polarization curves of Vi-MoTe,, Pt;,-MoTe,, Pt;,V;,-MoTe,, and commerical Pt/C for
HER in 0.5 M H,SO, at the scan rate of S mV s™". (b) Tafel plots. (c) Comparison for overpotentials of various samples at the current density of 10
and 100 mA cm™> (d) Electrochemical impedance spectroscopy (EIS) Nyquist plots. (e) Comparison for overpotential at 10 mA cm™ with other
single atomic catalysts. (f) Hydrogen adsorption free energy (AGy:) on different active sites in Vi, -MoTe,, Vy, -MoTe,, Pty -MoTe,, Pt;, -MoTe,,

Pty Vi, Pty V., and Pty, Vr, . (g) Partial density of states (PDOS) of d-band of Pt anti-substitutions and Mo sites in Pty, -MoTe,, Ptr, Vr, ,

Pty, Vr,, and Pty, V7, .

strain release along the Te; vacancies when forming Ptr,
(Supporting Figure 7).

We have demonstrated that the electrochemical exfoliation-
induced leaching and deposition method is an effective
approach for creating atomic and diatomic Pt anti-substitution
in 1T'-MoTe,. To raise the density of Pt anti-substitution and
investigate the vacancy—anti-substitution coupling, we de-
creased the electrochemical exfoliation voltage to —4 V to
create more abundant Te vacancies (Supporting Table 3). To
precisely differentiate the structural characteristics of coupled

9830

Pt anti-substitutions and associated Te vacancy sites, six Te
atoms surrounding a Mo atom are designated as Te;;, Te,,,
Teys, Tey), Teyy, and Te,yy, as illustrated in Figure 4a. ADF-
STEM image with a relatively large field of view (Figure 4b)
and atomic models obtained via feature representative
clustering (FRC) (Figure 4c and Supporting Figure 8) confirm
the coexistence of coupled Pt anti-substitutions and Te
vacancies in 1T'-MoTe, synthesized. The versatile coupled
vacancy—anti-substitution defects configurations are revealed
by ADF-STEM imaging (Figure 4d), including Pt substituting
the Te,, site with an adjacent Te,, vacancy (Ptr, Vr,, (Figure
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4d(i))), Pt at the Te,, site with a Te,; vacancy (Ptr, Vr,

(Figure 4d(ii))), Pt at the Te,, site adjacent to a Te;, vacancy
(Ptr,, Vr,,, (Figure 4d(iii))), Pt at the Te,, site together with a

neighboring Te,, vacancy (Ptr, Vr,, (Figure 4d(iv))), and Pt
at the Tey, site adjacent to a Te,, vacancy (Ptr, Vi, (Figure

4d(v))). The identification of these coupled defect structures
is robustly justified by the quantitative intensity line profiles
extracted from the experimental and simulated images.
Statistically, the majority of Pt atoms substitute at Te, sites,
with one Te; vacancy surrounding anti-substitution Ptr,,

(Figure 4e), indicating that the anti-substitution Ptr, lowers

the formation energy of coupled vacancy complexes via strain
releasing (Supporting Figure 9), which was further supported
by the theoretical calculations (Figure 4f). Meanwhile, under
high-energy electron bombardment, the positions of Pt and Te
did not change significantly, indicating that the structure was
thermodynamically stable, substituting the Te sites (Support-
ing Figure 10).

Electrocatalytic HER Performance and DFT Calcu-
lations. Substitutions and substitution-vacancy-coupled com-
plexes could potentially enhance the catalytic properties,*
particularly the anti-substitutions together with their com-
plexes, due to drastically modified electronic and catalytic
structures. To precisely validate the impact of Pt anti-
substitutions, we systematically tested the HER performances
of V;-MoTe,, Ptr-MoTe,, and Pt;,V;-MoTe, catalysts in
acidic electrolytes, respectively. As displayed in the linear
sweep voltammetry (LSV) curves (Figure Sa), Pty V5, -MoTe,
show a substantially larger geometric HER current density (J)
than V;-MoTe, at the same overpotential resulting from the
more exposed active sites of MoTe, after EELR process.””
Interestingly, the HER activity is gradually enhanced from V-
MoTe, to Pt;-MoTe, because of the accelerated catalytic
kinetics as shown in the corresponding Tafel slopes (Figure
5b).**** The Pty,Vy,-MoTe, feature an exceptionally low HER
overpotential (12.9 mV at 7 = 10 mA cm™2; 107.6 mV cm™ at
7 = 100 mA cm™?, Figure Sc), superior to the state-of-the-art
20 wt % Pt/C catalyst (23.6 mV at 7 = 10 m Acm ™% 221.9 mV
at 7 = 100 mA cm 2, Figure Sc). The derived electrochemical
double layer capacitance (Cg) and electrochemically active
surface area (ECSA) were performed to get insights into the
catalytic performance of the prepared material. Compared to
commercial Pt/C, Pt;Vy-MoTe, exhibits higher Cy value,
larger ECSA,"* and larger intrinsic specific current
(normalized to ECSA) (Supporting Figures 11 and 12).

Apart from the activity, catalytic stability is equally
important in practical applications. Accelerated cyclic
voltammetry (CV) test elucidates the robustness of Ptp,Vr,-
MoTe, in HER catalysis with virtually unchanged polarization
curves even after 20,000 CV cycles (Supporting Figure 13).
The durability of Pt;,V;,-MoTe, was also confirmed by the
chronopotentiometry (CP) test. The overpotential (@10 mA
cm™?) exhibits negligible change during a 22-h CP test
(Supporting Figure 14). The high HER activity of the Pty Vr,-
MoTe, can be further supported by the electrochemical
impedance spectroscopy (EIS) results (Figure Sd), which
display significantly reduced charge transfer resistance
compared to the Vy,-MoTe,.*” The similar catalytic trend of
Pt V;-MoTe, for HER was also demonstrated in the acidic
electrolyte, compared to the recently reported single-atom
catalysts (Figure Se and Supporting Table 4). Notably, Pt;,Vy,-
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MoTe, displays the lowest overpotential, underscoring that the
integration of the Pt anti-substitution with defects substantially
enhances the hydrogen evolution performance. This phenom-
enon arises from the fact that the Pt anti-substitution resides
on the surface, exhibiting a more pronounced interaction with
surface anion vacancies and a shorter reaction pathway
compared to metal atom substitution sites or adsorbed on
the top sites.””**

To shed light on the influence of ordered clustering of Te
vacancies, Pt anti-substitutions, and Te vacancy and Pt anti-
substitution coupled structures in atomically thin MoTe, on
HER activity, a series of first-principles theoretical calculations
were performed based on the first principal methods. An ideal
HER catalyst should bind to hydrogen neither too strong nor
too weak, giving rise to the hydrogen adsorption free energy
(AGy-) close to zero.””*” The monolayer MoTe,, containing a
Te, or Te, vacancy, was constructed to model the different
structures of Vy,-MoTe, (denoted as Vr,-MoTe, and Vi, -
MoTe,) (Supporting Figure 15). It can be observed that the
AGy+ of Mo sites for V,-MoTe, is lower than that of the Te
sites. Specifically, the value of AGy:« of the Mo site in Vg, -
MoTe, is —0.49 eV, lower than those recorded at other sites in
Vr-MoTe, (Figure 5f). Monolayer MoTe,, incorporating Pt
substituting for a Te; or Te, atom, were synthesized to
represent distinct configurations of Ptp,-MoTe,, denoted as
Ptr,-MoTe, and Pty -MoTe,, respectively (Supporting Figure
16). The AGyx values of the Pt anti-substitutions in MoTe, are
consistently lower than those at Te sites. Specifically, the lower
A Gy values of the Pt sites in Ptp,-MoTe, are recorded at 0.41
and 0.21 eV (Figure Sf). In addition, we further analyzed the
different active sites from Vj-MoTe, and Pt;-MoTe, in
Pt Vi-MoTe,, and the results showed that Pt anti-
substitution and Mo atoms are the optimal HER active centers
(Figure Sf and Supporting Figure 17). Especially, in Pt V.-
MoTe,, the AGy+« values of Pt anti-substitution are —0.08 and
—0.14 eV in Pty, Vr, and Pty Vr, , respectively, and the
AGy: value of the Mo site is —0.43 eV in Pty, Vr, , lower than
that of other active sites in Vj-MoTe, and Pt;-MoTe,.
Therefore, the coupling effect of Pt anti-substitutions and Te
vacancies increased the intrinsic activity and number of active
sites (Supporting Figure 18).

To unveil the electronic structures of Pt anti-substitution
and Te vacancy coupled structures, partial density of states
(PDOS), and corresponding d-band center and charger density
of Ptr,-MoTe,, Ptr, Vr, , Ptr, Vr,, and Pty, V7, structures
were calculated. The PDOS results reveal a strong orbital
overlap among Pt 5d and Mo 4d orbitals, confirming the
strongly coupled interaction between the Pt and Mo atoms
(Figure Sg). The Ptr,-MoTe, structure is displayed for
comparison of Pt anti-substitution and Te vacancy coupled
structure configurations. The calculated Pt d-band center of
the Ptr, Vr, (—2.26 eV) and Ptp, Vr, (—2.20 eV) displayed

a significant upshift compared with that of the Pty -MoTe,
(—2.30 eV). However, the Mo d-band center of Pty Vi,
(0.27 eV) is closest to the Fermi level, compared to Ptr, Vr,
(0.30 eV) and Pt Vr, (0.36 eV) (Figure Sg). Correspond-

ingly, the hydrogen adsorption energies of Pt anti-substitutions
and adjacent Mo sites in Pty Vy, , Ptr, V7, , and Pty, Vi,

simultaneously change, in line with the electronic structure
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modulations (Figure Sf and Supporting Figures 17 and 19).
Therefore, the Pt anti-substitution and Te vacancy coupled
structures regulate the electronic structure and hydrogen
adsorption energy. Structural distortion is often accompanied
by the redistribution of the charge density. The introduction of
Te vacancies leads to local lattice distortions and charge
density redistributions, which will have a significant impact on
catalytic activity.”' Due to the diversity of Te vacancy and Pt
anti-substitution structures, Pt;,V;,-MoTe, exhibits completely
different and asymmetric charge density distribution (Support-
ing Figures 20 and 21). The red and blue regions refer to the
charge accumulation and charge depletion regions, respec-
tively. Apparently, the coupling between Te vacancy and Pt
anti-substitution triggers substantial charge redistributions,
resulting in charge transfer from Pt atoms to adjacent Mo
atoms. Hence, the asymmetric charge density of Te defect
atoms and neighboring Pt and Mo atoms have been effectively
modulated, which promotes the activity of catalytic sites to a
greater extent for the adsorption of H* (Figure 5f), leading to
supreme catalytic efficiency.

Bl CONCLUSIONS

In summary, Pt anti-substitution was atomically dispersed in
monolayer MoTe, by a one-step electrochemical exfoliation.
The atomic and electronic structures of Pt anti-substitution
and Te defects were unveiled by ADF-STEM imaging and
DFT calculations. STEM results confirmed the successful
synthesis of atomically dispersed Pt anti-substitutions in
monolayer MoTe,, exhibiting diverse coordination structures.
DFT calculations indicate that the resulting 1T'-MoTe, with
Te vacancies exists in a metastable state, with Pt atoms stably
anchored at Te sites to form Pt anti-substitutions. By
modulating the exfoliation condition coupled Pt anti-
substitution and Te vacancies were generated, leading to
improved hydrogen evolution reaction due to negligible AGy.
Our results not only deepen our understanding of the new
types of atomic defects, ie., anti-substitutions, in two-
dimensional (2D) materials but also advance an efficient and
cost-effective defect engineering approach for optimizing 2D
electrochemical catalysts at the atomic level.

B MATERIALS AND METHODS

Synthesis of MoTe, Crystalline. 1T'-MoTe, crystals were
fabricated by utilizing chemical vapor transport (CVT) with iodine
serving as the transport agent. MoTe, powder was synthesized by
annealing stoichiometrically mixed powders of molybdenum
(99.999%, Sigma-Aldrich) and tellurium (99.9%, Sigma-Aldrich) at
750 °C for 72 h within an evacuated and sealed quartz ampule.
MoTe, crystals were subsequently generated by encapsulating
approximately 200 mg of the polycrystalline MoTe, powder along
with a minor quantity of iodine (99.8%, 4 mg cm™, Sigma-Aldrich) in
evacuated quartz ampules measuring 17 cm in length. These ampules
were positioned within a furnace configured to maintain a
temperature gradient, where the charge of MoTe, was held at 1000
°C, and the temperature at the distal end of the ampule approximated
950 °C. Following a growth period of 7 days, the ampule was rapidly
quenched in ice water to preserve the 1T’ phase of MoTe,.

Electrochemical Exfoliation. Electrochemical exfoliation of 1T"-
MoTe, was conducted by using an electrochemical workstation
(CHI760E) equipped with a two-electrode system. Bulk crystals were
secured in a copper electrode clip serving as the cathode with a
graphite rod acting as the counter electrode (refer to Figure la). An
equal volume of 0.005 M tetrahexylammonium chloride (THA-C],
Sigma-Aldrich) dissolved in acetonitrile (AN, Greagent) was
employed as the electrolyte. To facilitate high-yield exfoliation of
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1T’-MoTe, monolayers, a constant negative voltage was applied to
promote homogeneous intercalation of ammonium cations into the
vdW gaps of the MoTe, crystal, followed by gentle expansion and
exfoliation. The exfoliated products were transferred to a centrifuge
tube, and a well-dispersed ink solution was achieved after manual
shaking followed by mild sonication. High-speed centrifugation at
10,000 rpm/s was employed to remove the electrolyte, and the
residue was subsequently heated in a high vacuum annealing system
to produce 1T'-MoTe, powder.

Synthesis of Pt;-MoTe, and Pt;V;-MoTe,. In the electro-
chemical exfoliation process described above, the counter electrode is
replaced by Pt foil. The applied voltage is —3 V for preparing Ptr,-
MoTe,, and —4 V is used for Pt Vy,-MoTe,.

Characterization. SAED imaging was done by a JEOL-F200
operating at 200 kV. Aberration-corrected ADF-STEM images and
EDS were obtained by a JEOL ARM200F operating at 80 kV. The
ADF-STEM images were filtered by Gaussian filters, and the positions
of atomic columns were located by finding the local maxima of the
filtered series.

Atom Peak Finding. Feature point identification involves three
steps: smoothing, maximum filtering, and locating the points. The first
step, which is crucial for successful feature point extraction, is
obtaining smooth versions of raw images. Depending on the image
quality and conditions, different smoothing schemes are applied. For
images with a high signal-to-noise ratio (SNR), Fourier space filtering
is used to retain 10% of the lowest-frequency components. For low
SNR images, a singular value decomposition (SVD)—based method is
employed. Unless otherwise stated, we use the SVD-based method for
the images in this work. The second step involves dilating the
smoothed image using a local maximum filter. In the third step,
feature points are identified where the input image matches the
dilated version. This identification scheme might conservatively
overestimate the number of feature points; these points can be
further refined using the symmetry response of Zernike features or by
selecting them in an FR clustering scheme. Notably, our Zernike
polynomial (ZP) representation is more robust to position
perturbation compared with principal component analysis (PCA).
While ZPs show near-perfect tolerance within 4 pixels, we
recommend enhancing the accuracy of feature point identification
in extreme cases to improve overall performance in downstream
analysis.*®

Electrochemical Measurements. The electrocatalytic perform-
ance was evaluated using a three-electrode system with a CHI 760E
electrochemical workstation. A graphite rod electrode served as the
counter electrode, while a Hg/HgCl electrode acted as the reference
electrode. The carbon cloth coated with catalyst ink served as the
working electrode. The HER activity was assessed in 0.5 M N,-
saturated H,SO, electrolyte through linear sweep voltammetry at a
scan rate of 5 mV s™'. All reported potentials were converted to
reversible hydrogen electrode (RHE) potentials, and an iR correction
was applied in all of the electrochemical measurements.

Computational Methods. We have employed the first-principles
to perform spin-polarization DFT calculations within the generalized
gradient approximation (GGA) using the Perdew—Burke—Ernzerhof
(PBE)SZ_formulation by the Vienna Ab initio Simulation Package
(VASP).>® We have chosen the projected augmented wave (PAW)
potentials to describe the ionic cores and take valence electrons into
account using a plane wave basis set with a kinetic energy cutoff of
500 eV.** Partial occupancies of the Kohn—Sham orbitals were
allowed using the Gaussian smearing method and a width of 0.05 eV.
The electronic energy was considered to be self-consistent when the
energy change was smaller than 107 eV. A geometry optimization
was considered to be convergent when the energy change was smaller
than 0.05 eV A™'. The vacuum spacing in a direction perpendicular to
the plane of the structure is 16 A. The Brillouin zone integration is
performed using 3 X 3 X 1 Monkhorst—Pack k-point sampling for a
structure. The long-range dispersion interaction was described by the
DFT-D3 method. Finally, the adsorption energies (E,) were
calculated as Eads = Ead/sub - Ead - Esub! where Ead/subJ Ead! and Esub
are the total energies of the optimized adsorbate/substrate system, the
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adsorbate in the structure, and the clean substrate, respectively. The
free energy was calculated using eq 1

G =E + ZPE — TS (1)

where G, E, ZPE, and TS are the free energy, total energy from DFT
calculations, zero-point energy, and entropic contributions, respec-
tively.

The Gibbs free energy of the reaction steps can be calculated by the
following formula in eq 2

()

The formation energy of different defects was calculated by the
following eq 3

% + H'4e = H*

E; = E'(def) — E'(ideal) + ) Ny ®3)

where E' (def) and E' (def) represent the total energies of defective
and pristine MoTe,, respectively, and y and N represent the chemical
potentials of Te or Pt atom in MoTe, and the defects number,
respectively.
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