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ABSTRACT: The identification and clarification of active sites of
MoS2 have long been the focus of research efforts in hydrogen
evolution  reaction  (HER).  In  this  study,  we  constructed  phase
transition-induced  1T-2H  MoS2  heterojunction  via  lithium
intercalation  and  evaluated  the  HER  activity  using  on-chip
electrocatalytic  microdevices  (OCEMs).  The  heterojunction
achieved an overpotential of only 226 mV at a cathodic current
density of 10 mA/cm2, outperforming the basal planes of 1T and
2H  MoS2.  Furthermore,  density  functional  theory  (DFT)
calculations demonstrated that  the charge redistribution occurs
at the 1T-2H MoS2 interface with electrons transferring from 1T
to  2H  MoS2,  and  the  interfacial  S  atom  at  the  top  site  of  1T
MoS2 presents  the  smallest  overpotential  of  0.37  V.  Moreover,
the  interference  from  highly  active  edge  sites  was  avoided  by
precisely exposing specific active areas, quantitatively revealing
the catalytic activity order of different types of in-plane MoS2 active sites. This work enables a systematic investigation of
the  HER  activity  of  various  active  sites  in  MoS2,  laying  the  foundation  for  quantitative  analysis  of  activity  in  other  low-
dimensional materials.
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1    Introduction
Over  the  past  decade,  molybdenum  disulfide  (MoS2)  has  been
considered  a  low-cost  and  promising  alternative  to  noble  metal
catalysts  due  to  its  rapid  interfacial  charge  transfer  and  high
hydrogen  evolution  reaction  (HER)  activity  [1−4].  The
identification and clarification of the active sites of MoS2 have long
been the focus of research efforts [5−9]. Conventional theories posit
that  in  comparison  to  the  chemically  inert  basal  plane,  the  active

sites  in  MoS2 predominantly  reside  at  Mo-terminated  edges
[10−12],  sulfur  vacancies  [13−16],  and  grain  boundaries  [17, 18].
Additionally,  the  basal-plane  HER  activity  can  be  significantly
enhanced  by  transforming  the  room-temperature  stable
semiconductor 2H-phase MoS2 into the metallic 1T phase [19, 20].
Therefore,  extensive  efforts  are  devoted  to  creating  more  sulfur
vacancies or enriching in-plane 1T-2H heterojunctions to modulate
the less active basal plane sites and enhance their HER performance
[21].  However,  the  assessment  of  activity  across  different  types  of
catalytic  sites  primarily  occurs  in  powder  materials,  presenting
challenges  in  isolating  the  diverse  influencing  factors  for  direct
quantitative  comparison  of  distinct  active  sites  in  MoS2.  For
instance, theoretical calculations indicate that the edge sites of MoS2
exhibit excellent catalytic activity, with the hydrogen adsorption free
energy (ΔGH) of only 0.06 eV, comparable to that of noble metal Pt
[22].  However,  when  comparing  the  activity  of  different  samples,
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the presence of  numerous edge sites in powdered samples is  often
overlooked.  Thus,  the  overall  activity  is  inaccurately  attributed  to
customized  sites,  preventing  a  genuine  comparison  of  catalytic
activities.

Recently,  on-chip  electrocatalytic  microdevices  (OCEMs)  have
emerged  as  a  novel  approach  to  achieving  high-precision
electrochemical  measurements  of  individual  nanomaterials  at  the
microscale,  providing  a  unique  perspective  inaccessible  to
traditional  electrochemical  methods  [23−29].  In  this  study,  for  the
first  time,  a  well-defined  long-range  ordered  1T-2H  MoS2
heterojunction  with  a  smooth  surface  was  synthesized  via  lithium
intercalation,  thus  serving  as  a  model  catalyst  and  eliminating  the
influence of edges,  wrinkles,  and substrates.  Subsequently,  its  HER
activity  was  studied  by  OCEMs  constructed  by  micro-
/nanofabrication techniques. Experimental results demonstrate that
the 1T-2H MoS2 heterojunction exhibits significantly enhanced in-
plane HER activity, with an overpotential of 226 mV at a cathodic
current  density  of  10  mA/cm2.  Furthermore,  density  functional
theory  (DFT)  calculations  indicate  that  the  charge  redistribution
occurs at the 1T-2H MoS2 interface with electrons transferring from
1T  to  2H  MoS2,  leading  to  a  decreased  HER  energy  barrier.  This
study  systematically  explored  the  HER activity  of  various  in-plane
active sites in MoS2 by electrocatalytic tests at the microregion level,
establishing a fundamental basis for quantitatively analyzing activity
in low-dimensional materials. 

2    Results and discussion
Layered transition metal dichalcogenides (TMDs) can be efficiently
exfoliated  via  lithium  intercalation  and  subsequent  addition  of
excess  water  which  leads  to  hydrogen  formation  and  forced
separation  of  the  layers  [30, 31].  In  the  case  of  MoS2,  electron
transfer from Li during intercalation causes a change in the electron
count  from  d2 to  d3,  leading  to  the  destabilization  of  the  original
crystal structure. Specifically,  Li intercalation results in a change in
the metal  coordination from trigonal  prismatic  (2H) to octahedral
geometry (1T) [32].

The schematic diagram and atomic structure of partial lithiation-
induced phase transition are shown in Fig. 1(a). By controlling the
lithiation  time  and  extent  of  the  reaction  appropriately,  partial
lithiation  of  the  2H  MoS2 can  be  achieved,  thereby  enabling  the
coexistence of 1T and 2H phases within the planar heterojunction.
Figures 1(b) and 1(c) show the optical  images of MoS2 before and
after  partial  lithiation,  demonstrating  that  the  lithiation  of  MoS2
proceeded  gradually  from  the  edges  of  the  layers  towards  the
interior. Consequently, a distinct boundary between the 1T and 2H
phases  was  formed.  The  changes  in  the  lattice  parameters  of
partially lithiated MoS2 were characterized by transmission electron
microscopy  (TEM).  As  shown  in Fig.  1(d),  distinct  contrast
boundaries  indicate  the  formation  of  lithiated  regions.  High-
resolution TEM (HRTEM) images (Figs. 1(e) and 1(g)) show the in-
plane  trigonal  2H  phase  and  octahedral  1T  phase  of  MoS2 with
their  corresponding  fast  Fourier  transforms  (inset).  Additionally,
the  (002)  crystal  planes  of  lithiated  regions  exhibit  an  expanded
interlayer  spacing of  0.63 nm compared to the unlithiated spacing
of 0.61 nm (Figs. 1(f) and 1(h)). The increase in interlayer spacing
caused by lithium intercalation was further characterized by X-ray
diffraction  (XRD).  As  shown  in  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM),  all  peaks  of  1T  MoS2 shifted  to  a
lower  degree  compared to  pristine  2H MoS2,  with  the  2θ of  (002)
peak  decreasing  from  14.5°  to  14.0°,  which  is  consistent  with  the

HRTEM results  [33].  Energy  dispersive  X-ray  spectrometry  (EDS)
results  demonstrate  that  lithiation  does  not  affect  the  uniform
distribution  of  Mo  and  S  elements  (Fig.  S2  in  the  ESM).
Additionally, as shown in Fig. S3 in the ESM, the MoS2 basal plane
exhibits a relatively intact planar structure both before and after the
phase  transition,  further  confirming  the  uniformity  of  the  phase
transition.  Furthermore,  aberration  corrected  high  angle  annular
dark  field-scanning  transmission  electron  microscopy  (AC-
HAADF-STEM)  was  applied  for  a  detailed  observation  of  the  in-
plane  atomic  arrangement  of  1T-2H MoS2.  As  shown in Fig.  1(i),
the planes with a lattice spacing of 0.27 nm in 2H MoS2 correspond
to the (100) planes, whereas in the 1T phase, the same plane spacing
is  typically  identified  as  the  (101)  plane.  The  red  dashed  line
indicates  the  well-defined  long-range  ordered  in-plane  1T-2H
heterojunction. For a clearer comprehension, the schematic atomic
arrangements  of  the  1T  and  2H phases  are  presented  in Figs.  1(j)
and 1(k), respectively, which align well with the intensity profiles of
the  dashed box (Figs.  1(l) and 1(m)).  Due to  the  overlap of  two S
atoms  along  the  electron  beam  direction  between  adjacent  Mo
atoms  in  the  2H  phase,  there  is  a  relative  signal  enhancement  of
lattice  points  compared  to  the  1T  phase,  where  sulfur  atoms  are
separated.

Raman spectroscopy was collected to identify the chemical state
of lithiated MoS2. Figure 2(a) illustrates the Raman mapping image
of the partially lithiated MoS2 at 156 cm–1. For 2H-MoS2 (Fig. 2(b)),
the  characteristic  peaks  attributed  to  E1

2g and  A1g are  located  at
383.4 and 407.9 cm–1, respectively, indicating that Region 2 remains
unlithiated.  In  contrast,  in  Region  1,  the  disappearance  of  the  E1

2g
peak is accompanied by the emergence of three additional vibration
peaks, J1 (153 cm–1), J2 (221 cm–1), and J3 (331 cm–1), indicative of the
1T-phase  MoS2 [34]. Figure  2(c) shows  an  integrated  PL  intensity
mapping  of  the  partially  lithiated  MoS2.  The  PL  intensity  of  the
lithiated  region  was  found  to  be  much  smaller  than  that  of  the
unlithiated region, suggesting that the charge recombination of the
lithiated region was more efficiently inhibited quenching because of
the presence of the 1T phase (Fig. 2(d)).

Furthermore,  X-ray  photoelectron  spectroscopy  (XPS)  was
applied  to  explore  the  phase  composition  and  valence  states  of
MoS2 (Fig. S4 in the ESM). As given in Fig. 2(e), for the pristine 2H
MoS2 nanosheets, most of the Mo signal arises from a 3d5/2 peak at
229.6  eV  and  a  3d3/2 peak  at  232.3  eV,  both  of  which  are
characteristic of the Mo4+ oxidation state. In comparison, for the 1T-
2H  MoS2,  the  two  peaks  can  be  deconvoluted  into  two  sets  of
characteristic peaks where the two peaks at 229.3 and 232.1 eV are
assigned to Mo4+ 3d5/2 and 3d3/2 of 2H MoS2, respectively, while the
other two peaks at 227.6 and 230.1 eV correspond to Mo4+ 3d5/2 and
3d3/2 of 1T MoS2, respectively. Besides, the peak of S 2s at 225.5 eV
is  attributed  to  the  terminal  S  in  Mo–S  bonds,  while  the  peak  of
Mo6+ at  234.2  eV suggests  the presence of  Mo-based oxides  which
were  formed  due  to  the  inevitable  oxidation  of  edge  Mo  in
metastable  1T-phase  MoS2 under  high-energy  X-ray  irradiation
during the XPS testing process [35]. Apart from the doublet peaks
of  2H  MoS2 (162.65  and  163.85  eV),  the  two  peaks  at  162.2  and
163.4 eV in the S 2p spectra correspond to the S 2p3/2 and S 2p1/2 of
1T  MoS2,  respectively,  further  verifying  the  coexistence  of  1T  and
2H phases in the 1T-2H MoS2 (Fig. 2(f)).

Then,  the  concentration  of  n-butyllithium  and  the  duration  of
treatment were varied systematically  to elucidate its  impact  on the
phase transformation trends of  MoS2.  Specifically,  MoS2 thin films
of uniform thickness were treated with n-butyllithium solutions at
concentrations of 1.6 M (Figs. S5(a)–S5(d) in the ESM) and 2.4 M
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(Figs. S5(e)–S5(h) in the ESM). The degree of phase conversion was
characterized  using  optical  microscopy  and  Raman  spectroscopy
after lithiation durations of 1, 2, and 5 h. As observed in Fig. S5 in
the ESM, the degree of  lithiation increases  progressively  with time
for  both  concentration  treatments.  Notably,  the  treatment  with  a
higher  concentration  of  n-butyllithium  results  in  a  larger  phase-
transformed  area  of  MoS2 for  the  same  treatment  duration,
indicating a faster  lithiation rate.  This  can be attributed to the fact
that  a  higher  concentration  of  n-butyllithium  can  inject  more
electrons at the same time, thereby accelerating the phase transition.
In this  study,  we defined the initiation of  the phase conversion by
the emerging of J1 peak at  153 cm–1,  which is  the most  prominent
peak of the 1T phase, and the absence of the E1

2g mode at 383 cm–1,

which is  non-Raman active in 1T phase,  was taken as the sign for
the complete disappearance of 2H phase. From the Raman spectra
in  Figs.  S5(i)  and  S5(j)  in  the  ESM,  it  can  be  observed  that  after
treatment with 2.4 M n-butyllithium solution for 5 h, the E1

2g mode
at  383  cm–1 in  the  tested  region  almost  completely  disappears,
indicating a full phase transition from 2H to 1T in the MoS2.

To investigate the catalytic  activity of  different types of  in-plane
active sites  in MoS2,  the OCEMs were fabricated to compare their
HER performance. Figure S6 in the ESM depicts the integration of
miniature three-electrode systems on the chip platform. As shown
in Figs. S6(a) and 6(b) in the ESM, the designated windows in the
prepared  electrocatalytic  microdevices  were  exposed  to  the  0.5  M
H2SO4 electrolyte  for  HER  activity  testing,  while  other  regions

 

Figure 1    (a) Schematic diagram and atomic structure of the partial lithiation-induced phase transition from 2H to 1T-2H MoS2. (b) and (c) Typical optical images of (b)
2H and (c) 1T-2H MoS2. Scale bar: 10 μm. (d) TEM image of 1T-2H MoS2 where the coexistence of 1T and 2H can be observed through a comparison of contrast. Scale
bar: 1 μm. (e) and (g) HRTEM images of (e) 2H and (g) 1T MoS2 with their corresponding Fourier transforms (inset). Scale bar: 2 nm. (f) and (h) HRTEM images of (f)
2H  and  (h)  1T  MoS2 to  reveal  the  interlayer  spacing  of  (002)  crystal  planes.  Scale  bar:  2  nm.  (i)  HAADF-STEM  image  of  1T-2H  MoS2.  Scale  bar:  1  nm.  (j)  and  (k)
Magnified  images  of  the  dashed  boxes  in  (i)  for  1T  MoS2 and  2H  MoS2 with  the  corresponding  structural  schematic  inside.  Scale  bar:  0.5  nm.  (l)  and  (m)  Atomic
arrangement profiles along the marked lines in (j) and (k).
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remained  covered  with  polymethyl  methacrylate  (PMMA)  to
ensure  that  the  measured  activity  originated  solely  from  the
exposed  regions. Figure  3(a) compares  the  polarization  curves  of
different  types  of  in-plane  MoS2 active  sites.  The  1T-2H  MoS2
heterojunction  exhibits  the  optimal  HER  activity,  with  an
overpotential  of  only  226  mV  at  a  cathodic  current  density  of
10  mA/cm2 (345  mV  for  1T  MoS2 and  445  mV  for  2H  MoS2).
Additionally, as shown in Fig. 3(b), the Tafel slope of 1T-2H MoS2
is  about 109 mV/dec,  which is  much lower than that  of  2H MoS2
(149  mV/dec)  and  1T  MoS2 (146  mV/dec),  suggesting  that  the
heterojunction possesses the optimal reaction kinetics for HER [36].
Additionally,  the  1T-2H  MoS2 heterojunction  demonstrates
comparable  performance  when  compared  to  other  well-designed
two-dimensional  (2D)  materials  tested  by  on-chip  microdevice
(Table  S1  and  Fig.  S7  in  the  ESM).  Moreover,  to  quantitatively
calculate  the  turnover  frequency  (TOF)  of  different  in-plane  sites,

the  density  of  active  sites  was  counted  based  on  the  atomic
structure of monolayer 2H-MoS2 (Fig. S8 in the ESM). As a result,
the active site density of the basal plane is determined to be ≈ 1.14 ×
1019 m–2. The TOF of different MoS2 sites were calculated according
to  the  following  equation:  TOF  = jo/ncz,  where jo represents  for
exchange  current  density, n is  active  site  density, c is  elementary
charge  (1.6  ×  10–19 C),  and z (z =  2)  is  the  transferred  electron
number  per  hydrogen  molecule.  The jo was  obtained  by
extrapolating  the  Tafel  curves.  Subsequently,  the  TOF  of  1T-2H
MoS2 was calculated to be 88 s–1, significantly higher than that of 1T
MoS2 (55 s–1) and 2H MoS2 (13 s–1) (Fig. 3(c)), indicating the more
efficient active sites in the 1T-2H MoS2 plane.

To further investigate the charge transfer capability of different in-
plane  active  sites  in  MoS2,  the  on-chip  electrochemical  impedance
spectroscopy (EIS) tests  were conducted at –200 mV vs.  reversible
hydrogen electrode (RHE) and the  results  are  shown in Fig.  S9  in
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Figure 2    (a) Raman mapping image of the rectangular region marked in the inset (scale bar: 4 µm) at 156 cm–1. (b) Raman spectra at the marked position in (a). (c) PL
mapping image of the rectangular region marked in the inset at 675 nm. (d) PL spectra at the marked position in (c). (e) and (f) XPS spectra of Mo 3d and S 2p in 2H and
1T-2H MoS2.
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the ESM. After fitting the data with an equivalent circuit, the charge
transfer  resistance  (Rct)  of  1T-2H  MoS2 was  found  to  be  only
4320 Ω, significantly lower than that of 2H MoS2 (24.7 kΩ) and 1T
MoS2 (6082  Ω),  indicating  a  faster  charge  transfer  process.
Generally, the catalytic activity of a catalyst is also closely related to
its  electrochemical  surface  area  (ECSA),  which  is  linearly
proportional  to  the  double-layer  capacitance  (Cdl).  As  shown  in
Figs.  S10(a)–S10(c)  in  the  ESM,  we  calculated  the Cdl of  different
catalysts  using  cyclic  voltammetry  (CV)  in  0.5  M  H2SO4.  The
relationship  between  scan  rate  and  current  density  is  presented  in
Fig. S10(d) in the ESM, where the slope of the fitted line represents
the Cdl value  for  each  catalyst.  The Cdl value  of  1T-2H  MoS2 is
approximately 0.33 mF/cm2, which is 3 times than that of 1T MoS2
and  6  times  than  that  of  2H  MoS2.  These  electrochemical  results
confirm that the designed and synthesized 1T-2H MoS2 basal plane
has  a  larger  electrochemical  surface  area  in  electrocatalysis,  thus
providing  more  active  sites  and  leading  to  superior  catalytic
performance.  Furthermore,  the  operational  stability  of  different
types  of  active  sites  was  evaluated. Figure  3(d) shows  the  time-
dependent  current  density  curves  of  different  samples  under  an
applied potential of –0.45 V vs. RHE, demonstrating the long-term
stability  of  the  1T-2H  MoS2 heterostructure  interface  at  higher
current density. The structural stability of the heterojunction within
the  exposed  window  after  chronoamperometry  testing  was
characterized  using  Raman  spectra.  As  shown  in  Fig.  S11  in  the
ESM,  there  is  no  significant  degradation  of  the  1T-2H  MoS2
heterojunction after the electrochemical reaction.

To  elucidate  the  activity  origin  of  the  1T-2H  MoS2
heterostructure,  we  analyzed  its  electronic  structure  and
thermodynamic  reaction  pathways  by  DFT  calculations. Figures
4(a) and 4(b) show  the  three-dimensional  (3D)  and  2D  charge
density  difference  distribution  of  a  lateral  1T-2H  MoS2
heterostructure.  It  can be  seen that  charge redistribution occurs  at
the  1T-2H  MoS2 interface  with  electrons  transferring  from  1T  to

2H MoS2. The amount of transferred charge was determined to be
0.48 e (Fig. 4(c)), thus forming electron-rich 2H MoS2 and electron-
deficient 1T MoS2. Furthermore, the free-energy profiles of HER on
2H,  1T,  and 1T-2H MoS2 were  calculated.  Figure  S12 in  the  ESM
shows the optimized atomic structure models of 2H and 1T MoS2.
As  shown  in Fig.  4(d),  the  Gibbs  adsorption  free  energy  of  H*  is
insufficiently  weak  at  the  basal  plane  of  2H  MoS2 and  excessively
strong  at  the  basal  plane  of  1T  MoS2.  Benefitting  from  charge
redistribution,  the  interface  sites  of  the  heterostructure  exhibit
significantly lower overpotential than the basal plane of 1T and 2H
MoS2.  The  interfacial  S  atom  at  the  top  site  of  1T  MoS2 (S1T-t)
presents the smallest overpotential of 0.37 V. Besides, crystal orbital
Hamilton  population  (COHP)  analysis  was  used  to  determine  the
chemical  bonding  of  the  S–H  pair.  As  depicted  in Fig.  4(e),  the
projected  COHP  (pCOHP)  analysis  demonstrates  that  the
antibonding orbitals  gradually  elevate  above the Fermi level  in  the
order  of  2H,  1T-2H,  and  1T  MoS2,  signifying  the  enhanced
bonding  strength  of  the  S–H  bonds.  The  bonding  strength  of  the
S–H  bonds  on  different  structures  was  further  determined  by  the
integrated  pCOHP  (IpCOHP).  Higher  IpCOHP  signifies  greater
antibonding  state  occupation  by  orbital  electrons,  indicating  more
robust interatomic bonding. The moderate IpCOHP of S1T-t reveals
its  appropriate  bonding  strength  and  thus  superior  HER  activity
than 2H and 1T MoS2. 

3    Conclusions
In this study, by conducting electrocatalytic tests at the microregion
level  using  OCEMs,  we  revealed  that  the  well-defined  long-range
ordered  heterojunction  of  1T-2H  MoS2,  constructed  via  lithium
intercalation,  exhibited  superior  HER  activity.  The  heterojunction
shows  an  overpotential  of  only  226  mV  at  a  cathodic  current
density of 10 mA/cm2, surpassing that of 1T and 2H MoS2 (345 mV
for  1T  MoS2 and  445  mV  for  2H  MoS2).  Furthermore,  DFT
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calculations  demonstrated  that  the  charge  redistribution  occurs  at
the  1T-2H  MoS2 interface  with  electrons  transferring  from  1T  to
2H  MoS2,  and  the  interfacial  S  atom  at  the  top  site  of  1T  MoS2
presents  the  smallest  overpotential  of  0.37  V.  Moreover,  the
interference from highly active edge sites  was avoided by precisely
exposing  specific  active  windows,  quantitatively  revealing  the
catalytic  activity  order  of  different  types  of  MoS2 active  sites.  This
research  enables  a  systematic  investigation  of  the  HER  activity  at
various  in-plane  active  sites  in  MoS2.  It  lays  the  foundation  for
quantitatively analyzing activity in other two-dimensional materials. 

4    Experimental section
 

4.1    Materials synthesis
Synthesis  of  1T-2H  MoS2: The  few-layer  MoS2 nanosheets  were
obtained  through  mechanical  exfoliation  methods.  In  a  typical
mechanical  exfoliation  process,  appropriate  thin  MoS2 crystals
(Shanghai  Onway Technology Co.,  Ltd)  were  first  peeled off  from
their  bulk  crystals  by  using  3M Scotch  tape.  These  freshly  cleaved
thin crystals on Scotch tape were brought into contact with viscous
polydimethylsiloxane (PDMS). After removing the Scotch tape, the
few-layered  MoS2 nanosheets  remaining  on  the  PDMS  were
subsequently  transferred  onto  the  as-prepared  silicon  using  a
precision  transfer  platform (Metatest  E1-G).  Then,  the  silicon  was
soaked in 2.4 M n-butyl lithium solution for 2 h, and even longer,
the 1T-2H MoS2 and 1T MoS2 could be obtained. 

4.2    Device fabricate
Firstly, the substrate containing 1T-2H MoS2 was spin-coated with
methyl  methacrylate  (MMA)  and  PMMA  layers.  Subsequently,
electron-beam lithography (EBL) treatment was performed using a
JEOL JSM-IT500 In Touch Scope to create  electrode patterns  that
connected  the  MoS2 to  the  pads.  After  that,  Cr/Au  electrodes
(5/120 nm) were deposited through thermal evaporation as internal

electrodes.  A lift-off  process  using acetone was then carried out  to
remove  the  MMA  and  PMMA  layers.  The  resulting  device  was
once again coated with MMA and PMMA, and EBL was employed
to remove MMA and PMMA in the selected basal plane area using
a  developer  mixture  of  methyl  isobutyl  ketone  (MIBK)  and
isopropanol (IPA) in a 1:3 ratio. 

4.3    Materials characterization
The  morphology  of  MoS2 nanosheets  was  examined  by  optical
microscopy (Meta E1-G). The TEM (FEI Tecnai G2 F20 U-TWIN),
and AC-HAADF-STEM (probe-corrected JEOL ARM200F with an
acceleration  voltage  of  80  kV)  were  conducted  after  the  MoS2
nanosheets  were  transferred  to  silicon  nitride  membrane
(CleanSiN).  XRD  measurements  were  performed  on  the  Rigaku
SmartLab 9 Kw (Cu Kα radiation, λ = 1.54 Å). Raman spectra and
photoluminescence  (PL)  spectra  were  collected  by  a  spectrometer
(WITec Alph300) equipped with a grating of 600 grooves/mm. 

4.4    Electrochemical characterization
HER  measurements  were  conducted  on  an  electrochemical
workstation  (CHI760E)  utilizing  a  three-electrode  setup,  with  a
graphite  rod  serving  as  the  counter  electrode  and  an  Ag/AgCl
electrode as the reference electrode. The exposed area of the MoS2
within  the  electrochemical  microcells  functioned  as  the  working
electrode,  and  0.5  M  H2SO4 was  chosen  as  the  electrolyte.
Polarization curves were acquired by scanning the potential  of  the
working  electrode  from  0  to –0.75  V  relative  to  the  reference
electrode at a scan rate of 5 mV/s. All potentials in this study were
referred to the RHE. The current densities were normalized to the
exposed area of the MoS2 flakes. 

4.5    Computational methods
DFT calculations  with  spin-polarization were  conducted using  the
Vienna ab initio simulation package (VASP) [37, 38] based on DFT
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[39]  and  the  projector-augmented  wave  (PAW)  [40, 41]  method.
The  electronic  exchange  and  correlation  effects  were  described  by
the Bayesian error estimation exchange-correlation functional with
van  der  Waals  interactions  (BEEF-vdW)  [42].  To  ensure  the
convergence  for  the  total  energy,  a  plane-wave  cutoff  energy  of
450  eV  with  Fermi-level  smearing  of  0.05  eV  was  used.  The
Brillouin zone was sampled with Monkhorst–Pack k-point meshes
of  3  ×  1  ×  1  for  1T-2H  MoS2 heterostructures.  Besides,  geometry
optimizations  were  performed  until  the  force  of  the  system
converged to 0.02 eV/Å and the energies converged within 10–5 eV.
The  lateral  1T-2H  MoS2 heterostructure  was  terminated  with  S
monomers and separated from each other by at least 9 Å in the y-
direction.  A  16  Å  vacuum  layer  was  set  in  the z-direction  to
separate the slabs. To gain insights into the local orbital interactions,
we conducted a COHP analysis using the LOBSTER 5.0.0 package
[43, 44].  To investigate charge transfer between interfaces,  the flux
charge  density  difference  was  determined  using  the  following
equation

∆ρ1T-2H MoS2
= ρtotal − (ρ2HMoS2

+ ρ1T MoS2
)

 

Electronic  Supplementary  Material: Supplementary  material
(experimental  section,  Raman  spectra,  XRD  results,  AFM  results,
electrocatalytic  results,  DFT  calculation  results)  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.
2025.94907020. 
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