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ABSTRACT: There has been an intense research to develop 2-H MoS: based catalysts to reduce or eliminate the use
of Pt/C at higher metal loading for hydrogen evolution reaction (HER) in catalytic hydrolysis of water, which enables the
capture of renewable energy sources as fuel and chemical. However, the study of its uncommon polymorph, 1T-MoS:
and particularly the doping effect with transition metal (TM) is rather limited due to the instability of this phase. Here we
report a simple ambient temperature modification method using sonication to dope the single layer 1T-SMoS. with vari-
ous TM precursors. It is found that 1-T SMoS: is more superior than corresponding 2H-MoS: and the inclusion of 3
wt% Pt or Pd can also further enhance the HER activity. STEM-EELS and XAS show the active single TM atom doping
on this surface is to account for the high activity. Kinetic and DFT analyses also illustrate that the metallic nature of 1T-
SMoS: greatly facilitates the first proton reduction step from water, rendering it non-rate limiting as contrast to that of
2H-SMoS:2. The inclusion of TM single doper such as Pd, despite at low loading, can offer the dramatic acceleration on
the rate limiting recombination of H to Hz. As a result, a bifunctional catalysis for HER over this tailored composite struc-
ture is demonstrated which outperforms most reported catalysts in this area.
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1 Introduction:

Predominantly, commercially available catalysts for electro-
chemical hydrogen evolution reaction (HER) are Pt-based
materials due to their superior intrinsic activity>2. Unfortu-
nately, the scarcity and high cost of Pt has inevitably inhibit-
ed the large scale industrial production of hydrogen through
HER. In order to find more cost-effective alternatives, signif-
icant effort has been exerted in attempt minimise the
amount of noble metals contained in HER catalysts. It is
hoped that the next generation thereof, will consist primarily
of cheaper, earth-abundant materials yet will not sacrifice
the overall performance3-5. One such candidate material is
the naturally occurring layered semiconductor, molybdenum
disulphide (Mo0S3z). Exfoliation of bulk MoS:2 gives rise to
two-dimensional (2D) nanosheets that are inorganic ana-
logues of graphene. MoS2 nanosheets are found to possess
exciting electronic, optical and catalytic properties, often
enhanced compared to that of the bulk natural form&-2,

The most stable and only naturally occurring polymorph of
MoS: is the 2H phase, consisting of trigonal prismatic coor-
dinated Mo atoms®. With regards to HER catalysis, it is
widely accepted that the activity of 2H-MoS: is dominated
by edge sites that are exposed to the reaction interface
when the thickness of MoS: is reduced to nanoscale.1% A
commonly used descriptor for the activity of HER catalysts

is the free energy of hydrogen adsorption (AGh+), which
suggests that optimal activity will be achieved when each
step in the HER process is thermo-neutral (i.e. AGn = 0
eV)*¥2. Notably, 2H-MoS: edge sites exhibit AGh- of +0.08
eV 12 compared to 2.00 eV on the inert basal plane 4 and
are therefore more active for HER. Thus, many different
strategies have been employed to increase the ratio of ac-
tive edge sites as compared to inert basal sites, with the
hope of improving the overall HER activity.'>17 However,
the number of basal sites is far larger than edge sites espe-
cially a thinner slab of MoS: is presented. More recently it
has been shown that the 2H-MoS: basal plane can be acti-
vated by generating S defects in the surface.*®?° Indeed
the generation of S vacancies on the 2H-MoS: basal plane
significantly lowers AGn+ compared the pristine surface from
2.00 eV to approximately 0.14 eV?!, thereby enhancing the
HER activity.??> Moreover, we have demonstrated previously
that a number of single transition metal atom dopants (TM)
can be successfully chemisorbed on the basal plane of
monolayer 2H-SMoSz, which further lower the hydrogen
adsorption free energy of the surrounding S sites and in turn
enhance the HER activity.?

Although both the density and the intrinsic activity of the
active sites have vastly increased after the introduction of
basal S defects, the overall HER activity of 2H-MoS: is still



limited by sluggish charge transfer kinetics due to the semi-
conducting nature of the phase?’. Thus with an intrinsic
bandgap of 1.9eV?5, 2H-Mo0S: nanosheets struggle to com-
pete with other zero band gap materials such as graphene
and 2D carbide in terms of electrocatalytic activities.?62”

Unlike 2H-MoS2 nanosheets, the octahedral 1T phase is
found to be metallic.?82° However, since the 1T phase is
thermally metastable, it does not occur in any natural forms
of MoS: although 1T-MoS: can be synthesised through
chemical exfoliation of bulk 2H-MoS: using Li or K intercala-
tion.3® The modified electronic properties caused due to the
structural change during phase conversion are evidenced
by an enhanced electrical conductivity of around 107 times
for 1T-MoS: as compared to 2H-M0S2.3! In conjunction with
dramatically improved electrical conductivity, 1T-MoS2 ex-
hibits significantly enhanced catalytic activity towards
HER.832 Indeed AGh+ on the 1T phase is reported to be
approximately 0.12 eV** which is comparable to that on 2H-
MoS:2 with extensive S vacancies, though 1T-MoS: exhibits
superior HER activity due to a greater number of active ba-
sal sites. Interestingly, under HER conditions the 1T phase
undergoes a slight distortion to a lower energy 1T structure
that is stabilised by hydrogen adsorption during catalysis
(notably in the remainder of the manuscript we refer to both
phases as “1T” and do not distinguish between the two)433-
35, Ab initio calculations elucidating the mechanism of HER
on 1T-MoS2 nanosheets reveal a low kinetic barrier of 0.16
eV for the Volmer step (H*@aq + € — H*) indicating facile
charge transfer through the catalyst. Higher barriers of 0.95
eV and between 1.19 to 1.41 eV are also reported for the
Heyrovsky (H*(@q) + H* + e — H2(g)) and Tafel (2H* — H: (g)
steps, respectively.’*34 Thus, HER on 1T-MoS: is not rate
limited by the Volmer step but by the formation of Hz ().

Despite an array of positive results from recent advances in
MoS:2 based HER materials, the catalytic activity of pure 1T-
MoS: is still not comparable to those of TM-N-doped gra-
phene, one of the recent most promising alternative material
to 20% Pt/C?’. Based on the current understanding of the
HER mechanism3, modifying 1T-MoS: based catalysts to
enhance the HER activity must aim to further reduce the
activation barrier for the Heyrovsky and/or Tafel steps in
order to overcome the rate limiting H2 formation kinetics.
Unfortunately, as stated, 1T-MoS: is thermally metastable
and can easily be reverted back to the thermodynamically
stable 2H phase at around 92 °CS. This impedes structural
modifications making this task somewhat difficult. While it is
logical to assume that the same strategies for surface ma-
nipulation used on 2H-MoS: can be applied to 1T-MoSz,
most methods involve relatively vigorous reaction condi-
tions, for example hydrothermal reactions inside an auto-
clave, that will compromise the integrity of the 1T phase.3¢

Herein, we report a very simple yet effective ambient condi-
tion sonochemical-assisted reductive doping method to syn-
thesise monolayer 1T-SMoS: with single transition metal
adatoms that are chemisorbed at the basal plane (TM-1T-
SMoS:2, TM = Fe, Ni, Co, Pt, Pd) in a wet chemistry setup.
An ambient condition synthesis prevents reconstruction of
the 1T monolayer to the 2H phase yet allows us to still gen-
tly modify the catalytic surface with interfacial dopant atoms
by sonication in water/alcohol at room temperature. Using
advanced analytical techniques including High-Resolution
Scanning Transmission Electron Microscopy (HR-STEM)
with High-Angle Annular Dark-Field (HAADF) imaging, X-
ray Photoelectron Spectroscopy (XPS), X-ray Absorption

Near Edge Structure (XANES), and Extended X-ray Absorp-
tion Fine Structure Spectroscopy (EXAFS), we provide di-
rect evidence to confirm a stable incorporation of single
transition metal adatoms onto the basal plane of 1T-SMoSa.

We report that the resulting TM-1T-SMoS: samples as elec-
trochemical HER catalysts give an excellent performance,
with Pd-1T-SMoS exhibiting activity that is comparable to
the best reported alternative materials to Pt/C. 2737 Solid-
State Proton Nuclear Magnetic Resonance spectroscopy
(*H-NMR) indicates that 1T-SMoS: surface is extensively
covered with hydrogen species after the HER catalysis. The
kinetic Tafel and rate analyses suggest that TM-1T-SMoS:
clearly operate as bi-functional catalysts whereby proton
reduction to adsorbed H readily occurs on the pristine 1T-
SMoS: before transferred to the isolated TM dopant atoms
on basal sites where Tafel recombination occurs. For the
most promising dopants (TM = Pt and Pd), we have eluci-
dated the structure-activity relationship of TM-1T-SMoS:
catalysts using Density Functional Theory (DFT). Our calcu-
lations confer to the bifunctional catalysis and also reveal
that isolated Pt and Pd atoms on the 1T-SMoS:2 basal plane
significantly lower the activation barrier for the HER com-
pared to the undoped analogue. The work in this study
demonstrates that with proper treatment at ambient condi-
tions, single nanosheets of SMoS:2 can retain the metastable
1T structure upon anchoring single TM species to the basal
plane and the resulting catalysts exhibit dramatically im-
proved HER activity over other MoS2 based materials.

2 Results and Discussion:

Structural Characterisation of Isolated TM atoms on 1T-
SMoSz. Monolayer 1T-SMoS2 nanosheets were prepared by
chemical exfoliation of bulk 2H-SMoS: using BulLi intercala-
tion%, For the purpose of comparison with 20% Pt/C refer-
ence, we particularly focus on the synthesis and characteri-
sation of Pt doped 1T-SMoS.. The 5 wit% Pt precursor was
added into the solution of the dispersed 1T-SMoS2 with a
prolonged mixing in a sonication bath under ambient condi-
tions for 24 hours. The strong adsorption of Pt species al-
lowed for the successful incorporation of isolated Pt ada-
toms (-3 wt%) onto the basal plane of 1T-SMoSa. In this
section we discuss our analysis of the structural features of
Pt-1T-SMoS2 where we have used advanced analytical
techniques including HAADF-STEM, EELS combined with
ab initio simulations using DFT, XPS, XANES and EXAFS.
(Details of preparation, DFT calculations, and analyses are
listed in Supporting Information S1.)

First, we performed HR-STEM with HAADF imaging of Pt-
1T-SMoS: and compared our result with DFT calculated
structure (Figures S1-S3). Analysing the structure from im-
aging the catalytic surface, we note the presence of a main
octahedral structure (stacking in the 1T layer produces the
ABC structure) which can be attributed to a monolayer 1T-
SMoS: (Figure 1). Occasionally, we can see a number of S
vacancies on the surface presumably due to its creation by
the butyl-lithium treatment. Notably, our “1T” MoS:2
nanosheets do not appear to be in pure polymorph as it's
not currently possible to synthesise pure and stable 1T-
SMoS: using wet chemistry methods; 1T accounts for ap-
proximately ca. 76 % by surface area with the remainder of
2H polymorph (Figure S2). This is consistent to the reported
value in the literature3®. The bright spots that can be seen
on the 1T-SMoS: surface correspond to Pt dopant atoms
from the EELS. Notably these high intensity features are
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Figure 1. (a) and (b) HAADF-STEM of Pt-1T-SMoS:. (c) ADF intensity line profiles taken along the corresponding coloured
line (Black, Blue, Red, and Orange) (<110> direction). (d) The simple representations of the Pt atom doping at position 1, 2
and 3 experimental observed on (A) and (B) and possibly at position 4. Side view models are included in supplementary in-
formation (Figure S4) (e) Adsorption Energy for Pt on each adsorption site.

isolated indicating the successful dispersion of single TM
dopant atoms on the 1T basal plane. To further analyse the
doping position of the transition metal atoms, intensity pro-
files of the ADF(Annular Dark-Field) image (Figure 1c) were
taken in the <110> direction across the doped 1T'-SMoS:2
surfaces (Figure la and b), where paths connecting col-
oured triangles correspond to the equivalently coloured
lines in the intensity profile. We provide peak assignments
in Figure 1c with the black line being a control path where
only Mo and S atoms are present. Along this line we detect
four mid-intensity peaks corresponding to Mo atoms with
each being separated by two low-intensity S peaks.

Considering paths 1, 2 and 3 (blue, red and orange, respec-
tively) (Figure 1a and Figure 1b), we note a bright feature in
each image which corresponds to a single atom of Pt. The
appearance of the bright features give rise to three unique
intensity profiles (Figure 1c) indicating that there are three
different and stable doping sites for Pt on 1T-SMo0Sz. Con-
sidering path 1 (blue), the HAADF intensity profile shows
that the Pt atom is located in the middle of two Mo atoms
and two S atoms. Indeed, relaxation of such a structure
using DFT gives the structure in panel 1 of Figure 1d which
has an adsorption energy of Pt relative to a gas phase iso-
lated atom of -6.02 eV, with the Pt atom positioned slightly
offset from above the S atom in the lower S layer, which we
label as S’. HAADF intensity path 2 (red) has a high-
intensity peak coincident with a Mo atom and can therefore
be attributed to the presence of a Pt atom on top of a Mo
site. This configuration is the most frequently observed do-
pant position in our imaging samples and also has the most
stable Pt adsorption energy calculated by DFT of -6.51eV.
According to the DFT calculated structure of this configura-
tion, the Pt atom is bonded closely to three S atoms (2.22
A) and slightly further from the underlying Mo atom (2.89 A)
which is in good agreement with our EXAFS results. Finally
intensity profile 3 (orange) has a semi-bright feature and

corresponding mid-intensity peak off-centred between two
Mo atoms (Figure 1c). The peak is not as intense as we find
on profiles 1 or 2, though more intense than Mo or S atom.
Thus, we attribute this to a Pt atom doped at an S Vacancy
site (surface defect site). We calculated the DFT adsorption
energy of Pt in an S vacancy to be -5.88 eV, showing the
strength of binding on this site is comparable to Pt on the $’
site. Our calculations also suggested that one final doping
site is possible where Pt resides on the S top site, though a
notably less stable heat of adsorption (-5.73eV) precludes
us from observing this experimentally (Figure 1d). A similar
set of structural characterisations for Pd-1T-SMoS: are pre-
sented in the Supporting Information (Figures S2-S3) and
give similar conclusions for Pd doping, though DFT calcula-
tions indicate a stronger preference for Pd adsorption at the
Mo top site and S’ site. Overall, our STEM imaging results
verified that we successfully dope isolated single metal at-
oms onto the 1T-SMoS: basal plane without jeopardising the
integrity of the 1T phase such that it may reconstruct to the
more stable 2H phase.
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Figure 2. The Pt K-edge XANES spectra of Pt-1T-SMoS: and the Pt (0) foil reference. (b) Enlarged version of A for the Pt K-
edge region with energy range from 11555eV to 11561eV. (c) Fourier transforms of k3-weighted Pt K-edge of Extended X-ray
absorption fine structure spectroscopy (EXAFS) spectra of Pt-SMoS: and corresponding. (d) Morlet Wavelet transform analysis

(Long Range) (Kappa = 8, Sigma =1, R=0to 4 A).

XPS was used to analyse the surface composition of Pt
dopants on Pt-1T-SMoS: (Figure S5). We were able to de-
tect the presence of isolated Pt on 1T-SMoS: with a surface
coverage of ca. 2.7% on the MoS2. This metal content is
significantly lower than that of 20% Pt/C commonly used as
the benchmark for HER (Table S1). Despite the use of room
temperature, the Pt 4f XPS spectrum showed that most of
the Pt are detected as metal Pt(0) or Pt?* ions, which indi-
cates that Pt(0) atoms were radically reduced from its
HPtCls precursor and dispersed onto the basal surface dur-
ing the high energetic sonication process. As seen from
Figure 2, the chemical environment of single Pt atoms dis-
persed on the 1T-SMoS: surface is also analysed by
XANES and EXAFS. The XANES curves (Figure 2a and
Figure 2b) show that the Pt K-edge absorption positions of
Pt-1T-SMoS2 are quite similar to that of Pt(0) foil, which
once again confirms the presence of Pt(0) species. A first
shell of Pt-S contribution {Bond length (A) = 2.31 + 0.01,
Coordination number =4.2 = 0.2, Energy difference (eV)
=7.4, Debye-Waller Factor =0.006 + 0.001} is derived from
Figure 2c. The absence of Pt-Pt interaction indicates that
most Pt species on the basal plane of MoS2 are not metal
clusters or nanoparticles but rather single atoms or ions.
This agrees with the STEM-EELS results shown in Figure 1.
No strong Pt-Mo contribution can be found according to the
fitting. This indicates that Pt is not strongly bound to Mo at
the lattice but rather to the neighbouring S atoms. This is

similar with our previous findings on the chemical environ-
ment of transition metal dopants on 2H-SMoS: basal sites?.
We also conducted the Wavelet transform (WT) analysis to
separate backscattering atoms and provide a higher dis-
tance resolution and the resolution in the K-space of Pt K-
edge (Figure 2d and Figure S6 for high resolution WT anal-
ysis). Only one WT intensity maximum at around 3.75 to 7.5
A" arising from the light atom coordinator can be well re-
solved from 0 to 4.0 A. whereas the intensity maximum as-
sociated with the Pt-Pt coordination at 8.5 A~ cannot be
detected for Pt-1T-SMoS.. This once again reinforces the
evidence that metallic Pt-Pt clusters are absent on the sur-
face.

Electrocatalytic Performance and Tafel Analysis for
HER. An electrochemical screening test using linear sweep
voltammogram (LSV) for HER was conducted with five dif-
ferent transition metal elements (TM= Fe, Ni, Co, Pt, Pd)
chosen as dopant atoms on 1T-SMoS: using the same
preparation method (Figure S7a). Figure 3a shows that Pd-
1T-SMoS> and Pt-1T-SMoS: exhibit onset potentials (at a
current density of -10mA/cm?) of approximately -140mV and
-223mV, respectively, which is much smaller than that of the
pristine 1T-SMoS: (-300mV). This suggests that the incorpo-
ration of single Pd and Pt atoms at 3 wt% with such simple
doping technique can successfully increase the HER per-
formance significantly as compared to undoped 1T-SMoS:.



As far as we are aware the range of these onset potentials
TM-1T-SMoS:2 is comparable to those of TM-N-doped gra-
phene, the most promising alternative to Pt/C.2” Moreover,
we also compare the LSV results to that of the 2H phase
and show that Pd-1T-SMoS: has an onset potential that is
200 mV smaller than that of Pd-2H-SMoSz; this comes as no
surprise since pristine 2H-SMoS: is a semiconductor and
therefore exhibits poor charge transport that inhibits HER
performance (Figure 3b). We also examine the durability of
Pd-1T-SMoS: for HER using cyclic voltammetry. We show
there is a marginal increase in onset potential of 10mV after
1000 cyclic voltammetry cycles. This confirms that the sin-
gle transition metal atoms are firmly attached on the surface
and the 1T phase doesn’t convert back to 2H phase during
the electrochemical reaction. (Figure 3c).

We then performed Tafel analysis to study the electrochem-
ical kinetics of the HER as catalysed by each TM-1T-SMoS>
sample (Figure 3d) and compared that with results from 2H-
SMoS: as well as 20 % Pt/C. Measurements and analysis
using the reference 20% Pt/C catalyst gave a Tafel slope of
33 mV/dec, which is similar previous results obtained else-
where.37:38 At low overpotential, it is widely accepted that a
Tafel slope of 30 mV/dec is indicative of HER that proceeds
via the Tafel pathway. This mechanism depicts the readily
reduction of H* on the metal surface giving a high coverage
of H. Thus, the rate for HER is limited by H-H recombination
to form Hz. ¥ In contrast, we have found that 2H-SMoS:

duction step before sufficiently H surface coverage for re-
combination is achieved. From the results of Tafel analysis
on TM-1T-SMoS: (Figure 3d), Pd-1T-SMoS: and Pt-1T-
SMoS: have Tafel slopes of 50 and 57 mV/dec, respectively
which are slightly smaller compared to that of pristine 1T-
SMoS: (61 mV/dec). Given the ca. 24% inclusion of 1T-
SMoS:2 with 2H- SMoS:2 as shown in Figure S2, it is clear that
the rate limiting for Hz formation over the 1T-SMoS: based
catalysts is likely to be on the Tafel step and the presence
of TM can further reduce this kinetic barrier.

HER Mechanism of 1T-SMoSo.. In order to assure that the
1T-SMoS: does not suffer from the limited H on its surface
as that of 2H-SMoS. we have measured the H coverage
over dried 1T-SMoS: quenched after HER catalysis. As
shown from Figure S8, the strong but broad signal of H
indicative higher H coverage of 1T-SMoS2 can be clearly
seen. Simulation suggests that majority of this signal comes
from H on different S sites with different H attachments,
which confers the higher H coverage on this surface. (Table
S2) Since the rate determining step is likely to be on re-
combination of H to Hz2 where high surface H at the equilib-
rium with H* from the solution is established. As a result,
steady state approximation is employed to analyse the ki-
netic parameters of the HER over the 1T-SMoS:z. The over-
all rate law indeed shows that the production rate of hydro-
gen shows a linear relationship with [H*] concentration with-
in experimental error (Figure S9, Equation S1).
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Figure 3. (a) LSV of Pd-1T-SMo0S>, Pt-1T-SMoS>, 1T-MoS: and 2H-SMo0S2 nanosheets and the reference 20% Pt/C in 0.5M
H2SO.4 at a scan rate of 50 mVs™. (b) LSV of 1T-Pd-SMoS2, 2H-Pd-SMoS: (c) Stability measurement of Pd-1T-SMoS: for
HER, before and after 1000 cycles. (d) Tafel Analysis of Pt-1T-SMo0S2 and Pd-1T-SMoS:2

gives a Tafel slope of 103 mV/dec, indicating that the kinet-
ics for Hz formation is limited by the first Volmer proton re-

In additional, a series of Density Functional Theory (DFT)
calculations has been performed. Using DFT, as per the



setup outlined in the Computational Setup section of the
supporting information, we study the adsorption and recom-
bination of H adatoms on 1T-SMoS: as well as that when
the surface is doped with single atoms of Pt and Pd. Our
calculations are performed on the distorted 1T'-SMoS, mon-
olayer that is a dynamically stable 2 x 1 reconstruction of
1T-SMoSz. The 1T phase is destabilised by H* adsorption
and as a result exists as 1T under HER conditions?433-35
(Figure S10). The morphology of the 1T surface results in
two distinct S adsorption sites that are tensile or compres-
sive strained as a result of Mo-Mo clustering in the recon-
struction. Note that in our discussion we do not explicitly
distinguish the two phases here though use “1T” to refer to
both. We also note that we do not explicitly account for the
aqueous solvent in our calculations due to significant com-
putational cost, though instead perform gas phase simula-
tions with H/H2 only. These calculations will allow us to
compute free energies of adsorption with respect to Hz (g) as
well as the Tafel barrier though cannot be used to quantify
the barrier for the Volmer or Heyrovsky steps due to artifi-
cially introducing changes in the electrostatic potential along
the reaction coordinates of these steps. However, given our
experimental Tafel analysis suggests that the rate limiting
step for HER on TM-1T-SMoS: is the recombinative desorp-
tion of Hz (g), our calculations should be sufficient to draw
some useful conclusions.

Considering the adsorption of H* on pure 1T, we find the
most stable adsorption to be on an a tensile-strained S at-
om top site where AG(H*) is +0.14 eV (Figure S14d); this
compares well with values reported elsewhere3*. This value
is significantly lower than those reported over 2H structure.
Thus our calculations suggest that the adsorption of H* on
1T-SMoS: is close to thermoneutral and significantly more
so than 2H-SMoSz, hence the superior HER activity of the
former. Co-adsorption of two H* adatoms on adjacent ten-
sile-strained S atoms serves as the initial state for the Tafel
H-H recombination step (Figure 4). The total free energy of
adsorption for two H* adatoms in this configuration is 0.48
eV, corresponding to a 0.20 eV repulsive interaction to
overcome from having 2 H* adatoms at infinite separation.
The activation barrier to form Hz (g) from this initial state is
1.15 eV (or 1.35 eV from infinite separation), with the reac-
tion from infinite separation being near ergodic. This barrier
is in good agreement with that computed previously by oth-
ers and is sufficiently large to inhibit fast recombinative ki-
netics3*. This further corroborates our suppositions based
on our experimental Tafel and kinetic analyses.

HER Mechanism of TM-1T-SMoS:. Turning attention to the
Pt and Pd-doped 1T-SMoS: basal plane, we consider both
the undistorted and distorted surfaces. In our HAADF-STEM
imaging, it is clear to see that the pure surface has hexago-
nal symmetry and is therefore corresponding to the un-
distorted 1T-SMoS2 (Figure S2). However, it may be con-
verted to distorted 1T’-SMoS2 upon the metal doping. Inter-
estingly upon reconstruction of the 1T'-SMoS2 monolayer,
both Pt and Pd can interact to the underneath Mo site (TM
bonding to Mo on the second layer) with attempts to relax
these atoms at other high symmetry sites (e.g. S top and S’)
resulting in displacement back to a Mo site. The reduction in
surface symmetry of the 1T’-SMoS. phase up H* induced
distortion gives rise to two different Mo top sites depending
whether the TM is bound to one compressive-strained S
atom and two tensile-strained S atoms (Mo top site 1) or
two compressive-strained S atoms and one tensile-strained
S atom (Mo top site 2) (Figure S12 and Figure S13). For

both Pt and Pd adsorption, the binding is notably stronger
on Mo top site 1 whereby two bonds are formed with ten-
sile-strained S atoms and one with the compressive-
strained S atom.

Using the most stable Pt- and Pd-doped 1T°-SMoS: surfac-
es (Mo top site 1), we computed the free energy of adsorp-
tion for H* on various sites types as well as the minimum
energy pathway for Tafel H-H recombination thereon. Our
calculated adsorption energies show that the most stable
site for H* binding proximal to TM on TM-1T'-SMoS: is di-
rectly adsorbed to the Pt or Pd atom, with the H atom tilted
away from the TM and between two tensile-strained S at-
oms (Figure S12b and Figure S12c). The AG(H*) for this
configuration on Pt- and Pd-doped 1T'-SMoS: are -0.20 eV
and +0.49 eV, respectively. (Figure S14) We were surprised
to find that H* adsorption to the transition metal dopant at-
oms is less thermoneutral than the corresponding value
calculated for the undoped 1T°-SMoS: monolayer (+0.14
eV), despite these materials exhibiting superior HER activi-
ty. Our work on transition metal doped 2H-SMoSz2, as well as
similar findings from others, have suggested that S atoms
proximal to TM become activated for HER thanks to more
thermoneutral H* adsorption.?3¢ However, our calculations
show that S atoms proximal to the Pt and Pd dopant bind H*
less strongly with AG(H*) of +0.69 eV and +0.68 eV, re-
spectively; in both cases the adsorption of H* is less stable
and notably further from thermoneutrality than that directly
at the dopant site.

Figure 4. (a) Initial state (b) transition State (c) final State of
Tafel recombination step

To further explore this inconsistency, we compute the Tafel
barriers for recombinative Hz desorption from TM-1T-SMoS2
(Figure S15). As with the pure 1T-SMoS: surface we first
consider the most stable configuration for the co-adsorption
of two H atoms proximal to the transition metal dopants. In
both cases this configuration has both H directly bound to
the Pt or Pd, though the binding configurations are different
depending on the TM. On Pt dopant atoms, the co-
adsorption is as two dissociated H adatoms whereas on Pd
the adsorption is molecular. Interestingly, we find no molec-
ular state on the former and no dissociated state on the
latter. The AG(H*) for the co-adsorbed configurations on Pt-
and Pd-doped 1T-SMoS: are -0.39 eV and +0.17 eV, re-
spectively. Our calculations show that on both TM-doped
1T-SMoS: surfaces the adsorption of Hz () is non-activated,
thereby making the barrier for Hz (g) evolution via the Tafel
mechanism equivalent to the negative of the adsorption
energy for 2 H*. Thus, the activation energy for the Tafel
step is lowered from 1.15 eV on undoped 1T-SMoS: to 0.89
eV and 0.33 eV on Pt- and Pd-doped 1T-SMoS, respective-
ly (Figure S15). The relative ordering of these activation
barriers is in line with the HER activities we recorded in ex-
periment.

Based on these insights from DFT calculations, we pose
that the single dopant atoms are not solely responsible for



observed HER activity of TM-1T-SMoSz. If this were the
case, we would expect near thermoneutral adsorption of H*
or at least values of AG(H*) that are closer to zero than that
for pure 1T-SMoS.. However in our case, the endothermic
and weak adsorption of H* (AG(H*) = +0.49 eV) on the
dopant atom in Pd-1T-SMoS: suggests that H* reduction via
the Volmer step will be unfavourable and slow at this site,
when in fact we observe the opposite; our experimental
Tafel analysis demonstrates this catalyst is not limited by
Volmer kinetics, but rather by Hz ) desorption. Given the
low coverage of Pd dopant atoms, the largest portions of
the catalytic surface remain as undoped 1T-SMoS; and are
therefore still able to perform facile H* reduction. Based on
our HAADF-STEM imaging there appears to be a negligible
effect to the structure and scattering intensity of Mo as close
as first nearest neighbour to the dopant atoms. Thus, if we
assume that modifications to the surface chemistry far from
the dopant atoms are also negligible, a vast number of pris-
tine 1T-SMoS: sites will remain highly active for the Volmer
step given a low kinetic barrier of 0.16 eV. 34

Pd? + H,

i
F I Y
£ B

Figure 5. Schematic to summarise bifunctional catalysis
over single Pd atom on 1T-SMoS:2

The facile uptake of H* from the aqueous phase will allow
for well-maintained high H coverage across the 1T surface
as we have observed experimentally. In fact previous stud-
ies of pure 1T phase have suggested the H* coverage at
equilibrium to be between 25 and 35 %. 3% A well-
established equilibrium coverage in conjunction with high
mobility of H* on the surface will facilitate diffusion into the
Pd site. Notably such a diffusion of a single H* is endother-
mic by 0.35 eV, however at higher coverage diffusion into
an already occupied Pd site to form the co-adsorbed Tafel
step initial state from that on pure 1T-SMoS: is highly fa-
vourable and exothermic by 0.31 eV. Thus, diffusion across
the surface will allow H* to be shuttled from regions of pris-
tine 1T-SMoS: to the well-dispersed Pd dopant sites (Oxida-
tive Addition) where the latter can facilitate H-H recombina-
tion via the Tafel step (Reductive Elimination) and therefore
the composite single TM doped catalyst clearly operates bi-
functionally (Figure 5). This mechanistic cycle ultimately
accounts for the detection of both Pd® and Pd?* species in
our X-ray analyses. Notably, we do not explore the possibil-
ity of the dopant atom facilitating the Heyrovsky step as this
would require explicit modelling of the interfacial solvent,
however it remains entirely possible that these single atoms
also lower the Heyrovsky barrier as well as the Tafel barrier,
though in either case the catalyst will be bi-functional.

3 Conclusions:

In conclusion, we have provided the first direct experimental
evidence that single transition metal atoms such as Pd and

Pt can be chemically attached to the S sites of basal plane
of the n-butyl lithium exfoliated 1T-SMoS: by a mild radical
assisted reduction of metal precursors using sonication in
water/isopropanol at room temperature. The HADDF-STEM
images, EELS mapping and XAS analyses suggest that
there is no significant change to the crystallographic param-
eters of the underneath allergically unstable monolayer 1T-
SMoS: polymorph; hence no conversion to 2-H phase upon
the metal doping is reassured. Despite the low metal doping
content their measured HER activity is shown to be far su-
perior than corresponding 2-H SMoSz2; no significant deacti-
vation is observed for 1000 catalytic cycles. High hydrogen
coverage at steady state is maintained on this metallic 1-T
surface during the HER as revealed by 'H NMR and kinetic
analysis. Tafel slope analysis and DFT modelling suggest
the first proton reduction step from water on this surface is
greatly facilitated, hence rendering the Volmer step non-rate
limiting as contrast to that of 2-H SMoSz. The inclusion of
single Pd doper can also offer the dramatic acceleration on
the rate limiting recombination of H to Hz. As a result, a bi-
functional catalysis for HER over this tailored composite
structure is demonstrated which outperforms most reported
catalysts in this area. As shown from the DFT calculations,
both the geometric and electronic factors exerted by the
single TM dopants are therefore important parameters in
further tuning the 2D 1T-SMoS: structure for rational design
of the composite materials as an efficient bifunctional elec-
trocatalyst with immense potential for various electrochemi-
cal applications in the energy industries.
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