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Doping single-atom metals into the matrix of MoS2 can efficiently arouse the
electrocatalytic hydrogen evolution activity of inert S atoms on the two-dimensional
MoS2 surface and meanwhile enhance the catalytic stability and anti-poison ability.
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Abstract
Electrocatalytic splitting of water is one of the most efficient technologies for
hydrogen production, and two-dimensional (2D) MoS2 has been considered as a
potential alternative to Pt-based catalysts in hydrogen evolution reaction (HER).
However, the catalytic activity of 2D MoS2 is always contributed from its edge sites,
leaving a large number of in-plane domains useless. Herein, we for the first time
demonstrated that the catalytic activity of in-plane S atoms of MoS2 can be aroused
via single-atom metal doping in HER. The single-Pt atoms doped few-layer MoS2
nanosheets (Pt-MoS2) in experiments showed a significantly enhanced HER activity
compared with pure MoS2, which originates from the tuned adsorption behavior of H
atoms on the in-plane S sites neighboring to doped Pt atoms according to the density
functional theory (DFT) calculations. Furthermore, the HER activity of a number of
transition metals doped MoS2 was screened by virtue of DFT calculations and
presented a volcano curve along the adsorption free energy of H atoms (ΔGHo), which
was further confirmed in experiment by using non-precious metals such as Co and Ni
atoms doped 2D MoS2 as the catalysts.
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Two-dimensional (2D) MoS2 crystal with intriguing physical and chemical
properties has attracted increasing attention in numerous research fields during the
past few years1-6. Especially, it possesses a variety of advantages in structural and
electronic properties, which can boost its potential applications in varied catalytic
processes such as hydrodesulfurization7, 8, catalytic hydrogenation9,

10

, syngas

conversion to alcohol11, 12, and water splitting13-18. At present, there is a consensus that
the active centers of MoS2 correspond to the coordinatively unsaturated S atoms along
its edges7, 9, 11, 15, 19, while the perfect in-plane domain of MoS2 is always inert. Thus,
it is of great interests to explore the strategies to stimulate the catalytic activity of
inert in-plane atoms of 2D MoS2, but it still remains as a great challenge due to the
lack of efficient experimental techniques and theoretical understanding. Inspired by
the cases of heteroatoms doped 2D graphene20-22, in which the electronic properties of
the carbon atoms neighboring to the doped heteroatoms can be significantly
modulated and thereby the catalytic activity of in-plane carbon atoms would be
altered, the introduction of doped atoms into the 2D MoS2 in-plane area may achieve
the goal. However, to the best of our knowledge, there is no systematic report about
the correlations between dopants and the catalytic activity of in-plane atoms of 2D
MoS2. Therefore, by focusing on the electrocatalytic hydrogen evolution reaction
(HER), a highly important energy-conversion process for hydrogen production23, 24,
we for the first time observed the enhanced catalytic activity via single-atom metal
doping, attributed to the stimulating activity of in-plane S atoms of 2D MoS2.
We firstly successfully introduced single-Pt atoms into the in-plane domain of
few-layer MoS2 nanosheets (Pt-MoS2) via a directly chemical synthesis method. It
was found that a distinct enhancement of HER activity of Pt-MoS2 was achieved
compared with pure 2D MoS2, as well as high stability in acidic medium. The density
functional theory (DFT) calculations indicated that the doped Pt atoms can tune the
adsorption behavior of H atoms on the neighboring S sites and consequently the HER
activity, which originates from the novel electronic states of Pt-MoS2. Furthermore,
2
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of DFT calculations, which presents a volcano curve along the adsorption free energy
of H atoms (ΔGHo). Finally, the non-precious-metals Co and Ni doped MoS2 were
investigated as the HER catalysts, further validating the volcano plot. The findings in
this work illustrate the viability to arouse the catalytic activity of inert in-plane atoms
of MoS2 via single-atom metal doping.

Experimental section
Materials synthesis.
The Pt-MoS2 was synthesized through a one-pot chemical method. Firstly, 900 mg
(NH4)6Mo7O24·
4H2O and 0.442 mL 0.19 mol L-1 H2PtCl6 (aq.) were dissolved in 20
mL deionized water to form a homogeneous solution. Then, the solution and 10 mL
CS2 were transferred into a 40 mL stainless steel autoclave under Ar and maintained
at 400 oC for 4 h. The final product was treated with saturated NaOH (aq.) under
stirring at 60 oC for 3 h, followed by washing with water and absolute ethanol for
several times and drying at 100 oC. For comparison, the pure few-layer MoS2
(FL-MoS2) was synthesized by using 900 mg (NH4)6Mo7O24·
4H2O dissolved in 20
mL deionized water and 10 mL CS2 conducted within the same process as the
Pt-MoS2. The Pt/MoS2 was prepared by wet-impregnating 0.092 mL 0.19 mol L-1
H2PtCl6 (aq.) onto 200 mg pure FL-MoS2 following with a reduction process by H2 at
250 oC for 1h. The Co-MoS2 and Ni-MoS2 were synthesized by using 900 mg
(NH4)6Mo7O24·
4H2O and 0.085 g Co(NO3)2·
6H2O or 0.084 g Ni(NO3)2·
6H2O
dissolved in 20 mL deionized water and 10 mL CS2 conducted within the same
process as the Pt-MoS2.
Materials characterization.
Transmission electron microscopy (TEM) was carried out on a FEI Tecnai F30
microscope and a G2 microscope operated at an accelerating voltage of 300 and 120
kV, respectively. High angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) was performed on JEOL ARM200F equipped with
3
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double aberration correctors and cold field emission gun which was operated at 80 kV.
Energy dispersive X-ray (EDX) mapping was carried out on a spherical aberration
corrected transmission electron microscope (FEI Titan G2 80-200) which was
operated at 200 kV. Extended X-ray absorption fine structure (EXAFS) and X-ray
absorption near-edge spectra (XANES) were measured at the BL14W1 beamline of
the Shanghai Synchrotron Radiation Facility (SSRF). X-ray diffraction (XRD)
measurements were conducted on a Rigaku D/MAX 2500 diffractometer with Cu Kα
radiation (λ=1.5418 Å) at 40 kV and 200 mA. Raman spectroscopy was performed on
a Jobin Yvon LabRAM HR 800 instrument with a 532 nm excitation laser at a power
of 0.7 mW. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was
carried out in Perkin-Elmer Optima 7300DV.
Electrochemical measurements.
HER polarization curve tests were conducted on a 2273 potentiostat/galvanostat
with a three-electrode electrochemical cell equipped with a gas flow controlling
system. Graphite rod was used as the counter electrode and Ag/AgCl (saturated
KCl-filled) as the reference electrode. A glassy carbon rotating disk electrode with a
diameter of 5 mm covered by a thin catalyst film was used as the working electrode.
Typically, 3.3 mg catalyst (for bulk MoS2, FL-MoS2 and Pt-MoS2) with 1.7 mg
carbon black (Vulcan XC 72) was suspended in 2 mL ethanol with 50 μL Nafion
solution (5 wt.%, Du Pont) to form a homogeneous ink assisted by ultrasound. Then
125 μL of the ink was spread onto the surface of glassy carbon by a micropipette and
dried under room temperature. The final Pt loading of Pt-MoS2 on work electrode is
0.018 mg/cm2. For 40% Pt/C, 5 mg catalyst was suspended in 2 mL ethanol with 50
μL Nafion solution and followed with the same process as Pt-MoS2, which giving a
final Pt loading of 0.64 mg/cm2 on work electrode. HER tests were conducted in a N2
saturated 0.1 M H2SO4 electrolyte at 25 oC. The potential range was from 0 to -1.0 V
(vs. Ag/AgCl) and the scan rate was 2 mV s-1. Before measurements, the samples
were repeatedly swept from -0.4 to 0.3 V (vs. Ag/AgCl) in the electrolyte until a
steady voltammogram curve was obtained. All the final potentials have been
calibrated with respect to a reversible hydrogen electrode (RHE).
4
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Theoretical calculations were performed using Vienna ab initio simulation
packages (VASP)25 with the projector-augmented wave (PAW) method26. All
calculations were based on the same generalized gradient approximation method with
Perdew-Burke-Ernzerhof (PBE)27 functional for the exchange-correlation term. The
plane wave cutoff was set to 400 eV. The Brillouin zone was sampled by a 6×6×1
k-point grid for the calculations on density of states (DOS) and a 3×3×1
Monkhorst-Pack28 k-point sampling for structural optimizations. The convergence of
energy and forces were set to 1×10-5 eV and 0.05 eV/Å, respectively. The reaction
barriers were calculated using the nudged elastic band (NEB) method29 with van der
Waals (vdW) corrections in the form of C6/R6 pair potentials (PBE-D)30. C6 for Mo, S,
Pt, O and H is chosen to be 24.67, 5.57, 24.67, 0.70, 0.14 J·
nm6·
mol-1; and the vdW
radius, R0, is set as 1.639, 1.683, 1.75, 1.342, 1.001Å, respectively.

Results and discussion
The single-Pt atoms doped few-layer MoS2 nanosheets (Pt-MoS2) was prepared
via a one-pot chemical reaction by using (NH4)6Mo7O24, H2PtCl6 and CS2 as
precursors (see the experimental section for details). The transmission electron
microscopy (TEM) image in Fig. 1a shows that Pt-MoS2 consist of flower-like 2D
nanosheets with a layer distance of 0.62 nm, corresponding to the (002) plane of
MoS2. According to the TEM image, no nanoparticles or large clusters of Pt were
observed, consistent with the energy dispersive X-ray (EDX) mapping (Fig. 1g-j)
showing the homogeneous distribution of Mo, S and Pt atoms over the entire
nanosheets and the X-ray diffraction (XRD) patterns showing no Pt-containing crystal
phases (Fig. S1). Furthermore, sub-angstrom resolution high angle annular dark
field-scanning transmission electron microscopy (HAADF-STEM) images clearly
exhibits single-Pt atoms (brighter white dots in Fig. 1b-c) uniformly disperse in the
2D MoS2 plane and the magnified domain from Fig. 1c reveals that single-Pt atoms
exactly occupy the positions of the Mo atoms (Fig. 1d). In addition, the extended
5
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Pt-MoS2 (Fig. 1e), further confirming that no Pt particles or clusters existed in
Pt-MoS2. Instead, it appears an obvious peak at about 2.2 Å, corresponding to the Pt-S
bond according to the literature31, 32. X-ray absorption near-edge structure (XANES)
spectra also showed that the intensity of Pt L3-edge in Pt-MoS2 is obviously higher
than that in Pt foil and 40% Pt/C (Fig. 1f), indicating that the Pt atoms have positive
charges which should be attributed to Pt-S bonds leading the electron transfer from Pt
to S in the MoS2 network. These results demonstrate that single-Pt atoms have been
successfully doped into the 2D MoS2 network via the substitution of Mo sites.
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Fig. 1 (a) TEM image of Pt-MoS2 with the inset showing a typical MoS2 layer
distance of 0.62 nm. (b-c) HAADF-STEM images of Pt-MoS2 showing that the
single-Pt atoms (marked by red circles in figure b) uniformly disperse in the 2D MoS2
plane. (d) Magnified domain with red dashed rectangle in figure c showing a
honeycomb arrangement of MoS2 and the single-Pt atoms occupy exactly the
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simulated configuration of Pt-MoS2. The green, yellow and blue balls represent Mo, S
and Pt, respectively. (e) The k2-weighted EXAFS spectra of Pt-MoS2 in comparison to
Pt foil and commercial 40% Pt/C. (f) The normalized Pt L3-edge XANES spectra of
Pt-MoS2 in comparison to Pt foil and commercial 40% Pt/C. (g-j) HAADF-STEM
image and corresponding EDX mapping images of Pt-MoS2 showing the
homogeneous distribution of Mo, S and Pt elements within the 2D nanosheets: (h) Mo,
(i) S and (j) Pt elements’ imaging, respectively.

2D MoS2 has been widely studied in the electrocatalytic hydrogen evolution
reaction (HER), but due to the active centers only originate from its edge sites leaving
a large number of in-plane domains useless14-16, the activity of pure MoS2 is still not
satisfying. Therefore, in order to achieve an enhanced catalytic activity of in-plane
MoS2, we investigate the effect of single-Pt atom dopants on HER. A typical
three-electrode setup in 0.1 M H2SO4 electrolyte was adopted to carry out the HER
measurements. As shown in Fig. 2a, both blank glassy carbon (GC) electrode and bulk
MoS2 exhibited poor HER activities, and the pure few-layer MoS2 nanosheets
(FL-MoS2) without Pt atoms doping showed a higher activity but is still much inferior
to 40% Pt/C catalyst. In contrast, after the Pt atoms doping, Pt-MoS2 showed a
distinctly enhanced activity by reducing the overpotential of about 60 mV relative to
FL-MoS2 at current density of 10 mA cm-2. Furthermore, the Pt-MoS2 catalyst also
exhibited a very stable performance within the accelerated degradation measurements
by 5000 cyclic voltammetric (CV) sweeps (Fig. 2c). As shown in Fig. 2d, from the
potential values recorded at the current density of 1 mA cm-2, 5 mA cm-2 and 10 mA
cm-2 with different CV sweeps, one can see that Pt-MoS2 showed only a slight
degradation in the activity. Considering the content of Pt in Pt-MoS2 is only 1.7 wt.%
(measured by ICP-OES) and no obvious difference was observed in the XRD patterns
(Fig. S1), Raman spectra (Fig. S2) and TEM images (Fig. S3) of these samples before
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variations, but attributed to the modulation of the electronic properties of Pt-MoS2.
Tafel slope was used to reveal the inherent reaction process of HER. As shown in
Fig. 2b, the value of Pt-MoS2 (96 mV/dec) is quite different from that of a Pt/C
electrocatalyst (32 mV/dec), indicating that the mechanism should deviate from that
on Pt. Instead, it is more similar to that on FL-MoS2 (98 mV/dec), suggesting the HER
on Pt-MoS2 resembles the reaction mechanism on pristine MoS2, i.e., following a
Volmer-Heyrovsky mechanism33-35. In other words, the active sites of HER should
also originate from the S atoms instead of the Pt atoms in the Pt-MoS2 sample.
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Fig. 2 (a) HER polarization curves for Pt-MoS2 in comparison with blank GC
electrode, bulk MoS2, FL-MoS2, and 40% Pt/C. (b) Tafel plots for FL-MoS2, Pt-MoS2
and 40% Pt/C, respectively. (c) Durability measurement of Pt-MoS2. The polarization
curves were recorded initially and after 5000 CV sweeps between -0.13 V and +0.57
V (vs. RHE) at 100 mV s-1. (d) Potential values recorded initially and after every 1000
CV sweeps from the polarization curves of durability measurement for Pt-MoS2 at 1
8
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conducted in a N2 saturated 0.1 M H2SO4 electrolyte at 25 oC.

Density functional theory (DFT) calculations were carried out to gain the nature of
the catalytic process in Pt-MoS2. According to the theoretical optimization results of
the different single-atom Pt doped MoS2 configurations by adopting a periodically
repeated single layer MoS2 (a trilayer unit of S-Mo-S as a single layer36) crystal model,
the most stable structure of different doping configurations is that directly replacing
in-plane Mo atoms with doped Pt atoms, resulting in a substitutional doping structure
(see Fig. S4 for details).
The elementary reaction steps of HER can be briefly described by a three-state
process consisting of initial state (H+), adsorbed intermediate state (H*), and terminal
product (1/2 H2). It has been demonstrated that the adsoption free energy of H* (ΔGHo)
is a widely accepted descriptor of HER activity on a broad range of possible catalytic
materials37-39. A good catalyst for HER should have a moderate ΔGHo (~0) to
compromise the reaction barriers in the adsorption and desorption steps37. Therefore,
DFT calculations were conducted by adopting the above optimized configurations to
examine the ΔGHo on a variety of adsorption sites including the Pt dopants, different S
and Mo sites. It was found that only S atoms neighboring to the doped Pt are the prior
adsorption sites (see Fig. S5). Most importantly, the ΔGHo on the in-plane S of
Pt-doped MoS2 is around 0 eV, while the ΔGHo on the edge S of a pure MoS2 is about
0.1 eV which is consistent with the report in the literature36. These calculated results
indicates that the in-plane S atoms in the presence of Pt dopants can possess an even
higher HER activity compared with the edge S atoms and thereby the introduction of
Pt in MoS2 can significantly enhance the HER activity, confirming the experimental
results.
DFT calculations were further carried out to understand the electronic properties
and chemical origins of HER activity on Pt-MoS2. As shown in Fig. 3a, the calculated
total density of states (DOS) showed there is a significant band gap in pure MoS2,
9
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electronic states occur nearby the Fermi level in Pt-MoS2. When one H atom is
absorbed on the S atom neighboring to the doped Pt atom of Pt-MoS2 (as shown in
Fig. 4 with the red dashed circle), a part of electronic states are saturated and
disappeared above the Fermi level. The corresponding change could also be observed
in the projected DOS of S atoms in the Pt-MoS2, where the electronic states of
in-plane S sites below the Fermi level increase significantly, which is quite
comparable with that of the edge S atoms of a pure MoS2 (Fig. 3a). The increased
electronic states around the Fermi level can be attributed to the introduction of doped
Pt atoms, thus resulting in the enhanced H adsorption ability of in-plane S atoms of
Pt-MoS2 and thereby the HER activity.
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Fig. 3 (a) Total DOS for the pure MoS2, Pt-MoS2, one H absorbed on Pt-MoS2, and
projected DOS of in-plane and edge S atoms from pure MoS2 and Pt-MoS2,
respectively. The position of the Fermi level is as shown in dashed lines. (b) HER
process on a Pt-MoS2 catalyst. The top views are shown in the insets. The reaction
barriers are shown in the black arrows. The green, yellow, blue, red and white balls
represent Mo, S, Pt, O and H atoms, respectively.
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The reaction pathway was also investigated to understand the HER reaction
mechanism on Pt-MoS2. As shown in Fig. 3b, the unsaturated S atom is favorable to
absorb one H atom with a barrier of about 0.69 eV. Then the absorbed H atom reacts
with a hydrated proton, meanwhile receiving an electron to produce one H2 molecule
with a moderate energy barrier of 0.83 eV (Fig. 3b), following the Volmer-Heyrovsky
mechanism, consistent with the analysis of the measured Tafel slope in Fig. 2b.
In order to further address the advantage of 2D MoS2 with Pt atoms doping case
(Pt-MoS2), we compared its performance with that of the Pt supported on 2D MoS2
(Pt/MoS2) (Pt loading of 1.6 wt.% by ICP-OES, see the experimental section for the
preparation process). The HER measurements showed that both samples of Pt-MoS2
and Pt/MoS2 owned a similar HER activity (Fig. S6), which agrees well with the
results of DFT calculations with a similar ΔGHo on the unsaturated S atom of doped
case and on the Pt atom of supported case (Fig. S7). However, Pt-MoS2 possessed
significantly higher durability than Pt/MoS2 (Fig. S6), also consistent with the DFT
calculations exhibiting the doping-configurations are more stable than the
supported-configurations (Fig. S4). The durability of Pt-MoS2 and Pt/MoS2 was
further investigated by the measurements with regard to the resistance of poisoning by
methanol. The poisoning resistance ability of Pt-MoS2 resembles that of FL-MoS2
catalyst in the same condition (Fig. S8). In contrast, the activity of Pt/MoS2 will drop
quickly after adding methanol because the exposed Pt atoms are easily poisoned by
methanol. These results demonstrate that the single-Pt atoms doping MoS2 has a
superior catalytic stability and poisoning resistance compared with Pt/MoS2, because
the Pt atoms in the doped case can not contact the reaction medium and reactants
compared with the supported case.
In view of the successfully arousing catalytic activity of inert 2D MoS2 surface via
single-atom Pt doping, the HER activity of a number of single-metal atoms doped
MoS2 were investigated by virtue of DFT calculations. It was found that when metal
atoms substitute the Mo atoms in the MoS2 matrix, some metal atoms (e.g. V, Ti, Fe,
11
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atoms (e.g. Pt, Ag, Pd, Co, Ni etc.) tend to shift toward one side and be bonded with
only four S atoms, leaving the other two S atoms unsaturated (see the inserted
configuration graphs in Fig. 4). Such structural difference could cause distinctly
different adsorption behavior of H atoms and thereby different HER activity resulting
in the relation between currents (log(i0)) and ΔGHo presents a volcano curve (i0
represents the exchange current density, Fig. 4), in which the metals on the left side
tend to bind with four S atoms, while the others on the right side prefer to bind with
six S atoms. As shown in Fig. 4, the Ni and Cu doped MoS2 on the left side of
volcano plot have relatively lower activity owing to the overly strong adsorption of
H* with the unsaturated S atoms neighboring to the dopants, whereas almost all doped
MoS2 on the right side can be anticipated to possess low activity due to their weak
binding ability with H. Coincidently, the Pt doped MoS2 was on the top of the volcano
plot, confirming the high HER activity of Pt-MoS2 catalyst.

Pt

log[ i0/(A·cm-2) ]

Zn
Au
Pd
Co

Ag
MoS2-edge
Ti
Fe
V

Mn
Cr
Cu

Ni

30
Zn

79
Au

78
Pt

74
W

47
Ag

46
Pd

42
Mo

29
Cu

28
Ni

27
Co

26
Fe

25
Mn

24
Cr

Mo

23
V

22
Ti

W

ΔGHo ( eV )

Fig. 4 The relation between currents (log(i0)) and ΔGHo presents a volcano curve. The
left and right sides of the volcano plot adopt two sets of scales for better visibility. The
inserted graphs point to different configurations of doped MoS2 as coordinated with
four (left) and six (right) S atoms. The adsorption sites for H atoms are marked by the
red dashed circles. The studied metal atoms are located in the Periodic Table as shown
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doped metal atoms.

As predicted in the volcano plot for varied single-atom metals doped MoS2 (Fig.
4), the non-precious metal dopants such as Co and Ni, could also be good candidates
to tune the catalytic activity of MoS2. Therefore, the Co (1.7 wt.% by ICP-OES)
doped MoS2 (Co-MoS2) and the Ni (1.7 wt.% by ICP-OES) doped MoS2 (Ni-MoS2)
were prepared following the same synthetic process as the Pt-MoS2 (see experimental
details in the experimental section). As shown in Fig. 5, Co-MoS2 also exhibited an
obviously enhanced HER activity by reducing the overpotential of about 20 mV
relative to FL-MoS2 at current density of 10 mA cm-2 (Fig. 5a). Furthermore, the trend
of HER activity in these doping cases is Pt > Co > Ni, which is in good agreement
with the above calculated volcano plot. The non-precious metal atoms doped 2D
MoS2 also possess a high HER stability, e.g. the activity of Co-MoS2 did not
obviously decrease after 5000 CV sweeps (Fig. 5b).
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Fig. 5 (a) HER polarization curves for Ni-MoS2, Co-MoS2 and Pt-MoS2, respectively.
(b) Durability measurement of Co-MoS2. The polarization curves were recorded
initially and after 5000 CV sweeps between -0.13 V and +0.57 V (vs. RHE) at 100
mV s-1. All the HER measurements were conducted in a N2 saturated 0.1 M H2SO4
electrolyte at 25 oC.
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In summary, we demonstrated that the catalytic activity of inert 2D MoS2 surface
can be efficiently aroused via single-metal atoms doping. Firstly, it was found from
experiments that single-Pt atoms doped few-layer MoS2 nanosheets (Pt-MoS2)
possess a significantly enhanced HER performance compared with that of pure 2D
MoS2, and also a more superior catalytic stability and poisoning resistance than Pt
directly supported on 2D MoS2. Then, the DFT calculations revealed that the doped Pt
atoms can tune the adsorption behavior of H atoms on their neighboring S atoms and
consequently the HER activity, which originates from the novel electronic states of
Pt-MoS2. The DFT calculations also revealed that the HER on Pt-MoS2 follows a
Volmer-Heyrovsky mechanism, which is consistent with our current experimental
results. Finally, a range of metal atoms has been screened by virtue of DFT
calculations resulting in the modulated ability of varied metal atoms presents as a
volcano plot, and the HER measurements of Co and Ni doped MoS2 in experiments
further confirmed the volcano plot. The findings in the present work pave a rational
pathway to arouse the activity of inert 2D MoS2 surface in HER and also other
energy-related catalytic processes with a high stability and anti-poison ability.
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