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Ag@MoS2 Core-Shell Heterostructure as SERS Platform to 
Reveal the Hydrogen Evolution Active Sites of Single-layer 
MoS2 
Junze Chen,‡ Guigao Liu,‡ Yuezhou Zhu,‡ Min Su, Pengfei Yin, Xuejun Wu, Qipeng Lu, Chaoliang Tan, 
Meiting Zhao, Zhengqing Liu, Weimin Yang, Hai Li, Gwang-Hyeon Nam, Liping Zhang, Zhenhua Chen, 
Xiao Huang, Petar M. Radjenovic, Wei Huang, Zhongqun Tian, Jianfeng Li* and Hua Zhang* 

ABSTRACT: Understanding the reaction mechanism for the catalytic process is essential to rational design and synthesis of the 
highly efficient catalyst. MoS2 has been reported to be an efficient catalyst towards the electrochemical hydrogen evolution reaction 
(HER), but it still lacks direct experimental evidence to reveal the mechanism for MoS2-catalyzed electrochemical HER process at 
atomic level. In this work, we develop a wet-chemical synthetic method to prepare the single-layer MoS2-coated polyhedral Ag core-
shell heterostructure (Ag@MoS2) with tunable sizes as efficient catalysts for the electrochemical HER. The Ag@MoS2 core-shell 
heterostructures are used as ideal platforms for the real-time surface-enhanced Raman spectroscopy (SERS) study owing to the strong 
electromagnetic field which is generated in the plasmonic Ag core. The in situ SERS results provide solid Raman spectroscopic 
evidence proving the S-H bonding formation on the MoS2 surface during the HER process, suggesting that the S atom of MoS2 is the 
catalytic active site for the electrochemical HER. It paves the way on the design and synthesis of heterostructures for exploring their 
catalytic mechanism at atomic level based on the in situ SERS measurement. 

1. INTRODUCTION 
Developing highly efficient catalysts for electrochemical hydro-

gen evolution reaction (HER) is critically important for clean and 
renewable energy application.1,2 Recently, transition metal dichal-
cogenides (TMDs) have emerged as promising abundant and low-
cost catalysts for HER.3-5 As a landmark and classical example in 
TMDs, MoS2 has received the most intensive attention due to its 
high chemical stability and excellent catalytic performance.6-10 Un-
derstanding the HER mechanism of MoS2 is very important to the 
rational design of MoS2 and/or other Mo-S based molecule/cluster 
catalysts, as well as other TMD catalysts with superior HER per-
formance. Although many efforts in both experiment and theory 
have been devoted to revealing the HER process on MoS2,11-17 the 
detailed mechanism as well as the identification of active sites are 
still not clear. 

Capturing direct spectroscopic evidence of intermediates pro-
duced during catalytic processes is key to unravel the HER mecha-
nism.18,19 Surface-enhanced Raman spectroscopy (SERS) can pro-
vide surface-sensitive as well as chemical bond-specific signals at 
the atomic level, making it a powerful fingerprint spectroscopy 
which can in situ identify the active sites as well as the surface re-
action intermediates during catalytic processes.20-24 However, it 
still remains a challenge for in situ monitoring the HER process on 
MoS2 since the lifetime of HER intermediates is short and the Ra-
man signals on MoS2 are undetectable due to its non/low-SERS ac-
tive nature. Thus, the rational design and synthesis of core-shell 
heterostructure consisting of a SERS active core (such as Au, Ag 
and Cu) and an ultrathin MoS2 shell is essential to extend the SERS 
study to MoS2. Such core-shell structure might enable the direct 
Raman spectroscopic investigation on the HER process over MoS2 
due to the presence of SERS active core that generates a strong 
electromagnetic field to greatly enhance the signal of HER inter-
mediates formed on the ultrathin MoS2 shell. Unfortunately, the di-
rect synthesis of such core-shell heterostructures with adjustable 

size and plasmonic property remains extremely challenging, espe-
cially for coating MoS2 on the highly SERS-active Ag nanocrys-
tals. 

 

Figure 1. (a) Ag2S@MoS2 core-shell heterostructure was first syn-
thesized by a one-pot method and then chemically transformed to 
Ag@MoS2 by a heat treatment process in the presence of 
trioctylphosphine (TOP). Ag-OM and Mo-OM stand for the Ag-
oleylamine and Mo-oleylamine stock solutions, respectively. (b) 
Scheme showing the EC-SERS study of the HER process on 
Ag@MoS2. Once excited by a laser, the Ag@MoS2 heterostruc-
tures can generate a strong electromagnetic field that can enhance 
Raman signals of reaction intermediates on MoS2. The red ball rep-
resents the O atom. The white ball represents the H atom. 



 

  
Figure 2. (a) The transmission electron microscopic (TEM) image, and (b) the high-resolution TEM (HRTEM) image of the synthesized 
Ag2S@MoS2 with size of 25.8±3.4 nm. (c) Raman Spectra of 25.8±3.4 nm Ag2S@MoS2 and 23.4±3.8 nm Ag@MoS2. (d) The TEM, and (e) 
HRTEM images of the synthesized Ag@MoS2 with size of 23.4±3.8 nm. (f) XRD patterns of 25.8±3.4 nm Ag2S@MoS2 and 23.4±3.8 nm 
Ag@MoS2. (g) UV-vis absorption spectra of 25.8±3.4 nm Ag2S@MoS2 and 23.4±3.8 nm Ag@MoS2 suspensions in toluene. (h) 3D-FDTD 
simulations of two 23.4 nm Ag@MoS2 core-shell heterostructures on a SiO2 substrate.  
 
    Herein, we develop a wet-chemical synthetic method for a con-
trolled preparation of a series of Ag@MoS2 core-shell heterostruc-
tures (Fig. 1a) via a wet-chemical method, which are then used as 
a new SERS platform to reveal the catalytic active site and study 
the mechanism of MoS2 for HER (Fig. 1b). The obtained 
Ag@MoS2 heterostructures show the size-dependent electrochem-
ical activity towards the HER, which is superior to the pure MoS2 
nanosheets. Importantly, the strong electromagnetic field generated 
in the plasmonic Ag core enables the real-time visualization of in-
termediates on the MoS2 surface during the electrochemical HER 
process in aqueous solution using in situ SERS technique (Fig. 1b). 
The Raman spectra clearly show the formation of S-H bonding dur-
ing the HER process, directly evidencing that the S atom of MoS2 
is the catalytic active site towards the electrochemical HER.  
2. RESULTS AND DISCUSSION 

Synthesis and characterization of the as-synthesized 
Ag@MoS2 core-shell heterostructures. Briefly, the Ag@MoS2 
core-shell heterostructures were obtained via a two-step wet-chem-
ical synthetic method (see the Methods in the Supporting Infor-
mation for experimental details). Ag2S@MoS2 core-shell hetero-
structures with different sizes are first synthesized by a one-pot 
method, which are then transferred to Ag@MoS2 via a facile heat 
treatment process in the presence of trioctylphosphine (TOP, Fig. 

1a). The low-resolution transmission electron microscopic (TEM) 
images (Fig. 2a and Fig. S1) show the synthesized Ag2S@MoS2 
core-shell heterostructures with different sizes of 12.7±1.8, 
20.2±2.9, 25.8±3.4 to 39.6±8.7 nm (Fig. S2). As shown in in Fig. 
2b and Fig. S3, i.e. the high-resolution TEM (HRTEM) images, 
single-layer MoS2 covered on the surface of Ag2S is clearly ob-
served, indicating the successful preparation of Ag2S@MoS2 core-
shell heterostructures. 

The crystal structures of the Ag2S@MoS2 with different sizes 
were investigated by the powder X-ray diffraction (XRD, shown in 
Fig. S4). All the peaks of Ag2S@MoS2 match well with those of 
monoclinic acanthite Ag2S, indicating their pure Ag2S phase. Fur-
thermore, as shown in the Raman spectroscopy of Ag2S@MoS2 
(Fig. 2c), two main Raman modes (A1g and E2g) can be clearly ob-
served, indicating the formation of 2H-MoS2, which was also con-
firmed by the X-ray photoelectron spectroscopy (XPS, shown in 
Fig. S5). 

As reported previously, TOP can extract the sulfur from Ag2S 
and reduce Ag+ to the zero-valent Ag.25-27  The Ag2S@MoS2 core-
shell heterostructures with different sizes were successfully trans-
formed to Ag@MoS2 (Figs. 2d-e and Figs. S6-S7) by a facile heat 
treatment process in the presence of TOP (Fig. 1a). As shown in 
Fig. 2e and Fig. S7, the core-shell structure of Ag2S@MoS2 was 



 

well-preserved in the obtained Ag@MoS2, in which the single-
layer MoS2 was well maintained. After the transformation, the sizes 
of obtained Ag@MoS2, i.e. 11.3±1.7, 18.1±2.6, 23.4±3.8 and 
34.4±5.6 nm  (Figs. 2d-e, Fig. S6-S8), slightly shrank, as compared 
to the corresponding original Ag2S@MoS2 (Figs. 2a-b, Figs. S1-
S3). Moreover, the successful chemical transformation was also 
confirmed by XRD (Fig. 2f and Fig. S9), which indicates the for-
mation of face-centered cubic (fcc) Ag in the obtained Ag@MoS2. 
Furthermore, the 2H-MoS2 still kept same, as proved by the Raman 
spectrum (Fig. 2c), and the UV-Vis spectrum of Ag@MoS2 shows 
the localized surface plasmon resonance (LSPR) absorption of Ag 
at around 420 nm (Fig. 2g). All of the aforementioned results con-
firm the successful synthesis of Ag@MoS2 core-shell heterostruc-
tures. The three-dimensional finite-difference time-domain (3D-
FDTD) calculations (Fig. 2h, Fig. S10) suggest that the SERS en-
hancement factor of Ag@MoS2 heterostructures increased with 
their size. Particularly, the Raman signal enhancement on the ‘hot 
spot’ between Ag@MoS2 with the size of 34.4 nm was calculated 

to be increased by more than six orders of magnitude (Fig. S10d), 
suggesting that Ag@MoS2 can serve as an ideal platform for de-
tecting the reaction intermediates on the MoS2-catalysed HER pro-
cess using in situ electrochemical SERS (EC-SERS), as schemati-
cally shown in Fig. 1b. 

Electrochemical activities of Ag@MoS2 core-shell hetero-
structures. As known, the lifetime of reaction intermediates pro-
duced during HER is very short. In order to detect the intermediates 
by in situ EC-SERS, the Ag@MoS2 should efficiently catalyze the 
HER to guarantee the sufficient formation of these intermediates. 
Therefore, prior to conducting in situ EC-SERS studies, the HER 
activity of Ag@MoS2 with different sizes was first evaluated in 0.5 
M H2SO4 electrolyte at room temperature (Fig. 3 and Figs. S11-
S13). As comparison, the commercial Pt/C (20 wt%), and the syn-
thesized MoS2 nanosheets and Ag nanocrystals (Fig. S14, please 
see Supporting Information for details) were also tested 

 

 
Figure 3. (a) LSV curves for HER measured on the commercial Pt/C, Ag nanocrystals, MoS2 nanosheets, and Ag@MoS2 with different 
sizes. (b) The Tafel plots derived from the LSV curves in (a). (c) The plot of capacitive current density versus scan rate. The electrochemical 
double-layer capacitances (Cdl), measured on MoS2 nanosheets and Ag@MoS2 with different sizes, correspond to the slopes of the linear fits 
to their data. (d) TOF values of MoS2 nanosheets and Ag@MoS2 with different sizes, calculated by using 0.06 mF cm-2 as the specific 
capacitance for the flat MoS2 electrode. (e) The plot Cdl of Ag@MoS2 heterostructures versus 1/radius. (f) Durability test on Ag@MoS2 with 
size of 11.3±1.7 nm. The polarization curves were recorded at sweeping rate of 5 mV s-1 before and after 10,000 potential cycles. 

 



 

 

 
Figure 4. (a) EC-SERS spectra of HER on Ag@MoS2 with size of 23.4±3.8 nm in 0.1 M HClO4 electrolyte. (b) EC-SERS spectra of HER 
on Ag@MoS2 with size of 23.4±3.8 nm in a 0.1 M DClO4 electrolyte. The arrows show the potential scanning direction. All potentials were 
calibrated to the reversible hydrogen electrode (RHE). 

 
under same experimental conditions. As shown in the iR-corrected 
linear sweep voltammograms (LSV) in Fig. 3a, all Ag@MoS2 het-
erostructures exhibit much higher catalytic activity towards HER 
compared to MoS2 nanosheets, and Ag nanocrystals show no meas-
urable HER activity within the investigated potential window. It 
clearly indicates that the superior activity of Ag@MoS2 arises from 
the MoS2 shell rather than the Ag core, making it an ideal platform 
to investigate HER process on MoS2 by in situ EC-SERS without 
any contribution from Ag. Importantly, the HER activity of 
Ag@MoS2 is size-dependent. The LSV curves of Ag@MoS2 
shifted gradually to more negative potentials with the size increas-
ing (Fig. 3a). To achieve the current density of 10 mA cm-2, the 
overpotentials required for Ag@MoS2 with sizes of 11.3±1.7, 
18.1±2.6, 23.4±3.8 and 34.4±5.6 nm are 195.7, 212.6, 218.8 and 
235.3 mV, respectively (Fig. S15). 

Furthermore, the kinetic behavior of Ag@MoS2 for HER was 
analyzed by the Tafel slope. Compared to the MoS2 nanosheets 
(72.9 mV dec-1), all Ag@MoS2 heterostructures show much lower 
Tafel slopes with values ranging from 41.1 to 51.2 mV dec-1 (Fig. 
3b), reflecting their superior HER kinetics. Furthermore, the ob-
served Tafel slopes for Ag@MoS2 heterostructures suggest that 
their HER proceeds via the Volmer-Heyrovsky mechanism that in-
volves electrochemical desorption as the rate-determining step.28,29 

The electrochemically active surface area (ECSA) of Ag@MoS2 
was estimated by calculating the electrochemical double-layer ca-
pacitance (Cdl), which is linearly proportional to the effective active 
surface area (Supporting Note 1).30 As shown in Fig. 3c and Figs. 
S16-S20, the Cdl values of Ag@MoS2 heterostructures with sizes 
of 11.3±1.7, 18.1±2.6, 23.4±3.8 and 34.4±5.6 nm were calculated 
to be 13.43, 8.74, 5.42 and 3.33 mF cm-2, respectively, which are 
much greater compared to MoS2 nanosheets (0.91 mF cm-2). Based 
on a specific capacitance (Cs) of 0.06 mF cm-2 for the flat MoS2 
surface,31 the roughness factors of Ag@MoS2 heterostructures with 
sizes of 11.3±1.7, 18.1±2.6, 23.4±3.8 and 34.4±5.6 nm, as well as 
MoS2 nanosheets were estimated to be 223.8, 145.7, 90.3, 55.5, and 
15.2, respectively (Supporting Note 1 and Fig. S21). These results 
suggest that the unique core-shell heterostructure of Ag@MoS2 re-
sults in a remarkable increase in active sites of MoS2, leading to the 
enhanced HER performance. Moreover, the turnover frequency 
(TOF) and the specific activities for Ag@MoS2 and MoS2 were 
also estimated (Supporting Note 2). As shown in Fig. 3d and Fig. 
S22, at all potentials, the Ag@MoS2 heterostructures exhibit much 
larger TOF values and specific activities than does the MoS2 
nanosheet, suggesting that the intrinsic catalytic activity of MoS2 
for HER could be dramatically promoted in Ag@MoS2. Such high 

intrinsic activity of Ag@MoS2 might be attributed to the single-
layer nature of the MoS2 shell (Fig. 2e) and the low charge transfer 
resistance (Rct) due to the high conductivity of Ag core (Fig. S13b). 
Here, it is worth mentioning that Ag@MoS2 heterostructures with 
different sizes possess similar TOF values at the same potential 
(Fig. 3d), suggesting that the intrinsic catalytic activity of the sin-
gle-layer MoS2 shell was well maintained, which is independent of 
the size of Ag@MoS2. The nearly linear relationship between the 
Cdl and 1/radius of Ag@MoS2 (Fig. 3e) reflects that this unique 
heterostructure enables the easy tuning of the ECSA and thus the 
HER activity of MoS2 by the size of Ag@MoS2. Furthermore, the 
HER durability of Ag@MoS2 was also evaluated. As shown in Fig. 
3f and Fig. S23, all Ag@MoS2 heterostructures with different sizes 
exhibit superb stability with negligible shifts in their polarization 
curves after 10,000 potential cycles.  

EC-SERS measurements of Ag@MoS2 core-shell hetero-
structures. The in situ EC-SERS was used to monitor the HER 
process in 0.1 M HClO4 electrolyte. Fig. 4 and Figs. S24-S29 show 
the EC-SERS spectra of HER on various Ag@MoS2 heterostruc-
tures with different sizes, Ag nanocrystals, MoS2 nanosheets, and 
the mixture of Ag nanocrystals and MoS2 nanosheets, recorded in 
the potential range from 0 to -600 mV. Despite the highest activity 
towards HER (Fig. 3a), Ag@MoS2 with size of 11.3±1.7 nm shows 
almost no Raman signal during the HER process (Fig. S24). This 
could be attributed to the low SERS enhancement factor as shown 
by the 3D-FDTD simulations in Fig. S10a. Surprisingly, the SERS 
signal during HER recorded on Ag@MoS2 with size of 34.4±5.6 
nm is also weak (Fig. S26), although it exhibits the highest SERS 
enhancement ability (Fig. S10d). This may be due to its relatively 
low activity towards HER (Fig. 3a), leading to the inefficient pro-
duction of intermediates. The strongest Raman signal during HER 
was obtained on the Ag@MoS2 with size of 23.4±3.8 nm as a result 
of the combination of the SERS enhancement ability (Fig. S10c) 
and the HER activity (Fig. 3a). As shown in Fig. 4a, during the 
potential going down from 0 to -200 mV, except the peak at 933 
cm-1 belonging to νs(ClO4−)32,  no other Raman signals ranging 
from 800 to 2800 cm-1 was observed. When the potential reaches -
250 mV, an obvious Raman peak located at ca. 2532 cm-1 appears 
and its intensity increases as the potential further decreases to -600 
mV. In contrast, such Raman peak was not detected on the Ag 
nanocrystals with similar size of 20.3±3.6 (Fig. S14b and Fig. S27), 
MoS2 nanosheets (Fig. S14a and Fig. S28), and the mixture of Ag 
nanocrystals and MoS2 nanosheets (Fig. S29). The band detected at 
2532 cm-1 is ascribed to the stretching vibration of S-H bonds, ν(S-
H) (ref.33), indicating that the H atom is directly bonded to the S 



 

atom of MoS2 during the HER. The assignment of the peak at 2532 
cm-1 to ν(S-H) can be further confirmed by the deuterium isotopic 
substitution experiment. As shown in Fig. 4b, the peak around 2532 
cm-1 observed in the 0.1 M HClO4 electrolyte shifts to a lower 
wavenumber of around 1823 cm-1 in the 0.1 M DClO4 electrolyte. 
The result of frequency decrease is in good agreement with an iso-
topic shift factor of 1.39, as calculated by the harmonic oscillator 
model. Furthermore, the EC-SERS measurement on Ag@MoS2 
with size of 23.4±3.8 nm was also performed in the 0.5 M H2SO4 
electrolyte. As illustrated in Fig. S30, the Raman peak of ν(S-H) at 
2532 cm-1 was also detected during the HER, well consistent with 
the aforementioned result obtained in the 0.1 M HClO4 electrolyte 
(Fig. 4a). Importantly, it is worth mentioning that the vibrational 
signals, ν(Mo-H), between 1714 and 1942 cm-1 (refs.34,35) have not 
been observed in the EC-SERS measurements (Fig. 4a, Figs. S24-
S30). Based on detailed fingerprint information mentioned above, 
it is concluded that the S atom of MoS2 is the catalytic active site 
for the HER. Albeit different from our crystalline MoS2 nanosheets, 
the S atoms in amorphous MoSX (ref.36) were also confirmed to be 
the active sites for HER. 

3. CONCLUSION 
In summary, in order to study the HER mechanism on MoS2, we 

have successfully synthesized a series of Ag@MoS2 core-shell het-
erostructures with different sizes. These heterostructures showed 
size-dependent HER performances and SERS enhancement abili-
ties. The EC-SERS was used to investigate the HER process on the 
single-layer MoS2 surface of Ag@MoS2. Direct spectral evidence 
of the formation of S-H bonding suggests that the S atoms of MoS2 
are the HER catalytic active sites. Our work not only provides a 
strategy for preparation of TMD-based core-shell heterostructures, 
but also lays the foundation for future studies of the HER mecha-
nism on MoS2 by in situ SERS, which could pave the way to the 
rational design and synthesis of the highly efficient catalysts for 
water splitting. Our strategy may also be applicable to in situ probe 
other catalytic processes (such as organic conversion, CO2 reduc-
tion, nitrogen reduction, etc.) over different transition metal dichal-
cogenide catalysts. 
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