
Chinese Chemical Letters 33 (2022) 3221–3226

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Self-gating enhanced carrier transfer in semiconductor electrocatalyst

verified in microdevice

Haiyan Xianga, Yueshao Zhengb, Yang Chena, Yanting Xuc, Travis Shihao Huc,
Yexin Fengb, Yu Zhoud,∗, Song Liua,∗, Xuli Chene,∗

a State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China
bHunan Provincial Key Laboratory of Low-Dimensional Structural Physics and Devices, School of Physics and Electronics, Hunan University, Changsha

410082, China
cDepartment of Mechanical Engineering, California State University, Los Angeles, CA 90032, United States
d School of Physics and Electronics, Central South University, Changsha 410082, China
e College of Materials Science and Engineering, Hunan University, Changsha 410082, China

a r t i c l e i n f o

Article history:

Received 16 September 2021

Revised 4 October 2021

Accepted 15 October 2021

Available online 21 October 2021

Keywords:

Chemical vapor deposition

Pt NPs@MoS2
Hydrogen evolution reaction

Microelectrochemical

Self-gating

a b s t r a c t

Semiconductor electrocatalysis with weak conductivity can accumulate extremely high carriers at

semiconductor-electrolyte interface by self-gating effect, which strongly promotes electrocatalytic effi-

ciency. The correlation between semiconductor carrier mobility and electrocatalysis performance is still

unclear. Herein atomic-thin transition metal dichalcogenides based composites have been developed for

hydrogen evolution reaction (HER) performed with on-chip microdevices. Electrical and electrochemical

measurement of individual flack verified the key role of high carrier mobility for enhanced HER activ-

ity. Carrier mobility regulation further demonstrated its high dependence with HER performance under

self-gating. Our study provides new insight into the carrier mobility of the semiconductor in the electro-

catalysis, paving the way for designing high-performance semiconductor catalysts.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen is an ideal candidate of clean and sustainable energy

carrier, attributed to its high energy density and environmental-

friendliness during storage, delivery and usage [1,2]. Water-

splitting via hydrogen evolution reaction (HER) is an essential hy-

drogen production strategy, in which renewable and highly effi-

cient electrocatalysis is urgently needed to reduce thermodynamic

barrier and improve energy conversion [3,4]. So far, Platinum (Pt)

has been demonstrated to exhibit the excellent thermoneutral ad-

sorption energy of hydrogen intermediates (e.g., H3O
+), thus en-

suring the fast kinetics towards HER. Recently, transition metal

dichalcogenides (TMDs), as a kind of earth-abundant materials

with extraordinary physical and chemical properties, have emerged

as potential alternative to the precious Pt-based catalysis [5–7].

Tremendous research efforts in various forms have been devoted

to optimize HER performance, e.g., improving active site in the

basal plane [8], doping heteroatoms into the lattice [9–13], phase

or strain engineering and interface electronic coupling [14].

∗ Corresponding authors.

E-mail addresses: yu.zhou@csu.edu.cn (Y. Zhou), liusong@hnu.edu.cn (S. Liu),

chenxuli@hnu.edu.cn (X. Chen).

In contrast, less attention has been paid to the role of car-

rier mobility, the important parameter for semiconductor, due

to technical limit and difficulty to trace one single factor. Tra-

ditional electrocatalysis has complicated transfer steps and am-

biguous active area, making it difficult to study the underly-

ing mechanisms [15,16]. Microcell fabrication for electrocatalytic

test has drawn extensive interests which can accurately mea-

sure novel 2D materials with special reactive sites [17–19]. Typ-

ical examples include 2H or 1T phases [20], explicit contrast

of basal plane with edge [21,22], heterojunction and anisotropic

structures [23,24], definite boundary [25], and all of which [26–

32] have provided more insightful information on the correlation

between microstructure and electrochemical performance. In ad-

dition, the novel microcell-based measurement strategy enabled

the exploration of the semiconductor-electrolyte interfaces, which

can strongly modulate the surface conductance of semiconductor

electrocatalyst during “self-gating” [15]. The demonstration of self-

gating can improve our understanding of various semiconductor-

electrolyte interfaces in the field of electrochemistry, and leave

enormous room to explore semiconductor properties and elec-

trocatalytic performance [14,33,34]. Typically, carrier mobility is

the intrinsic property for semiconductor, which can be defined as

charge confine in the 2D lattice plane and responsible for the vari-
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ation of the physicochemical properties in the field gating. Regu-

lation of the electronic structure of semiconductor catalysis is the

usual approach to enrich the electrocatalysis activities. Because of

the self-gating action, evaluating the role of carrier mobility during

electrocatalysis is of great importance. However, the exact function

of single-domain for carrier mobility to influence the HER perfor-

mance is hardly defined for various TMDs with different atoms.

Herein, we propose a facile chemical vapor deposition (CVD)

method to enhance the carrier mobility by simultaneously grow-

ing non-planar Pt NPs@MoS2 nanocomposites. Experimental re-

sults reveal that early reductive Pt NPs lead to the ripple mor-

phology of MoS2 films, which possess unconventional triangle and

hexagonal morphology. Besides, Pt NPs and MoS2 are weakly com-

bined, which have been verified by X-ray photoelectron spec-

troscopy (XPS). Microcell-based electrical and electrochemical tests

offer unique platform to acquire the correlation between the car-

rier mobility and electrocatalytic performance. Further carrier mo-

bility regulation for Pt NPs@MoS2 with different molar ratios

demonstrate that effective charge transfer under the self-gating is

strongly correlated with the HER performance. High carrier mobil-

ity of Pt NPs@MoS2 (3.0± 0.3 cm2 V−1 s−1) corresponds to high

HER performance (−0.063V, 72.4mV/dec).

CVD growth of MoS2, Pt NPs-MoS2 and Au NPs-MoS2: An at-

mospheric pressure furnace was used for CVD growth of MoS2, Pt

NPs@MoS2 and Au NPs@MoS2. Based on our previous work, the

precursor, 0.01mol/L sodium molybdate (Na2MoO4, 99%, Aladdin),

was obtained by dissolving 20.6mg Na2MoO4 in 10mL of deion-

ized water. The precursor of Pt NPs@MoS2 was acquired by mixing

995 μL of 10mmol Na2MoO4 with 5 μL of 24.4mmol H2PtCl6. Au

NPs@MoS2 was obtained by mixing 995 uL of 10mmol Na2MoO4

with 5 μL of HAuCl4. (20mmol/L). The fresh SiO2/Si wafer was

treated by 60W of oxygen plasma for 30 s (CIF Tech Co., Ltd. CPC-

C-40 KHz). Different precursor solutions were spin-coated on the

treated wafer at 3000 rpm for 1min. The SiO2/Si wafer with pre-

cursor was loaded into the center of the furnace. Crucible with

150mg of S powder (China Sinopharm Co., Ltd.) was located 13 cm

upstream the heating belt. Argon was used as carrying gas at a

flow rate of 270 sccm and the growth temperature was gradu-

ally raised to 850 °C in 40min, and subsequently kept for 4min at

the set point after pushing S powder into the hot zone. Different

growth temperatures and time were applied following the above

procedure.

The morphology of samples was characterized by optical mi-

croscopy (Nikon H600L), SEM (Hitachi-S4800), EDS (Horiba 7021-

H), and AFM (Bruker Dimension Icon AFM). Raman, PL and map-

ping spectroscopy were collected by WITec Alpha 300R spectrom-

eter using a 532nm laser excitation. The X-ray diffraction (XRD) of

sample was performed by Bruker Dimension Icon D8 advance us-

ing Cu-Kα radiation (40 kV, 40mA). The valence state and surface

composition were examined by XPS (Escalab 250Xi). The electrical

properties of the device were tested on Lakeshore probe station

(EPS150COAX) by Keithley Sourcemeter 2634B at room tempera-

ture under ambient conditions. STEM images were obtained by us-

ing a JEOL 2100F microscope equipped with a cold field-emission

gun and double dodecaple correctors operating at 60 kV. The probe

current was at ∼25−30 pA.

After CVD growth, SiO2/Si wafer with product was spin-coated

with SPR-220–3a photoresist at 4000 rpm for 60 s and baked at

115 °C for 90 s. Subsequently, the prepared SiO2/Si wafer was pat-

terned by ultraviolet and deposited with In/Au (10nm/50nm) by

thermal evaporation to connect the square pad and the nanosheet.

Residual photoresist was removed by acetone following a lift-off

process, and the final metallic electrode wafer was obtained. Fur-

thermore, in the micro-electrocatalytic process, a layer of photore-

sist was spin-coated on the SiO2/Si wafer, with evaporated metal-

lic electrode, and exposed under proper ultraviolet beam to open a

window on the target position of nanosheet. The residual photore-

sist help to protect the device and avoid unfavorable effect from

the Au electrode and another nanosheet.

The performance of micro-electrocatalysis was tested by a

three-electrode system using a CHI 660E electrochemical worksta-

tion. The exposed area of the nanosheet served as the working

electrode, a Pt filament with a diameter of 0.6mm served as the

count electrode, and self-made saturate Ag/AgCl electrode served

as reference electrode. The HER activity of polarization curve was

evaluated in the electrolyte of 0.5mol/L H2SO4 by LSV at a scan

rate of 5mV/s. All reported potentials were converted to RHE po-

tentials.

All the theoretical simulations were carried out using the DFT

method implemented in the Vienna ab-initio simulation package

(VASP) [40,41]. The exchange correlation energy was described by

the generalized gradient approximation (GGA) in Perdew-Burke-

Ernzerhof (PBE) form [42]. Atomic positions and lattice constants

of all structures were relaxed until the forces acting on the atoms

were less than 0.01 eV/ Å. A 6× 6× 1 supercell of monolayer MoS2
was constructed, which contains 108 atoms with a vacuum area of

15 Å. To simulate the MoS2 edge, 6× 6× 1 rectangular nanorib-

bon structure was employed, and the nanoribbon was sufficiently

separated with a vacuum space of ∼15 Å. The plane-wave cut-

off energy was set to 400 eV, and the �-centered Monkhorst-Pack

method with the k-meshes of 2× 2× 1 and 2× 1× 1 were used.

The Gibbs free energy was calculated according to the formula

�G=�E+�ZPE - T�S, where the �E was the hydrogen adsorp-

tion energy, �ZPE was the zero-point energy correction, and �S

denoted the difference between the adsorbed state and the gas

phase in entropy, respectively. During electrochemical reaction, the

reaction energy of (H++ e-) in solution was estimated as the en-

ergy of 1/2 H2. In this work, �ZPE and T�S were 0.06 eV and

−0.18 eV for all considered cases, yielding �G=�E + 0.24 eV

Proper precursor solutions with different molar concentra-

tions of Na2MoO4 have been investigated. Higher molar ratio of

Na2MoO4 and longer growth time generally result in thick ma-

terials while the crack of formed structure appeares in 10min

(Fig. S1 in Supporting information). Figs. 1a–d illustrate the CVD

process to obtain atomic-thin Pt NPs@MoS2. Beyond previously

reported wafer-scale growth of MoS2, H2PtCl6 solution is added

to simultaneously form Pt NPs thus realizing the co-growth of

Pt NPs and MoS2 [35]. Some small triangular materials are de-

posited on the atomic-thin film. Fig. S2 (Supporting information)

shows the atomic force microscope (AFM) topography image of

Pt NPs@MoS2, indicating that the thickness is 0.94nm. The ob-

tained Pt NPs@MoS2 and monolayer MoS2 are examined by Ra-

man spectroscopy (Fig. 1e). Typical vibration signals of E12g and

A1g are presented, which represent the in-plane and out-of-plane

vibration of atoms, respectively. A red-shift of the A1g peak of Pt

NPs@MoS2 is shown in comparison with the monolayer MoS2. The

frequency difference (�k) is 22.5 and 20.6 cm−1, respectively, con-

sistent with the widely accepted bilayer and monolayer MoS2 films

as reported in previous work [36]. Meanwhile, we carry out photo-

luminescence (PL) measurement (Fig. 1f). The characteristic MoS2
PL emission peaks of exaction A and B are centered at around

1.8 eV and 2.0 eV, respectively (Fig. S3 in Supporting information).

The decreased PL intensity and red-shift of Pt NPs@MoS2 imply the

quenching of PL between adjacent layers. Corresponding integrated

intensity mapping of Raman spectra (A1g, 403 cm−1) and a PL peak

(1.78 eV) are presented in Figs. 1g and h, which show the non-

uniformity of Pt NPs@MoS2 surface. The Raman, PL and thickness

tests agree well with the results from above optical image (OM).

Some small triangular materials are deposited on the monolayer

film. The Pt atoms introduced during the CVD led to large differ-

ence of morphology comparing with traditional MoS2 with triangle

and hexagonal edge [37]. To analyze the growth mechanism, the
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Fig. 1. (a) Schematic of co-growth process of Pt NPs@MoS2. Optical images corresponding to (b) precursor-solution of H2PtCl6 +Na2MoO4. (c) Pt NPs for the first reduction

in the growth process. (d) Final Pt NPs@MoS2 products (Scale bar: 20 μm). (e) Raman and (f) PL spectra collected from Pt NPs@MoS2 and MoS2. Inset: optical image of Pt

NPs@MoS2 (Scale bar: 3 μm). Intensity mapping of (g) Raman at 403 cm−1 and (h) PL at 1.78 eV for Pt NPs@MoS2 (Scale bar: 3 μm).

Fig. 2. (a) HRTEM image of Pt NPs@MoS2 showing typical lattice spacing of MoS2
(100) and Pt (111) (Scale bar: 2 nm). Inset: FFT of two sets of diffraction spots, cor-

responding to MoS2 and Pt. (b) HAADF STEM investigation of Pt NPs@MoS2, the

region marked in blue dashed line showing the non-liner growth direction of Pt

NPs@MoS2 (Scale bar: 2 nm). Inset: SEM of Pt NPs@MoS2 (Scale bar: 10 μm). (c)

HAADF STEM image of MoS2 showing typical triangular morphology (Scale bar:

2 nm). Inset: SEM of MoS2 (Scale bar: 5 μm). XPS spectra showing Mo 3d (d) and

S 2p (e) of Pt NPs@MoS2 and MoS2.

product growing at 650 °C is assessed by a combination of opti-

cal microscope and XPS (Fig. S4 in Supporting information). Com-

paring with unreacted precursor in Fig. S5 (Supporting informa-

tion), small nanoparticles emerge (Fig. S6 in Supporting informa-

tion), consist of typical Mo(VI), Pt(0) and a small amount of Pt(II),

revealing the emergence of nucleation in MoS2, Pt NPs and inter-

mediate Pt.

To elucidate the microstructure of such Pt NPs@MoS2, TEM is

adopted. HRTEM and the corresponding Fourier transform (FFT) of

the Pt NPs decorated MoS2 are shown in Fig. 2a. The lattice fringes

of 0.27nm and 0.24nm represent the MoS2 (100) and Pt (111), re-

spectively. The X-ray diffraction (XRD) of Pt NPs@MoS2 has been

shown in Fig. S7 (Supporting information), typical (002) peak of

MoS2 is shown at 14° implying the same lattice structure of such

two materials. X-ray spectrometers (EDX) element analysis (Fig.

S8d in Supporting information) is implemented to further verify

the composition of the nanocrystals. Ripple morphology exists in

the MoS2, and a set of diffraction spots imply the single-direction

crystal growth. Besides, the region of MoS2 film without Pt NPs

also shows ripple stripes and single-direction growth (Fig. S8b in

Supporting information). It is illustrated that ripple morphology

exists not just surrounding Pt NPs but also spreading out, lead-

ing to irregular morphology. From the enlarged image of Pt NP in

Fig. S8a (Supporting information), the lattice spacing of MoS2 and

Pt co-exists in the space of Pt NP, which implies the growth of

MoS2 film over the small Pt NP instead of surrounding it. In addi-

tion, STEM is conducted as shown in Fig. 2b. Analysis of the atomic

structure reveals nonlinear atomic growth direction. Such transfor-

mation of stripe growth results in unusual morphology of hexag-

onal or triangle MoS2. Fig. 2c shows the atomic structure of film

MoS2 with linear edge, which is drastically different from that of

Pt NPs@MoS2. The morphological change is attributable to a com-

pressive force exerted by Pt atom in the growth process. XPS spec-

tra of MoS2 and Pt NPs@MoS2 have been shown in Figs. 2d and

e and Fig. S9 (Supporting information), respectively. Typical peaks

of Mo (3d5/2 and 3d3/2) appear in the two spectra, along with dis-

tinctive shift of high binding energy in the Pt NPs@MoS2, where

the two peaks center at 230.1 eV and 233.3 eV compared to pure

MoS2 (229.5 eV and 232.7 eV). The S 2p spectrum shown in Fig. 2d

agrees well with the shift of Mo 3d, suggesting the weak combi-

nation between Pt NPs and MoS2. Pt 4f spectra of Pt NPs@MoS2
with low and high Pt concentrations are shown in Fig. S10 (Sup-

porting information). Pt NPs@MoS2 with low Pt content show am-

biguous peak. However, stronger Pt(0) peaks in 71.8 eV and 75.2 eV

is attributed to higher concentration of Pt, indicating that the Pt is

mainly in the form of NPs.

Qualitative analysis of the Pt NPs@MoS2 growth mechanism has

been demonstrated. The CVD precursor is a mixture of Na2MoO4

and H2PtCl6. As the growth of Pt NPs@MoS2 proceeds, the PtCl6
2−

is firstly reduced thus forming small nanoparticles under low ther-

modynamic condition. MoS2 film growth begins when the melt-

ing temperature of Na2MoO4 achieves at 687 °C [36]. Small Pt NPs

can facilitate further nucleation of MoS2 at the initial stage. Sub-
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Fig. 3. (a) Schematic of the electrochemical microcell setup for the HER. (b) LSV curves for the Au, Au NPs@MoS2, ME-MoS2, MoS2, Ptad−MoS2, Pt NPs@MoS2. (c) Corre-

sponding Tafel slope of the LSV curves in (b). (d) The statistics of onset overpotential of MoS2 and Pt NPs@MoS2 from different devices. Inset: statistical Tafel slopes of MoS2
and Pt NPs@MoS2. (e) The self-gating turns on and facilitates the transfer electron on the surface of semiconductor under HER. (f) Transfer curves (Ids-Vg) of MoS2 and Pt

NPs@MoS2 with Vg from −20V to 60V at Vds =2V. (g) Output curves (Ids-Vds) of MoS2 and Pt NPs@MoS2 measured at different Vg from 10V to 60V with a step of 10V.

sequently, with the rising temperature, vaporized sulfur dissolves

into the liquid, thus triggering the formation of MoS2. Continuous

precipitation allows MoS2 film to grow, once it encounters the Pt

NPs at the growth front, the film tends to grow over the particles,

leading to the unusual ripple stripes of MoS2. It agrees with the

observed distorted morphology and nonlinear atomic alignment.

The Pt NPs serve as the nucleation sites and assist the growth of

irregular structure of MoS2. Notably, these small nanoparticles can

easily induce the growth of second layer in the tested system [25].

The XPS result shows the weak shift of binding energy of Mo and

S, which implies the weak binding of Pt NPs with the MoS2 film.

Aimed at precisely acquiring the HER performance of target lo-

cation, we construct microcell devices by photolithography tech-

nique for electrochemical test, which can open the window of de-

sired position during the development (Fig. S11 in Supporting in-

formation). As shown in Fig. 3a, a drop of 0.5mol/L H2SO4 is placed

on the micro-window, a Pt wire and Ag/AgCl serve as counter

and pseudo-reference electrodes (Fig. S12 in Supporting informa-

tion), respectively. Au, mechanical exfoliated MoS2, CVD MoS2 are

tested to verify the reliability of the micro-electrocatalytic system

(Figs. 3b and c). The onset overpotentials are −0.614V, −0.377V

and −0.317V at 10mA/cm2 (versus RHE), and the Tafel slopes of

these materials are 139.7mV/dec, 113.3mV/dec and 108.1mV/dec,

respectively. The HER performance of the above materials relies

on micro-electrocatalysis, which is consistent with previous re-

port [20]. Typically, Pt NPs@MoS2 shows remarkable HER perfor-

mance with onset overpotential of −0.0627V and Tafel slope of

72.4mV/dec. The OM, Raman and PL of Au NPs@MoS2, which

is prepared using the same method (substituting H2PtCl6 with

HAuCl4 as the precursor), have been characterized in Fig. S3. The

HER performance becomes poor (−0.412V, 140.6mV/dec). In order

to verify the superior performance of Pt NPs@MoS2, we directly

add Pt NPs dispersion in monolayer MoS2, and the tested perfor-

mance are −0.160V and 101.7mV/dec. To further test the reliabil-

ity of HER properties, we measure multiple devices and the corre-

sponding data are shown in Fig. S13, Tables S1 and S2 (Supporting

information). From Fig. 3d, in general, Pt NPs@MoS2 has the best

HER properties (average overpotential is around 0.08± 0.017V),

and the next is MoS2 (0.34± 0.048V). Similar tendency appears

in the Tafel slope, Pt NPs-MoS2 presents the lowest slope of 64.7±
22.4mV/dec, smaller than that of MoS2 (106.8± 11.3mV/dec). The

�GH∗ of Pt NPs@MoS2 also have been simulated, we adsorb Pt

clusters with different atom numbers on the monolayer MoS2. Af-

ter DFT optimization, we obtain the most stable chemisorption

models of the H atom on different system surfaces, as shown in

Fig. 4a. Pt introduction can increase the active site and decrease

the adsorption free energy H∗ (�GH∗ ), which has been verified in

Fig. 4b. The catalytic activity of intrinsic MoS2 and Pt NPs@MoS2
systems in the HER has been studied theoretically using the den-

sity functional theory (DFT) method. The �GH∗ is an important in-

dicator of the HER activity, where moderate �GH∗ facilitates both

feasible H adsorption and satisfactory H2 desorption. As shown in

Fig. 4b, the calculated �GH∗ of PtXad (X = 3, 4, 13) is much closer

to zero thn that of MoS2 (both basal plane and edge site), indicat-

ing that Pt NPs@MoS2 in the co-growth system is more active than

the pure MoS2 for HER activity, attributed to favorable �GH∗ .
Engineering the electronic state is an inherent method to en-

hance the performance of catalysis, which mainly depends on two

factors of extra electron injection and transfer. Corresponding elec-

trical transport properties can be acquired by micro-device fab-

ricated in a physical property measurement system. Therefore, in

order to obtain more information on the performance and conduc-

tivity of Pt NPs@MoS2, back-gated field-effect transistors (FETs) are

fabricated on the 285nm SiO2/Si substrates to evaluate the electri-
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Fig. 4. (a) Chemisorption models of the H atom on the (1) basal plane, (2) S-edge of the MoS2, (3) Pt {111} surface, only two layers are displayed, (4) Pt3ad surface, (5) Pt4ad

surface and (6) Pt13ad surface. (b) Free energy diagram for the HER on PtXad (X=3, 4, 13), Pt {111} surface, and pure MoS2 (S-edge and basal plane). (c) Calculated total and

projected DOS of pure MoS2 and Pt3ad. (d) LSV curves for the P-1, P-2, P-3, P-4 and P-5. (e) Transfer curves (Ids-Vg) of P-1, P-2, P-3, P-4 and P-5. (f) The statistical data of

Tafel slope, onset overpotential and carrier mobility for the P-1, P-2, P-3, P-4 and P-5.

cal properties of Pt NPs@MoS2. The devices are prepared via the

photolithography and then thermally evaporated with 10/50nm

In/Au (Fig. S14 in Supporting information). The Id/Vd curves at dif-

ferent gate voltages have been tested (Fig. 3g). Linear and symmet-

ric curves suggest the Ohmic-like contact at the metallic electrode

and Pt NPs@MoS2, consistent with past report on contract between

In and MoS2 [38]. It means charge can effectively transfer across

the interface between the metallic In and Pt NPs@MoS. Further-

more, the current signal is enhanced in Pt NPs@MoS2 compared to

MoS2. Fig. 3f shows the transport characteristics of Id/Vg, indicating

the typical n-type conduction and current signals of Pt NPs@MoS2
and MoS2. Similar to the MoS2 FETs, positive electric field facili-

tates the electron transfer. In order to further verify the conductiv-

ity, five channels of each Pt NPs@MoS2 and MoS2 are measured (as

listed in Table S3 in Supporting information). Remarkably high car-

rier mobility of Pt NPs@MoS2 (3.0± 0.3 cm2 V−1 s−1) is recorded,

which is 5.89 times than that of MoS2 (0.5 5± 0.1 cm2 V−1 s−1).

Thus, the introduction of Pt greatly improves the transfer property

of MoS2, resulted from the weak interaction between Pt NPs and

MoS2. The ripple morphology of Pt NPs@MoS2 also serves an im-

portant role, which has been verified in the past study [39]. Fur-

thermore, the carrier mobility of Pt NPs@MoS2 is apparently higher

than that of MoS2, leading to lower Tafel slope and faster charge

transfer. Density of states (DOS) calculation is performed in Fig. 4c.

After decorating the Pt clusters into MoS2 (Pt3ad), the DOS near the

top of the valence band and the bottom of the conduction band

are increased, indicating that more charge carriers are involved

in the catalytic reaction, significantly improving the HER perfor-

mance. The self-gating phenomenon in Fig. 3e can explain the high

efficiency of Pt NPs@MoS2 as electrocatalysts comparing with that

of MoS2, although semiconductor has always been identified as

non-ideal catalysis due to their low intrinsic conductivity. The self-

gating can induce a charge transport pathway that renders the sur-

face of ultrathin semiconductors to be highly conductive. When the

semiconductor catalyst is turned on under self-gating, its surface

becomes conductive and cathodic/anodic reaction takes place. The

surface conductivity of a semiconductor catalyst is strongly cor-

related with their electrocatalytic activity. As a result, n-type ul-

trathin semiconductor of Pt NPs-MoS2 and MoS2 catalysts can be

turned on by negative electrochemical potential (positive gating),

and a remarkable HER performance of Pt NPs@MoS2 relies on its

high carrier mobility in the electrocatalysis in above discussed cir-

cumstance [15].

To better trace the influence of carrier mobility in the elec-

trocatalysis process. The precursors with different molar ratios

of H2PtCl6 have been explored and corresponding morphology is

shown in Fig. S15 (Supporting information). Transport characteris-

tics of Id/Vg for different molar ratios of Pt NPs@MoS2 have been

tested (Fig. 4e). P-1 displays the best conductance with the in-

crease of positive gate, the poor conductance is presented by P-2

and P-3. To check the reliability of the trend, we have tested sev-

eral devices and the statistical results are listed in Table S4 (Sup-

porting information), similar to the trend shown in Fig. 4f. Besides,

the linear plot of Id/Vd curves at different gate voltages have been

tested, as shown in Fig. S16 (Supporting information), revealing the

Ohmic-like contact of electron injection between Pt NPs@MoS2 and

In/Au pad. However, the PL and Raman spectra for the different

molar ratios of Pt NPs@MoS2 display almost unchanged peak posi-

tion (Fig. S17 in Supporting information). The reason for the change

may be that P-2 and P-3 shows damaged crystal with the increase

of Pt NPs. When the size of Pt NPs is further increased, P-4 and P-

5 become smaller with slightly damaged crystal, as shown in Figs.

S18 and S19 (Supporting information). The integrity of the crystal

to a large extent will influence the carrier mobility of nanosheet,

e.g., P-1, P-4 and P-5 with better crystal show higher carrier mo-

bility. Next, the linear polarization curves of P-1, P-2, P-3, P-4 and

P-5 have been measured (Fig. 4d and Fig. S20 in Supporting in-

formation). Notably, P-1 shows the best onset overpotential among

the different Pt NPs@MoS2 with −0.063V, P-2 and P-3 show rela-

tively poor values of −0.296V and −0.243V. The HER performance

of P-4 and P-5 is increased, showing −0.1361V and −0.1198V vs.

reversible hydrogen electrode (RHE), respectively. The Tafel pro-

files are demonstrated in Fig. S21 (Supporting information), show-

ing the same trend for the onset overpotential. P-1 presents the

lowest slope of 72.4mV/dec and the next ones are P-4 and P-

5 (130.5 and 109.4mV/dec), the last ones are P-2 and P-3 (144.9
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and 143.2mV/dec). In order to acquire reliable data, we have fab-

ricated five devices and collected the onset overpotential and Tafel

slope (Table S6 in Supporting information). In Fig. 4f, the HER per-

formance displays strong correlation with the carrier mobility, i.e.,

higher carrier mobility will lead to lower onset overpotential and

Tafel slope.

The �GH∗ of Pt NPs@MoS2 with different concentrations of Pt

also have been simulated, we adsorb Pt clusters with different

atom numbers on the monolayer MoS2. After DFT optimization,

we obtain the most stable chemisorption models of the H atom

on different system surfaces, as shown in Fig. 4a. In Fig. 4b, the

calculated �GH∗ of PtXad (X = 3, 4, 13) is much closer to zero.

The catalytic performance of Pt NPs@MoS2 co-growth system re-

mains mostly unchanged with the increase of Pt cluster, which is

slightly different from the experimental results. From above dis-

cussion, the carrier mobility of semiconductor can greatly influ-

ence the HER performance. In view of the tested film is ultra-

thin, the self-gating phenomenon, which could induce a charge

transport pathway and high conductivity in semiconductor, take

places in the HER reactions, suggesting that electrocatalytic activity

is strongly dependent on the transistor behavior of semiconduc-

tor [15]. As discussed above, high mobility and conductivity of Pt

NPs@MoS2 enables higher HER activity (lower onset potential and

Tafel slope) compared with MoS2. High carrier concentration could

be a contributor to facilitate charge transfer in the inherently in-

ert semiconductor. The experiment on different molar ratios of Pt

NPs@MoS2 further proves the key role of carrier mobility. Although

�GH∗ values for P-2, P-3, P-4 and P-5 are almost similar, under

self-gating, poor charge transfer of P-2, P-3 still lead to relatively

low HER activity.

In summary, we have successfully synthesized Pt NPs@MoS2
with unusual triangle or hexagonal morphology through CVD-

based co-growth, exhibiting enhanced carrier mobility. Microde-

vice is fabricated as a proof of concept for directly evaluating the

HER performance. Transport test and theoretical studies indicate

that the �GH∗ is decreased with the increased active sites and im-

proved carrier mobility of Pt NPs@MoS2. It contributes to a signif-

icantly improved catalytic activity and efficient charge transfer for

enhancing HER compared with MoS2. Furthermore, benefiting from

the regulation of carrier mobility (via synthesizing different molar

ratios of Pt NPs@MoS2), the variation tendency of efficient charge

transfer of semiconductor under self-gating demonstrates strong

correlation with the HER performance. The methodology presented

here demonstrates the importance of the carrier mobility in engi-

neering the performance of catalysis, and can promote further ef-

forts on exploring efficient catalysis.
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