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A B S T R A C T   

2D transition metal dichalcogenides (TMDs) are emerging as promising alternative electrocatalysts for hydrogen 
evolution reaction (HER). However, key challenges are the limited density of available activity sites and poor 
electron accessibility. Herein, Cu film supported MoS2-based electrocatalyst with partial 1T phase and 3D ar
chitecture is constructed by inkjet printing. We aim to investigate if this configuration could provide largely 
exposed edge sites and enhance electron transfer for ultra-efficient hydrogen production. Towards this end, an 
ink containing few-layer MoS2 nanosheets and reduced graphene oxide (RGO) is firstly prepared by liquid-phase 
exfoliation, in which semiconducting 2H-MoS2 is partially transformed to metallic 1 T-MoS2. We demonstrate 
that 1) nanosized few-layer MoS2 spatially patterned by inkjet-printing provides sufficient active site exposure, 2) 
the 1T-MoS2 and RGO conductive network reduce the charge-transfer impedance, and 3) the Cu support en
hances the catalyst-electrode charge injection. Our all-in-one structure exhibits outstanding HER activities with 
low overpotential (51 mV at 10 mA cm− 2 and 126 mV at 100 mA cm− 2) and very low Tafel slope (32 mV dec-1). 
Also, the as-engineered electrode demonstrates ultrahigh cathodic current density. This work provides a facile, 
inexpensive, and scalable way for designing and fabricating TMDs-based electrocatalysts with excellent HER 
activity.   

1. Introduction 

The increasing demand for energy in our society stimulated intensive 
research on developing sustainable and renewable energy sources to 
lessen our dependence on fossil fuels.[1–3] Hydrogen is one of the most 
promising energy carriers in future technologies. However, hydrogen 
generation presents some challenges of its own. Water splitting in the 
form of electricity by hydrogen evolution reactions (HER) has been 
proposed as a practical way for hydrogen fuel production.[4–6] In HER, 
electrocatalysts are widely used to maximize the efficiency of the elec
trochemical reactions by lowering their overpotentials and accelerating 
the reaction rates. Although noble metals, such as platinum, exhibit high 
electro-activity towards HER,[7] the high cost and scarcity of noble 
metals are severe barriers to their large-scale and sustainable applica
tion. Therefore, developing low-cost and earth-abundant catalysts with 

performance comparable to that of Pt-group metals is one of the most 
sought goals in catalysis. 

2D layered transition metal dichalcogenides (TMDs) with the general 
formula MX2 (M is a transition metal, and X is typically S or Se) were 
demonstrated as appealing electrocatalysts for HER.[8–13] Theoretical 
and experimental results showed that the unsaturated X-edges on the 
edge planes of the semiconducting 2H phase of TMDs were electro
catalytically active for HER, and a strong correlation between the cat
alytic activity and the number of edges was verified. [14–19] This 
selective high-activity of edges has rapidly triggered the development of 
nanostructured TMDs with a high concentration of edge sites. [20] 
Among these efforts, the most substantial progress is happening for 
molybdenum disulfide (MoS2) nanostructures,[21] including nano
particles,[22] nanosheets,[23,24] nanoflowers,[25,26] and quantum 
dots,[27] all showing enhanced electrochemical HER activity. In 

* Corresponding authors. 
E-mail addresses: raul@tpu.ru (R.D. Rodriguez), jinjuchen@uestc.edu.cn (J.-J. Chen).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

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

https://doi.org/10.1016/j.cej.2023.141289 
Received 3 October 2022; Received in revised form 22 December 2022; Accepted 2 January 2023   

mailto:raul@tpu.ru
mailto:jinjuchen@uestc.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.141289
https://doi.org/10.1016/j.cej.2023.141289
https://doi.org/10.1016/j.cej.2023.141289
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.141289&domain=pdf


Chemical Engineering Journal 457 (2023) 141289

2

addition to tailoring MoS2 with nanometer size, designing MoS2 systems 
with engineered microstructure has also been explored to expose more 
edge sites like in mesoporous MoS2 with a double-gyroid morphology, 
[28] synthesizing MoS2-based 3D hierarchical structures by space- 
confined method,[29] and constructing nanostructured MoS2 on a 3D- 
structured substrate.[30] Nevertheless, the HER catalytic activity of 
those MoS2-based systems remains much inferior to that of Pt. 

Besides the number of exposed active sites, electron accessibility is 
another critical factor contributing to the electrocatalytic activity of 
MoS2.[31,32] 2H-MoS2 possesses poor intrinsic conductivity due to its 
semiconducting character. Therefore, the hopping transfer of electrons 
in the vertical direction of 2H-MoS2 layers reduces HER kinetics 
significantly.[33,34] In this context, the fabrication of ultrathin MoS2 
nanosheets is a feasible solution for low HER kinetics.[35,36] Also, MoS2 
combined with carbon-based conductive materials (such as reduced 
graphene oxide (RGO)[37,38] and graphite felt[39]) was shown to help 
overcome this electrical conductivity limitation. Besides the significant 
role of edges, a strong correlation between the electronic structure of 
MoS2 and its HER catalytic activity has been demonstrated.[40] It was 
found that the metallic 1T-MoS2 phase exhibits a much higher HER 
activity than the semiconducting 2H-MoS2.[41,42] Although these ef
forts have effectively enhanced the HER activity of MoS2, the complex 
processes involved make them challenging to implement at a large scale. 

In the electrocatalytic process, the electrode/current collector is 
responsible for charge carrier injection to the catalyst materials while 
also acting as mechanical support. Given its charge carrier injection 
function, the contact resistance between the current collector and 
catalyst is crucial to HER performance. In practice, a catalytic electrode 
for HER usually requires an additional polymer binder to immobilize 
catalysts on the current collector. These binders often have the negative 
effect of introducing an extra resistance between catalysts and the cur
rent collector, which degrades the overall catalytic performance. A 
theoretical investigation suggested that the support interaction can be 
used to tune the HER catalytic activity of MoS2 by changing the coupling 
between the substrate and the catalyst.[43] Experimental results 
demonstrated that the enhanced electronic coupling could facilitate 
charge injection from the underlying electrode to the active sites, 
improving the intrinsic catalytic performance of 2H-MoS2 comparable to 
1T-MoS2.[44] Hence, binder-free electrodes with catalysts assembled 
onto a conductive substrate are now receiving a considerable amount of 
attention, with Au,[22] Ni,[45] carbon cloth,[46,47] or graphite paper 
[48] as the current collector. It is well known that the contact between 
the metal electrode and MoS2 naturally forms a Schottky barrier. The 
Schottky barrier height (SBH) is a critical factor in determining the 
contact resistance in the metal-MoS2 system, which significantly affects 
electron mobility. According to the Schottky-Mott model, the SBH could 
be estimated as the difference between the Fermi level of the metal 
electrode and the conduction band minimum of MoS2. When SBH de
creases to zero or gets further negative, Schottky contact changes into 
ohmic contact. An ideal electrode material should have a work function 
as close as possible to or lower than the electron affinity of MoS2. Cu 
work function is 4.65 eV,[49] which is slightly lower than the electron 
affinity (4.80 eV) of multilayer MoS2.[50] Surprisingly, given this close 
match, Cu is rarely used as an electrode in combination with MoS2 for 
electrochemical hydrogen evolution. 

In this work, we address these issues and develop a facile strategy to 
realize a MoS2-based electrocatalyst with a large density of exposed edge 
sites, partial 1T-phase MoS2, reduced charge-transfer impedance, and 
enhanced electron injection. Polyvinylpyrrolidone (PVP) and RGO were 
introduced into MoS2 dispersion for liquid-phase exfoliation to prepare a 
MoS2/PVP/RGO ink. PVP promoted the generation of nanosized few- 
layer MoS2 and induced the 2H-to-1T phase transition of MoS2. 3D 
MoS2/PVP/RGO microstructures were constructed on Cu film by inkjet 
printing. This fabrication method made possible the spatial configura
tion of catalysts in favor of a high density of exposed edge sites. 
Simultaneously, we exploited the RGO component to form a conductive 

network that facilitated the electron transfer between the active edge 
sites and the Cu support. Meanwhile, the Cu support enhanced the 
electrode-catalyst charge injection. This integrated structure resulted in 
a novel architecture with dramatically-improved HER catalytic activity. 

2. Experimental section 

2.1. Materials 

All chemical reagents were of analytical grade purity and used as- 
purchased. MoS2, PVP (PVP-K30, Mw≈40,000), absolute ethanol 
(99.7 wt%), and sulfuric acid (H2SO4, 98 %) were purchased from 
Chengdu Kelong Chemical Co., ltd (Chengdu, China). RGO was pur
chased from Sichuan Huantan Tech Co., ltd (Chengdu, China). Teslin 
paper (PPG Industry, USA) with a thickness of 356 μm and an RMS 
surface roughness of 0.61 μm was used as the substrate (the surface 
morphology is shown in Fig. S1, Supporting Information). Deionized 
water with an electrical conductivity of less than 0.055 μS cm− 1 was 
used in the experiments. 

2.2. Preparation of Inks 

Taking the MoS2/PVP/RGO ink as an example, the preparation 
process is described as step 1 in Fig. 1. A mixed solution of 50 vol% 
ethanol and 50 vol% deionized water (named as mixed solvent) was 
firstly prepared as the solvent for the exfoliation of bulk MoS2. 10 mg 
mL− 1 of bulk MoS2, 2 mg mL− 1 of PVP, and 1 mg mL− 1 of RGO were 
successively dispersed in the mixed solvent under magnetic stirring to 
form a homogeneous mixture. Then the MoS2 nanostructures were ob
tained after ultrasonic exfoliation for 48 h at room temperature, in 
which RGO nanostructures were also fully dispersed in the obtained 
dispersion. Afterward, the dispersion was centrifuged for 15 min at a 
speed of 7500 rpm. The resulting supernatant was collected and pre
served as the ink for inkjet printing. MoS2 and MoS2/PVP inks were also 
prepared using the same initial concentration of raw materials. 

2.3. Preparation of Catalytic Working Electrode 

A thin Cu film on Teslin paper with an electrical conductivity of 
about 4.0 × 107 S m− 1 was fabricated by a combination of inkjet printing 
and electroless deposition, as demonstrated in our previous work [51] 
(step 2 in Fig. 1). The prepared ink was deposited on the Cu support by 
inkjet printing using a commercially available drop-on-demand Epson 
L310 desktop printer. The printing was conducted with the “best photo” 
print quality of 1440 dots per inch (dpi). For example, take the forma
tion of a 3D MoS2/PVP/RGO architecture obtained by printing a 5 × 5 
mm2 planar square-shaped graphic with 10 printing passes on the Cu 
film using the MoS2/PVP/RGO ink, followed by printing a square-spiral 
pattern on the previously-printed square using again 10 printing passes 
(step 3 in Fig. 1, denoted patterned electrode). A homogeneous planar 
square of 5 × 5 mm2 formed using the MoS2/PVP/RGO ink with 20 
printing passes was also prepared for comparison (denoted planar 
electrode). The printing passes for planar MoS2 or MoS2/PVP electrodes 
were adjusted to ensure that the amount of MoS2 in the three electrodes 
was consistent. Patterned MoS2 or MoS2/PVP electrode was prepared 
using a similar method to the patterned MoS2/PVP/RGO electrode, in 
which printing passes for the bottom plane and top pattern are both half 
of the total passes. 

2.4. Materials Characterization 

Optical microscope images of samples were obtained using an optical 
microscope (Sunny SZM, China). The morphology of samples was 
observed by a scanning electron microscope (SEM, JEOL JSM-6490LV, 
Japan). Energy-dispersive X-ray spectroscopy (EDS, Genesis 2000 
XMS, Japan) was used to obtain elemental mapping analysis. Detailed 
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microstructure investigation was performed using transmission electron 
microscopy (TEM, JEOL-2100F, Japan). Ultraviolet–visible (UV–vis) 
absorption spectra were recorded on a UV-2450 spectrophotometer 
(Shimadzu, Japan). Raman spectra of samples were acquired on a WITec 
alpha300 R system (WITec Company, Germany) under 488 nm laser 
excitation. X-ray photoelectron spectroscopy (XPS) was carried out on a 
Phi-5000 (Ulvac-Phi, Japan) fitted with an Al Kα radiation source. The 
crystallinity of materials was characterized using an X-ray diffractom
eter (Bede-D1, UK) with Cu Kɑ radiation (λ = 0.15405 nm). 

2.5. Electrochemical Testing 

Electrochemical measurements were performed using a CS2350 
electrochemical workstation (Wuhan Corrtest, China) in a three- 
electrode configuration with platinum gauze and Ag|AgCl as the 
counter electrode and the reference electrode, respectively. 0.5 M H2SO4 
was used as the electrolyte solution, which was degassed with Ar for 30 
min before use. The working electrodes were pre-conditioned for 20 
cycles prior to any measurements. The potential difference between the 
working electrode and the Ag|AgCl reference electrode was converted to 
the potential versus the reversible hydrogen electrode (RHE) using the 
equation: ERHE = EAg|AgCl + 0.059 pH +E0

Ag|AgCl, in which E0
Ag|AgCl is the 

standard potential of Ag|AgCl at 25 ◦C (0.1976 V). Linear sweep vol
tammetry (LSV) was conducted at a scan rate of 5 mV s− 1 to obtain 
polarization curves, and polarization curves were iR-corrected. As a 
reference point, the catalytic performance of 20 % Pt/C electrocatalysts 
was tested on a glassy carbon electrode under the same conditions. 
Cyclic voltammetry (CV) experiments were carried out between 0 V and 
0.15 V vs RHE. Electrochemical impedance spectroscopy (EIS) was 
performed with the working electrode biased at − 0.20 V over the fre
quency range 105 Hz to 10-2 Hz at an AC voltage of 10 mV. The HER 
stability of the MoS2/PVP/RGO catalyst was evaluated by a continuous 
sweep for 5000 cycles between − 0.3 V and 0.1 V vs RHE at 5 mV s− 1, and 
a frit was used to separate the MoS2/PVP/RGO catalyst from the Pt 
counter-electrode to avoid the influence of Pt dissolution. 

2.6. Density functional theory (DFT) calculations 

We carried out the DFT calculations to study the electronic proper
ties of samples by using the Vienna ab-initio simulation package (VASP). 
The interaction of electron and ion was described by the projector 
augmented wave (PAW) pseudopotentials. The Perdew-Burke-Ernzerhof 
(PBE) generalized gradient approximation (GGA) was used to represent 
the electronic exchange and correlation. A 20 Å vacuum layer was 
introduced to avoid spurious interaction between periodic images. The 
Brillouin zone was sampled by 4 × 4 × 1 and 3 × 3 × 1 Monkhorst-Pack 
k-point grids for Cu-MoS2 contact and Cu-RGO-MoS2 contact, respec
tively. A plane wave cutoff of 450 eV was used. Each structure was 
totally relaxed using a conjugate gradient scheme until the forces and 
energy converged to 0.03 eV Å− 1 and 10-4 eV, respectively. 

3. Results and discussion 

3.1. Morphology and Structure 

It has been demonstrated that PVP plays the role of surfactant- 
assisted exfoliation,[52] and RGO can restrain the restacking of MoS2 
in the c-direction.[53] These factors contribute to the ink containing 
MoS2 with few-layer and nanosized dimensions. More importantly, the 
MoS2/PVP and the MoS2/PVP/RGO inks are highly stable, without any 
precipitation during storage for over three months in ambient conditions 
(Fig. S2). This is remarkable stability, especially considering that the 
MoS2 ink is stable for no longer than half a month (evidenced by visible 
sediments and delamination). Undoubtedly, the PVP added to MoS2/ 
PVP and MoS2/PVP/RGO inks contributes to long-term storage stability. 
Such long-term stability is a critical prerequisite for inkjet printing. In 
addition, the catalyst with PVP has better hydrophilicity than without 
PVP (Fig. S3), which will contribute to the improvement of HER with 
low mass transfer resistance. After printing with MoS2/PVP/RGO ink for 
20 passes, a planar pattern was formed on the Cu support. The 
morphology, thickness, and elements distribution of the MoS2/PVP/ 
RGO layer are shown in Fig. S4. 

The morphology and structure of the obtained MoS2, MoS2/PVP, and 
MoS2/PVP/RGO are shown in Fig. 2. It can be noted that the dimension 

Fig. 1. General scheme for the preparation of catalytic electrodes with spatial patterning via inkjet printing. The preparation process of MoS2/PVP/RGO ink is 
described in step 1, during which PVP and RGO were introduced into MoS2 dispersion for a liquid-phase exfoliation of bulk MoS2, and then the centrifugation was 
done to obtain MoS2/PVP/RGO ink. The fabrication of conductive Cu film on Teslin paper (step 2) was described in detail in our previous work. [51] A catalytic 
electrode was constructed via planar printing followed by graphic printing of the MoS2/PVP/RGO ink, thus forming a spatial pattern of MoS2/PVP/RGO (step 3). 
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of exfoliated MoS2 sheets (Fig. 2b) is much smaller than that of bulk 
MoS2 (Fig. 2a), and further dimension reduction (even to the nano
particle level) can be observed with the addition of PVP (Fig. 2c and 2d). 
Furthermore, MoS2 nanostructures are fully surrounded by RGO, as 
shown in Fig. 2d. TEM images (Fig. 2e-g) show that the lateral size of 

MoS2 nanostructures decreases from more than one hundred nanome
ters for the pure MoS2 to tens of nanometers for the MoS2/PVP and the 
MoS2/PVP/RGO, indicating the facilitating role of PVP in exfoliating 
bulk MoS2 to nanostructures. High-resolution TEM (HRTEM) images in 
Fig. 2h and 2i show the interplanar crystal spacing of MoS2. A lattice 

Fig. 2. SEM images of (a) bulk MoS2, (b) exfoliated MoS2, (c) MoS2/PVP, and (d) MoS2/PVP/RGO. TEM images of (e) pure MoS2, (f) MoS2/PVP, and (g) MoS2/PVP/ 
RGO nanostructures. HRTEM images of (002) planes for (h) pure MoS2 and (i) MoS2/PVP/RGO. HRTEM images of (j) pure MoS2 and (k) MoS2/PVP/RGO further 
show their microstructures. The yellow and blue balls represent Mo and S atoms in the corresponding zoomed-in views, respectively. (l) SAED pattern from MoS2/ 
PVP/RGO nanosheet showing the hexagonal symmetry of the atomic arrangement. 

Fig. 3. (a) XPS spectra of Mo 3d for MoS2, MoS2/PVP and MoS2/PVP/RGO. (b) Deconvoluted XPS spectra of Mo 3d for MoS2/PVP/RGO. (c) XPS spectra of S 2p for 
MoS2, MoS2/PVP and MoS2/PVP/RGO. (d) Deconvoluted XPS spectra of S 2p for MoS2/PVP/RGO. (e) Raman spectra of MoS2 and MoS2/PVP/RGO. (f) XRD patterns 
of MoS2, MoS2/PVP and MoS2/PVP/RGO samples. 
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fringe spacing of 0.61 nm attributed to the (002) planes and more than 
eight layers are clearly observed from the pure MoS2 sample in Fig. 2h, 
while a lattice fringe spacing of 0.68 nm and as low as four layers for the 
MoS2/PVP/RGO sample are shown in Fig. 2i. We attribute the inter
planar spacing increase along the c-axis direction to the action of PVP on 
MoS2 interlayers. The reduced lateral size results in higher exposure of 
active sites, and the RGO layers surrounding MoS2 promote electron 
transfer, making MoS2/PVP/RGO a very promising HER catalyst. 
HRTEM images in Fig. 2j for pure MoS2 and Fig. 2k for MoS2/PVP/RGO 
further display the ordered crystalline arrangement of MoS2 nanosheets. 
The honeycomb lattice (trigonal prismatic coordination) and trigonal 
lattice (octahedral coordination) can be clearly observed from the zoom- 
in HRTEM images in Fig. 2j and 2k, presenting the 2H and 1T crystal 
phase[54], respectively. The selected area electron diffraction (SAED) 
pattern of the MoS2/PVP/RGO nanosheet in Fig. 2l confirms the hex
agonal symmetry of the atomic arrangement. 

The phase composition of MoS2 nanostructures in the ink was 
characterized by XPS, and the results are shown in Fig. 3. All spectra 
were calibrated by the C 1s peak located at 284.50 eV.[41] As shown in 
Fig. 3a, a Mo 3d5/2 peak at 229.5 eV is observed for the pure MoS2 
sample, revealing the existence of Mo4+ species of 2H-MoS2.[41,54] The 
binding energy of Mo 3d5/2 for MoS2/PVP and MoS2/PVP/RGO samples 
shifts to 228.6 eV as a consequence of electronic structure change due to 
MoS2 phase transition from 2H to 1T. Mo 3d3/2 peaks with a + 6 
oxidation state are observed in all samples, which is attributed to slight 
oxidation during sample preparation.[55] For the MoS2/PVP and the 
MoS2/PVP/RGO samples, the broad Mo 3d5/2 peak can be divided into 
two independent peaks after deconvolution. Take MoS2/PVP/RGO as an 
example, these two peaks are located at 229.5 and 228.6 eV with a 
binding energy separation around 0.9 eV (Fig. 3b), representing the 2H 
and the 1T MoS2 oxidation states, respectively.[37,41] We observe from 
the peak area that the 1T-MoS2 phase is dominant. MoS2 S 2p3/2 peak at 
162.5 eV shifts to 161.5 eV for the MoS2/PVP and the MoS2/PVP/RGO 
samples (Fig. 3c). This change implies the 2H-to-1T transition evidenced 
after the deconvolution of S 2p3/2 into two peaks for the MoS2/PVP/ 
RGO sample (Fig. 3d).[40] The transition to metallic 1T-MoS2 benefits 
the catalytic performance due to an enhanced charge transfer kinetics in 
this electrically conductive MoS2 phase. 

Raman spectroscopy results in Fig. 3e confirm the phase transition of 
the exfoliated sample. For the pure MoS2, the Raman spectrum displays 
characteristic peaks at 285, 378, 405, and 450 cm− 1 arising from the E1g, 

E1
2g, and A1g and longitudinal acoustic phonon modes of 2H-MoS2, 

respectively [56]. There are three additional peaks at 199, 224, and 352 
cm− 1 in the Raman spectrum of the PVP/MoS2/RGO sample, which 
indicate the presence of 1T phase MoS2. [30,40]. 

The structural characteristics of pure MoS2, MoS2/PVP, and MoS2/ 
PVP/RGO were investigated using XRD, as shown in Fig. 3f. The pattern 
for the pure MoS2 is in good agreement with the 2H-MoS2 hexagonal 
structure (JCPDS card No. 37–1492). The strong (002) diffraction peak 
implies a well-stacked layered structure along the c-axis. The weaker 
(002) diffraction peak and the near-absence of high-indexed diffraction 
peaks for the MoS2/PVP and the MoS2/PVP/RGO samples indicate a low 
degree of MoS2 layers stacking,[24] in agreement with the HRTEM 
imaging results. As shown in the inset of Fig. 3f, in comparison to the 
pure MoS2, the (002) diffraction peaks shift to a lower value for the 
MoS2/PVP and the MoS2/PVP/RGO samples, being consistent with 
HRTEM results of expanded interlayer spacing. 

3.2. HER Electrocatalytic Performance 

We investigated the HER performance of MoS2, MoS2/PVP, and 
MoS2/PVP/RGO samples fabricated by inkjet printing. The schematic 
diagram and optical microscope image of a planar sample with catalysts 
evenly printed on Cu film are displayed in Fig. 4a. The overpotential (at 
10 mA cm− 2 current density) of the MoS2/PVP catalyst is much smaller 
than that of the pure MoS2 catalyst, and that of the MoS2/PVP/RGO 
catalyst decreases even further (Fig. 4b). Meanwhile, the slope obtained 
from the linear portion of the Tafel plot exhibits the same variation trend 
(Fig. 4c). These results indicate that the participation of PVP and RGO 
significantly improves the catalytic activity of MoS2 nanostructures for 
HER. To explore the influence of edge site exposure on catalytic per
formance, we designed and fabricated a 3D spatially-structured config
uration of catalysts by inkjet printing. The schematic diagram and 
optical microscope image of a patterned sample are shown in Fig. 4d. 
The uneven distribution of catalysts in the plane direction is evident 
from the optical image. The patterned catalysts demonstrate a better 
HER activity than the planar catalysts, as summarized in Table S1. In 
particular, the patterned MoS2/PVP/RGO on Cu film only needs 51 mV 
to drive a current density of 10 mA cm− 2, and its Tafel slope is as low as 
32 mV dec-1, which is comparable to the Pt/C electrode (the catalytic 
performance of 20 % Pt/C catalyst on the glassy-carbon electrode is 
shown in Fig. 4e,f). The HER exchange current density (j0) for patterned 

Fig. 4. (a) Schematic diagram (left) and optical microscope image (right) of planar catalyst, (b) polarization curves and (c) Tafel plots of MoS2, MoS2/PVP and MoS2/ 
PVP/RGO planar catalysts, (d) schematic diagram (left) and optical microscope image (right) of patterned catalyst, (e) polarization curves and (f) Tafel plots of MoS2, 
MoS2/PVP and MoS2/PVP/RGO patterned catalysts (Pt/C catalyst on glass carbon electrode as a reference). 
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MoS2/PVP/RGO on Cu film is 0.267 mA cm− 2, as deduced from the Tafel 
plot using the extrapolation method. 

Cyclic voltammetry (CV) experiments were carried out to obtain the 
electrochemical double-layer capacitance (Cdl) of catalytic electrodes, 
which can be used to evaluate the electrochemical surface area (ECSA) 
of the catalyst.[57] CV curves of planar and patterned electrodes are 
shown in Figs. S5 and S6, respectively. The halves of the maximum and 
minimum current density differences at the center of the scanning po
tential range are plotted versus the voltage scan rates in Fig. 5a and 5b, 
in which the slopes correspond to Cdl values. For planar catalysts, the Cdl 
values of MoS2/PVP and MoS2/PVP/RGO are about twice as much as 
that of the pure MoS2, while patterned catalysts show much higher Cdl 
values compared with planar catalysts. The high ECSA for patterned 
MoS2/PVP/RGO catalyst implies a larger number of active sites, 
consistent with the improved catalytic performance. The outstanding 
HER activity of Cu-supported MoS2/PVP/RGO catalyst is further 
demonstrated in Fig. 5c, in which an ultrahigh cathodic current density 
of 3250 mA cm− 2 is achieved at 600 mV. 

The catalytic kinetics of patterned MoS2, MoS2/PVP, and MoS2/PVP/ 
RGO electrodes were investigated by electrochemical impedance spec
troscopy (EIS), as shown in Fig. 5d. Compared with the pure MoS2 and 
the MoS2/PVP, the MoS2/PVP/RGO catalyst exhibits the smallest 
semicircle in the Nyquist plot, indicating the lowest charge-transfer 
impedance (Rct). The low Rct of the MoS2/PVP/RGO catalyst allows 
the fast shuttling of electrons during HER. DFT calculation results sug
gested a strong electronic coupling at the interface between MoS2 and 
RGO with polydopamine (PDA) as a linker.[58] It is expected that 
electronic coupling also exists in the MoS2/PVP/RGO hybrid due to the 
similar functionality of PVP and PDA. Thus, for the hybrid MoS2/PVP/ 
RGO system integrated on Cu films, it can be considered a Cu-RGO-MoS2 
contact (MoS2/PVP on Cu film can be considered a Cu-MoS2 contact). It 
was demonstrated that RGO between metal and MoS2 could significantly 
reduce the contact resistance and enhance electron injection into the 
conduction band of MoS2.[59,60]. 

To take advantage of the capabilities offered by inkjet printing, 

different graphic patterns (first printing 10 passes to form a plane, and 
then printing 10 passes more to generate a 3D spatial pattern on the 
plane) were fabricated, as shown in Fig. 6a-d. All samples were prepared 
using MoS2/PVP/RGO ink. Polarization curves and Tafel plots of sam
ples with different graphic patterns are depicted in Fig. 6e and 6f, 
respectively. It is clearly shown that the electrode with a square-spiral 
design displays the highest activity towards HER with minimum over
potential and Tafel slope. Electrochemical cyclic voltammograms of 
MoS2/PVP/RGO samples with different patterns are shown in Fig. S7, 
and the corresponding Cdl values can be found in Fig. 6g. The Cdl of the 
square-spiral pattern is the highest, which means that the electro
chemical effective surface area of this electrode is maximum. Obviously, 
an optimized spatial configuration can provide a larger specific surface 
area to expose a higher amount of edge sites. 

Further, different printing passes for forming the square-spiral 
spatial pattern were carried out using MoS2/PVP/RGO ink (Fig. S8a, 
10 printing passes for the underneath plane layer were done before the 
formation of the square-spiral pattern). Polarization curves and Tafel 
plots of the corresponding catalytic electrodes are shown in Fig. S8b 
and S8c, respectively. It can be seen that the patterned catalyst with 10 
passes shows the highest activity towards the HER. CV curves and the 
corresponding Cdl values of patterned catalysts prepared with different 
passes are shown in Fig. S9. It confirms that the HER activity of the 
catalysts with 0-pass and 5-pass patterns is limited by a lower ECSA. 
Although the 15-pass and 20-pass patterned catalysts have higher ECSA, 
the lower HER activity can be attributed to the decrease of charge 
transfer efficiency with the increase of catalyst thickness. 

DFT calculations were employed to reveal the role of RGO in the 
catalyst system. Cu (111) plane was exposed to build contact structures, 
and the top view of Cu-MoS2 and Cu-RGO-MoS2 models are shown in 
Fig. 7a and 7c, respectively. The electronic band structures of these two 
contacts are displayed in Fig. 7b and 7e. It can be clearly seen that the 
band gap of Cu-MoS2 is about 2.61 eV, while the band gap of Cu-RGO- 
MoS2 disappears showing metallic properties. The total and partial 
density of states were further calculated to analyze the interaction 

Fig. 5. Curves of capacitive currents versus scan rates for (a) planar catalysts and (b) patterned catalysts by electrochemical double-layer capacitance measurements. 
(c) Polarization curves of patterned MoS2/PVP and MoS2/PVP/RGO catalyst to achieve very high cathodic current density. (d) EIS plots of MoS2, MoS2/PVP and 
MoS2/PVP/RGO patterned catalysts. 
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mechanism of different components, as shown in Fig. 7c for Cu-MoS2 
and Fig. 7f for Cu-RGO-MoS2. From the comparison of these two results, 
it can be seen that the C atoms from RGO introduce electronic states into 
the energy band, resulting in the disappearance of the band gap of Cu- 
RGO-MoS2. As a conductor, Cu only contributes to the electronic states 
of the conduction band rather than introducing extra energy levels into 
the band gap. Based on the above discussion, it can be inferred that the 
introduction of RGO between Cu support and MoS2 catalysts enhances 
the conductive capability, enhancing the electron transfer between the 
Cu film and the edge sites and giving rise to a high electron injection 
efficiency. 

Per-site turnover frequency (TOF) is a crucial parameter to estimate 

the intrinsic activities of a catalyst for HER.[61,62] To evaluate the 
intrinsic HER kinetic of the patterned MoS2/PVP/RGO catalyst, we 
investigate its TOF through an electrochemical approach (see the 
calculation details in Supporting Information).[63] The TOF curve 
derived from the polarization curve and the ECSA is plotted in Fig. 8a. 
We obtained a high intrinsic activity with 1.14 s− 1 per site at 200 mV 
overpotential. 

In addition to HER activity, stability is a significant criterion for 
evaluating a catalyst’s performance. To assess the stability of the 
patterned MoS2/PVP/RGO catalyst, we performed long-term potential 
sweeps for 5000 cycles (taking RHE as a reference). As shown in Fig. 8b, 
the polarization curve of the catalyst after 5000 cycles exhibits 

Fig. 6. Schematic diagrams and optical microscope images of catalytic electrode (a) without pattern, (b) with square-spiral line pattern, (c) with concentric circles, 
and (d) with free circles. (e) Polarization curves, (f) Tafel plots, and (g) Curves of capacitive currents versus scan rates of samples with different pattern. All samples 
were prepared by using MoS2/PVP/RGO ink. 

Fig. 7. (a) Top view of Cu-MoS2 contact. Here blue, yellow and purple balls denote Cu, Mo and S atoms, respectively. Atoms beyond the boundary are not shown. (b) 
Electronic band structure and (c) total density of states (TDOS) and partial density of states (PDOS) from Cu of Cu-MoS2 contact. (d) Top view of Cu-RGO-MoS2 
contact. Here blue, yellow, purple and brown balls denote Cu, Mo, S and C atoms, respectively. Atoms beyond the boundary are not shown. (e) Electronic band 
structure of Cu-RGO-MoS2 contact. (f) TDOS and PDOS from C and Cu of Cu-RGO-MoS2 contact. 
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negligible current degradation compared to the original one, which 
proves exceptional durability. There is almost no change in the 
morphology of the catalyst before and after the stability test (Fig. S10). 
In addition, the superior HER performance of the catalyst is verified 
again due to the low overpotential of 126 mV to drive a current density 
of 100 mA cm− 2. 

3.3. HER mechanism of patterned MoS2/PVP/RGO catalyst on 
Cu film. The overpotential at 10 mA cm− 2 is a critical factor for HER 
activity, which is considered a device-oriented total electrode activity 
metric.[61] Besides, the Tafel slope reflects the HER reaction kinetics. A 
low Tafel slope is preferred since it implies a rapid increase in hydrogen 
generation rate at the applied overpotential. As mentioned above, the 
patterned MoS2/PVP/RGO catalyst on Cu film shows very low over
potential and Tafel slope values that are close to those of the Pt/C 
electrode. The overpotentials required to reach 10 mA cm− 2 and the 
Tafel slopes of recently developed TMDs-based electrocatalysts are 
summarized in Fig. 8c (detailed information is shown in Table S2), 
including WS2/Ni5P4-Ni2P,[11] monolayers MoS2/porous carbon,[64] 
MoSe2/MoO2 hybrid,[65] MoS2/CoNi2S4,[66] Co9S8/MoS2 core/shell 
nanocrystals,[67] MoSSe nanodots,[68] graphdiyne/MoS2,[69] MoSe2- 

based heterostructures,[70] and WS2@graphene.[71] To the best of our 
knowledge, the overpotential and the Tafel slope of patterned MoS2/ 
PVP/RGO catalyst on Cu film outperform most results reported for 
TMDs. For the HER in acidic media, three principal reaction steps were 
suggested.[72] First is a primary discharge step (equation (1), Tafel 
slope of about 120 mV dec-1). This step is followed by either an elec
trochemical desorption step (equation (2), Tafel slope of about 40 mV 
dec-1) or a recombination step (equation (3), Tafel slope of about 30 mV 
dec-1). 

Volmer reaction : H3O+ + e− → Hads + H2O (1)  

Heyrovsky reaction : Hads + H3O+ + e− → H2 + H2O (2)  

Tafel reaction : Hads + Hads→ H2 (3) 

Here, Hads represents the hydrogen adsorption sites onto the surface 
of a catalyst. The Tafel slope of 32 mV dec-1 for the patterned MoS2/ 
PVP/RGO on Cu film suggests that HER proceeds through a rapid 
Volmer reaction followed by a rate-limiting Tafel step. The improved 
electronic coupling and fast shuttling of electrons discussed above 

Fig. 8. (a) TOF curve of the patterned MoS2/PVP/RGO catalyst (plotted from the polarization curve and the ECSA). (b) Polarization curves of patterned MoS2/PVP/ 
RGO catalyst before and after 5000 cycles. (c) Comparison of the overpotentials at 10 mA cm− 2 and Tafel slopes for various TMDs catalysts. (d) Illustration of the HER 
process of MoS2 nanostructures surrounded by RGO on Cu film. 
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contribute to the fast proton discharge kinetic. 
Based on the above investigations, the high catalytic performance of 

patterned MoS2/PVP/RGO on Cu film could be attributed to the 
following reasons schematically described in Fig. 8d. (i) Nanoscopic 
few-layer MoS2 contributes to the abundant active sites, and 3D con
figurations formed by inkjet printing help to increase the density of 
exposed active edges. (ii) The 2H-to-1T conversion of MoS2 and the 
reduced charge-transfer impedance originated in RGO surrounding 
MoS2, both support fast HER kinetics. (iii) Cu film contacted to MoS2 
with RGO interlayer allows the efficient electron injection from the 
electrode to MoS2. 

4. Conclusion 

We demonstrated a facile and scalable approach to achieve an all-in- 
one MoS2-based electrocatalyst for ultra-efficient hydrogen evolution. 
The 3D patterned MoS2/PVP/RGO catalyst with partial 1 T-MoS2 and 
spatial configuration was constructed on Cu support by inkjet printing, 
which exhibited excellent catalytic performance with exceptionally low 
overpotential (51 mV at 10 mA cm− 2, 126 mV at 100 mA cm− 2), very 
low Tafel slope (32 mV dec-1), and ultrahigh cathodic current density. 
These state-of-the-art HER activities benefit from the increased exposure 
of abundant active sites, reduced charge-transfer impedance, and 
enhanced electron injection from the contact electrode. The catalytic 
materials are formulated as an ink for printing, allowing the flexible 
deposition of the catalysts in spatial patterns, on large areas, on various 
substrates, and with high throughput, which is an essential step toward 
industrial applications. This technology provides a new way to design 
2D layered-based catalysts for the ultra-efficient electrochemical gen
eration of hydrogen. 
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