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Three-Dimensional Structures of MoS, Nanosheets with
Ultrahigh Hydrogen Evolution Reaction in Water Reduction

Xiumei Geng, Wei Wu, Ning Li, Weiwei Sun, Johnathan Armstrong, Alaa Al-hilo,

Matthew Brozak, Jingbiao Cui,* and Tar-pin Chen*

The hydrogen evolution reaction in an alkaline environment using a non-
precious catalyst with much greater efficiency represents a critical challenge
in research. Here, a robust and highly active system for hydrogen evolution
reaction in alkaline solution is reported by developing MoS; nanosheet arrays
vertically aligned on graphene-mediated 3D Ni networks. The catalytic activity
of the 3D MoS; nanostructures is found to increase by 2 orders of magni-
tude as compared to the Ni networks without MoS,. The MoS, nanosheets
vertically grow on the surface of graphene by employing tetrakis(diethylam
inodithiocarbomato)molybdate(IV) as the molybdenum and sulfur source

in a chemical vapor deposition process. The few-layer MoS; nanosheets on
3D graphene/nickel structure can maximize the exposure of their edge sites
at the atomic scale and present a superior catalysis activity for hydrogen
production. In addition, the backbone structure facilitates as an excellent
electrode for charge transport. This precious-metal-free and highly efficient
active system enables prospective opportunities for using alkaline solution in

mainly lies in sluggish kinetics and unac-
ceptable high cost of precious metal. Devel-
opment of excellent catalytic activity with
high stability and cost-effective catalysts is
of great importance in improving HER per-
formance in alkaline medium.

Precious metal Pt,5~7] precious metal
(Pt, Ir, Ru) modified on porous sub-
strates® 11 and other metal alloy!'>-1¢
have been used as catalysts in alkaline
medium. These catalysts showed reason-
able cathode current density for HER.
Studies to improve catalyst kinetics by
modifying or introducing other com-
pounds have also been reported. So far,
the best result on Pt catalyst system in
alkaline medium achieved by tailoring Li*-
Ni(OH),-Pt interface has shown 10 times

industrial applications.

1. Introduction

Electrocatalysis plays a pivotal role in renewable energy tech-
nology, especially in hydrogen evolution reaction (HER) for water
splitting.?l HER is a fundamental electrochemical reaction to
explore electrode stability, catalysis kinetics and basic reaction
mechanism of converting protons (acid) or water (alkaline) into
molecular hydrogen. Most HER catalyst activity in acid medium
is superior to that in alkaline medium by ~2 to 3 orders of mag-
nitude.>* The current dilemma for HER in alkaline medium
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improvement in activity as compared to

metal Pt catalyst alone.'”] However, the

high cost of Pt hinders its extensive com-

mercial applications. High surface-area
Raney Ni and Ni alloy are actually used to serve as a catalyst in
conventional water alkaline electrolyzers.'81 Although efforts
have been made towards higher catalyst loading,> or change
in the alloy composition for improving Ni or its alloy catalyst
system, it has not changed the fact that its catalyst activity still
remains sluggish and at a relatively low level. If this bottleneck
on Ni catalyst system can be eliminated, the remarkable effi-
ciency improvement in HER and substantial electrical energy
saving will become possible in hydrogen production. Indeed, by
modifying Ni(OH), nanoclusters on a Ni electrode, the HER is
four times higher than that using unmodified Ni.[%

Due to its capability in effectively cleaving the HO-H bond, 212
MoS,, a two-dimensional layered materials, has been recognized
as one of the important materials for low cost HER with high
photocatalytic and electrocatalytic efficiency. Its nanometer-scale
edges have been theoretically and experimentally proved to be
active sites for HER.2*28] Maximizing the number of exposed
edge site can strikingly boost the catalytic activity. Many methods
have been used to increase the exposure of the edge sites, which
include growth of MoS, vertically on flat substrate and synthesis
of MoS, vertically on curved and rough nanowire surfaces.?*30
Three dimensional (3D) MoS, structures have also been fabri-
cated to maximize the density of active catalytic sites, however,
poor electric and mass transport limit their catalytic efficiency.?!
Amorphous MoS, (x = 2) on graphene-coated Ni foam showed
advantages on HER in acid solution due to improved catalyst
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loading. Unfortunately, Ni foam is unstable in acid solution.?? To
our knowledge, highly efficient and cost-effective precious-metal
free catalyst for water splitting in alkaline solution has not been
developed so far. We report here for the first time a robust and
highly active system for hydrogen evolution reaction in alkaline
solution using 3D MoS, structures composed of vertically aligned
nanosheet arrays on the surface of graphene-mediated 3D Ni net-
works. The catalytic activity from the 3D structure was found to
increase by 2 orders of magnitude than the Ni backbone without
MoS,.

2. Results and Discussion

The 3D MoS, nanosheets (3D MoS,-G-Ni) structure was syn-
thesized by employing tetrakis(diethylaminodithiocarbomato)

*Mo °S @ Mo(dedtc),

& Graphene on Three Dimensional Ni
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molybdate(IV)?? as both the molybdenum and sulfur source
in a chemical vapor deposition (CVD) process as schemati-
cally illustrated in Figure 1a. First, graphene was grown on
the 3D Ni foam surface by CVD (see the Supporting Informa-
tion for experimental details) to form the 3D G-Ni structure.
High resolution transmission electron microscopy (HRTEM)
was used to examine the crystallinity and layer number of gra-
phene. Few-layer and multi-layer were confirmed as shown in
Figure 1b and 1c. The samples were prepared by dissolving Ni
completely in FeCl; solution for 2 days. The graphene foam was
cleaned by DI water and sonicated for 5 minutes in ethanol.
Selected area electron diffraction (SAED) (Figure 1d) demon-
strates a good crystallinity of graphene from the area in Figure
S1. Four (Figure 1b) and 15 layers (Figure 1c) of graphene were
obtained, depending on the catalyst thickness of Ni at different
zone in the three dimensional Ni foam. A long growth time of

Figure 1. Fabrication of 3D MoS,-G-Ni structures. (a) Schematic illustration of the formation process of 3D MoS,-G-Ni: 3D Ni as substrate (left), growth
of graphene to form 3D G-Ni (middle), and formation of 3D MoS,-G-Ni(right). The cross-sectional view of the final 3D MoS,-G-Ni foam is shown in the
inset of the right picture. (b,c) HRTEM images of graphene with 4 and 15 layers, respectively. (d) SAED of graphene. (e) Schematic of chemical synthesis
setup in a horizontal tube furnace. (f) Optical images of a pristine 3D Ni substrate (left), 3D G-Ni (middle), and 3D MoS,-G-Ni (right).
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5 min was also needed in order to obtain few-layer and multi-
layer graphene used in this work. The organic molybdenum
and sulfur source was introduced at around 300 °C and the 3D
G-Ni substrate was loaded at around 400 °C in the tube furnace
(Figure 1le) (see Experimental Section for synthetic details).
The vapor of molybdenum and sulfur source started to react
and MoS, nanosheets were deposited on the surface of gra-
phene. The experimental process was carried out in a simple
setup rather than in a complex and hard-operating stainless
steel chamber equipped with gas handling systems and a turbo-
molecular pumping station.l**l Our experimental results yielded
three dimensional structures with different color as shown in
Figure 1f. The colors for the 3D Ni substrate (left), the 3D G-Ni

www.afm-journal.de

(middle), and the 3D MoS,-G-Ni (right) are respectively silver,
black, and blue black.

The morphology of the 3D MoS,-G-Ni was confirmed by
scanning electron microscopy (SEM) and TEM. The MoS,
nanosheets were vertically grown on the surface of graphene,
as shown in Figure 2. These vertical MoS, nanosheets cover
all 3D G-Ni surfaces, forming 3D MoS,-G-Ni structures. Sur-
face morphology images of 3D MoS,-G-Ni measured along
different angles are given in Figure 2a—c. Figure 2d shows
a low resolution TEM image of MoS, nanosheets grown on
graphene. The sample was prepared by removing the Ni sub-
strate in 1 mol L~! HCI solution after the 3D MoS,-G-Ni sur-
face was coated with PMMA (4.5 wt% PMMA with molecular

Figure 2. Morphology of MoS,-G-Ni structure. (a—c) SEM images of 3D MoS,-G-Ni along different angle. (a) Bottom: Bottom view represents the
bottom side of the suspended sample in tube furnace and Bottom images were taken at different magnifications. (b) Top: Top view represents the top
side of the suspended sample in tube furnace and Top images were taken at different magnifications. (c) Cross section: Cross section represents the

lateral side of the suspended sample in tube furnace and Cross section images were taken at different magnification. (d) Low resolution TEM image of

vertical MoS, nanosheets on graphene surface. (e) High resolution TEM of vertical MoS, nanosheets on graphene surface. MoS, layers and graphene

lattices can be clearly observed.
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weight ~996,000 in anisole). MoS, nanosheets still vertically
stand on graphene surface even after PMMA was removed in
acetone and the sample was sonicated in ethanol for 10 min,
suggesting that the interaction between MoS, nanosheets and
graphene was strong. A typical high resolution TEM image is
shown in Figure 2e. The vertical MoS, nanosheets have folded
edges, exhibiting parallel lines corresponding to the layers of
MoS, sheet (number of layers = 12). The lattice of the gra-
phene underneath MoS, can also be seen clearly (see Figure
S2 in Supporting Information for the details). It should also be
pointed out that graphene plays a key role in the formation of
3D MoS; nanosheets structures by protecting the Ni substrate.
No MoS, nanosheets were grown when 3D nickel was used as
a substrate without graphene mediated layer. In this later case,
only Ni3S, nanoparticles were found on the surface nickel (see
Figure S3 in Supporting Information for the details).

The structure of the resulting 3D MoS,-G-Ni was also char-
acterized by Raman spectroscopy, X-ray photoemission spectros-
copy (XPS), and HRTEM. The inset of Figure 3a exhibits the
characteristic Raman of MoS, at 378 and 405 cm™!. These peaks
are generated by the in-plane E'), and out-of-plane A', Raman
MoS, mode, respectively. The intensity of Al, mode is much
higher than that of E'), mode, indicating that the 3D MoS, is
of edge-terminated structure with excellent catalytic activity. The
peaks at 1580 and 2700 cm™! respectively correspond to G and 2D
bands of graphene under the MoS, nanosheets. The spectrum
in red is taken from 3D MoS,-G-Ni nanostructures. For compar-
ison, a spectrum from as-prepared graphene is also shown as the
black curve in the figure. The small peak at 1350 cm™!, associ-
ated with the defects of the graphene lattices, indicates that the
defects are relatively low and the growth of MoS, on top of the
graphene does not damage the structure of graphene.

The chemical state studies on Mo and S in the 3D MoS,
were carried out by XPS. Figure 3b shows the main peaks of
Mo, S and C from the surface of the 3D MoS,-G-Ni structure.
The high resolution XPS spectra show that the Mo peak at
229 eV, arising mostly from its 3ds;, single doublet as a char-
acteristic of +4 oxidation state (Figure 3c). Figure 3d shows the
XPS peaks of S 2p. A single doublet 2p;; state at 162 eV is con-
sistent with a —2 oxidation state for the sulfur. The two doublets
are identified as characteristic of the S*~ and Mo** features in
MoS,. High resolution TEM revealed the S-Mo-S structure of
the vertical MoS, and the line scan spans 7 layers and covers
4.308 nm in length, showing an average layer-to-layer spacing
of 0.615 nm for MoS, as indicated in the model (Figure 3e).
These results prove that the structure of the MoS, consists of
S-Mo-S trilayers which is separated by a Van der Waals gap
and the layer-to-layer spacing of 0.615 nm.*¥l The Raman, XPS
spectra and TEM image thus show evidences that vertical MoS,
nanostructures have been grown on the surface of graphene.

The electrocatalytic HER activities of the 3D MoS, in alka-
line solution using a typical three-electrode setup were inves-
tigated (see the Experimental Section for experimental details).
We found that the 3D MoS,-G-Ni system exhibits excellent
activity for HER in alkaline medium that is 2 orders of mag-
nitude higher than that of 3D Ni without MoS, at an overpo-
tential of -0.62 V. Figure 4a shows the polarization curve of the
HER in 0.1M KOH solution for the 3D MoS,-G-Ni, 3D G-Ni
and 3D Ni. The electrocatalytic behavior of 3D MoS,-G-Ni

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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system onsets at a very low potential of ~—25 mV comparing
to that of ~~700 mV for the 3D Ni substrate. The Tafel curve
of the 3D MoS,-G-Ni in the low current density region show
a slope of 98 mV/decade, which is much lower than 148 mV/
decade of 3D Ni (Figure 4b). The Tafel slope was increased
to 358 mV/decade when graphene was introduced to the sur-
face of 3D Ni. The HER rate for 3D G-Ni is lowered because
the surface of 3D Ni was covered by the graphene which pre-
vents the hydrogen liberate. The earlier onset of overpotential,
enhanced catalytic activity and smaller Tafel slope suggest that
the 3D MoS,-G-Ni structure is an ideal material system for
HER in alkaline solution.

High stability is important for electrocatalysts in practical
application. The stability of the 3D MoS,-G-Ni was assessed
by taking continuous test of 500 cycles from a —0.62 V to 0 V
potential window at an accelerated scanning rate of 50 mV s7%.
Under the same current density of ~2.8 mA cm™, the stability
of the 3D Ni and 3D G-Ni were also tested and are shown in
Figure 4c. We found that high stability can be obtained by
introducing graphene on the surface of the 3D Ni. A decrease
of 30% in activity for 3D G-Ni is observed after an operation
of 500 cycles. This degradation is much smaller than a 70%
decrease in activity for 3D Ni under the same test. Importantly,
degradation in activity is further improved by using 3D MoS,—
G-Ni materials. It is concluded that the 3D MoS,-G-Ni pos-
sesses superior stability in alkaline solution.

To measure the solubility of MoS, during the process of elec-
trocatalysis, the test solution was dried on Si substrate at atmos-
phere after 500 continuous tests from a —0.62 to 0 V potential
range. The energy-dispersive X-ray spectroscopy (EDX) was
used for elemental analysis. A typical EDX spectrum is shown
in Figure S5. No traceable Mo and S signals were detected in
the sample, suggesting that MoS, does not dissolve in the solu-
tion during hydrogen evolution reaction.

3. Conclusions

A high activity and high stability 3D MoS,-G-Ni structure has
been developed for HER in alkaline solution without using
precious metal. The catalytic activity was found to increase by
2 orders of magnitude than its backbone Ni without MoS,.
Graphene-mediate layer between the MoS, and Ni has multi-
functions for protecting the substrate from reacting with sulfur,
enhancing the conductivity for charge transport, and increasing
the stability of the substrate in the alkaline solution. Further
improvements on this 3D nanostructure in enhancing the
activity could potentially be achieved by increasing the density
of the vertical MoS, on the graphene surface.

4. Experimental Section

Synthesis and Preparation: The 3D MoS,-G-Ni structure was
prepared inside a single-zone, 12-in. horizontal tube furnace (MTI
Corporation) equipped with a mechanic pumping station and a 1-in.
diameter single-ended quartz tube. Tetrakis(diethylaminodithioca
rbomato)molybdate(IV) and 3D G-Ni were synthesized using the
method reported by the paper (see the Supporting Information for
the experimental details).*3%1 The 3D G-Ni substrates are suspended

Adv. Funct. Mater. 2014, 24, 6123-6129
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Figure 3. (a) Raman spectra of 3D G-Ni and 3D MoS,-G-Ni. The inset shows the E',, and A', Raman vibrational modes of MoS,. (b) XPS spectra of
3D MoS,-G-Ni. (¢,d) High-resolution XPS spectra of the Mo 3d (c) and S 2p (d). (e) HRTEM image of vertical MoS,, showing S-Mo-S layered structure.
Line scan of HRTEM image indicated by the blue line, giving the layer-to-layer spacing of 0.615 nm.
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Figure 4. (a) The polarization curves of 3D MoS,-G-Ni, 3D G-Ni, and 3D Ni
in 0.1 M KOH solution (the scan rate is 5 mV s7). (b) The Tafel curves of
3D MoS,-G-Ni, 3D G-Ni, and 3D Ni in 0.1 M KOH solution. (c) Stability of
3D MoS,-G-Ni, 3D G-Nji, and 3D Ni in 0.1M KOH solution after 500 cycles.

at the hot center of the tube furnace at ~400 °C. Tetrakis(diethylam
inodithiocarbomato)molybdate(IV) 50 mg was loaded at the lower
temperature zone at ~300 °C. The synthesis setup is illustrated in
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Figure le. The tube was pumped to a pressure of 6 mTorr to remove
the air molecules. The vacuum valve at the end of quartz tube was then
closed. Subsequently, the heating center of the furnace is quickly raised
to reaction temperature of 400 °C in 18 min. The furnace was held at
this reaction temperature for 30 min, and then cooled down by itself
naturally before the sample was taken out.

Electrochemical ~ Studies:  Electrochemical ~measurements were
performed using a three electrodes electrochemical station (Gamry
instruments). All measurements were performed in a solution of 50 mL
of 0.1 M KOH electrolyte (pH = 14) prepared using 18 MQ deionized
water purged with H, gas (99.999%). A 3D MoS,-G-Ni was used as the
working electrode (see the Figure 1f for the optical image), Platinum foil
was used as a counter electrode, and Hg/HgO was used as the reference
electrode. The reversible hydrogen electrode (RHE) was calibrated using
platinum as both working and counter electrodes to +0.072 V vs the Hg/
HgO reference electrode. The performance of the hydrogen evolution
catalyst was measured using linear sweep voltammetry beginning at
0 V and ending at —0.62 V vs RHE with a scan rate of 5 mV s7'. The
electrochemical stability of the catalyst was evaluated by cycling the
electrode 500 times. Under the same current density, each cycle for
3D MoS,-G-Ni, 3D G-Ni and 3D Ni started at +0.01 V and ended at
—0.62 V vs RHE, —1.0 V vs RHE, —1.1 V vs RHE with a scan rate of
50 mV s7', respectively.

Characterizations: Characterizations were carried out using scanning
electron microscopy (SEM, JEOL JEM 7000F) and transmission electron
microscopy (TEM, JEM 2100F), Raman spectroscopy (Horiba Jobin
Yvon, Inc (LabRam 300) Raman Spectroscopy System, 633 nm laser,
1 cm™ spectral resolution.), and X-ray photoelectron spectroscopy
(Thermo K-Alpha XPS System).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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