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The efficient production of hydrogen through electrocatalytic decomposition of water has broad prospects in modern
energy equipment. However, the catalytic efficiency and durability of hydrogen evolution catalyst are still very deficient,
which need to be further explored. Here in this work, we prove that introducing a graphene layer (Gr) between the molyb-
denum disulfide and nickel foam (Ni—F) substrate can greatly improve the catalytic performance of the hybrid. Owing to the
excitation of local surface plasmon resonance (LSPR) of gold nanoparticles (NPs), the electrocatalytic hydrogen releasing
activity of the MoS,/Gr/Ni-F heterostructure is greatly improved. This results in a significant increase in the current density
of AuNPs/MoS,/Gr/Ni-F composite material under light irradiation and in the dark at 0.2 V (versus reversible hydrogen
electrode (RHE)), which is much better than in MoS,/Gr/Ni—F composite materials. The enhancement of hydrogen release
can be attributed to the injection of hot electrons into MoS,/Gr/Ni-F by AuNPs, which will improve the electron density
of MoS,/Gr/Ni-F, promote the reduction of H,O, and further reduce the activation energy of the electrocatalyst hydro-
gen evolution reaction (HER). We also prove that the introduction of graphene can improve its stability in acidic catalytic
environments. This work provides a new way of designing efficient water splitting system.

Keywords: hydrogen evolution reaction, catalytic, graphene, plasmon resonance

PACS: 88.30.em, 81.16.Hc, 61.48.Gh, 73.20.Mf

1. Introduction

In recent years, due to the imminent global energy crisis
and the serious pollution caused by fossil fuel consumption,!!
the conversion of solar energy into clean chemical fuels (Hp,
CH,, etc.) have been studied intensively.!”) Hydrogen is
considered to be the next generation of clean and renew-
able energy due to its high energy density and environmen-

1341 Hydrogen production

tally friendly combustion products.
by electrochemical splitting of water is one of the most effec-
tive and sustainable hydrogen production strategies. Precious
metals play an important role in hydrogen evolution reaction
(HER), such as Pt, Pd, and Rh, but the scarcity and high cost of
precious metals limit its practical application.>~’1 Compared
with the precious metals, non-noble metal catalysts, including
enzymes, metal alloys, transition metal inorganic compounds,

and metal-organic complexes, have received extensive atten-

DOI: 10.1088/1674-1056/abea88

tion and developed by various alternative methods. (8121

Theoretical and experimental studies have shown that ma-
terials based on two-dimensional layered molybdenum disul-
fide (MoS,) will be a promising HER catalyst because the un-
saturated sulfur atoms on the edges of the MoS; nanosheets
possess excellent affinity for Hy.['3!4] Density functional the-
ory (DFT) has demonstrated that the free energy of H ad-
sorption on the edge of MoS; is neither too high nor too low
(AGY =0 eV).l1] As is well known, the original MoS, has
poor electron transport performance and requires a very large
overpotential to achieve a considerable HER conversion fre-
quency. Hence, there remains a major challenge to reduce
the overpotential of HER on MoS;-based materials. In order
to solve this problem, a large number of strategies have been
proposed to improve the catalytic activity of MoS,: increasing
the number of active sites, enhancing the intrinsic activity, and

increasing the electron transport rate.['-171 Although great
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progress has been made, the current researches mainly focus
on independent electrocatalysis, while neglecting the integra-
tion of other driving forces, such as photochemistry, especially
the integration of local surface plasmon resonance (LSPR) to
the electrocatalytic system.

The LSPR is the collective oscillating behavior of no-
ble metal conduction electrons driven by incident light. It
can provide some unique benefits as metal nanostructures,
including enhanced local electromagnetic fields, effective
charge carrier separation, and thermal effects during photon
dissipation.[!8-2!1 Recently, it has been demonstrated that the
LSPR effect can accelerate the electrochemical process by in-
jecting hot electrons into the catalyst.[?>261 When plasmonic
metal nanostructures (such as Au, Ag, and Cu) are coupled to
other substrates, such as various semiconductors (i.e., TiO5,
CdS, WOs, graphene, MoS,, Fe,03), the hot electrons ex-
cited by plasmons can overcome the Schottky barrier and be
injected from metal nanoparticles into the conduction band
of the semiconductor.!?°3% In addition, although AuNPs are
doped into MoS,, the doping of Au will not seriously change
the crystallinity of MoS; nor reduce the electrical properties of
the structure.*! Therefore, the introduction of plasmonic ef-
fect into the MoS;-based electrochemical catalyst may be an
effective method to promote the entire catalytic process.

On the other hand, low-cost and well-conducted Ni foam
(Ni—F) with abundant macropores has been widely used as a
frame for self-supporting electrodes.?>=4! A lot of researches
have been conducted on the water splitting of Ni-F framework
in alkaline solution by the virtue of the well stability and at the
expense of the catalytic efficiency. 3*37] Compared with that
in the alkaline solution, Ni—F in the acidic solution is suscep-
tible to chemical corrosion and unstable. ! It has been pro-
posed to deposit a graphene layer on Ni—F to provide strong
chemical corrosion protection for long-term efficient electro-
catalytic HER. Owing to its superior conductivity as an in-

termediate layer, graphene can effectively transfer plasmonic
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hot electrons quickly to form free radicals.**! This can ensure
not only the stability of the material, but also the excellent
electrical conductivity of the material. In addition, Tsai et al.
reported that the graphene layer can also adjust the hydrogen
bond of the loaded MoS; to being closer to thermal neutrality
through DFT calculations. [0}

Inspired by this, here in this work, we inject the graphene
layer and Au nanoparticles that can excite the plasmonic
effect into the MoS,-based catalytic material to form the
AuNPs/MoS,/Gr/Ni-F hydrogen evolution reaction catalytic
structure with strong durability and high hydrogen production
efficiency. The proposed LSPR-driven AuNPs/MoS,/Gr/Ni-F
structure possesses many virtues: (i) AuNPs as light absorbers
can excite electron-hole pairs in the LSPR process; (ii) MoS;
nanosheets can act as active sites and electron acceptors to pro-
mote HER; (iii) graphene can improve the corrosion resistance
of the overall structure and make the hybrid more stable. By
the combination of these virtues, the hydrogen production ef-
ficiency can be enhanced by the AuNPs and MoS; nanosheets,
and the stability can be improved by protecting the graphene.
The experimental results demonstrate our expectations, i.e.,
the excellent HER performance of the AuNPs/MoS,/Gr/Ni—
F structure with a current density of ~ 280 mA-cm~2 and an
over potential of 28 mV are achieved when the input poten-
tial is fixed to be 0.25 V. After testing potential-current cycle
(CV) characteristics 1000 times, we also find that the catalytic
stability is enhanced, which can be attributed to the protec-
tive effect of graphene. Our work is helpful in seeking for a
versatile solution to the low efficiency and poor durability of
hydrogen evolution catalyst, and paving a facile way for the

popularization of hydrogen energy in the future.

2. Experiment
2.1. Structure preparation

The preparation process of AuNPs/MoS,/Gt/Ni-F cat-

alytic structure is shown in Fig. 1.

electrochemical workstation
and computer

1005 °C s 0 9 mMol/L AgAgCl reference electrode
0.5 h min HAuCl4 3H,0
550 °C
1. 5 h
(NH4)2MOS4 electrode
Gr/Ni— ; electrode
MoS,/Gr/Ni—F

> dilute HySO

Fig. 1. Preparation process of AuNPs/MoS,/Gr/Ni-F catalytic structure and schematic diagram for electrochemical test.
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The graphene was prepared by the chemical vapor de-
position (CVD) method. First, the nickel foam was cut into
1 cmx1 cm in area and cleaned with acetone, ethanol and
deionized water for 1 h, in sequence. Then, the nickel foam
was placed in a tubular furnace and kept for 30 min under the
following condition: temperature of 1005 °C, methane flow
rate of 50 sccm, and hydrogen flow rate of 50 sccm.!*1:421
Then, the MoS; layer was prepared by thermal decomposition
method and coated on the Gr/Ni-F, forming a MoS,/Gr/Ni—
F structure.*3 Finally, the MoS,/Gr/Ni—F structure was im-
mersed in HAuCly-3H,O solution with a concentration of
0.9 mMol-L~!, which was removed after 5 min. The surface
residue was washed with deionized water and dried naturally,
then AuNPs/MoS,/Gr/Ni—F catalytic structure with an area of
1 cm? was prepared.

2.2. Characterization of samples

The Raman spectra were recorded with a Raman spec-
trometer (Horiba Lab RAM HR Evolution 800). The wave-
length and power of laser were 532 nm and 0.48 mW, respec-
tively with a diffraction grid of 600 g-nm~!. A 50x objective
was used to focus the laser beam on the substrate. The scan-
ning electron microscope (SEM) and energy dispersive spec-
troscopy (EDS) test were carried out using a scanning electron
microscope (ZEISS Sigma500 at 5.0 kV).

2.3. Electrochemical detection

Using a three-electrode system, AuNPs/MoS,/Gr/Ni-F
sample with a size of 1 cmx1 cm was used as a working
electrode and clamped by copper electrode, the graphite rod
was used as a counter electrode, and the Ag/AgCl electrode
was used as a reference electrode. Using solar simulator as
the light condition, a series of electrochemical tests was car-
ried out on the three-electrode system in a H,SO,4 environment

with a concentration of 0.5 mol-L~!.

3. Results and discussion

The scanning electron microscope SEM images are car-
ried out to characterize the morphologies of the samples as
shown in Figs. 2(a)-2(d). As shown in Fig. 2(a), before the
deposition of the graphene, the surface of the Ni-F material is
smooth and flat. After the growth of the graphene as shown
in Fig. 2(b), the surface of Gr/Ni—F structure turns black and
wrinkled morphology, which demonstrates that the graphene
layer is highly uniformly covered on the Ni-F. The image of
Raman spectrum in the insert of Fig. 2(b) exhibits two char-
acteristic peaks of graphene at —1580 cm~! (G band) and
—2700 cm~! (2D band), which further proves the existence

of graphene. After the growing of MoS, by thermal decom-
position in Fig. 2(c), it can be seen clearly that MoS; film on
the surface of MoS,/Gr/Ni—F structure is fragmented, which
can increase the effective reaction area and the number of ac-
tive sites for the hydrogen evolution. The characteristic peaks
(E2¢ and Az modes, respectively) of MoS; at 386 cm~! and
406 cm~! shown in the image of Raman spectroscopy fur-
ther indicate that a high-quality MoS; layer is deposited.*’!
In order to endow the MoS,/Gr/Ni—F with plasmonic activ-
ity, the sample was soaked in a 0.9-mMol-L~' HAuCl4-3H,0
aqueous solution for 5 min to obtain AuNPs/MoS,/Gr/Ni-F.
As exhibited in Fig. 2(d), the AuNPs are evenly distributed
with moderate density and high coverage, which provides
an excellent platform for the generation of plasmonic effect
and builds a perfect stage for the catalytic hydrogen evo-
lution reaction.!** In addition, to further characterize the
AuNPs/MoS,/Gt/Ni-F structure, the EDS element mapping
corresponding to the structure is shown in Fig. 2(e), which
clearly shows the coexistence of Au, Mo, S, and C elements.
As can be seen from the distribution of Au, S, and Mo ele-
ments in Fig. 2(e), AuNPs and MoS,, which play a key cat-
alytic role, are uniformly distributed. In order to confirm
the plasmonic enhancement effect of AuNPs, we compare the
Raman spectra of MoS, on the MoS,/Gt/Ni-F sample and
AuNPs/MoS,/Gr/Ni-F sample.

Figure 2(f) presents the change of the Raman charac-
teristic peak of MoS;. We can see clearly that the inten-
sity of Raman peak of MoS, is greatly enhanced by the ad-
dition of AuNPs, which can be attributed to the electromag-
netic enhancement based on the LSPR effect introduced by
the AuNPs. The LSPR of AuNPs is much beneficial for
the improvement of the catalytic hydrogen evolution perfor-
mance and will be discussed in detail later, which can re-
duce the overpotential of the MoS, layer in the hydrogen
evolution reaction and greatly increase the electron transfer
rate.[*>) The x-ray photoelectron spectroscopy (XPS) spec-
tra show that the binding energies of Au 4fs5); and Au 4f7
in AuNPs/MoS,/Gr/Ni-F are positively shifted by approx-
imately 0.20 eV and 0.14 eV, respectively, compared with
those of AuNPs/Gr/Ni-F (Fig. 2(g)). The binding energies of
Mo 3d;/, and Mo 3ds/, in AuNPs/MoS,/Gr/Ni-F are nega-
tively shifted by approximately 0.21 eV and 0.23 eV respec-
tively, as compared with those in MoS,/Gr/Ni—F (Fig. 2(h)).
The binding energies of S 2p3; in AuNPs/MoS,/Gr/Ni-F are
negatively shifted by approximately 0.18 eV, respectively, as
compared with those in MoS,/Gr/Ni-F (Fig. 2(i)). These re-
sults unambiguously confirm that the electrons transfer from
AuNPs to MoS, in AuNPs/MoS,/Gr/Ni-F.
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Fig. 2. (a) SEM image of Ni-F, (b) SEM image and Raman spectrum image of Gr/Ni-F, (¢) SEM image and Raman spectrum image of MoS,/Gr/Ni—
F, (d) SEM image and Raman spectrum image of AuNPs/MoS,/Gr/Ni-F, (e) EDS image of AuNPs/MoS,/Gr/Ni-F, (f) Raman spectra of the MoS;
on AuNPs/MoS,/Gr/Ni-F and MoS,/Gr/Ni-F, (g) Au 4f XPS spectra of AuNPs/MoS,/Gr/Ni-F and AuNPs/Gr/Ni-F, (h) Mo 3d XPS spectra of
AuNPs/MoS,/Gr/Ni-F and MoS,/Gr/Ni-F, and (i) Mo 3d XPS spectra of AuNPs/MoS,/Gr/Ni—F and MoS,/Gr/Ni-F.

Since the structure of metal nanoparticles will affect
the plasmonic effect and further influence the plasmonic en-
hancement process, we investigate the optimal immersed
time for the better plasmonic enhanced effect by using
Raman spectrum./*®) We immerse the MoS,/Gr/Ni-F in
HAuCly-3H,0 with a concentration of 0.9 mMol-L~! for dif-
ferent times, and then collect the Raman spectrum of the
MoS,. As can be seen from Fig. 3(a), the characteristic peaks
of MoS; can be clearly observed in all samples and increase
with the immersed time increasing, the intensities of Raman
peaks of MoS, increase with the immersed time increasing
from 1 min to 5 min. However, further increasing the im-
mersed time, the intensities of the peaks will decrease. The
variations of the Raman peaks’ intensities with the different
immersed time are further plotted and exhibited in Fig. 3(b). In
order to ascertain why the Raman intensity behaves so, we col-
lect the SEM images of the samples with different immersed
times as shown in Fig. 3(c). As can be seen from Fig. 3(c), the
gap between the AuNPs on the surface of the sample is larger
when the immersed time is within 5 min, therefore the plas-

monic effect is weak. Further increasing the immersed time,
AuNPs form bigger cluster and the gap between the AuNPs is
partially filled, which results in the decrease of the hot spots
and the weak plasmonic effect. Hence, the optimal immersed
time for the plasmonic effect is achieved to be 5 min.

To investigate the enhancement of the LSPR effect in-
troduced by AuNPs for the catalytic hydrogen evolution
performance, we measure the electrocatalytic HER activi-
ties of the AuNPs/MoS,/Gr/Ni—F and the MoS,/Gr/Ni-F in
0.5-mol-L~! H,SO4 using a typical three-electrode setup at
room temperature. We can see clearly that in the polarization
curve (I-V diagram) shown in Fig. 4(a), under an overpo-
tential of 0.25 V, a current density of ~ 250 mA-cm~2 can
be achieved for the case of the AuNPs/MoS,/Gr/Ni—F under
the dark, which is much larger than that (~ 55 mA-cm™2)
of the MoS,/Gr/Ni-F under the same condition, indicat-
ing the enhancement effect due to charge interaction be-
tween AuNPs and MoS,/Gr/Ni-F.[*7l Under illumination,
the current density of AuNPs/MoS,/Gr/Ni-F increases from
~ 250 mA-cm~2 to ~ 280 mA-cm~2 (increased by 12%),
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(c) Raman spectra of graphene in the AuNPs/MoS,/Gr/Ni-F before and after 1000-CV tests, (d) Raman spectra of MoS; in the AuNPs/MoS,/Ni-F before
and after 1000-CV tests, (¢) Raman spectra of MoS, in the AuNPs/MoS,/Gr/Ni-F before and after 1000-CV tests, and (f) SEM images of Ni and Gr/Ni

before and after corrosion by dilute H>SOy.

while there is almost no improvement for the case of
MoS,/Gr/Ni-F. The slight increase in MoS,/Gr/Ni-F data is
due to the photocatalytic properties of MoS itself.[*8] These
results show that the LSPR effect of AuNPs can increase
the polarization current density of the sample electrode. Un-
der a current density of 10 mA-cm 2, AuNPs/MoS,/Gr/Ni—
F exhibits the lowest overpotential (0.028 V) in all samples
(see Fig. 4(b)). The trend is similar to the result shown in
Fig. 4(a). Based on the polarization curves in Fig. 4(a), the
corresponding Tafel plots are further calculated to evaluate the
influence of charge interaction and LSPR on the HER kinet-
ics. The Tafel slope of AuNPs/MoS,/Gr/Ni—F under the light
(26.14 mV-dec™') is much lower than that of MoS,/Gr/Ni—
F under the dark (103.23 mV-dec™'), MoS,/Gr/Ni—F under
the light (101.81 mV-dec™!), and AuNPs/MoS,/Gr/Ni-F un-
der the dark (36.83 mV-dec™!), suggesting its more favorable
HER kinetics (see Fig. 4(c)).[*? Furthermore, figure 4(d)
shows various Nyquist plots. The electrochemical impedance
spectroscopic measurements are conducted at an overpotential
of 300 mV in a frequency range from 10 kHz to 0.1 Hz. Ob-
viously, the AuNPs/MoS,/Gr/Ni-F under the light shows an
extremely small diameter semicircle, indicating the minimal
charge transfer resistance. This clearly indicates the acceler-
ated HER kinetics by light-induced LSPR of AuNPs. Based
on the above results, figure 4(e) shows the expected mecha-
nism between Au and MoS; for enhancing HER activity. The
high-energy hot electrons generated on AuNPs based on the
LSPR will escape from the electronic equilibrium state. When
the plasmon-induced hot electrons are injected from AuNPs
into MoS,, the excited plasmons will be relaxed. This non-

radiative relaxation of LSPR will significantly improve the
light absorption performance of the catalyst.>!!

As mentioned above, graphene in the AuNPs/MoS,/Gr/Ni—
F structure has strong corrosion protection, especially in an
acidic environment, which allows the surface of the catalyst
structure remain intact to maintain the original catalytic per-
formance. In order to verify this effect, we test the cyclic
CV characteristic cycle 1000 times to observe the durability
of the sample. To demonstrate this point, a control sample
(AuNPs/MoS,/Ni-F) is prepared. The AuNPs/MoS,/Ni-F
sample and AuNPs/MoS,/Gr/Ni—F sample are CV-tested 1000
times under acidic three-electrode system. Under an overpo-
tential of 0.25 V, the current density of AuNPs/MoS,/Ni-F
drops from ~ 184 mA-cm™2 to ~ 117 mA-cm™2 (a drop of
36.4%) after having been CV-tested 1000 times, at the same
time AuNPs/MoS,/Gr/Ni-F drops from ~ 155 mA-cm~2 to
~ 122 mA-cm™2 (A drop of 21.2 % only) (Fig. 5(a)). We
further carry out the EIS test. After being CV-tested 1000
times, the AuNPs/MoS,/Gr/Ni-F changes much less than ton
the AuNPs/MoS,/Ni-F (Fig. 5(b)).

This shows that the existence of graphene can keep the
material’s original small charge transfer resistance. After be-
ing CV-tested 1000 times, we collect the Raman spectra of
graphene, where only a slight decrease is observed, indicating
that the graphene is stably attached to the Ni—F framework and
will not fall during electrochemical tests in the electrolyte as
shown in Fig. 5(c).

Figures 5(d) and 5(e) show the comparison between Ra-
man spectra of AuNPs/MoS,/Ni-F and AuNPs/MoS,/Gr/Ni—
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F before and after having been CV-tested 1000 times, where
we can see that the Raman intensity of MoS, on the
AuNPs/MoS,/Gr/Ni-F has almost no change while that on
the AuNPs/MoS,/Ni-F decreases greatly.
ther verify the stability and corrosion resistance provided
by the graphene layer in the AuNPs/MoS,/Gr/Ni-F catalytic
structure, we immerse the Ni—F and Gr/Ni—F in 0.5-mol-L~!
H,SO4 for 12 h, and collect the SEM images of the surface
morphology before and after corrosion. It can be seen from

In order to fur-

Fig. 5(f) that after being immersed for 12 h, the original sur-
face protrusions of the Ni—F are corroded round and smooth.
In contrast, after being immersed, the surface morphology of
Gr/Ni-F is hardly changed, and the wrinkle characteristics of
the two-dimensional film can still be seen. In short, we con-
firm that the combination of graphene and molybdenum disul-
fide to prepare a heterojunction can exert the excellent me-
chanical strength and flexibility of graphene, as a result, the
stability of the hybrid can be greatly improved even in the
complex environment.

4. Conclusions

In this work, our constructed AuNPs/MoS,/Gr/Ni-F
structure is a stable and efficient HER electrocatalyst with
LSPR characteristics. Upon light irradiation, the overpoten-
tial at a current density of 10 mA-cm~2 decreases from 41 mV
to 28 mV and the current density realizes an enhancement.
As evidenced by photoelectrochemical analysis results, this
enhanced activity relies on the efficient injection of hot elec-
trons from plasmonic AuNPs into MoS,/Gr/Ni—F under light
irradiation. In addition, the HER activation energy decreases
significantly due to the LSPR effect under light irradiation.
We demonstrate that the introduction of graphene can im-
prove the stability in an acidic catalytic environment. It is
believed that these findings will provide new ways to design
high-performance water electrolysis systems.
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