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HIGHLIGHTS

e Controllable and large-scale practical growth of plasmonic Ag-decorated vertically aligned 2D MoS, nanosheets on graphene.

e Realization of the synergistic effects of surface plasmon resonance and favorable graphene/MoS, heterojunction to enhance the pho-

toelectrochemical reactivity of 2D MoS,.
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on graphene substrates in a prac-

ration of Ag. The plasmonic Ag-decorated MoS, nanosheets on graphene yielded up to 10 times higher photo-to-dark current ratio than
MoS, nanosheets on indium tin oxide. The significantly enhanced PEC activity could be attributed to the synergetic effects of SPR and
favorable graphene/2D MoS, heterojunction. Plasmonic Ag nanoparticles not only increased visible-light and near-infrared absorption
of 2D MoS,, but also induced highly amplified local electric field intensity in 2D MoS,. In addition, the vertically aligned 2D MoS, on
graphene acted as a desirable heterostructure for efficient separation and transportation of photo-generated carriers. This study provides a

promising path for exploiting the full potential of 2D MoS, for practical large-scale and efficient PEC water-splitting applications.
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1 Introduction

Photoelectrochemistry (PEC) and photocatalysis of semi-
conductors have been extensively studied as effective
approaches for energy conversion, such as hydrogen gas
production by water splitting, and for environmental appli-
cations, such as air/water purification, water disinfection,
and hazardous waste remediation [1-7]. Recently, two-
dimensional (2D) layered MoS, has attracted considerable
research attention as a promising semiconductor photocata-
lyst because of its excellent catalytic activity, high chemical
stability, eco-friendliness, and abundance in nature [2—4]. In
particular, few-layer-thick MoS, nanosheets can be central
to exploiting the full potential of 2D MoS, for solar-light
PEC reactions because of the feasibility of mass produc-
tion and appropriate bandgap energy, which is tunable from
~1.2 eV for indirect gap in the bulk form to ~1.9 eV for
direct gap in the monolayer [8—10]. The PEC activity of
2D MoS,, which has strong in-plane covalent bonding of
S—Mo-S and weak out-of-plane van der Waals interaction
between neighboring S-S layers, is significantly hindered by
poor charge transport across basal layers through hopping
[2—4]. Thus, the ideal architecture configuration comprises
2D MoS, nanosheets that stand vertically on electrode sub-
strates because the highly conductive edges of MoS, pro-
vide an efficient pathway for photoexcited carriers and good
electronic contact with the substrate. In addition, vertically
packed 2D sheets offer higher volume than laid sheets for
interacting with incoming photon flux on a unit substrate
area. He et al. demonstrated that the edge-on structure of
MoS, flakes/TiO, nanowires improves the photocatalytic
hydrogen evolution of MoS, [11]. Recently, we reported
the enhanced PEC activity of few-layer MoS, nanosheets
vertically grown on supporting electrode substrates, such as
indium-tin oxide (ITO) and ITO/TiO, nanowires [12, 13].
However, the synthesis and PEC applications of vertically
aligned few-layer MoS, nanosheets on graphene have not
been reported despite its considerable potential.

The support substrate should be made highly conductive
and form an appropriate energy band alignment with MoS,
to minimize Ohmic junction losses. Graphene has attracted
huge research attention as a promising conducting layer
not only because it displays remarkable electron mobility
(> 15,000 cm? V~! s71) but also due to its favorable elec-
tric contact with MoS,. Chang et al. reported the enhanced

© The authors

photocatalytic hydrogen evolution of MoS,/graphene as a
result of the improved charge transport of graphene [14].
Carraro et al. demonstrated the one-pot aerosol synthesis of
MoS, nanoparticles/graphene for enhanced PEC hydrogen
production [15]. Biroju et al. also reported that an adequate
stacking of 2D MoS, and graphene exhibited a AGy value
that is close to zero, which is ideal for hydrogen evolution
reactions [16]. However, most MoS,/graphene heterostruc-
tures have been synthesized by wet-chemical and mechani-
cal transfer approaches, which are unsuitable for controlled
synthesis or vertical stacking of few-layer MoS, nanosheets
on graphene electrode substrates [14—18]. Wet-chemical
synthesis methods have yielded a wide range of MoS, layer
thicknesses and produced the randomly assembled structures
of 2D MoS, and graphene [14, 15, 19].

The optical absorption of 2D MoS, can be remarkably
enhanced by employing plasmonic metal nanoparticles
(NPs), such as Ag or Au. Plasmonic metals improve the
optical absorption over the entire solar spectrum as well as
broaden and tune the optical absorption behavior, depending
on their composition, size, and shape [20, 21]. Ag and Au
have gained research interest because of their strong reso-
nance with ultraviolet (UV) and visible light. Moreover, the
surface plasmon resonance (SPR) of metal NPs enhances
the intensity of the electric field near the metal NPs, thereby
significantly increasing the rate of electron—-hole (e-h) pair
generation [20, 22]. Plasmonic metal NPs also act as dye
sensitizers by absorbing resonant photons and injecting
high-energy electrons into the nearby semiconductor [20,
23]. Kang et al. reported the effective injection of SPR-
excited electrons, i.e., hot electrons, by Au NPs into the
conduction band of MoS, by overcoming the Schottky bar-
rier (~0.8 eV) of Au/MoS, [24]. Plasmonic effect has been
effectively applied to enhance the photocatalytic and PEC
performances of various semiconductors, such as TiO,, CdS,
Zn0, and BiFeO; [25-32]. To maximize the SPR effects
and enhance the PEC activity, SPR-induced charge carriers
should be efficiently transported to the corresponding elec-
trode/water interfaces. Vertically aligned few-layer MoS,
nanosheets on graphene can act as desirable heterostructures
to synergistically exploit the SPR effects in terms of energy
band diagram and physical nanostructure architecture.

Herein, we report significantly improved PEC efficiency
through the synergetic effects of (1) SPR-enhanced optical
absorption and photo-generation of charge carriers and (2)
efficient separation and transportation of photo-generated

https://doi.org/10.1007/s40820-020-00512-3
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e—h pairs through few-layer MoS, sheets that are vertically
aligned on graphene. Few-layer MoS, sheets were vertically
grown on graphene in a controlled manner at relatively low
temperatures (250 °C) through metalorganic chemical vapor
deposition (MOCVD) to minimize damage to the graphene.
For the SPR effect, Ag NPs were formed on 2D MoS,
sheets on graphene through simple thermal evaporation of
Ag (Fig. 1). Thermal evaporation is a low-cost and prac-
tical method for large-area substrates in comparison with
previously reported methods, such as sophisticated metal
nanopatterning [21], drop/spin casting of pre-synthesized
metal NPs [33], and chemical synthesis [22]. Ag was cho-
sen as plasmonic metal because of its appropriate resonant
wavelength range in the UV to near-infrared (IR) band and
smaller work function (~4.3—4.8 eV) than Au (~5.1-5.5 eV)
and Pt (~5.1-5.9 eV). Thus, Ag/MoS, forms a low Schottky
barrier, which is advantageous for the efficient injection of
SPR-excited electrons into the conduction band of MoS,.

2 Experimental

2.1 Preparation of heterostructures of graphene/2D
MoS,/Ag NPs

Graphene was synthesized on Cu foils (Alfa Aesar) by
using inductively coupled plasma (ICP) CVD with CH,
and H, gases at 950 °C for 5 min. The ICP power and
growth pressure were fixed at 200 W and 1 Torr, respec-
tively. The synthesized graphene on Cu was transferred
on an ITO glass substrate (Fig. 1). The CVD growth and
transfer procedures of graphene were further described
elsewhere [34]. MoS, was directly grown on ITO and ITO/
graphene at 250 °C by using MOCVD with Mo(CO), and

Mo(CO)g (v) + 2H.S (g) —
MoS:; (s) + 6CO (g) + 2H2 ()

» 2 » w6 o
*y*‘»,(»‘?,/-\ra‘\”/.

o R
: Y,

&7 s, Transfer 2D MoS;
v %

CVD-grown graphene )

*»

Graphene transfer

CVD growth of 2D MoS,

H,S gas (5 vol% in balance N,) as Mo and S precursors,
respectively. Mo(CO)4 was vaporized at 20 °C and trans-
ferred into a quartz reaction tube with Ar gas of 25 stand-
ard cubic centimeters per minute (SCCM). The flow rate
of H,S gas was 75 SCCM. The growth pressure and time
were fixed at 1 Torr and 5 min, respectively. Ag NPs were
formed on ITO/graphene/MoS, through thermal evapora-
tion of Ag at room temperature. The size and coverage of
Ag NPs on few-layer MoS, were controlled by various
nominal Ag deposition thicknesses of 2, 4, and 8 nm. The
Ag contents per electrode area were estimated to be 2.1,
4.2,and 8.4 pg cm™2 for 2, 4, and 8 nm of Ag, respectively.

2.2 Characterization

The morphology of the samples was investigated via scan-
ning electron microscopy (SEM; Hitachi S-4800) and
transmission electron microscopy (TEM; Tecnai G* F30
S-Twin). The structural properties of MoS, were charac-
terized by TEM and micro-Raman spectroscopy by using
an excitation band of 532 nm and a charge-coupled device
detector. The chemical states and composition of the sam-
ples were characterized by X-ray photoelectron spectros-
copy (XPS; Thermo Fisher K-Alpha+). Optical properties
were evaluated by UV-visible (UV-Vis; Scinco S-3100)
and photoluminescence (PL) spectroscopy (excitation at
532 nm). Photoexcited carrier behavior was investigated
by time-resolved PL (TRPL) measurements. The samples
were excited using a 467 nm pulsed laser, and the transient
signal was recorded using a time-correlated single-photon
counting spectrometer (Horiba Fluorolog 3). The energy
level of MoS, was evaluated via UV photoelectron spec-
troscopy (UPS; Thermo scientific, K-alpha').

Thermal
evaporation of Ag

AgNP @ @ @

graphene

Coating of Ag NPs

Fig. 1 Schematic of preparation of plasmonic Ag-decorated vertically aligned few-layer MoS, nanosheets on graphene
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2.3 Photoelectrochemical Measurement

PEC cells were fabricated on 1 x2 cm? ITO glass sub-
strates. The working area of the PEC cells was fixed at
0.5x0.5 cm? by using non-conductive epoxy to cover
the undesired areas. PEC characterization was performed
using a three-electrode system and an electrochemical
analyzer (potentiostat/galvanostat 263A). A Pt plate and
KCl-saturated calomel (Hg/Hg,Cl,) were used as coun-
ter and reference electrodes, respectively. The electrolyte
solutions were prepared with 0.3 M KH,PO,+0.3 M KOH
and 0.5 M Na,SO;+0.5 M Na,SO,. The light source was
simulated AM 1.5G irradiation of 100 Mw cm™ delivered
by a 150 W Xe arc lamp. The current density—voltage char-
acteristics were recorded using a source meter (Keithley
2400). Electrochemical impedance spectroscopy (EIS)
measurement was performed under constant light illumi-
nation (100 mW cm™2) at a bias of 0.6 V with varying
AC frequencies from 100 kHz to 100 mHz. The incident
monochromatic photon-to-current conversion efficiency
(IPCE) of the electrode structure was measured using a
grating monochromator in the excitation wavelength range
of 300-800 nm. The hydrogen gas products were analyzed
using a YL 6500 gas chromatograph (Young In Chromass
Co., Ltd.) equipped with a flame ionization detector and
a thermal conductivity detector. A gas volume of 0.5 mL

e A - g

I Vertically=aligned
2D MoS:+-
S ¢

was injected into columns of 40/60 Carboxen-1000 for
GC analysis.

3 Results and Discussion

3.1 Microstructure of AgNP-Decorated MoS,
Nanosheets on Graphene

MoS, nanosheets with a height of ~200 nm and length of
~150-250 nm were vertically aligned and densely packed
on the ITO/graphene substrate (hereinafter referred to as
G/MoS,, Fig. 2a, b). Owing to the low-temperature growth
at 250 °C, the graphene layer remained after the MOCVD
growth of MoS,, as confirmed by the presence of the char-
acteristic G and 2D band peaks in the Raman spectrum
(inset of Fig. 2a, Fig. Sla, b). The pristine CVD-grown
graphene layer exhibited a low-intensity ratio of D to G
band peaks (>0.15) and an excellent light transmittance
of 96.8% at 550 nm (Fig. S1c), corresponding to approxi-
mately one and a half layers of high-quality graphene [34].
The structure of few-layer MoS, was investigated using
TEM and Raman spectroscopy. The planar-view TEM
image of G/MoS, clearly showed the layered structure of
MoS, sheets with edges on graphene (Fig. 2¢). The sheets
comprised 1-5 layers with an interlayer spacing of
0.63 nm, corresponding to the semiconducting 2H MoS,.

Fig. 2 a Tilted-view SEM, b planar-view SEM, and ¢ planar-view TEM images of vertically aligned MoS, nanosheets on graphene (G/MoS,).
The inset in a is the Raman spectrum of G/MoS,. TEM images of Ag-decorated vertically aligned few-layer MoS, nanosheets on graphene: d G/
MoS,/Ag-2, e G/MoS,/Ag-4, and f G/MoS,/Ag-8. g High-resolution lattice TEM image of an Ag NP in G/MoS,/Ag-4

© The authors
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The TEM results are consistent with the Raman spectrum
of G/MoS, (Fig. S2a). The E;g and A;, modes can be
attributed to the in-plane vibration of Mo and S atoms and
the out-of-plane vibration of S atoms, respectively. The
positions and relative frequency difference (RFD) of Eég

and the A, peaks are strongly correlated with the number
of MoS, layers [12, 35, 36]. For G/MoS,, the RFD value
(22.3 cm™") of E;g (385.0 cm™!) and A,, peaks
(407.3 cm™") corresponds to a few layers of MoS,. The
MoS, sheets grown on ITO (hereinafter referred to as ITO/
MoS,) showed similar size and morphology as the coun-
terpart sample, namely G/MoS, (Fig. S2b). The RED value
of E;g and A, peaks of ITO/MoS, was also similar to that

of G/MoS, (Fig. S2a).

Figure 2d-f shows the TEM images of Ag-decorated
G/MoS, with nominal Ag thicknesses of 2, 4, and 8 nm,
respectively (referred to as G/MoS,/Ag-2, G/MoS,/Ag-4,
and G/MoS,/Ag-8, respectively). The size of the Ag NPs
on MoS, was successfully manipulated by varying the
nominal deposition thickness of Ag through thermal evap-
oration. For G/MoS,/Ag-2, Ag NPs with a size of ~3-5 nm
were formed on the MoS, nanosheet surface (Fig. S3).
The NP size increased to ~ 10-20 nm for G/MoS,/Ag-4.
By increasing the nominal deposition thickness to 8 nm,
the size of Ag NPs increased to ~20—40 nm. In addition,
large Ag clusters of ~60—100 nm were partially formed.
The high-resolution TEM lattice image revealed that the
NPs were metallic Ag (Fig. 2g). The metallic Ag was also
confirmed by XPS. Figure 3a shows two strong peaks in
the XPS spectrum of G/MoS,/Ag-4 at 373.9 and 367.9 eV,
which can be attributed to the Ag 3d5,, and Ag 3d;,, orbit-
als of metallic Ag, respectively [37].

MoS, presents two common structure polymorphs,
namely semiconducting 2H and metallic 1T phases, which
can be converted from each other by surface treatments,
such as Ar-plasma bombardment and metal deposition [2,
38, 39]. As shown in Fig. 3b, the XPS spectra of the Mo
3d core level were deconvoluted into only two peaks at
229.1 and 232.2 eV, which can be attributed to the Mo**
3ds,, and Mo** 3ds,, components of the 2H phase of MoS,,
respectively [2, 38, 39]. Pristine MoS, (G/MoS,) and Ag
NP-decorated MoS, (G/MoS,/Ag-4) exhibited nearly iden-
tical XPS spectra at the Mo 3d core level, indicating that
the single phase of semiconducting 2H MoS, remained
stable after Ag NP decoration. This structural stability is
highly advantageous for 2D MoS, in semiconducting pho-
toelectrode applications. Figure 3¢ shows the XPS spectra
of the S 2p core level of MoS,. The spectra were deconvo-
luted into two peaks at 163.2 and 162.0 eV, corresponding
to the S 2p,,, and S 2p;,, orbital of divalent sulfur, respec-
tively [38]. The ratios of the S 2p,,, and S 2p;, peaks of G/
MoS, and G/MoS,/Ag-4 were almost identical, suggesting
a single phase of 2H MoS, for both samples. The 2H phase
of both samples was also confirmed by TEM (Fig. 2¢). G/
MoS,/Ag-4 exhibited a small broad bump near 168 eV,

which can be attributed to S**

due to Ag sulfurization.
However, the peak was removed by slight Ar-plasma sur-
face etching, indicating the ultrathin layer of silver sulfide.
The XPS result implies that the interface of MoS,/Ag is

likely to be an alloy interface.

3.2 Effect of Graphene on the PEC Activity of MoS,
Nanosheets

The G/MoS, and ITO/MoS, samples exhibited a PL peak
at 676 nm (inset of Fig. 4a), which is consistent with the

@ Ag 3ds, ®) - mo 233/2 Ilt © _: zp”z :It S 2p;);,
— Mo 3dg, fit Mo 3ds, — S 2py,, fit
= = Mo 3d, = S 2pyp,
> > > -
5 2 S2s 2 s*
5 5 5
= = G/MoS,/Ag-4 £ | G/IMoS,/Ag-4
G/MoS,/Ag-4
GiNos, GIMoS,
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
378 376 374 372 370 368 366 364 236 236 232 230 228 226 172 170 168 166 164 162 160 158

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 3 XPS spectra of a Ag 3d, b Mo 3d, and ¢ S 2p core levels in G/MoS, and G/MoS,/Ag-4
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Fig. 4 a TRPL results of ITO/MoS, and G/MoS,. The inset shows the corresponding PL spectra. b Nyquist plots of ITO/MoS, and G/MoS, in
the dark and under illumination. The inset shows the equivalent Randles circuit. ¢ Photo- and dark current densities versus the potential curves of

PEC cells with working electrodes of ITO/MoS, and G/MoS,

energy of exciton A. Hence, the dominant electronic transi-
tion was the direct bandgap transitions at the K point [12].
Notably, G/MoS, achieved significantly lower PL efficien-
cies than ITO/MoS,. The PL quenching efficiency indicated
that the graphene layer played a crucial role in reducing
the e-h recombination in MoS,. TRPL spectroscopy study
was conducted to further understand the dynamic behavior
of photo-generated carriers (Fig. 4a). The average carrier
lifetimes were extracted using the PL decay kinetics fitted
by a bi-exponential decay profile [40]. G/MoS, exhibited a
shorter carrier lifetime of 3.1 ns than ITO/MoS, (4.2 ns).
The reduced carrier lifetime can be attributed to the benefits
of graphene/MoS, heterojunction for efficient separation and
transportation of photo-generated carriers to the semicon-
ductor/liquid interface [18].

EIS study was conducted to further understand the charge
transport property. Figure 4b shows the Nyquist plots of
EIS in the dark and under illumination. G/MoS, exhibited
smaller EIS semicircles than ITO/MoS,, whose radius mir-
rors the charge transfer resistance (R). The Nyquist plots
were fitted using a simplified Randles circuit (inset of
Fig. 4b), consisting of R, solution resistance (R,), constant
phase element (Q), and diffusion of species in electrolyte
solution represented by Warburg impedance (W). The R,
values are listed in Supporting Information (Table S1). G/
MoS, had R values of 3264 and 1959 Q, whereas ITO/
MoS, exhibited R, values of 4236 and 2766 Q in the dark
and under illumination, respectively. Moreover, the R,
(dark)-to-R,, (photo) ratio (1.67) of G/MoS, was greater
than that of ITO/MoS, (1.53), suggesting that the photo-gen-
erated e—h pairs were efficiently separated and transported
through the graphene/MoS, heterojunction.

© The authors

Considering the benefits of graphene/MoS, heterojunc-
tion, G/MoS, exhibited significantly higher PEC activ-
ity through the measured potential range than ITO/MoS,
(Fig. 4c). G/MoS, yielded approximately nine times higher
photocurrent density (1.72 mA cm™2) at 0.4 V (at which the
photo-to-dark current ratio (//14,,) Was at maximum) than
ITO/MoS, (0.19 mA cm~2). The maximum Lo/l gy Value
of G/MoS, was approximately 16 at 0.4 V, whereas that of
ITO/MoS, was approximately 4 at 0.8 V. The water oxida-
tion onset potential (~0.13 V), which is generally defined
by the potential at the intersection of the dark current and
the tangent at the maximum slope of the photocurrent, of G/
MoS, had a cathodic shift of ~0.41 V with respect to that
(~0.54 V) of ITO/MoS,. The rapidly increasing photocur-
rent density of the samples above 0.6 V resulted from the
considerably high dark current, which can be attributed to
the electrocatalysis and electro-corrosion of MoS,, in which
active S atoms can react with redox species in the solution
[12, 14].

3.3 Effect of Plasmonic Ag NPs on the PEC Activity
of Graphene/MoS, Nanosheets

Raman spectroscopy characterization was performed to
investigate the interaction of Ag NPs with MoS,. The char-
acteristic E;g and A;, modes of the Ag-decorated samples
were redshifted with respect to those of G/MoS,-250
because of the stiffening of Eég and A, vibrations (Fig. 5a).
The stiffened lateral vibration between Mo and S atoms
through E;g mode resulted from the p-doping effect of Ag
NPs in MoS, [38]. MoS,/Ag was very likely to form a

https://doi.org/10.1007/s40820-020-00512-3
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Fig. 5 a Raman spectra, b UV-Vis absorption, ¢ TRPL results, and d Nyquist plots of G/MoS,, G/MoS,/Ag-2, G/MoS,/Ag-4, and G/MoS,/
Ag-8. The inset in ¢ shows the carrier lifetimes based on the corresponding TRPL measurements. The inset in d shows the R, (dark)/R, (photo)

values of G/MoS,, G/MoS,/Ag-2, G/MoS,/Ag-4, and G/MoS,/Ag-8

Schottky junction because of electron transfer from MoS, to
Ag NPs, as shown in Fig. S4. The stiffened vertical vibration
of S atoms through A, mode was also attributed to the inter-
action between the Ag NPs and MoS, [23]. Figure 5b shows
the UV-Vis absorption spectra of G/MoS, and the Ag-dec-
orated MoS, samples. All samples showed two prominent
absorption peaks at approximately 607 and 663 nm. The two
peaks, known as excitons B and A, respectively, can be
attributed to the direct excitonic transitions at the K point of
the MoS, Brillouin zone [12, 41]. In comparison with G/
MoS,, the Ag-decorated MoS, samples exhibited stronger
absorption intensity, especially for red light and near-IR
regions. Additionally, the absorption edges (~ 800 nm) of
Ag-decorated MoS, samples were redshifted with respect to
that (~ 750 nm) of G/MoS,. The enhanced visible light and
broadened absorption near the IR region can be attributed to
the strong coupling between the excitons and surface plas-
mons of Ag NPs [20, 21]. The PL spectra also exhibited
redshifting behavior with increasing Ag NP sizes (Fig. S5).

| SHANGHAI JIAO TONG UNIVERSITY PRESS

G/MoS, showed a PL peak position of 676 nm, correspond-
ing to the energy of the exciton A, representing the direct
bandgap transitions at the K point of 2D MoS,. With increas-
ing Ag NP sizes, the PL peak was gradually redshifted,
reaching 688 nm for G/MoS,/Ag-8.

TRPL study was conducted to investigate the plasmonic
effect of Ag NPs on the dynamic carrier behavior. G/MoS,
exhibited the shortest carrier lifetime of 3.1 ns, whereas G/
MoS,/Ag-4 and G/MoS,/Ag-8 yielded longer carrier life-
times of ~3.8 ns (Fig. 5c). The carrier lifetime increased
with increasing nominal Ag deposition thicknesses. The
long carrier lifetimes of Ag-decorated MoS, samples can
be attributed to suppressed e—h recombination by filling the
trapping sites of MoS, by plasmon-excited electrons [23].
Ag-decorated MoS, samples also exhibited smaller EIS
semicircles than G/MoS, (Fig. 5d, Fig. S5). The Nyquist
plots of G/MoS,/Ag-4 yielded the lowest R, in the dark
(~2572 Q) and under illumination (~ 1284 Q), suggesting
the effective assistance of the carrier transfer through the Ag

@ Springer
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NPs on the MoS, surface. Moreover, G/MoS,/Ag-4 yielded
the highest R, (dark)/R (photo) of 2.00 (inset of Fig. 5d).
The increased R, (dark)/R., (photo) can result from the SPR-
enhanced photo-generation and transfer rate of the charge
carriers. In addition, the heterojunction of MoS,/Ag can play
a significant role in improving the charge separation and
transfer rate [42, 43].

To validate the experimental findings, finite-difference
time-domain (FDTD) simulations of the interaction of
materials with the incident electromagnetic radiation were
performed based on Maxwell’s equations. Ag hemispheres
in an open-air environment under the illumination of a
plane-wave source were considered (Fig. S7). A 2D peri-
odic orientation of the NPs on a three-layer-thick MoS,
substrate was assumed including the following: (1) 3-nm-
diameter NPs with a pitch of 20 nm (referred to as AgNP-3),
(2) 15-nm-diameter NPs with a pitch of 30 nm (referred to
as AgNP-15), and (3) 60-nm-diameter NPs with a pitch of
65 nm (referred to as AgNP-60). The electric field vector of
the source oscillated along the x-axis, while the propaga-
tion vector is along the z-axis. Figure 6 shows the simulated

3 nm Ag NPs

600 650 700 750 800 850
Wavelength (nm)

SPR

o
S
2 15 nm Ag NPs
£
Ll
0.2%

P T S R S T
550 600 650 700 750 800 850
Wavelength (nm)

60 nm Ag NPs

550 600 650 700 750 800 850
Wavelength (nm)

UV-Vis absorption spectra and electric field distribution
contour plots at the wavelength of SPR (Agpr) for AgNP-3,
AgNP-15, and AgNP-60. The simulated UV—Vis absorption
spectrum of pristine MoS, substrate was in good agreement
with the corresponding experimental result (Fig. 6a). The
light absorption was significantly enhanced in the visible
light and IR regions by Ag NP decoration. Notably, the SPR
peaks appeared above the absorption edge of pristine MoS,
(~700 nm), consistent with the experimentally observed
broadened absorption near the IR region. AgNP-15 exhibited
the strongest SPR effect, resulting in the highly amplified
local electric field intensity in MoS, (Fig. 6b). The SPR-
enhanced electric field can increase the rate of e—h pair gen-
eration by a few orders of magnitude [20]. The 15 nm Ag
NPs induced an SPR-enhanced electric field in the entire
interface region of MoS,/Ag NP. By contrast, the 60 nm Ag
NPs showed SPR effect only along the edge of NPs (Fig. 6¢),
indicating that a significant amount of light was extinguished
by big Ag clusters (~60-100 nm) of G/MoS,/Ag-8 without
photo-generation of e-h pairs in MoS,. The excessive sur-
face coverage of metal NPs can also hinder contact of the

Fig. 6 Simulated UV—-Vis absorption spectra and electric field distribution contour plots at Agpg for a AgNP-3, b AgNP-15, and ¢ AgNP-60

© The authors
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electrochemical active surface with the electrolyte solution,
resulting in deteriorated PEC activity [44, 45]. In addition,
the surface plasmons of small Ag NPs (<30 nm) undergo
decay because of the formation of energetic charge carriers,
but those of large Ag NPs (> 50 nm) undergo decay through
the radiative scattering of resonant photons [37, 46]. Thus,
the Ag NPs of G/MoS,/Ag-4 efficiently injected SPR-excited
electrons into the conduction band of MoS,, resulting in the
largest R, (dark)/R (photo). Meanwhile, the SPR effect of
G/MoS,/Ag-2 was relatively weak because of its low surface
coverage of tiny Ag NPs of less than 10 nm (Fig. 6a).

To gain insight into the carrier transport property across
the heterojunction of graphene/MoS,, its electronic struc-
ture was studied by UPS. The work function of MoS,
(4.82 +£0.15 eV) was determined based on the difference
between the photon energy of excited radiation (21.2 eV)
and the spectrum width which is measured from the valence
band and secondary edges (16.38 eV, Fig. 7a). The energy
difference between the Fermi energy and valence band edge
(Eg—Eyp) was 1.36 eV (Fig. 7b). Considering the band-
gap energy of ~1.88 eV for MoS, based on the UV—Vis

absorption and PL spectra, the electron affinity of MoS, was
approximately 4.33 eV, which is consistent with the previ-
ously reported values (~4.3 eV) [47]. This electronic struc-
ture suggests the n-type behavior of MoS,, working as a pho-
toanode. As shown in Fig. 7c, the Fermi level (~4.6—4.8 eV
of work function) of pristine few-layer graphene [48] was
appropriately located between the Fermi level of the ITO
and the conduction band edge of MoS, for efficient extrac-
tion of electrons to the cathode.

Figure 8a shows the linear sweep voltammograms of
G/MoS,, G/MoS,/Ag-2, G/MoS,/Ag-4, and G/MoS,/
Ag-8 under illumination. The Ag-decorated MoS, sam-
ples exhibited significantly higher PEC activities than G/
MoS,, whereas the dark currents were almost identical
(Fig. S8). Subsequently, G/MoS,/Ag-4 yielded 2.5 times
higher I/, value than G/MoS,. In addition, the Ag-dec-
orated MoS, samples showed a significant cathodic shift of
onset potential up to 0.2 V with respect to that of G/MoS,.
The Ag-decorated MoS, samples also did not exhibit any
anodic peaks before the onset potential, whereas G/MoS,
yielded minor but noticeable peaks. The anodic peaks can

@ Graphene/MoS, (b) Graphene/MoS,
3 3
s S
2 2
= £
C [
] 2
£ £
/ o(MoS,) = 4.82 eV Er—Eys=1.36 eV
1 1 1 1 1 1 1 1 1 1 1 1
20 18 16 14 12 4 3 2 1 0
Binding energy (eV) Binding energy (eV)
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Fig. 7 a UPS secondary electron cutoff and b valence spectra of G/MoS,. ¢ PEC water-splitting working principle of plasmonic Ag-decorated
vertically aligned few-layer MoS, nanosheets on graphene. The photographs in ¢ show gas bubbling on the dark cathodes (Pt) for ITO/MoS, and

G/MoS,/Ag-4 during PEC measurement
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Fig. 8 a Photocurrent density—potential curves of PEC cells with various working electrodes (G/MoS,, G/MoS,/Ag-2, G/MoS,/Ag-4, and G/
MoS,/Ag-8) in 0.3 M KH,PO,+0.3 M KOH solution. b Photoconversion efficiencies and ¢ photocurrent—time plots for G/MoS,, G/MoS,/Ag-2,
G/MoS,/Ag-4, and G/MoS,/Ag-8 in 0.3 M KH,PO,+0.3 M KOH solution and G/MoS,/Ag-4 in 0.5 M Na,SO; +0.5 M Na,SO, solution

be originated from surface states of 2D MoS, nanosheets,
which can be filled and deactivated by plasmon-excited
electrons [23]. Passivating surface states also caused the
significant cathodic shift of onset potential [49] and pro-
longed the carrier lifetimes of the Ag-decorated MoS, sam-
ples (Fig. 5¢). Photoconversion efficiency (1) was estimated
using the following equation to further quantify PEC per-
formance [50]:

n= J(Eo_vapp)/Plighl (D

where J is the photocurrent density (mA cm™) at the applied
potential, E° is the standard reversible potential (1.23 V),
Vapp 18 applied potential, and Py, is the power density of
illumination. The photoconversion efficiencies of Ag-dec-
orated MoS, samples were significantly higher than that
(0.8% at —0.45 V) of G/MoS, (Fig. 8b). Among the samples,
G/MoS,/Ag-4 exhibited the highest photoconversion effi-
ciency of 1.6% at —0.35 V. The photoconversion efficiency
of G/MoS,/Ag-4 further increased to 2.2% at —0.58 V in
0.5 M Na,SO;+0.5 M Na,SO,. The photoconversion effi-
ciency G/MoS,/Ag-4 was comparable with those of previ-
ously reported photoanodes, such as Au-decorated MoS,
flakes on carbon fiber cloth (1.27%) [51], MoS, nanosheets
on TiO, nanorods (0.81%) [52], Ag-embedded MoS,/
BiVO, heterojunctions (2.67%) [53], and MoS, nanosheets
on polydopamine-modified TiO, nanotubes (1.56%) [54].
Moreover, the photocurrents of G/MoS, and G/MoS,/
Ag-4 did not change significantly after 1 h of illumination,
whereas the photocurrent of ITO/MoS, decreased continu-
ously (Fig. 8c). The photocurrents of G/MoS, and G/MoS,/
Ag-4 decayed initially but saturated shortly above 300 s. The
decayed photocurrent was attributed to the recombination
of the photo-generated holes with electrons [55]. The pho-
tocurrent became stable as the transfer and generation of

© The authors

photo-generated e—h pairs reached equilibrium. The stable
photocurrent suggests the effective separation and transfer
of the photo-generated e—h pairs in the heterojunction of
graphene/MoS, nanosheets. To examine the PEC stability
of Ag-decorated MoS,, the time-dependent PEC measure-
ment of the G/MoS,/Ag-4 was repeated after a month. The
time-dependent behavior did not change significantly except-
ing for slightly reduced photocurrents (Fig. S9). After PEC
measurement for 1 h, the MoS, nanosheets on ITO (ITO/
MoS,) were significantly damaged, whereas G/MoS, and
G/MoS,/Ag-4 showed slight morphological changes (Fig.
S10). We recently reported that such morphological changes
in MoS, nanosheets were due to the decomposition of MoS,,
mainly the loss of S elements [12].

IPCE and H, evolution studies were carried out to
gain insights into the enhanced PEC performance by G/
MoS, heterojunction and SPR effects. Figure 9a shows
the IPCE plots of various working electrodes (MoS,, G/
MoS,, and G/MoS,/Ag-4). G/MoS,/Ag-4 exhibited sig-
nificantly improved photoconversion efficiencies over
the overall incident-light waveband, suggesting fortified
carrier photo-generation and transfer dynamics. Further-
more, a significant IPCE enhancement was observed at the
~650-750 nm region, which was associated with the SPR
effect of Ag NPs. Hydrogen evolution from dark cathode
(Pt) was measured at 0.6 V versus Hg/Hg,Cl, by using a
three-electrode configuration during 15 min. The amount
of H, produced was significantly increased by G/MoS,
heterojunction and SPR effects, suggesting that the pho-
tocurrent was attributed to the water-splitting reaction. In
addition, the Faradaic efficiency of G/MoS,/Ag-4 was esti-
mated to be approximately 90.4%, implying that few side
reactions occurred during water splitting [56].

https://doi.org/10.1007/s40820-020-00512-3
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Fig. 9 a IPCE plots and b hydrogen evolution amounts for 15 min of PEC cells with various working electrodes (ITO/MoS,, G/MoS,, and G/

MoS,/Ag-4) in 0.5 M Na,SO;+0.5 M Na,SO, solution

4 Conclusion

Plasmonic Ag-decorated vertically aligned few-layer MoS,
nanosheets were prepared on graphene in a practical man-
ner through MOCVD of MoS, and thermal evaporation of
Ag. G/MoS, showed up to four times higher /,,/14, than
ITO/MoS, because of the efficient separation and transpor-
tation of the photo-generated carriers by the graphene/2D
MoS, heterojunction. The PEC activity of G/MoS, was
further enhanced by plasmonic Ag NP decoration. G/
MoS,/Ag-4 yielded 10 times higher 7/, value than
ITO/MoS,. The maximum photoconversion efficiency
of G/MoS,/Ag-4 was 2.2% at —0.58 V. The significantly
improved PEC performance was attributed to the syner-
getic effects of SPR and graphene/2D MoS, heterojunc-
tion. Plasmonic Ag NPs enhanced visible-light and near-IR
absorption of 2D MoS,, resulting in significantly increased
the photo-generation rate of e—h pairs. Subsequently, the
e—h pairs were efficiently separated and transported to
catalytic surfaces across the favorable graphene/2D MoS,
heterojunction and along the highly conductive edges
of the vertically aligned 2D MoS,, thereby significantly
enhancing the PEC activity. This study offers a practical
large-scale approach that combines the potential of SPR
and graphene/2D MoS, heterojunction effects for efficient
PEC applications.
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