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Abstract 19 

Current study reports the facile synthesis of Ag/MoS2 nanocomposite 20 

photocatalyst for visible-light driven hydrogen gas evolution. The MoS2 nanoflakes 21 

were hydrothermally prepared and then decorated with Ag nanoparticles (NPs) by 22 

simple chemical reduction process at room temperature. Detailed 23 

characterizations had been carried out to probe the physical structure and 24 

properties of the as-synthesized nanocomposite. The nanocomposite shows 25 

enhanced visible-light absorption and pronounced quenching of 26 

photoluminescence intensity as compared to that of pure MoS2. The 27 

photocatalytic hydrogen gas evolution experiments reveal that the Ag NPs can act 28 

as efficient co-catalyst for MoS2 nanoflakes and subsequently improve the 29 

hydrogen gas evolution rate. Ag-loading dependent photocatalytic tests indicate 30 

that the 20 wt%-Ag/MoS2 nanocomposite exhibits the highest photocatalytic 31 

activity with hydrogen gas evolution of 179.5 µmol H2/gcat, which is enhanced by 32 

95% if compared to that of commercial MoS2 nanopowder (92.0 µmol H2/gcat). The 33 
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possible mechanisms that contribute to the improvement of visible-light driven 34 

photocatalytic performance for nanocomposite are proposed. 35 

 36 

1  Introduction 37 

For last two decades, significant efforts have been devoted in the processing of 38 

photocatalyst nanomaterials with the aim to be used for heterogeneous 39 

photocatalysis process in producing hydrogen gas through water splitting reaction. 40 

Although this field has been literally exploded, however, the process efficiencies 41 

remain unsatistified.1 Lately, 2D-MoS2 nanostructures have become the notion of 42 

research due to its anomalous electronic and catalysis performance.2-4 Recent 43 

advancement in hydrogen gas production through water splitting reaction 44 

indicates the exceptional catalytic performance of MoS2 in disassociating water 45 

molecules due to its highly-exposed surface area and abundance of active edges. 46 

Most of the findings have proof that active edges are the main factors that dictate 47 

the overall photocatalytic performance.5  48 

Despite of this, latest report lodged by Yu et al. have demonstrate that the 49 

electrocatalytic activity of MoS2 are strictly dependent on the thickness instead of 50 

number of active edges.6 They counterpoint that the hydrogen gas evolution is 51 

reduced by a factor of ~4.47 with respect to the addition of every single layer due 52 

to additional potential barrier of 0.119 V is required for electron hopping along 53 

vertical direction. For the moment, most of the approaches are realized through 54 

electrocatalysis reaction, where the overpotential requires more energy than 55 

thermodynamically expected to drive water splitting reaction with the supplied of 56 

electricity as energy input to initialize the process. Hence, the process still 57 

remains a great challenge to be practiced since the efficiency would be lower than 58 

the stipulated standard after the electricity energy that being supplied is taken into 59 

accounted. On the other hand, for suspension-based photocatalysis reaction, 60 

there is no any electrical energy needed to be supplied to initialize the process. 61 

Instead, the excitons that formed upon absorbing incident photon can further split 62 

the water molecules into its constituents. Therefore, photocatalysis hydrogen 63 

Page 2 of 36Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

3 

 

generation through suspension remain attractive since it is well-complement with 64 

the worldwide initiative toward the implementation of the technology, which is 65 

anticipated to fully harness the sunlight from mother nature as one of highly 66 

abundance natural resource. 67 

 As part of two-dimensional materials, graphene also has gained significant 68 

popularity for photocatalysis applications, where it has been greatly used as 69 

matrix that is able in prolong the charge-carrier lifetimes.7 In contrast to the 70 

graphene, MoS2 appear to be a semiconductor by itself and had been repeatedly 71 

proved to exhibit tunable bandgap energy that is strictly dependent on the atomic 72 

thickness. The bandgap values can be maneuvered from 1.9 eV (direct bandgap) 73 

for a single layer MoS2 nanosheet, down to 1.2 eV (indirect bandgap) for 74 

multilayer MoS2 nanoflakes, in which both of these bandgap are well-correspond 75 

to the light absorption in the visible- (450-700 nm) and infrared-region (700-1400 76 

nm), respectively.8 As a result, MoS2 would become one of the ideal candidates to 77 

be used as visible- and infrared-active optical material for photo-energy 78 

engineering including photosplitting of water. 79 

 In terms of the structural characteristic, MoS2 generally exists in expanded 80 

two-dimensional sheet-like structure8, 9. Such expanded planar nature not only 81 

renders highly-exposed surface area for it, but it is also propitious to be employed 82 

as a matrix in supporting other inorganic nanoparticles (NPs) to form new class of 83 

nanocomposite with value added features that are highly-suitable for specific 84 

applications such as in the case of hybrid photocatalyst materials for 85 

photocatalytic hydrogen gas evolution. For last few years, various creative 86 

designs of advanced photocatalyst nanocomposites have been reported. Among 87 

these include coupling of variety types of semiconductor materials with MoS2 such 88 

as in the case of impregnating MoS2 with graphitic carbon nitride3 and integrating 89 

CdS with MoS2.
10 The motive lies behind the attempt is to enable abundance of 90 

solar-light to be extracted, especially the visible-light spectrum that constitute 43% 91 

of real solar-light.11 In addition to this, it has been elucidated recently that 92 

plasmonic NPs of noble metals (silver, gold and platinum) are also very promising 93 

to be used as co-catalyst.12
 Upon integration of those co-catalyst onto 94 
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photocatalyst semiconductor, the potential barrier at the interface between MoS2 95 

and co-cocatalyst is largely altered, in which space charge region is created to 96 

facilitate the efficient charge separation process that are highly beneficial for 97 

photocatalysis performance with enhanced efficiency.13 Meanwhile, the capability 98 

of noble metals in absorbing visible-light through excitation of surface plasmon 99 

resonance (SPR) will create an intense and non-homogeneous electric field on 100 

the surface of nearby semiconductors. This so-called “plasmonic energy” can 101 

serve as additional energy input to the photoexcited-electrons for refraining 102 

charge-recombination, while at the same time it generate a plasmonic heating 103 

zone in promoting chemical transformation for breaking water molecules.14  104 

 In current study, Ag/MoS2 nanocomposite photocatalyst with different wt% 105 

of Ag-loading was prepared by in-situ reduction of Ag+ ion onto MoS2 nanoflakes 106 

at room temperature. To the best of our knowledge, up to dates, the investigation 107 

of Ag/MoS2 nanocomposite has not been reported especially in term of 108 

suspension-based hydrogen gas evolution. The as-prepared Ag/MoS2 109 

nanocomposite was systematically characterized to probe its structural- and 110 

optical-properties. Evaluation have been conducted on its efficiency to be used as 111 

a nanocomposite photocatalyst for visible-light driven hydrogen gas evolution 112 

through water splitting reaction by comparing with the performance of 113 

commercialized MoS2 nanopowder. The result shows that the nanocomposite with 114 

20 wt% Ag-loading exhibits highest photocatalytic performance, in which 95% 115 

enhancement is observed if compared to that of commercial MoS2 nanopowder. 116 

The effects of Ag-loading on the light absorption, photoluminescence property and 117 

photocatalytic activity were investigated in detailed, and the possible mechanisms 118 

that contribute to the improvement of visible-light driven photocatalytic 119 

performance for the nanocomposite are discussed. Current work exemplify the 120 

potential in designing nanocomposite photocatalyst material by integrating Ag 121 

NPs as co-catalyst onto MoS2 nanoflakes for improved visible-light driven 122 

photocatalytic hydrogen gas production, which can serve as one of feasible 123 

approaches for the advancement of renewable energy research. 124 

 125 

Page 4 of 36Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

5 

 

2  Experimental 126 

2.1 Synthesis of Photocatalyst 127 

2.1.1  Synthesis of the MoS2 Nanoflakes 128 

2.0 mmol Na2MoO5 and 10.0 mmol L-cysteine (HO2CCHCH2SH) solutions were 129 

prepared and transferred into a teflon-lined stainless steel autoclave. The 130 

autoclave was heated in the oven at 200°C for 24 hours and cooled to room 131 

temperature naturally. The as-obtained product was precipitated by centrifuge 132 

with a speed of 4000 rpm. The supernatant was decanted after centrifugation and 133 

the MoS2 nanoflakes in the form of precipitate were re-dispersed in ethanol. The 134 

precipitation and re-dispersion process was repeated for twice. Finally, the 135 

resultant precipitate was ambient-dried overnight and ready to be used as matrix 136 

for deposition of Ag NPs. 137 

2.1.2    Synthesis of Ag/MoS2 Nanocomposites  138 

The as-synthesized MoS2 nanoflakes were dispersed in 30.0 mL distilled water 139 

that had been loaded with 3.0 µL of hydrazine (1.0 x 10-4 mol).  1.0 M of AgNO3 140 

solution was dropwise added into the MoS2 suspension under vigorous stirring. 141 

The nominal weight ratios of Ag to MoS2 were 5, 10, 20 and 50 wt%, respectively. 142 

Hereafter, the resulting samples were named as 5 wt%-Ag/MoS2, 10 wt%-143 

Ag/MoS2, 20 wt%-Ag/MoS2 and 50 wt%-Ag/MoS2. The Ag/MoS2 nanocomposites 144 

were purified with the method similar to the nanoflakes. Finally, the precipitate 145 

was ambient-dried overnight and characterized.  146 

 147 

2.2 Characterization of Photocatalyst 148 

In order to determine the crystallinity and elemental compositions of the samples, 149 

X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analysis 150 

were carried out, respectively. XPS analysis was performed with photoemission 151 

spectroscopy (PES) beam line (BL3.2a) at Synchrotron Light Institute (Thailand). 152 

A thermo VG Scientific CLAM2 electron spectrometer with maximum photon 153 

energy of 600 eV (energy step of 0.1 eV) was used during operation. The 154 
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morphology and elemental mapping of the samples were analyzed by using high 155 

resolution transmission electron microscope (HRTEM) (JEOL JEM-2100F). 156 

Brunauer-Emmett-Teller (BET) surface area measurements were conducted by 157 

using Micromeritics ASAP-2020 analyzer. The ultraviolet-visible (UV-Vis) 158 

spectrophotometer (Perkin-Elmer Lambda 750 UV-VIS-NIR) and 159 

photoluminescence (PL) spectrometer that has been equipped with 325 nm He-160 

Cd laser were used to measure the optical properties of the samples. 161 

 162 

2.3  Photocatalytic Activity 163 

The experimental setup for photocatalytic hydrogen gas production was adopted 164 

and modified from Galinska et al.15 The reaction was conducted by mixing 0.0021 165 

g of Ag/MoS2 nanocomposite with 4.5 mL of deionized water in a quartz cell, 166 

which had been loaded with 0.3 M Na2S and 0.3 M Na2SO3 as holes scavengers. 167 

A 300-W Xe arc lamp that served as visible-light source was mounted with a 168 

beam turner (Newport 66245) that equipped with fins-like heat sink for dissipating 169 

excessive heat effectively. A dichroic beam turning mirror (Newport 66219) was 170 

placed inside beam turner to reflect the visible light (420-630 nm) and an IR cut-171 

off filter (Edmund Optics 54-516) was mounted on the filter holder (Newport 172 

62020) to chop-off the IR-light. The incident power that contributed by visible-light 173 

was measured by Thermal Power Sensors (C-Series, S310C) that was attached 174 

to power meter (Thorlabs, PM100D-USD999 2/8/13). The average power was 175 

determined to be 0.310 W/cm2 for the visible-light that fall in the wavelength in 176 

between 400-800 nm.  The quartz cell was placed 5.0 cm away from the edge of 177 

the filter holder. During the course of photocatalytic reaction, the gases evolved 178 

were transferred into sample loop by using a peristaltic pump and further 179 

quantified by using gas chromatography (GC-Agilent 7890A) that has equipped 180 

with a thermal conductivity detector (TCD) gas chromatograph (MS-5A and 181 

HayeSep Q columns). The amount of hydrogen gas produced every hour was 182 

quantified by integrating with calibration curve. Exactly same experiment 183 
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parameter was employed for commercial MoS2 nanopowder (US Research 184 

Nanomaterials, Inc., US2180) and own-synthesized MoS2 nanoflakes. 185 

 186 

3  Results and discussion 187 

3.1 Characterization of MoS2 Nanoflakes and Ag/MoS2 Nanocomposites 188 

 189 

Fig. 1  XRD patterns of the (a) as-synthesized MoS2 nanoflakes and (b) 20 190 

wt %-Ag/MoS2 nanocomposite. (The darkviolet and khaki-solid line at the 191 

bottom refers to the standard pattern of MoS2 and Ag, respectively).  192 

 193 

Fig. 1 shows the XRD spectra of the own-synthesized MoS2 nanoflakes and 20 194 

wt%-Ag/MoS2 nanocomposite, respectively. It is observed that the spectrum for 195 

MoS2 nanoflakes is partially resolved, where the most dominant peak of (002) 196 

plane is clearly visible if compared to the standard pattern of MoS2 (JCPDS 00-197 

037-1492). However, other peaks appear to be broad and part of the peaks 198 

appreciably overlap among each other to form wide-humps as indicated in the 2θ 199 

range of 30o to 50o and 55o to 65o, respectively. Such broad and featureless 200 

humps can be attributed to the excessively small domain or partially crystalline 201 

nature of the sample.  202 

 According to Liu et al., the nature of MoS2 that appears in sheet-like 203 

structure generally renders poor signal reflection due to lower atomic packing 204 

density.16 Furthermore, if the sample appears to have small crystal domain or 205 

partially crystalline character, poor and unresolved diffraction will be obtained due 206 

to weak interferences of reflected X-ray photon. In order to resolve this matter, 207 

they have conducted in-plane XRD scan, where the detector moves in parallel 208 

direction relative to the sample surface. Their result clearly reveals the well-209 

resolved peaks other than (002) plane, which implies the truly two-dimensional 210 

growth with low number of stacking along the c-axis. As compared with their result, 211 

the MoS2 nanoflakes in Fig. 1(a) shows intense reflection for the plane of (002), 212 
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which signifies the sample tends to undergo stacking along the c-axis resemble to 213 

that of bulk sample. Hence, it is deduced that the as-synthesized MoS2 214 

nanoflakes appear to be in the form of few layers in addition to the expanded two 215 

dimensional planar grow. Moreover, this observation is well-complement with 216 

most of the earlier studies that adopting hydrothermal approach in the synthesis 217 

of MoS2 nanostructures without post annealing, where partially resolved X-ray 218 

patterns are observed as well.17 219 

 On the other hand, the spectrum and relative intensities for 20 wt%-220 

Ag/MoS2 nanocomposite (Fig. 1(b)) indicate the presence of three obvious Ag 221 

peaks in addition to the characteristic peak of (002) plane that belongs to MoS2. 222 

Upon incorporation of Ag NPs onto MoS2 nanoflakes, there are no obvious 223 

changes on the MoS2 diffraction pattern and all the major peaks that belong to Ag 224 

are clearly observed. However, there are pronounced diffraction signals of Ag 225 

NPs owned to its high atomic packing density that capable in reflecting very 226 

intense X-ray signal rather than that of MoS2 nanoflakes. There is a small hump at 227 

2θ of 25°, which may be due to the systematic error arises from excessive X-ray 228 

noise that originates from background of the reflected X-ray beam during the 229 

process of analysis. Nonetheless, this spectrum still implies that the 230 

nanocomposite indeed yield a heterostructure-crystalline without the formation of 231 

alloy since it has been confirmed that homogeneous alloying can cause obvious 232 

shifts in the diffraction pattern.18 233 

 234 

Fig. 2  (a) Wide scan for the commercial MoS2 nanopowder, MoS2 235 

nanoflakes and 20 wt%-Ag/MoS2 nanocomposite (b) narrow scan for the Mo 236 

3d, (c) S 2p and (d) Ag 3d (insets of Fig. 2(b) and 2(c) are the resolved 237 

spectra after deconvoluted to its constituent state). 238 

 239 

 Fig. 2(a) depicts the wide scanning profile for the commercial MoS2 240 

nanopowder, MoS2 nanoflakes and 20 wt%-Ag/MoS2 nanocomposite. There is no 241 

any significant deviation observed in between them except for 20 wt%-Ag/MoS2 242 
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nanocomposite, where  the characteristic peaks that belongs to Ag 3d doublet is 243 

present after Ag NPs is decorated onto the MoS2 nanoflakes. For 20 wt%-244 

Ag/MoS2 nanocomposite, the chemical compositions remain identical even though 245 

after it has been decorated with Ag NPs. It is worth noting that there is an 246 

absence of BE around 236 eV that corresponds to Mo6+ 2d5/2 (Fig. 2(a)) which 247 

belongs to oxide-based compounds such as MoO3.
19  This indicates there is no 248 

any oxidized-Mo present for those three samples. Hence, it is further confirmed 249 

that all the compounds are indeed pure MoS2 and there is no any oxide as well as 250 

other impurities presence in the samples.  251 

 The narrow scan is carried out to clearly elucidate the BE for each 252 

elements as well as the purity of the compounds (Fig 2(b-d)). According to Fig. 253 

2(b) that correspond to binding energy of Mo, all the samples show doublet of Mo 254 

3d5/2 and Mo 3d3/2 that fall at 229.0 eV and 231.9 eV (inset Fig. 2(b)), respectively. 255 

This doublet can be assigned to the Mo4+ ion that is contained in MoS2.
20 256 

Meanwhile, Fig. 2(c) also reveals that all the samples have S 2p spectra which 257 

are well-fitted with the doublet constituted of 165.0 eV (S 2p1/2) and 163.5 eV (S 258 

2p3/2) (inset Fig. 2(c)), where both of these binding energy can be assigned to the 259 

bridging S2- and/or apical S2- ligands in MoS2.
16 With respect to Ag spectrum (Fig. 260 

2(d)) in the 20 wt%-Ag/MoS2 nanocomposite, the Ag 4d BE can be assigned to 261 

the Ag in the zero valence state that equals to 368.2 eV (Ag 3d5/2) and 374.3 eV 262 

(Ag 3d3/2).
21 This demonstrates that Ag NPs that had been deposited onto MoS2 263 

nanoflakes preserve its metallic nature without undergo further oxidation. By 264 

integrate the peak area of the spectra with the assistance of X-ray photoemission 265 

software, the composition of the elements for Mo, S, and Ag in the 20 wt%-266 

Ag/MoS2 nanocomposite is determined to be 26.1%, 54.6% and 19.3%, 267 

respectively. 268 

 269 

Fig. 3  (a) Low magnification (30kX) TEM image of the MoS2  nanoflakes that 270 

was suspended on a lacey copper grid. (b) High resolution TEM image 271 

(800kX) of MoS2 nanoflakes that reveals the defect-rich active edges with 272 
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discontinued microstructures. (c) Low magnification (30kX) TEM image of 273 

20 wt%-Ag/MoS2 nanocomposite depicts that Ag NPs are randomly 274 

distributed onto MoS2 nanoflakes. (d) High resolution TEM image (800kX) of 275 

the Ag NPs that embedded on the MoS2 nanoflakes. 276 

 277 

Table 1   278 

Average size of Ag NPs that were produced with different wt% of Ag 279 

precursor 280 

 281 

 Fig. 3(a) depicts the TEM micrograph of the free-standing MoS2 nanoflakes, 282 

which have sheet-like morphology with a lateral size of ~500 nm. The partially 283 

transparent feature implies that the thin and isolated-sheets are obtained in 284 

current synthesis. Meanwhile, HRTEM image along the side of the nanoflakes 285 

reveals the well-known active edges, which is the typical characteristic of this 286 

material. The interlayer spacing in between active edges is measured to be 0.62 287 

nm, which is well correlate with the d-spacing of (002) plane of standard MoS2 288 

(Fig 3(b)). This reflects that the nanoflakes are stacked alone the c-axis, which is 289 

in well-agreement with the result of diffractogram. Occasionally, it is found that 290 

part of these active edges appear to be discontinued (arrows in Fig. 3(b)), where 291 

concurrent distortion and dislocation are presence along the edges. Such 292 

observation is similar to the microstructures of vertical aligned MoS2 thin film that 293 

have been grown by high temperature CVD method.22 Xie et al. who employed 294 

hydrothermal method in producing MoS2 with similar characteristic, have ascribed 295 

these microstructures as defect-rich entities that can serve as additional active 296 

sites for enhanced electrocatalytic hydrogen gas evolution.23 In current study, the 297 

formation of defect-rich sites is attributed to the binding effect by ion sulfide of L-298 

cysteine molecules which had been adopted as sulfur precursor. It has been 299 

proved that sulfide ions can form complex on nanostuctures surface through 300 

sulfur bridging.24 Hence, it is deduced that the ion sulfides are tightly-anchor on 301 

the surface of the preform MoS2 nanoflakes. As a result, the planar growth is 302 
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strictly promoted to form two-dimensional flaky-like structure. Under prolong 303 

annealing process in hydrothermal condition, the numbers of sulfide ions that 304 

anchor on the as-formed nanoflakes surface are increase with respect to the 305 

prolong crystallization process. However, excessive high-density coverage of ion 306 

sulfides could restrict the growth of crystal in long range order and cause strain 307 

within the lattice. Consequently, the cracking effect is triggered especially on the 308 

basal plane and renders the formation of defect-rich sites. Apparently, this 309 

cracking effect does not only observed in the study by Xie et al., who use thiourea 310 

as sulfur source, but also valid for current study that adopting L-cysteine as sulfur 311 

precursor.23 312 

 The TEM images of the 20 wt%-Ag/MoS2 nanocomposite are depicted in 313 

Fig 3(c) and 3(d). According to Fig. 3(c), the Ag NPs are randomly distributed 314 

throughout the surface of MoS2 nanoflakes, where the pseudo spherical Ag NPs 315 

are clearly observed along the edges due to contrast difference. Upon Ag 316 

deposition, it is noticed that the MoS2 nanoflakes underwent slightly structural 317 

changes, where it agglomerates with its neighboring sheets. This could be caused 318 

by partially removal of the sulfide ions by reducing agent (hydrazine) during 319 

decoration process. However, this agglomeration does not significantly diminish 320 

the MoS2 active edges as shown in HRTEM images in Fig 3(d). Meanwhile, the 321 

image also reveals that an Ag NP that embedded on the surface of MoS2 322 

nanoflakes without the sign of continuous film formation. This implies that the Ag 323 

NPs does not wet or even diffuse into the lattice of MoS2 to form alloy, which is in 324 

well-agreement with XRD result (Fig. 1(a)). For the samples produced by varying 325 

the weight percentage of Ag precursor, it is found that the average size of Ag NPs 326 

are strongly depends on the concentration of Ag precursor used. Table 1 depicts 327 

the average size that corresponds to the different amount of Ag precursor used. 328 

By referring to the table, Ag NPs with larger average size and wide size 329 

distribution are produced when higher concentration of Ag precursor is used. This 330 

may be due to the excessive agglomeration has taken place as a result of high 331 

reactant exchange rate with high concentration of Ag precursor.25 332 
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 Fig. 4(a) shows the HRTEM image of the lattice fringes for both of the Ag 333 

NPs and active edges of the MoS2 nanoflakes, where the difference in the 334 

electron scattering have resulted in the distinguishable contrast in between them. 335 

As compared to MoS2 nanoflakes, the Ag NPs that possess high atomic packing 336 

density render darker spot due to enhance electron beam scattering. This is 337 

further confirmed by its d-spacing of 0.23 nm, which belongs to its (111) plane. At 338 

the same time, the interlayer spacing of 0.62 nm that belongs to (002) plane of 339 

MoS2 nanoflakes also is observed in the same image. Selected area electron 340 

diffraction (SAED) analysis was carried out to further elucidate the crystallinity of 341 

the Ag/MoS2 nanocomposite (Fig. 4(b)). The ring diffraction pattern for MoS2 342 

appears to be relatively broad and partially diffused, which could be due to the 343 

excessively small grain or lower crystallinity.26 After indexing with the standard 344 

JCPDS database for both of Ag and MoS2, the ring diffraction pattern on the 345 

selected area that corresponds to Fig. 4(a) further confirms the coexistence of 346 

both of Ag NPs and MoS2 nanoflakes without the presence of other oxide or 347 

sulfide impurities. 348 

 349 

Fig. 4  (a) HRTEM image of the 20 wt%-Ag/MoS2 nanocomposite that depicts 350 

the coexistence of both MoS2 nanoflakes and Ag NPs and the 351 

corresponding lattice fringes, (b) ring diffraction pattern of the selected 352 

region (red line box) indicates the respective crystal plane of both MoS2 353 

nanoflakes and Ag NPs, (c) FFT image that projected along [110] zone axis 354 

for Ag NPs that embedded onto nanocomposite and (d) FFT image of MoS2 355 

nanoflakes of 20 wt%-Ag/MoS2 nanocomposite. 356 

 357 

 In order to resolve the constituents within the nanocomposite in a much 358 

more detail manner, FFT analysis were carried out. Fig. 4(c) depicts the FFT 359 

pattern for Ag NPs that can be well-indexed to the standard pattern of Ag with 360 

face center cubic phase, which is projected along [110] direction. Additionally, Fig. 361 

4(d) reveals the FFT pattern for MoS2, where six independent and discontinued 362 
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diffraction arcs are clearly shown instead of individual diffraction spot. This implies 363 

the MoS2 nanoflakes do not exist in the form of single crystal with six diffraction 364 

spots that are discrete. Instead, the discontinued arcs are due the formation of 365 

quasiperiodic structure that arise from the high density of defects.23 366 

 367 

Fig. 5  (a) Combined signal of 3 elementals (Mo, S, Ag) for 20 wt%-Ag/MoS2 368 

nanocomposite and (b) the corresponding EDXA spectrum. 369 

 370 

 The energy dispersive X-ray analysis (EDXA) was conducted to estimate 371 

the chemical composition of the 20%-Ag/MoS2 nanocomposite. It is noticed that 372 

the elemental mapping images reveal the presence of Mo and S, which are 373 

distributed evenly throughout the sample with Ag alongside (Fig. 5(a)). Fig 5(b) 374 

depicts the EDXA spectrum for quantitative analysis of relative atomic percent for 375 

each element and the corresponding percentage is summarized in the table. The 376 

relative atomic ratio reflects the elemental compositions of the nanocomposite, in 377 

which the ratio of Mo: S: Ag is calculated to be 1.2 : 2.9 : 1.0. These values are 378 

well-coincide with the resultant area ratio of the elements through XPS analysis. 379 

 380 

Fig. 6  UV-vis absorption spectra of commercial MoS2, MoS2 nanoflakes, Ag 381 

NPs, 5 wt%-Ag/MoS2, 10 wt%-Ag/MoS2, 20 wt%-Ag/MoS2 and 50 wt%-382 

Ag/MoS2. 383 

 384 

 Optical absorption spectrum of the MoS2 nanoflakes (Fig. 6) shows that 385 

there is a broad absorption peak centered at about 635 nm. In contrast to other 386 

reports, there is not sign of separated A and B exciton peaks are observed.27, 28 387 

Such discrepancy can be ascribed to the defective nature of the nanoflakes, in 388 

which the spin orbits splitting that caused by interlayer interaction are 389 

weakened.29 Also, this sample shows relatively weak absorption beyond the 390 

wavelength of 850 nm that can be attributed to the effect of the thinner sheet as 391 
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modelled by Li et. al.2 According to their model (Generalized Gradient 392 

Approximation), the surface-state wave function and screening effect of thinner 393 

MoS2 are qualitatively different from that of bulk. As a result, the excitation from 394 

the occupied Mo 4d orbital to the unoccupied Mo 4d orbital is symmetrically 395 

forbidden beyond 850 nm for thinner MoS2 nanoflakes, whereas the transition 396 

from S 3p to Mo 4d or from Mo 4d to S 3p that make the visible absorption 397 

dominant is allowed for this sample. In comparison, the commercial MoS2 with 398 

relatively bulky size exhibits prominent absorption in near IR region but relatively 399 

weak absorption in visible region. With such distinguish differences on the 400 

absorption between both of these samples, it is therefore deduced that the 401 

enhancement of absorption in visible region for the as-synthesized nanoflakes will 402 

greatly assist the visible-light driven photocatalytic hydrogen gas production.  403 

 Since the photocatalytic performance have direct relationship with optical 404 

absorption characteristic, it is crucial to explore the appropriate wt% of Ag to be 405 

loaded onto MoS2 nanoflakes. According to Fig. 6, the decoration of Ag NPs onto 406 

MoS2 nanoflakes has enhanced the visible light absorption for all the 407 

nanocomposites, which reflects the unique co-catalyst function of Ag NPs. It is 408 

noticed that all the Ag/MoS2 nanocomposites show absorption peak centered at 409 

606 nm, which are slightly blue-shifted as compared to that of the pure MoS2 410 

nanoflakes. Moreover, all the nanocomposites also exhibit two small humps that 411 

located at 400 nm and 438 nm, which are the characteristic peaks of localized 412 

surface plasmon resonance from the Ag NPs. Both of these peaks are due to the 413 

collective oscillation of the conduction band electrons after Ag NPs interact with 414 

incident visible-light.30, 31 There is no significant variation on the absorption 415 

spectra for all the nanocomposites with different weight percentage of Ag-loading 416 

except minor difference in term of absorption intensity. 417 

 418 

Fig. 7  Photoluminescence spectra of commercial MoS2, MoS2 nanoflakes, 5 419 

wt%-Ag/MoS2, 10 wt%-Ag/MoS2 , 20 wt%-Ag/MoS2 and 50 wt%-Ag/MoS2. 420 
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 In general, charge carriers dynamic especially on the aspect of electron- 421 

hole separation efficiency has direct influence toward the overall photocatalytic 422 

performance. The electron-hole separation efficiency can be correlated with the 423 

photoluminescence (PL) emission intensity by taking consideration on the aspect 424 

of radiative recombination.3, 32 Fig. 7 depicts PL emission for the samples that had 425 

been excited by using 325 nm He-Cd laser. By referring to the spectra, both of the 426 

commercial MoS2 and MoS2 nanoflakes exhibit very intense peak centered at 427 

1.81 eV in addition to two noticeable shoulders located at 1.43 eV and 2.15 eV. 428 

Both of the peaks (1.81 eV and 2.15 eV) can be assigned to the characteristic 429 

peaks of direct-bandgap exciton transition for 2H-MoS2. According to Mak et al., 430 

both of these emissions are caused by direct excitonic transition at the K point of 431 

the Brillion zone (K4-K5 and K1-K5 optical transition, respectively), while the peak 432 

with lower energy (1.43 eV) is corresponds to the indirect bandgap transition, 433 

which can be ascribed to the as-synthesized nanoflakes that owns thinner sheet 434 

in current study.33 435 

 On the other hand, for all the Ag/MoS2 nanocomposites, the PL 436 

characteristics appear to be quite different if compared to the pure MoS2, where 437 

there are two obvious emissions are observed at 1.81 eV and 1.52 eV in addition 438 

to the one that located at 2.15 eV. Interestingly, upon progressive increment of 439 

Ag-loading, the intensities of the direct transition (1.81 eV and 2.15 eV) are 440 

suppressed while the peak at 1.52 eV is getting pronounced. It is hypothesized 441 

that the surface plasmon effect from Ag NPs have led to the suppression of the 442 

emission at both of the peaks that located at 1.81 eV and 2.15 eV, in which both 443 

of these peaks are generally assigned to be direct transition for MoS2 
34. This may 444 

be due to the nonradiative decay from the localized plasmonic resonance effect 445 

that is contributed by metal NPs have enhanced the numbers of photoexcited 446 

electrons. Meanwhile, the enhancement of latter PL peak at 1.52 eV is due to the 447 

mechanical strain according to Sun et al.34, who had conducted the detailed PL 448 

analysis on noble metal decorated MoS2 nanostructures. This is consistent with 449 

the report by Pashley et al., 35 who had pointed out that noble metal NPs that 450 

partially bind onto MoS2 can create a stress at the interface between both of the 451 
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compounds. In conjunction with this observation, current study also shows that 452 

the peak at 1.52 eV seems to exhibit stronger intensity as compared to pure MoS2 453 

upon the formation of Ag/MoS2 nanocomposites. Such increment is due to 454 

progressively agglomeration in between layers of MoS2 nanoflakes as a result of 455 

partial removal of ion S2- that are anchor on the surface of nanoflakes36 (by 456 

referring to Fig. 3(c)) that would also contribute to the strain as proven by strong 457 

surface interaction. 458 

 It is noteworthy that the overall PL intensities decrease upon incorporation 459 

of Ag NPs, which implies the enhancement in separation efficiency of electron-460 

hole pairs. According to Bhanu et al., who have study the PL quenching in gold-461 

MoS2 hybrid nanocomposite, they claimed that photoexcited-electrons in higher 462 

fermi level showed very high tendency to transfer to its adjacent gold NPs with 463 

lower fermi level during illumination.32 Since gold and Ag are considered to be 464 

noble metals that have relatively similar work function and electronic 465 

characteristic37 thus, in current study, the photoexcited-electron is expected to 466 

transfer to Ag and hence reduce the recombination rate by decay back to valence 467 

band of MoS2 nanoflakes. With higher loading of Ag NPs onto the surface of MoS2 468 

nanoflakes, the recombination rate is greatly suppressed, in which the overall PL 469 

intensities are largely reduced.  Hence, integrating noble metal with 470 

semiconductor offers a plausible pathway to promote efficient charge carrier 471 

generation. 472 

 473 

3.2 Photocatalytic Hydrogen Evolution Activity 474 

 475 

Fig. 8  (a) Time-depencence photocatalytic hydrogen gas production profile 476 

for Ag NPs, commercial MoS2, MoS2 nanoflakes, 5 wt%-Ag/MoS2, 10 wt%-477 

Ag/MoS2, 20 wt%-Ag/MoS2 and 50 wt%-Ag/MoS2. (b) Yield of hydrogen gas 478 

for different samples. 479 

   480 
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 Fig. 8(a) shows the result of visible-light driven photocatalytic hydrogen gas 481 

production of pure MoS2 and nanocomposites. The average hydrogen gas 482 

production of commercial MoS2 is determined to be 92.0 µmol H2/gcat while that of 483 

MoS2 nanoflakes is 122.5 µmol H2/gcat. The enhancement in photocatalytic 484 

performance of nanoflakes is ascribed to its higher surface area (30.59 m2/g) with 485 

abundance of active sites along the edges if compared to that of commercial 486 

MoS2 (3.96 m2/g). Moreover, the nanoflakes that appear to be in thinner sheet are 487 

well-commensurate with its carrier-diffusion length due to the shorter charge 488 

transport pathways from the interior to the solid-water-interface.38 The 489 

complement from both of these factors has strictly promoted redox reaction at the 490 

interface between nanoflakes and water for better hydrogen gas evolution rate. 491 

 Upon introducing Ag NPs onto MoS2 nanoflakes, there is obvious 492 

improvement on the hydrogen gas evolution rate for all the nanocomposites. The 493 

hydrogen gas evolution rates are prevailled after the pure MoS2 nanoflakes are 494 

integrated with co-catalyst Ag NPs. For the sake of clarification, the photocatalytic 495 

activity of Ag NPs also was measured under the same condition and it is found 496 

out that no any trace amount of H2 gas being detected upon 5 hours reaction. 497 

Therefore, the ability of Ag NPs to trigger the photosensitization process can be 498 

excluded and it is clear that the hydrogen gas evolution enhancement is indeed 499 

contributed by Ag NPs that serve as co-catalyst. 500 

 The enhancement is due to the electron sink effect 39, where Ag NPs can 501 

act as a "pool" to gather photoexcited-electrons of MoS2 nanoflakes and suppress 502 

the drawback of recombination. Thereafter, those photoexcited-electrons can be 503 

used to trigger photocatalytic reaction in improving hydrogen gas evolution rate. 504 

Although UV-vis absorption spectroscopy results indicate that the absorption of 505 

Ag/MoS2 nanocomposites with different Ag-loading does not vary much, however, 506 

the hydrogen gas evolution rate appear to be quite different. By referring to Fig. 507 

8(b), the increment of Ag- loading from 5 wt% to 20 wt% (where 20 wt% is 508 

identified to be the most optimum condition) has boost up the H2 gas production 509 

rate for 29 %. The result shows that 20 wt% of Ag- loading is the optimum wt% 510 

since further topped-up of Ag-loading beyond this level seems to degrade the 511 
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photocatalytic performance. The reason lies behind this is due to the formation of 512 

larger Ag NPs as a result of excessive agglomeration when higher concentration 513 

of Ag precursor is used (Table 1). According to Spinelli et al., the large particles 514 

with the size exceeding 30 nm will induced far-field scattering effect, where the 515 

incident photons will be scattered away in the form of heat rather than absorbed 516 

by the NPs.40 Moreover, larger size Ag NPs also render additional side effect, in 517 

which large portion of incoming photon is blocked along its pathway to reach the 518 

active sites of MoS2. When both of these factors exist, the photoexcited-electrons 519 

will be reduced and subsequently lower the numbers of photoexcited-electrons 520 

that transfer to Ag NPs. Hence, overall hydrogen gas evolution rate is hampered.  521 

 For the sake of comparison, 20-wt% Ag/MoS2 is selected as a 522 

representative sample. It is observed that this sample exhibit almost 46% 523 

increment in hydrogen gas production rate (179.5 µmol H2/gcat) if compared to that 524 

of own-synthesized MoS2 nanoflakes (122.5 µmol H2/gcat), whereas 95% 525 

enhancement is shown if compared to commercial MoS2 (92.0 µmol H2/gcat). The 526 

enhancement in the hydrogen gas evolution rate is due to efficient transfer of 527 

photoexcited charges promoted by Ag NPs co-catalyst. This deduction can be 528 

correlated with the PL spectrum (Fig. 7), where all of the nanocomposites exhibit 529 

pronounced degradation in PL intensities. The phenomena of lower PL intensities 530 

imply that the electron-hole does not undergo recombination by heat dissipation 531 

or lattice distortion, which is generally observed.41 Instead, the photoexcited-532 

electrons manage to diffuse through lattice up to its surface and participate in the 533 

redox reaction at the interface between solid and water. 534 

 535 

 536 

 537 

3.3  Photocatalytic Mechanism Discussion 538 

 539 
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Fig. 9  Schematic represents for visible light hydrogen gas evolution over 540 

MoS2 in the presence of Ag NPs co-catalyst. 541 

 542 

 The mechanisms that contribute to the enhancement of hydrogen gas 543 

evolution rate can be ascribed to the merit of the Ag NPs that serves co-catalyst. 544 

Such integration has encouraged the formation of space charge region that will 545 

ease the efficient charge separation as illustrated in Fig. 9. Literately have 546 

reported that the fermi level of MoS2 is 4.7-4.0 eV,32 while the value for Ag NPs is 547 

5.5 eV.42 Such discrepancy has resulting in a 0.8-1.5 eV of energy level offset, 548 

which subsequently causes band bending and the formation of space-charge 549 

region at the interface of Ag/MoS2 nanocomposites system.32, 43 This region is a 550 

charge free region but occupied with a continuum of opposite charges, where 551 

MoS2 side is occupied by negative charges, and Ag co-catalyst side is occupied 552 

with positive charges alongside.44 All the charges are distributed in a parallel 553 

manner and are separated with a gap apart.45 Under thermal equilibrium condition, 554 

the dipole as-described above will prevent further movement of the charge carries 555 

due to high energy barrier which is resulting by the internal electric field. However, 556 

upon irradiation, the thermal equilibrium is perturbed by the incident photons and 557 

the electric field in space charge region will strictly promote the photoexcited-558 

electrons to bypass the potential barrier. Thereafter, these electrons will tunnel 559 

through the space charge region and gather on the surface of the co-catalyst 560 

while holes are left at MoS2 side. Hence, it is deduced that the formation of space 561 

charge region can serve as merit in assisting efficient electron-hole separation 562 

and preventing charge recombination.46 This can be evidenced by obvious PL 563 

quenching in the nanocomposites according to PL measurement in Fig. 7, where 564 

the integration of Ag co-catalyst have greatly suppress the intensity of PL 565 

emission. 566 

 As a consequence, if compared to the pure MoS2, the reduction of water 567 

molecules is greatly eased at the surface of Ag NPs that serve as "electron pool" 568 

in gathering the photoexcited-electron for further conversion of the hydrogen ions 569 
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to H2 molecules,47 while oxidation will take place on the active edges of MoS2 570 

nanoflakes. In order to prevent degradation on the nanocomposites, Na2S and 571 

Na2SO3 was adopted as a holes sacrificial agents that is widely used in sulfide-572 

based photocatalyst materials.48, 49 It is believed that the sulfur ions (S2- and SO3
2-) 573 

from Na2S and Na2SO3 provide extra sulfur source to enable surface 574 

reconstruction of the MoS2 as well as prevent further oxidation of MoS2 575 

nanoflakes.50-52 Other than that, the sacrificial agents also act as electron donor to 576 

react with photo-generated holes,50 and hence increase the tendency of photo-577 

generated electrons to transfer to the conduction band of the MoS2 nanoflakes. 578 

 This is in well-aggrement with the reports that have been lodged by 579 

preceding studies,53, 54 where incorporation of metal nanoparticles indeed can 580 

serve as an alternative route in further enhance the hydrogen gas evolution in 581 

water due to fast transfer of the excited electrons generated by photon absorption 582 

from the semiconductor to the metal. As a result, undesired recombination by 583 

deexcitation to the ground state is strictly-inhibited. Apparently, the contribution of 584 

Ag NPs co-catalyst had strictly-promote efficient charge within the 585 

nanocomposites if compared to MoS2 nanoflakes alone.55 For pure MoS2 586 

nanoflakes alone, there is a high probability for recombination of excitons to 587 

occur.45, 56, 57 588 

 589 

Conclusions 590 

In summary, Ag/MoS2 photocatalyst nanocomposite has been successfully 591 

synthesized and characterized. The feasibility of the nanocomposite to be used as 592 

photocatalyst for visible-light driven hydrogen gas evolution has been tested. The 593 

photocatalytic evaluation indicates that hydrogen gas production activities are Ag-594 

loading dependence, where 20 wt%-Ag/MoS2 shows optimum performance with 595 

95% enhancement in hydrogen gas evolution rate if compared to that of 596 

commercial MoS2 nanopowder. The possible mechanisms that contribute to the 597 

enhancement of hydrogen gas evolution rate are proposed, which consisted of 598 

synergy effect from semiconductor and Ag co-catalyst. Current study will serve as 599 
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a platform to develop efficient nanocomposite photocatalyst by incorporating 600 

noble metal co-catalyst on semiconductor for the advancement in renewable 601 

energy research. 602 
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Schemetic diagram of visible light driven hydrogen gas generation on the surface of Ag/MoS2 nanocomposite 
system.  
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Fig. 1 XRD patterns of the (a) as-synthesized MoS2 nanoflakes and (b) 20 wt %-Ag/MoS2 nanocomposite. 
(The darkviolet and khaki-solid line at the bottom refers to the standard pattern of MoS2 and Ag, 

respectively).  
149x123mm (150 x 150 DPI)  
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Fig. 2 (a) Wide scan for the commercial MoS2 nanopowder, MoS2 nanoflakes and 20 wt%-Ag/MoS2 
nanocomposite (b) narrow scan for the Mo 3d inset of Fig2b is the resolved spectra after deconvoluted to its 

constituent state).  

64x99mm (300 x 300 DPI)  

 

 

Page 27 of 36 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



  

 

 

Fig. 2 (a) Wide scan for the commercial MoS2 nanopowder, MoS2 nanoflakes and 20 wt%-Ag/MoS2 
nanocomposite (b) narrow scan for the Mo 3d, (c) S 2p and (d) Ag 3d (insets of Fig. 2(b) and 2(c) are the 

resolved spectra after deconvoluted to its constituent state).  
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Fig. 3 (a) Low magnification (30k ×) TEM image of MoS2  nanoflakes that was suspended on lacey copper 
grid. (b) High resolution TEM image (800k ×) of MoS2 nanoflakes that depicts the defect-rich active edges 

with discontinued microstructures. (c) Low magnification (30k ×) TEM image of 20 wt%-Ag/MoS2 

nanocomposite reveals that Ag NPs are randomly distributed onto MoS2 nanoflakes. (d) High resolution TEM 
image (800k ×) of the Ag NPs that embedded on the MoS2 nanoflakes.  
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Table 1 

 

Samples Average size of Ag NPs 

(nm) 

5 wt%-Ag/MoS2 12.7 

10 wt%-Ag/MoS2 13.8 

20 wt%-Ag/MoS2 18.9 

50 wt%-Ag/MoS2 51.1 
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Fig. 4 (a) HRTEM image of 20 wt%-Ag/MoS2 nanocomposite depicts the coexistence of both MoS2 nanoflakes 
and Ag NPs and the corresponding lattice fringes, (b) ring diffraction pattern of the selected region (red line 
box) indicates the respective crystal plane of both MoS2 nanoflakes and Ag NPs, (c) FFT image along [110] 
zone axis for Ag NPs that embedded onto nanocomposite and (d) FFT image of MoS2 nanoflakes of 20 wt%-

Ag/MoS2 nanocomposite.  
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Fig. 5 (a) Combined signal of 3 elementals (Mo, S, Ag) for 20 wt%-Ag/MoS2 nanocomposite and (b) the 
corresponding EDXA spectrum.  
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Fig. 6 UV-vis absorption spectra of commercial MoS2, MoS2 nanoflakes, Ag nanoparticles, 5 wt%-Ag/MoS2, 
10 wt%-Ag/MoS2, 20 wt%-Ag/MoS2, 50 wt%-Ag/MoS2.  
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Fig. 7 Photoluminescence spectra of commercial MoS2, MoS2 nanoflakes, 5 wt%-Ag/MoS2, 10 wt%-Ag/MoS2, 
20 wt%-Ag/MoS2 and 50 wt%-Ag/MoS2.  
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Fig. 8 (a) Time-depencence photocatalytic hydrogen gas production profile for Ag NPs, commercial MoS2, 
MoS2 nanoflakes, 5 wt%-Ag/MoS2, 10 wt%-Ag/MoS2, 20 wt%-Ag/MoS2 and 50 wt%-Ag/MoS2. (b) Yield of 

hydrogen gas for different samples.  
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Fig. 9 Schematic represents for visible light hydrogen gas evolution over MoS2 in the presence of Ag NPs co-
catalyst.  
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