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General synthesis of noble metal (Au, Ag, Pd, Pt) nanocrystals modified
MoS; nanosheets and enhanced catalytic activity of Pd-MoS, for
methanol oxidation
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A general and facile method for water-dispersed noble metal (Au, Ag, Pd, Pt) nanocrystals modified MoS, nanosheets (NM-MoS,
NSs) has been developed. By using sodium carboxymethyl cellulose as stabilizer, well-dispersed NM-MoS, NSs with
homogeneously deposited noble metal nanocrystals (NM NCs) can be synthesized in aqueous solutions. Due to the transition from
semiconducting 2H to metallic 1T phase, the chemically exfoliated MoS, (ce-MoS,) NSs have improved electrochemical activity.
The partially metallic nature of ce-MoS, NSs and catalytic activity of NM NCs synergistically make NM-MoS, NSs potential
electrochemical catalyst. For the first time, Pd-MoS, NSs was used as electrocatalyst for methanol oxidation in alkaline media.
The results showed that Pd-MoS, NSs have enhanced catalytic activity with 2.8-fold anodic peak current mass density compared
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to commercial Pd/C catalyst, suggesting potential application for direct methanol fuel cells (DMFCs).

Introduction

Since the successful preparation of free-standing single-layer
graphene in 2004, two-dimensional (2D) nanomaterials have
drawn great attention due to their unique structure and distinctive
properties compared with their bulk forms, which opens the door
to a novel world for physics, chemistry, biomedicine, and many
others.'?

Considered as novel inorganic graphene analogues, layered
transition metal dichalcogenides (LTMDs) have become a new
focus during recent years.® LTMDs with generalized formula of
MX; include a large family of compounds, where M is 4B, 5B, or
6B transition metals, and X is sulfur, selenium, or tellurium, such
as VS,, NbSe,, TaS,, MoS,, WTe,, TiS,, ZrSe,.* ¢’ These
compounds have unique 2D X-M-X structure in which the
transition metal atom layer is sandwiched between two close-
packed chalcogen atom layers. Within the LTMDs layer,
transition metal atoms and chalcogen atoms form strong covalent
bonds, while between the layers weak van der Waals force is the
main interaction.”

As a prototypical compound of LTMDs, MoS, has been
extensively studied as solid lubricant, hydrodesulphurization
catalyst, hydrogen catalyst, and optoelectronic
materials.*'" Bulk MoS, is a typical semiconductor with an
indirect band gap about 1.2 eV.'">!* However, when the thickness
of MoS, crystals decreases to single-layer, the band gap
transforms from indirect to direct type due to quantum
confinement effect in their d-electron system.' The structure
alternation of single-layer MoS, nanosheets (MoS, NSs) to their
bulk ones leads to intriguing optical and electrical properties. For
example, Heinz and Wang found that single-layer MoS, NSs
can emit strong photoluminescence both from theoretical analysis
and experiments, which not only provides the first sample of
atomic-thin photoluminescent nanomaterials but also suggests
potential applications for optical sensing, photocatalysis, and
photovoltaics."*'*'® ' Kis et al. showed that single-layer MoS,
NSs can be used to fabricate high performance field-effect
transistors (FETs) and ultrasensitive photodetectors.'®!”
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Several methods have been developed to prepare ultrathin
MoS, NSs, including mechanical exfoliation (“Scotch tape
method”), liquid exfoliation, chemical vapor deposition (CVD),
colloidal synthesis, chemical exfoliation (lithium intercalation-
exfoliation), and electrochemical exfoliation.'®? Among these
methods, chemical exfoliation is not only relative simple and
reliable, but also capable for large scale preparation of single-
layer nanosheets. Most interesting, while MoS, NSs obtained
from other methods are usually semiconducting 2H phase,
chemically exfoliated MoS, (ce-MoS;) NSs are mainly metallic
1T phase.””*® Although the ce-MoS, NSs are not favourable for
optoelectronic devices, such as FETs, they are quiet attractive for
electrochemical catalysis. Very recently, Lukowski et al.
demonstrated the ce-MoS, NSs can significantly improve the
hydrogen evolution reaction (HER) catalytic performance with
high electrocatalytic current density and low overpotentials due
to the existence of metallic 1T phase.” Voiry et al. reported
similar results that ce-WS, NSs can also be used as excellent
HER catalyst due to the presence of high concentration of the
strained metallic 1T phase.*® Hence, chemical exfoliation method
not only provides a facile way to prepare ultrathin MoS, NSs but
also produces novel materials with the same composition yet
significantly improved electrical properties, which offers novel
opportunities for HER and even more other electrocatalytic
applications.

On the other hand, noble metal (such as Au, Ag, Pt, Pd)
nanocrystals (NM NCs) are another prototypical functional
nanomaterials with zero-dimensional (0D).*'** Modifying 2D
nanomaterials with 0D NM NCs to form 0D-2D functional
hybrids not only enhances the intrinsic properties of the materials,
but also bring novel properties and functions. For example, the
noble metal-graphene hybrids have been widely used as optical
biosensors and advanced electrocatalysts for  energy
conversion.****

Recently, several groups reported the preparation of NM NCs
modified MoS, NSs. Rao et al. synthesized few-layer MoS, NSs
by hydrothermal method and decorated the as-prepared LTMDs
NSs with Au, Ag, and Pt.3® However, this method needs very
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high temperature (773 K) and has trouble to control the thickness
of MoS, NSs. Zhang et al. reported the epitaxial growth of Pd, Pt,
and Ag NCs on the surface of single-layer MoS, NSs prepared by
electrochemical exfoliation and showed that Pt-MoS, NSs
exhibits high catalytic activity for HER.?’ Although
electrochemical exfoliation is a very effective method to prepare
single-layer MoS, NSs, bulk MoS; need to be intercalated in a Li-
battery system, which is relative complicated to assembly and not
easy to scale up. Kim et al. decorated ce-MoS, NSs with Au NCs
by directly reducing Au(Ill) cations with MoS, NSs and the
resulting  Au-MoS, NSs show significantly enhanced
electrocatalytic performance toward HER.*®  Although this
method is very simple, lacking stabilizer often leads to
aggregations of the products.

Herein, we develop a general, facile, and scalable method to
prepare water-dispersible noble metal NCs modified ce-MoS,
NSs (NM-MoS, NSs, NM=Au, Ag, Pd, Pt) by using
carboxymethyl cellulose as stabilizer in aqueous solution.
Structure and optical properties of the NM-MoS, NSs were
characterized and the electrocatalytic activity of Pd-MoS, NSs for
methanol oxidation in alkaline solutions was also studied.

Experimental Section

Chemicals

Molybdenum (IV) sulphide (MoS,) powder (<2 pum, 99%) and
Pd/C (10 wt%) were purchased from Sigma-Aldrich;
butyllithium (n-BuLi, 2.4 M hexane solution) was bought from
Amethyst; sodium carboxymethyl cellulose (CMC, 800-1200
mPa-s), Tween 80, sodium dodecyl sulfate (SDS), cetyl trimethyl
ammonium bromide (CTAB), acetone, isopropanol, alcohol,
ascorbic acid (AA), HAuCly-4H,0, AgNO;, H,PtCls6H,0, and
PdCl, are all analytical grade, purchased from Aladdin, China.
Ultrapure water (18.2 MQ, Millipore) was used to prepare
aqueous solutions in all of the experiments.

n-

Synthesis of MoS, NSs by lithium intercalation-exfoliation
Ultrathin MoS, NSs were prepared by lithium intercalation and
exfoliation method first reported by Joensen et al. with some
modifications.”’ In a typical experiment, 0.8 g MoS, was added
into a 50 ml Schlenk tube under Ar atmosphere, followed the
addition of 25 mL n-BuLi hexane solution. The mixture was
stirred at room temperature for 48 h and then allowed to settle for
hours. The supernatant of the mixture was removed and the
residual black solid was collected. Then Ar-saturated water was
carefully introduced into the tube to avoid sputtering under the
protection of Ar, since copious hydrogen gas releases at the
moment. The ce-MoS, NSs aqueous suspension was sonicated for
1 h to complete the exfoliation process and then centrifuged at
1500 rpm for 20 min. After centrifugation, the precipitates were
discarded and the supernatant was centrifuged at 10000 rpm for
30 min. The black slurry was redispersed in water and
centrifugated again until the aqueous dispersion reached neutral.

Synthesis of NM-MoS; NSs (NM=Au, Ag, Pd, and Pt)

For Au-MoS, NSs synthesis, 3 ml (0.05 mg/ml) MoS, NSs
aqueous dispersion was added into a 10 mL quartz tube equipped
with a magnetic bar. Under stirring, 50 pL AA aqueous solution
(100 mM), 10 pl CMC aqueous solution (100 mM), and 10 pL
HAuCl, aqueous solution (48.5 mM) were mixed with MoS, NSs
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aqueous dispersions. The reaction mixture was then heated at
60 [ for 5 min with microwave irradiation using a CEM
microwave system (Discover Application Software Version 3.5.7,
CEM, USA).

Other NM-MoS, NSs can be synthesized according to the
similar procedure, while HAuCl, was changed to AgNO;,
H,PtCls-6H,0, and PdCl, respectively.

Characterization

UV-vis-NIR adsorption spectra were measured on a Shimadzu
UV-3600 spectrophotometer. Transmission electron microscope
(TEM) images were taken on a Hitachi H-7500 -electron
microscope (120 kV) and High resolution TEM (HRTEM)
characterization was performed on a Tecnai G2 F20 S-Twin
electron microscope (200 kV) equipped with an energy dispersive
X-ray spectrometer (EDS). Before TEM test, samples were
purified by centrifugation for several times and then deposited
onto the ultrathin carbon-coated copper grids (400 mesh,
Zhongjingkeyi, China). The powder X-ray diffraction (XRD) was
characterized on a D/max-yB diffractometer. Zeta potential data
was obtained from ZetaPALS (Brookhaven, USA). X-ray
photoelectron spectra (XPS) were performed on an PHI 5000
VersaProbe with Al Ka as the excitation The
concentrations of MoS, and Pd were determined by Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES,
Optima 5300 DV, PE).

source.

Electrochemical measurements

All of the electrochemical measurements were performed on an
Autolab PGSTAT302 (Metrohm China Ltd, Switzerland)
electrochemical workstation with conventional three-electrode
system.

Glassy carbon electrodes (GCEs) covered with ce-MoS, NSs,
NM-MoS, NSs, or commercial Pd/C catalyst were used as the
working electrode. Platinum wire and saturated calomel electrode
(SCE) were used as the counter and reference electrodes,
respectively. Before coating with different materials, the GCE
was first polished with 1.0, 0.3, and 0.05 um alumina powders
and rinsed with ultrapure water, followed by sonication in
acetone, alcohol, isopropanol, and ultrapure water, sequentially.
Finally, the GCEs were dried under continuous nitrogen stream.

For cyclic voltammetry (CV) measurements of methanol
oxidation, 7 uL aqueous suspensions of Pd-MoS, NSs and Pd/C
catalyst with identical Pd concentration (35.2 mg/L) were
deposited onto the cleaned GCE surface and then dried in the air
for 8 hours at room temperature. Prior to catalytic activity study
of methanol oxidation, the electrolyte solutions containing 0.5 M
KOH and 1 M methanol were deaerated with N, bubbling for 30
min and N, atmosphere was kept over the solution during the
electrochemical measurements. The CV measurements were
performed at the potential range from -0.9 to 0.3 V vs. SCE at
scanning rate of 100 mV/s .

In order to study the electrochemical properties of Pd-MoS,
NSs before and after annealing, 20 pL aqueous suspensions of
Pd-MoS, NSs were deposited onto ITO electrodes and dried in
the air at room temperature. Then the ITO electrodes were
annealed in Ar atmosphere at 300 [J for 1 hour before CV
characterization and EIS test.
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Results and discussion

Generally, the synthetic procedure involves three steps, as
shown in Scheme 1: (1) Lithium intercalation of bulk MoS, to
form Li,MoS,; (2) Exfoliation of Li,MoS, to single or few-layer

s MoS, NSs; (3) Surface modification of MoS, NSs by noble metal
NCs. The aim of the first two steps is to prepare water-dispersible
thin MoS, NSs.
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Scheme 1. The synthetic procedure of NM-MoS, NSs. (1) Lithium

10 intercalation of bulk MoS,; (2) Exfoliation of Li intercalated MoS,
(LixMoS,) to water-dispersable ce-MoS, NSs; (3) Noble metal
nanocrystals deposition on the surface of ce-MoS, NSs to form NM-MoS,
NSs.

As we know, there are several other methods for MoS, NSs
preparation aside from chemical exfoliation, but each has its own
drawbacks: The mechanical exfoliation has been successfully
used to prepare high quality single-layer MoS, NSs, but it is time-
consuming manual work and hard to scale up;'® The liquid
exfoliation assisted with sonication has been proven useful for
20 numerous layered materials, but the products are usually flakes
rather than single or few-layer nanosheets;'® The electrochemical
exfoliation is an effective and controllable method, but the
lithium intercalation process need to be performed in lithium ion
battery, which is complicated and only small amount of MoS,
NSs can be prepared at a time (several milligrams level).*! In
contrast, chemical exfoliation is more simple, scalable, and has
been proven reliable to prepare water-dispersible single-layer
MoS, NSs.2% 28 Under room temperature, n-BuLi can intercalate
bulk MoS, with lithium atoms and form LiMoS, (0<x<1) in
3 gram scale or more.” LiMoS, can then react with H,O rapidly
and release large amount of hydrogen gas, which can push the
MoS, layers to separate with each other and form homogeneous
ultrathin MoS, NSs. The third step of the synthetic procedure is
to modify the MoS, NSs with noble metal NCs. In order to avoid
the aggregation of noble metal NCs and MoS, NSs during
preparation, appropriate stabilizer should be used. In this study
we chose sodium carboxymethyl cellulose (CMC) as the
stabilizer, since CMC has carboxyl modified polysaccharide
structure with good water solubility and has been proven efficient
40 stabilizer both for noble metal NCs and graphene nanosheets in
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aqueous dispersions.***

Fig. 1a shows the UV-vis-NIR absorption spectra of ce-MoS,
NSs and NM-MoS, NSs aqueous dispersions. There are two
absorption shoulder peaks in the visible region for ce-MoS, NSs:

45 one is located at about 600 nm, which is associated with the
transition from K point of the Brillouin zone; the other absorption
peak near 400 nm can be assigned to the direct transition from
deep valence band to the conduction band.*® Compared with 2H-
MoS,, the excitonic features of the two peaks are relative weak,
which is due to the lithium intercalation induced lattice distortion
and phase transition from 2H to 1T.*® After noble metal NCs
modification, the absorption peaks changes significantly. For Au-
MoS, NSs, the absorption peak at about 400 nm changes little,
while the absorbance from about 500 nm to 1200 nm increases,
which can be attributed the coupling of surface plasmon
resonance (SPR) of the nearby Au NCs on the surface of MoS,
NSs. Similarly, the wide absorption peak beyond 400 nm is the
SPR peak of Ag NCs.*’” Both for Pd and Pt NCs modified MoS,
NSs, no obvious new peaks emerge but the absorbance from 300
6 nm to 1200 nm increases obviously, since Pd and Pt NCs have
wide absorption but no distinct absorption peaks in the UV-vis-
NIR range.***’ Fig. 1b shows the zeta potential of ce-MoS, NSs
and NM-MoS, NSs aqueous dispersions. Before NM NCs
modification, zeta potential of ce-MoS, NSs is about -39 mV;
os after modification, the zeta potential of NM-MoS, NSs still
remain in the range of -45 to -33 mV, indicating that NM-MoS,
NSs have adequate negative charges on their surface with good
colloidal stability.
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70 Fig. 1 (a) UV-vis-NIR absorption spectra and photographs (inset, from i
to v) of ce-MoS,, Au-MoS,, Ag-MoS,, Pd-MoS,, and Pt-MoS, NSs
aqueous dispersions; (b) Zeta potential analysis of ce-MoS, and NM-
MoS; NSs.

The morphology and structure of ce-MoS, NSs and NM-MoS,

75 NSs were studied by TEM and HRTEM characterization. As
shown in Fig. 2a, bendings and foldings can be clearly observed
from the basal plane of ce-MoS, NSs, which indicates that the ce-
MoS, are very thin nanosheets. The lateral dimensions of MoS,
NSs are usually in 200-1000 nm range (Figure S1, ESI). HRTEM
s0 image in Fig. 2b shows typical hexagonal single crystal structure
of Mo$, with distance of 0.271 nm for (100) Mo atoms.?' The six
folded SAED pattern in Fig. 2c indicates the MoS, NSs have
single crystal structure with hexagonal symmetry.”® After the
reduction of HAuCl, by ascorbic acid, Au NCs formed and
ss spreaded on the whole surface of MoS, NSs homogeneously,
which can be seen from Fig. 2d. As shown in Fig. 2e, Au NCs
grown on the surface of MoS, NSs are single crystal structure and
the lattice spacing of 0.234 nm can be assigned to (111) plane of
Au (JCPDS No. 89-3697). The formation of Au NCs on MoS,

Page 4 of 9
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NSs has also been confirmed by EDS with the emergence of Au
and Mo elemental peaks, as shown in Fig. 2f.

(110)
(100) @

Energy (keV)

Fig. 2 TEM (a) and HRTEM (b) images of ce-MoS, NSs; (c) Selected
s area electron diffraction (SAED) pattern of ce-MoS, NSs; (d) TEM and
(e) HRTEM images of Au-MoS, NSs; (f) Energy dispersive X-ray
spectroscopy (EDS) of Au-MoS; NSs.

For the synthesis of water-dispersible NM-MoS, NSs, CMC
played an important role as stabilizer. Rich carboxyl and
10 hydroxyl groups of CMC can interact with noble metal atoms and
assist the NM NCs to homogeneously deposit on the surface of
MoS, NSs; Moreover, CMC can supply enough electrostatic
repulsion force and steric hindrance to render NM-MoS, NSs
with good stability. As shown in Figure S2, when Tween 80 was
isused as the stabilizer instead of CMC under the same
experimental conditions, NM NCs prefer to form at the edges of
MoS, NSs, which is similar to the Au-MoS, NSs prepared
without stabilizers.*® *° The selective growth phenomenon may
originate from that Tween 80 has no ionic groups as anchoring
2 sites and the metal atoms tend to absorb onto the defect-rich edge
sites with high surface energy’’. Other small molecular
surfactants, such as SDS, CTAB, have also been tried for NM-
MoS, NSs synthesis, however, the products have relative weak
colloidal stability and tend to form large aggregations.

25 In order to show the generality of this method, other noble
metal modified ce-MoS, NSs have also been prepared. Fig. 3a
shows the TEM image of Ag-MoS, NSs. The Ag NCs have a
homogeneous distribution on the surface of ce-MoS, NSs with
diameter about 9 nm. The lattice fringe about 0.205 nm can be

30 assigned to (200) plane of Ag (JCPDS No. 87-0720). Pd NCs
have relative larger size to Ag-MoS, with average size about 15
nm. Fig. 3e shows the HRTEM image of Pd NCs and the distinct
lattice fringe about 0.225 nm owing to the (111) plane (JCPDS
No. 89-4897). As shown in Fig. 3c, the Pt NCs can form either

35 nanocrystals or superparticles. From the HRTEM image of Pt
NCs shown in Fig. 3f, lattice spacing of 0.229 nm can be clearly
observed, which can be assigned to (111) plane of Pt (JCPDS
No. 87-0642). The formation of NM NCs on MoS, NSs has also

Nanoscale

been confirmed by EDS, as shown in Figure S3-S5.

40 b '&m 3 o - i T
Fig. 3 (a)-(c) TEM images and (d)-(f) HRTEM images of Ag-MoS, NSs,
Pd-MoS; NSs, and Pt-MoS, NSs, respectively.
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Fig. 4 XRD patterns of ce-MoS, NSs and NM-MoS, NSs (from bottom
45 to top: Au-MoS,, Ag-MoS, , Pd-MoS,, and Pt-MoS,)

Powder X-ray diffraction (XRD) was used to characterize the
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structure of ce-MoS, NSs and NM-MoS, NSs. As shown in Fig.
4, the evident diffraction peak located at about 14.0° matches
(001) index of 1T-MoS, as reported before.”” > Broadened (001)
peak suggests the ce-MoS, NSs are thin layers. Since (103) and

s (105) lines are strong diffraction peaks for 2H-MoS, phase, hence
absence of both of them in the XRD pattern is another evidence
for 1T-MoS, phase.27’ 2 After noble metal NCs modification,
strong diffraction peaks emerge at 38.5°, 38.1°, 40.3°, and 40.0°
from four different NM-MoS, NSs samples, which can be

10 identified to the (111) planes of cubic Au (JCPDS No. 89-3697),
Ag (JCPDS No. 87-0720), Pd (JCPDS No. 89-4897), and Pt
(JCPDS No. 87-0642), respectively, indicating the successful
formation of NM-MoS, NSs. The peak intensity of (001) plane of
MoS, in NM-MoS, materials is much weaker than ce-MoS, NSs,

15 which indicates surface modification by NM NCs can effectively
separate the MoS, layers and suppress the ordered restacking
process of the ce-MoS, NSs.?
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Fig. 5 XPS spectra of ce-MoS; NSs (a, b) and NM-MoS; NSs (from ¢ to
20 e: Au-MoS,, Ag-MoS,, Pd-MoS,, and Pt-MoS,).

Binding energy (eV)

Since the lithium intercalation-exfoliation process can alter the
symmetry elements of S atoms and Mo atoms from trigonal
prismatic (2H) to octahedral (1T) configuration, the binding
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energy of Mo 3d electrons change at the same time.”® > XPS was
carried out to investigate the structure and composition of ce-
MoS, NSs and NM-MoS, NSs. As shown in Fig. Sa, by carefully
deconvolution of the original spectra, the peaks of binding energy
(BE) ranging from 220 eV to 240 eV can be fitted into four
groups: (1) The doublet peaks located near 232 eV and 229 eV
belong to Mo*" 3d3, and Mo*" 3ds), of 2H-MoS,; (2) The doublet
peaks located around 231 eV and 228 eV with relative lower BE
can be assigned to Mo*" 3ds, and Mo*" 3ds, of 1T-MoS,; (3)
Relative weak peaks located at 235 eV and 231 eV are sign of
Mo 3d peaks with higher oxidation state (Mo®"), which may
originate from the partial oxidation of Mo atoms at the edges or
defects on the crystal plane of ce-MoS, NSs during chemical
exfoliation; (4) The singlet S 2s peak locates at about 226 eV .25
53 From the relative area of Mo*" 3d peaks of 1T and 2H phases,
we can infer that 1T is the mainly phase of ce-MoS, NSs. S 2p
peaks of ce-MoS, NSs can be observed from Fig. S5b,
accompanied with small peaks at about 168 eV from sulfur oxide,
which may be introduced during the sample preparation.

Fig. 5c to Fig. 5f provides the binding energies of four
different noble metals in NM-MoS, NSs. Peaks located at about
87.2 ¢V and 83.5 eV can be ascribed to Au 4fs, and Au 4f;,,
respectively; Peaks near 374.2 eV and 368.1 eV belong to Ag
3d;,, and Ag 3ds),, respectively; Peaks of Pd 3d;,, and Pd 3ds), are
near 340.6 eV and 335.4 eV, respectively; Peaks at 74.3 eV and
71.0 eV originate from Pt 4f;,, and Pt 4f;),, respectively.53 Fig.5c-
f suggest the successful deposition of different noble metals onto
the surface of ce-MoS, NSs. On the other side, no obvious shift
of the binding energies of Mo 3d and S 2p can be seen (data not
shown), indicating that during surface modification process no
oxidization happens to ce-MoS, NSs.
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Fig. 6 Cyclic voltammetry (CV) curves (a) and impedance spectra (b) of
ce-MoS; NSs and NM-MoS; NSs modified GCE in 0.1 M PBS containing
5 mM Fe(CN)g*™.

Cyclic voltammetry was used to study the electrochemical
properties of ce-MoS, NSs and NM-MoS, NSs. Different glassy
carbon electrodes (GCEs) modified with ce-MoS, NSs (MoS,-
GCE) and NM-MoS, NSs (NM-MoS,-GCE) were investigated in
0.1 M PBS (phosphate buffered saline) containing 5 mM
[Fe(CN)o]*"™ with scanning rate of 100 mV/s. As shown in Fig,
6a, MoS,-GCE shows reversible redox peaks with peak-to-peak
separation (AE,) about 308 mV. The redox peaks of NM-MoS,-
GCE are well-defined and the AE,, is about 160 mV, 170 mV, 170
mV, and 150 mV for Au-MoS,-GCE, Ag-MoS,-GCE, Pd-MoS,-
GCE, and Pt-MoS,-GCE, respectively, which indicates that NM
NCs modification can further improve the electron transfer
capability of ce-MoS, NSs. Electrochemical impedance
spectroscopy (EIS) was used to measure the charge-transfer
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resistance (R.) of the NM-MoS, NSs modified GCEs. As
illustrated in Fig. 6b, the R, of MoS,-GCE is about 537 Q and
further decreases to 100 Q, 160 Q, 176 Q, and 156 Q, for Au-
MoS,-GCE, Ag-MoS,-GCE, Pd-MoS,-GCE, and Pt-MoS,-GCE,
respectively.

In order to further explore the potential of NM-MoS, NSs as
electrocatalyst, we selected Pd-MoS, NSs to study their catalytic
activity for methanol oxidation. As we know, although Pt is
currently the most efficient catalyst for direct methanol fuel cells
(DMFCs),*** the limited reserve and high price hamper its
industrial application.’™>” As a low-cost and methanol-tolerant
alternative for DMFCs, Pd catalysts have attracted much attention
and great efforts have been carried out to design and synthesis
novel nanostructured Pd catalysts.’*®
(@) (b)

450

— Pd-MoS;
—pdiC

100 ——Pd-MoS;
—Pd/C

[
=)
3

50
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Fig. 7 Cyclic voltammograms of Pd-MoS, and Pd/C modified GCE in N,-

saturated 0.5 M KOH solution (a) and in N»-saturated 0.5 M KOH + 1.0
M methanol solution (b) at scanning rate of 100 mV/s.

CV was carried out to evaluate the electrochemical activity of
GCEs modified with Pd-MoS, NSs and Pd/C (10 wt%) in
alkaline solution. Fig. 7a shows the CV curves of Pd-MoS, NSs
and commercial Pd/C catalyst in N,-saturated 0.5 M KOH
solution at the scanning rate of 100 mV/s. The distinct cathodic
peaks located near -0.4 V can be assigned to the reduction of
palladium oxide.*® Fig. 7b shows CVs of Pd-MoS, NSs and
Pd/C modified GCEs in Nj-saturated electrolytes containing 0.5
M KOH + 1.0 M methanol. The CV curves show two peaks: one
in the forward scan located at about -0.2 V is attributed to the
direct oxidation of methanol molecules absorbed on the electrode
surface, and the other peak in the reverse scan located at about -
0.45 V can be assigned to the removal of carbonaceous species
not completely oxidized in the forward scan.>” ®' In order to
compare the electrocatalytic activity of the catalysts, the anodic
peak current for methanol oxidation was normalized to the mass
of Pd element (the mass concentration of Pd in Pd-MoS, NSs was
determined by ICP-OES). As shown in Fig. 7b, anodic peak
current mass density of Pd-MoS, NSs is 433.5 mA/mg, about 2.8-
fold to Pd/C catalyst (154.2 mA/mg), suggesting that Pd-MoS,
NSs have much higher catalytic activity than Pd/C catalyst for
methanol oxidation in alkaline media. Moreover, the SEM images
(Figure S8) show that during the CV test the Pd nanoparticles
keep stable and no obvious aggregation can be found.

As discussed above, 1T metallic phase in ce-MoS, NSs can
significantly enhance the conductivity and lower the charge-
transfer resistance, which is essential for high catalytic activity
and may play an important role for the high catalytic activity of
methanol oxidation. The R of Pd-MoS, NSs is much smaller
than Pd/C under the same conditions, as shown in Figure S6. In
order to further investigate the influence of the 1T phase of MoS,
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soon the catalytic activity of Pd-MoS, the electrochemical

properties of Pd-MoS, before and after annealing were studied.
Several previous studies have already shown that 1T phase MoS,
is metastable and can be transformed to 2H phase by annealing,
27-28.52 which has been used to study the catalytic activity of 1T
and 2H MoS, for HER.®* Similar experiments were performed
and both of the catalytic activity and resistance of Pd-MoS,
before and after annealing were studied. As shown in Figure S7a,
after annealing at 300 [ for 1h under Ar atmosphere, the catalytic
current for methanol oxidation decreases about 3 times from 48
LA to 16 pA. At the same time, the R, increases from 9 Q to 56
Q (Figure S7b). Since annealing at 300 [J for 1h can transfer
most of the MoS, from 1T to 2H phase,”® which significantly
increases the resistance and lowers the catalytic current. Hence,
1T metallic phase of MoS, plays an important role in the high
catalytic activity for methanol oxidation. On the other hand,
homogeneously dispersed Pd NCs on ultrathin ce-MoS, NSs can
improve their surface area, which may also contribute to the high
catalytic activity.

Conclusions

In this study, we have developed a general and facile method to
synthesize noble metal NCs modified ce-MoS, NSs in aqueous
solution. Ultrathin ce-MoS, NSs was used as template to prepare
series of NM-MoS, NSs, including Au, Ag, Pd, and Pt. Using
CMC as stabilizer, noble metal NCs can be homogeneously
deposited onto the surface of MoS, NSs to form water-dispersible
NM-MoS, NSs. Since the chemical exfoliation method is very
general to prepare different kinds of LTMDs NSs, hence, this
synthetic strategy can be easily extended to prepare other NM-
LTMDs NSs.

Optical and structural characterization indentified that the
metallic 1T phase dominates the ce-MoS, NSs and effectively
enhances its electrochemical property. Pd-MoS, NSs was studied
as electrocatalyst for methanol oxidation and shows superior
catalytic activity than commercial Pd/C catalyst, which was
attributed to the metallic 1T phase of ce-MoS, NSs and the
homogeneously deposition of Pd NCs on ce-MoS, NSs with large
surface area.

Due to the existence of large numbers of LTMDs with various
electrical properties, including semiconductors and semimetals,”*
noble metal modified chemically exfoliated LTMDs NSs stand
for numerous promising candidates of advanced electrocatalysts
not only for HER and methanol oxidation reaction, but also for
other unexplored reactions.
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