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Designing and preparing highly active and stable nanostructured Pt-based catalysts with ultralow Pt load-
ing are still challenging for electrochemical applications such as water electrolysis and fuel cells. Here we
report for the first time an in situ electrochemical process to synthesize Pt-MoO5_ nanoflakes (NFs) over-
grown on commercial bulk MoS, by employing a facile and simple electrochemical method without using
any expensive precious metal salts. The overgrowth of Pt-MoOs_x NFs on the bulk MoS, surface is con-
ducted by applying electrical energy to the bulk MoS; and using Pt counter electrode dissolution in an acidic
solution. In spite of their 10 times lower Pt loadings compared to commercial Pt black (Alfa Aesar), the syn-
thesized Pt-MoO3_x NFs demonstrate excellent catalytic performance with a Pt mass activity of 2.83 A/mgp;
at the overpotential of 100 mV for electrochemical hydrogen evolution reaction (HER), an approximately 4
times higher value than the value of 0.76 A/mgp, at the overpotential of 100 mV for commercial Pt black. We
hypothesize that the outstanding HER characteristics of Pt-MoOs_, NFs are related to the existence and
increase of Pt-MoOjs interfacial sites and oxygen vacancy sites such as Mo®* in the Pt-MoOs5_, NF structures.
In addition, our density functional theory (DFT) calculations demonstrate that Pt and O sites at Pt and MoO3

interfaces and O sites at defective MoOs_, in the Pt-MoOs3_4 NFs contribute to accelerate the HER.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Molybdenum (Mo) based materials such as molybdenum disul-
fide (MoS;) and molybdenum oxide (MoOs), with layered crys-
talline structures, are very attractive materials for catalysis,
transistors, and capacitors due to their unique physical and chem-
ical features [1-16]. MoS; has a common polytype 2H phase crystal
structure that is composed of weakly interacting layers held
together by van der Waals forces [10,17,18]. Recently, many
researchers have become interested in the use of MoS, for electro-
chemical storage, photodetectors, electrocatalysis, and transistors
[4,10,19-28]. Also, since the first report suggesting that undercoor-
dinated S atoms at the edges of MoS, can be active centers for the
HER, MoS, has been extensively studied as a promising electrocat-
alyst for the hydrogen evolution reaction (HER) [29]. It has been
well documented that the electrocatalytic HER performance is
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dependent on the number of catalytically active edge sites of
MoS; [1,19,30-33]. MoOs is also an interesting material, having a
layered structure with stacked bilayer sheets of MoOg octahedra
held together by van der Waals interactions [6,8]. This MoOs struc-
ture has been intensively studied as a material for pseudocapaci-
tors and lithium ion batteries because of its ability for insertion/
removal of small ions such as Li* [2,3,6,9,34,35]. However, as a
HER electrocatalyst, the intrinsic MoOs; material has poor electro-
catalytic performance due to a lack of active sites like edge sites
of MoS, [36]. It has recently been reported that creating oxygen
vacancies in the MoOs lattice structure can lead to enhanced elec-
trochemical performance for pseudocapacitive charge storage and
electrocatalytic HER [9,36,37]. In addition, oxygen vacancies close
to Mo°" in the oxygen deficient MoOs_y structure are found to be
active sites for the electrocatalytic HER [36,37]. However, despite
numerous efforts to develop Mo-based HER catalysts such as
MoS, and MoOs_y, the Mo-based catalysts themselves are still
not active and/or stable compared with conventional Pt-based
electrocatalysts for the HER [37-41].
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A good strategy for improving the HER performance of Mo-based
catalysts is to incorporate very small amounts of active noble metals
such as platinum (Pt). In this regard, for novel active HER electrocat-
alysts, there exist several reports on the synthesis of MoS, materials
decorated with Pt, palladium (Pd), and gold (Au) via chemical syn-
thesis, assembling, and solvothermal methods [40-44]. Synergistic
effects between precious metals and MoS, bring about the enhanced
HER characteristics. Besides MoS,, some groups have reported on Pt-
MoO, hybrids as catalysts for electro-oxidation reactions; these
materials were prepared by electrochemical co-deposition and
precipitation-reduction methods [45,46]. However, the aforemen-
tioned synthetic strategies are somewhat complicated and indis-
pensably exploit high-priced precious metal precursors (e.g.
H,PtClg, K;PtClg, Pd(CsH-0,),, and HAuCl,) as metal source to fabri-
cate electrocatalysts combined with metal and Mo-based materials.
Taking into account this issue, some research groups have recently
reported on the electrochemical deposition of Pt on a variety of sub-
strate materials through anodic dissolution of Pt counter electrodes
and subsequent deposition of Pt on working electrode substrates, so
as to create novel HER electrocatalysts with low Pt loading [39,47-
53]. It should be noted that the utilization of Pt counter electrode
as a solid metal source can pave the facile and efficient route to pre-
pare high performance electrocatalysts; this is because it does not
require both sophisticated synthesis methods and expensive noble
metal precursors. Nevertheless, there have been only rare reports
on electrochemical synthesis by Pt counter dissolution, especially
focusing on control of the nanostructure and creation of novel cat-
alytic active sites for HER. In this light, it is highly desirable to
develop a facile, nontoxic, and low-cost synthetic method using dis-
solution and re-deposition technique of a Pt counter electrode and/
or other solid metals, in order to achieve well-defined nanostructure
materials and gain fundamental mechanistic insight into the syn-
thesized materials to promote electrocatalytic HER.

Herein, we present the first report of in situ electrochemical
synthesis of Pt-MoOs_, nanoflakes grown on a commercial bulk
MoS, material by applying electrical energy to the bulk MoS, and
utilizing Pt counter electrode corrosion in an acidic solution. These
novel Pt-MoOs_x nanostructures comprising nanoflakes (NFs) and/
or nanoparticles (NPs) on a bulk MoS, substrate are controlled by
using a very easy, simple, and scalable electrochemical method.
The Pt-MoOs_yx NFs grown on bulk MoS, significantly improve
the electrochemical HER performances and the rate of HER reaction
over this catalyst, and these enhanced HER abilities are 3.7 times
higher Pt mass activity than conventional Pt black electrocatalyst.
The enhanced HER features of Pt-MoOs_, NFs are associated with
the formation of Pt-MoOs interfacial sites and the existence of
more oxygen vacancies close to Mo®* as the HER active sites in
the as-synthesized Pt-MoOs_x NF structures. Density functional
theory (DFT) calculations also support that HER over the synthe-
sized Pt-Mo00Os_4 nanostructures can be promoted by Pt and O sites
near the interfaces of Pt-MoOs surfaces, and O atoms at the defects
of MoOs_y surfaces. In addition, this facile and cost-effective syn-
thetic technology has the advantage of creating new HER active
sites without use of any expensive precious metal salts, and it
can be easily scaled up for large-scale synthesis of outstanding
HER electrocatalysts because it does not require any sophisticated
synthetic methods or expensive noble metal precursors.

2. Experimental
2.1. In situ electrochemical synthesis
In situ electrochemical synthesis of nanostructured Pt-MoOs_yx

grown on bulk MoS, catalysts was conducted using a customized
glass-type cell system. To fabricate the working electrode, an ink

solution was prepared by dispersing commercial bulk MoS,
(<2 pm, 99%, Sigma-Aldrich) in a solution comprising distilled
water, 2-propanol (99.5%, Samchun Pure Chemical), and 5 wt%
Nafion® solution (D521, DuPont) via sonication for 1 h. The work-
ing electrode was made by means of spray coating on carbon paper
(TGP-H-090, Toray) of the ink solution with dispersed MoS,. The
MoS,-coated carbon paper electrode was dried in a convection
oven for 1 h at a temperature of 373 K; finally, a thin MoS, layer
was created on the carbon paper with a loaded amount of
0.4 mg/cm?. The in situ electrochemical synthesis was performed
at room temperature in a 0.5 M H,SO4 solution (Samchun Pure
Chemical) using a potentiostat (ZIVE MP2A, WonATech). An Ag/
AgCl/KCI (1 M) electrode and Pt wire served as reference and coun-
ter electrodes, respectively. For the overgrowth of nanostructured
Pt-MoOs_x on bulk MoS,, the chronoamperometry method was
used to apply a potential of —0.31 or —0.46 V (vs. SHE) with proper
time. The reaction conditions including the total amount of electri-
cal energy applied to the bulk MoS, coated electrodes are summa-
rized in Table S1.

2.2. Physicochemical characterizations

Scanning electron microscopy (SEM) images were obtained
from a field-emission SEM (SU8230, Hitachi). A field-emission
transmission electron microscopy (TEM) (Tecnai G2 F30 S-TWIN,
FEI) was used to obtain TEM images under an acceleration voltage
of 300 kV. We exploited a double Cs-corrected TEM (Titan Cubed
G? 60-300, FEI) at an acceleration voltage of 300 kV to acquire
high-angle annular dark-field scanning TEM (HAADF-STEM)
images and corresponding energy dispersive X-ray spectroscopy
(EDS) elemental mapping results. The existence of Pt and Mo ionic
species in the electrolyte solution and the Pt loading amount of the
synthesized sample were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) (iCAP 6300 Duo
view, Thermo Scientific). EDS elemental analysis was performed
using an energy dispersive X-ray spectrometer (QUANTAX 200,
Bruker). X-ray diffraction (XRD) patterns were recorded using a
multipurpose X-ray diffractometer with a Cu Ko Source (Ultima
IV, Rigaku). Raman spectra were obtained from a high-resolution
Raman/photoluminescence spectrophotometer with laser excita-
tion at 514 nm (LabRAM HR Evolution, Horiba). X-ray photoelec-
tron spectroscopy (XPS) spectra were measured by a multi-
purpose X-ray photoelectron spectrometer with an Al Ko Source
(Sigma Probe, Thermo Scientific). Note that the binding energies
of the XPS spectra were corrected using the C 1s line (284.5 eV)
as a reference. Synchrotron-based X-ray absorption spectroscopy
(XAS) analysis at both the L;-edge of Pt (11,564 eV) and K-edge
of Mo (19999.5 eV), comprising X-ray absorption near the edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS), was conducted on the 7D beamline of the Pohang Accel-
erator Laboratory using a Si (1 1 1) double crystal monochromator
(PLS-1I, 3.0 GeV, Republic of Korea).

2.3. Electrochemical performance measurement

After the in situ electrochemical synthesis, the Pt-MoO3_x
nanostructure samples overgrown on bulk MoS, coated carbon
paper as the working electrodes were tested to measure the elec-
trochemical HER performance in an electrochemical cell having a
three-electrode system. For performance comparison, bulk MoS,
and commercial Pt black (high surface area, Alfa Aesar), spray-
coated on carbon papers with the same loaded amount of
0.4 mg/cm?, were also examined under the same conditions. The
electrochemical analysis of the HER was performed under ambient
conditions in a 0.5 M H,SO,4 aqueous solution with a potentiostat.
Counter and reference electrodes were a glassy carbon rod and
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an Ag/AgCI/KCl (1 M) electrode, respectively. The polarization
curve was recorded from 0.29 V to —0.81 V (vs. SHE) at a scan rate
of 5 mV/s via the linear sweep voltammetry method, and then the
measured polarization curve was iR-compensated. To obtain a
Nyquist plot, electrochemical impedance spectroscopy was per-
formed at —0.21 V (vs. SHE) over a frequency range from 100 kHz
to 0.1 Hz with an amplitude of 5 mV. The chronopotentiometry test
was conducted at a constant current of —10 mA/cm? for 100 h. To
calculate the H, Faradaic efficiency, a gas chromatograph (uTCD
detector, DS Science) equipped with a Molecular Sieve 5A column
(Restek) was used to analyze the amount of H, gas produced dur-
ing the electrochemical HER. For electrochemically active surface
area (ECSA) analysis, cyclic voltammetry (CV) in a 0.5 M H,SO4
electrolyte solution was performed at different scan rates of 10,
20, 30, 40, and 50 mV/s within a potential region of 0.1-0.2 V (vs.
SHE) in order to determine the electrochemical double layer capac-
itance (Cq). We assumed that only non-Faradaic processes take
place at the electrode-solution interface in this potential range;
in detail, all the measured current density values were assumed
to stem from double layer charging in the selected potential region.
From the recorded CV curves, C4 was calculated according to Eq.

(1),
A
.]02.15V — Z)Cdl (1)

where AJp5 v is the difference between the cathodic and anodic
current density at 0.15V (vs. SHE) (i.e. the center of the potential
range) and v is the scan rate. In other words, Cq is the slope of
the fitted straight line plotting AJo.15 v/2 vs. v.

2.4. Computational details

We performed all first-principle calculations with the Vienna Ab
initio Simulation Package (VASP) [54,55]. We adopted optB88-vdW
functional [56,57] following a previous study on defective MoOs
surfaces [9]. The energy cutoff of a plane wave basis set was set
to 520 eV and atomic pseudopotentials were described with the
projector augmented wave (PAW) method. MoO5(010) and Pt
(11 1) surfaces were prepared in 3 x 3 super-cells, which consist
of four and five layers, respectively. For these surfaces, 3 x 3 x 1
Monkhorst-Pack k-point grids were used to sample the Brillouin
zone. Mixed surfaces of MoO3 and Pt were generated by overlaying
the MoO5(0 1 0) surface with a large rectangular unit cell of a Pt
(111) surface and then removing Pt atoms located too close to
the Mo or O atoms on MoO5(0 1 0) surface. The size of this unit cell
was 11.265 x 24.1 x 36.0 A® as it was optimized along the edge
that contains both MoO3; and Pt domains. This mixed surface has
36 Mo, 120 O, and 82 Pt atoms, and a 3 x 1 x 1 Monkhorst-Pack
k-point mesh used as the unit cell became larger than the MoO;
or Pt surfaces. Hydrogen adsorption energies (AEy) were estimated
according to Eq. (2),

1
AEH = Esurf+H - Esurf - jEHZ (2)

where Egyt1, Esurr, and Ey are the energy of a surface with a hydro-
gen atom, the surface, and a hydrogen molecule, respectively. The
free energy for hydrogen adsorption (AGy) was calculated by
adjusting contributions from the zero-point motion and the entro-
pic effect, as was done in the Ref. [58].

3. Results and discussion
3.1. In situ electrochemical synthesis

The in situ electrochemical synthesis process of the nanostruc-
tured Pt-MoOs_x grown on bulk MoS, is graphically illustrated in

Fig. 1. We chose a commercial bulk MoS; as the substrate material
for the in situ electrochemical nanostructuring process. The bulk
MoS, was deposited on carbon paper electrodes using a spraying
method. Interestingly, the formation of the nanostructured Pt-
MoOs_, on the bulk MoS, surface was observed when sufficient
electrical energy was applied to bulk MoS, coated carbon paper
electrode in a 0.5 M H,S0,4 aqueous solution under ambient condi-
tions. In detail, the Pt-MoOs_, NPs initially emerge from the sur-

face of bulk MoS, (Pt-MoOs;_x NPs | MoS;), and then gradually

cover most of the MoS, surface (Pt-MoOs_x NPs | MoS;). The accu-
mulation of Pt-MoOs_x NPs on bulk MoS, leads to interaction
between the NPs and thereby growth of the Pt-MoO3_, NFs (Pt-
MoO3_x NFPs | MoS,), which have randomly oriented Pt-MoOs_y
NPs as building blocks. Consequently, Pt-MoOs_x NFs fully cover
the entire surface of bulk MoS, via the complete morphological
transformation from NPs into NFs (Pt-MoOs_x NFs | MoS,). It is
worthwhile to note that applying more electrical energy to the
bulk MoS, coated electrode is required to progress to the subse-
quent stages of this in situ electrochemical synthesis. In this study,
the chronoamperometry method was used to modulate the
amount of electrical energy applied to bulk MoS;; this involved
varying the electrical potentials (i.e. cathodic potentials) and times
(see Fig. S1 and Table S1).

3.2. Morphological analysis of Pt-MoO3_, nanostructures

As presented in Figs. 2 and S6, SEM and TEM analyses reveal
sequential growth of the nanostructured Pt-MoOs_, on the bulk
MoS, surface according to the amount of electrical energy applied
to the bulk MoS, coated electrode. Commercial bulk MoS, was
used as the starting material. This material exhibits a two dimen-
sional (2D) layered structure with dimensions of less than 2 pm
(Bulk MoS, in Figs. 2 and S2), consistent with the representative
structure for transition-metal dichalcogenides. The 2D bulk MoS,
material can be a good substrate material for growing and estab-
lishing nanostructures on its basal plane sites, which comprise
the majority of bulk MoS; and have large surface area. First, apply-
ing electrical energy of ~0.00059 kWh (electrical potential: —0.31 V
vs. standard hydrogen electrode (SHE), time: 60 h) to the bulk
MoS, generates crystalline Pt-MoOs_, NPs, with a wide size distri-
bution of 4-11 nm, over the surface of the bulk MoS, (Pt-MoOs3_

NPs | MoS, in Figs. 2 and S3). An applied electrical energy of

|

~0.0021 kWh (electrical potential: —0.31V vs. SHE, time: 72 h) is
required to cover most of the MoS, surface with Pt-MoOs_, NPs
(Pt-MoOs_x NPs | MoS; in Figs. 2 and S4). When the total applied
electrical energy reaches ~0.0031 kWh (electrical potential:
—0.31V vs. SHE, time: 96 h), a morphological transformation from
spherical-like NPs to NF structures (i.e. the growth of Pt-MoO5_y
NFs) occurs via the interaction between preformed Pt-MoO;_y
NPs on bulk MoS,, lowering their surface energy (Pt-MoO3_x NFPs
| MoS; in Figs. 2 and S5). Finally, by applying the electrical energy
of ~0.0035 kWh (electrical potential: —0.46 V vs. SHE, time: 42 h),
the overall surface of bulk MoS, is fully covered with Pt-MoOs_y
NFs. The Pt-MoOs_x NFs grown on bulk MoS, have ranges of
100-200 nm in length and 40-80 nm in width, and are combined
with randomly oriented crystalline Pt-MoOs_x NPs (Pt-MoOs_y
NFs | MoS, in Figs. 2 and 3).

Ionic Pt and Mo precursors are required for the in situ electro-
chemical growth of the nanostructured Pt-MoOs_, on bulk MoS,
surface. It has been reported that Pt deposition on various working
electrode substrates was observed due to the corrosion of Pt coun-
ter electrodes [39,47-52]. The Pt deposition proceeds according to
oxidation-dissolution-deposition processes of Pt [51,59]. The Pt
surface atoms adsorb oxygenated species from water in anodic
potential ranges to create oxidized Pt-O. The oxidized Pt-O is
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2. Formation of Pt-MoOg.,
nanoparticles on bulk MoS,

1. Bulk MoS,

3. Bulk MoS, covered with
Pt-MoOj,,, nanoparticles

(Pt-M0Os,, NPs | MoS,) ( )

5. Bulk MoS, covered with
Pt-MoOg,, nanoflakes
(Pt-MoO,,, NFs | MoS,)

© MoS,
o Mooa-x
© Pt

4. Growth of Pt-MoO,,, nanoflakes
among preformed nanoparticles
(Pt-MoOg., NFPs | MoS,)

Fig. 1. Schematic illustration of formation of nanostructured Pt-MoO3_4 grown on bulk MoS, surface via in situ electrochemical synthesis process.

unstable and dissolves into Pt ions. Depending on Pt ion concentra-
tions, the dissolved Pt ions can re-deposit on the working electrode
substrates under cathodic potentials. In addition, etching of MoS,
sub-monolayers by immersing the MoS, in aqueous media (i.e.
water) was reported recently [60]. The dissolved MoS, surface lay-
ers can provide ionic Mo sources for electrochemical nanostructure
growth on the MoS; surface. In other words, along with a Pt coun-
ter electrode, we used MoS; as another solid phase starting mate-
rial for the electrochemical synthesis of Pt-MoOs_, nanostructures
on bulk MoS,. After immersion of the bulk MoS, coated carbon
paper electrode in a 0.5 M H,SO4 electrolyte, dissolved Mo species
was detected by ICP-OES (Table S2). Also, we confirmed the exis-
tence of Pt (0.27 ppm) and Mo (1.43 ppm) dissolved in the elec-
trolyte solution after in situ electrochemical synthesis using ICP-
OES (Table S2). In addition to the existence of such ionic Pt and
Mo species, with oxygen sources (e.g. water) in the electrolyte
solution, the application of cathodic potential to the bulk MoS,
coated carbon paper electrode contributes to the growth of the
Pt-MoOs_4 nanostructure. It has been reported that metal and/or
metal oxide nanoparticles can be synthesized by cathodic corro-
sion of bulk metal surfaces in an aqueous phase and subsequent
nanoparticle growth of dissolved metal ions produced by bulk
metal surface corrosion [61-63]. In particular, after the formation
of metal nanoparticles under the negative potential region, metal
oxide nanoparticles such as H,WO, and BiVO, are produced by
the following oxidation process by oxygen sources present in aque-
ous electrolytes, such as H,0, O,, or OH™ [63]. Furthermore, some
studies have reported the preparation of electrodeposited Mo
oxide thin films and wires by applying negative potential in elec-
trolyte solutions with dissolved Mo ionic species [64-66]. We also
found that the formation of nanostructured Pt-MoOs;_yx was not
observed in the absence of applied negative potential (Fig. S7). It
should be noted that the rapidly increased current density in the
I-t profiles recorded via the chronoamperometry method might
be evidence of the overgrowth of nanostructured Pt-MoOs_y
(Fig. S1). However, future studies should include in-depth analysis

of the detailed overgrowth mechanism of the Pt-MoOs_y
nanostructure.

3.3. Physicochemical analyses of Pt-MoOs_, nanostructures

We performed HAADF-STEM analysis coupled with correspond-
ing EDS to measure the elemental composition of the overgrown
NFs on bulk MoS,. As shown in Fig. 3, the EDS elemental mapping
results of Pt and/or Mo, obtained from the overgrown Pt-MoOs_y
NF show uniform distribution of Pt and Mo within the NF structure,
proving that the overgrown NFs comprise both Pt and Mo species.
From the XRD and Raman spectra results (Fig. S8), no obvious char-
acteristic peaks associated with the existence of the synthesized
nanostructures are observed, indicating that a more detailed sur-
face analysis is required. For further detailed surface analysis, the
surface chemical and electronic states of the Pt-MoO3_, nanostruc-
tures grown on bulk MoS, were identified by XPS analysis (Figs. 4a
and 5a and Table 1 and 3). The XPS binding energies were corrected
by referencing the C 1s line at 284.5 eV. To examine and under-
stand the local atomic structure of the electrochemically grown
Pt-MoOs_, nanostructures on a more detailed level, we also carried
out XAS analysis that comprises the normalized XANES and the
corresponding Fourier-transformed EXAFS (FT-EXAFS) (Fig. 4b, c,
5b, ¢, S9, and S10, and Table 2). The XPS and XAS results for Pt
and Mo-related species (i.e. Mo, O, and S) are provided separately
in Figs. 4 and 5, respectively, so that we can clearly elucidate the
structural and electronic features of the overgrown Pt-MoOs_yx
nanostructures.

In Fig. 4, we display both the high-resolution Pt 4f XPS spectra of
Pt-MoOs_x NFs | MoS,, Pt-MoO3_, NFPs | MoS,, Pt-MoO3_, NPs |
MoS, and a commercial Pt black, and the normalized XANES with
the corresponding FT-EXAFS spectra at the Pt L;-edge for Pt-
MoOs_y NFs | MoS, and Pt black samples. As presented in the Pt
4f XPS spectra in Fig. 4a, the individual Pt 4f;, and Pt 4f5, doublets
are deconvoluted into two oxidation states of metallic Pt° (71.0-
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Pt-MoO,, NFs | MoS,

Pt-MoO,,, NFPs | MoS,

02
—_

Pt-MoO;,, NPs | MoS,

Bulk MoS,

10nm

i 10nm

10nm

Fig. 2. Electron microscopy analysis elucidating growth of Pt-MoO;_x nanostructures on bulk MoS, surface via in situ electrochemical synthesis process. (a) Schematic
illustration depicting each step of in situ electrochemical synthesis. (b, c) SEM (b) and TEM (c) images for Pt-MoOs_x NFs | MoS;, Pt-MoOs_y NFPs | MoS,, Pt-MoO3_, NPs |
MoS,, Pt-MoOs_, NPs | MoS,, and bulk MoS, loaded on carbon paper electrode, which are in one-one correspondence with illustrations in (a). Note that the left-hand SEM
images in (b) are showing the configuration of coated materials on the carbon fiber constituting the carbon paper electrode. Inset SEM (b) and TEM (c) images obtained from

Pt-MoOs_x NFs | MoS; display detailed NF morphology.

71.7 and 74.4-75.0 eV) and oxidized Pt** (71.7-72.7 and 75.0-
76.0 eV). In terms of the synthesized Pt-MoOs_, nanostructures
on bulk MoS,, the binding energies of assigned Pt® and Pt>* peaks
are shifted to lower values as the Pt-MoO5_, NPs are electrochem-
ically transformed into Pt-MoOs_y NFs: 71.7 — 71.0 and 75.0 —
74.4 eV for Pt° and 72.7 - 71.7 and 76.0 — 75.0 eV for Pt*". These
shifts of the Pt 4f electron binding energies observed in the Pt core
level are attributed to the probable filling of the Pt valence band
with donated electrons [67,68]. Thus, as in situ electrochemical
synthesis proceeds, we believe that Pt species on the overgrown
Pt-MoOs_x nanostructures accept more electrons from other adja-
cent heterogeneous constituents (e.g. Mo and/or O species) of the
synthesized nanostructures. Compared to the commercial Pt black,
the binding energies of the Pt species from the fully converted Pt-
MoO;_yx NFs | MoS, (71.0 and 74.4 for Pt° and 71.7 and 75.0 for
Pt?") are lower than those of Pt black (71.3 and 74.6 eV for Pt°
and 71.9 and 75.2 eV for Pt**). Regarding the Pt oxidation state, it

is noteworthy that the Pt state (~56.0%) was predominant in
the Pt-MoOs_x NFs | MoS,, contrary to the dominant Pt?>* state
(=71.3%) in the Pt black (Table 1).

As shown in Fig. 4b, the normalized Pt L;-edge XANES spectra
recorded from Pt-MoOs_, NFs | MoS, and Pt black do not show
any noticeable difference in terms of their position and shape.
The complementary FT-EXAFS spectra for both Pt-MoO3_, NFs |
MoS, and Pt black possess analogous forms (Fig. 4c). Moreover,
there is no perceptible advent of novel spectral peaks, which
implies newly formed metal-metal bonds in the FT-EXAFS spec-
trum of Pt-MoOs_y NFs | MoS,: this is attributed to the fact that
Pt-Pt and Mo-Mo peaks are similar in terms of bond distance
[69] Given the distinct peak shapes of the Pt-Pt scattering peak
at around 2.66 A, Pt L;-edge EXAFS curve fitting can reveal another
metal-metal bond contribution in Pt-MoOs_, NFs | MoS,, except for
the Pt-Pt bond. Along with the fitted curves, the k>-weighted raw
EXAFS function and the real and imaginary parts of respective k-
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Fig. 3. Electron microscopy analysis results clearly representing the morphology and elemental constituents of the synthesized Pt-MoO;_x NFs on bulk MoS;. (a, b) SEM (a)
and TEM (b) images for Pt-MoO3_x NFs | MoS, loaded on carbon paper electrode. (c) HAADF-STEM image and corresponding EDS elemental mapping of Pt, Mo, and the

composite of Pt and Mo obtained from Pt-MoO;_x NFs | MoS,.

weighted FT-EXAFS spectra for both samples are illustrated in
Figs. S9 and S10; the derived average coordination number and
bond distance values for each shell are tabulated in Table 2. The fit-
ting results corroborate that the existence of Pt-Mo scattering at
~2.70 A in Pt-MoO3_ NFs | MoS; is responsible for the aforemen-
tioned deviated FT-EXAFS Pt-Pt peak shape compared to that of
Pt black [69]. In addition to the Pt-Mo contribution, the Pt-Pt coor-
dination number of ~8.96 and the Pt-Pt bond distance of ~2.74 A
from Pt-MoOs_x NFs | MoS,, with respect to those in Pt black
(~8.57 and ~2.76 A), further suggest the formation of bonds and
interactions between Pt and Mo-related species within the over-
grown Pt-MoOs_, nanostructures.

Fig. 5 presents high-resolution Mo 3d, S 2s, O 1s, and S 2p XPS
spectra for Pt-MoOs_, NFs | MoS,, Pt-MoOs_, NFPs | MoS,, Pt-

MoO3_y NPs | MoS,, and bulk MoS, and normalized Mo K-edge
XANES coupled with the complementary FT-EXAFS spectra for Pt-
MoO3_y NFs | MoS;, Pt-MoOs;_x NPs | MoS;, and bulk MoS;. In

Fig. 5a, the high-resolution Mo 3d XPS spectra show the assigned
Mo 3ds;, and Mo 3d3, doublets as Mo** (229.1-229.3 and 232.3-
232.4¢eV), Mo (230.2-231.4 and 233.3-234.5eV), and Mo®
(231.5-233.2 and 234.7-236.3 eV). Interestingly, the doublet peaks
at 230.2-231.4 and 233.3-234.5 eV that are ascribed to the Mo®*
oxidation state increase according to Pt-MoOs_, NPs growth on
the MoS, surface. This means that oxygen-deficient MoO3_ nanos-
tructures are grown on the surface of the MoS; substrate [9,36,70].

The relative amount of Mo®* oxidation state further increases along
with morphological transformation from Pt-MoOs_y NPs to Pt-
MoOs5_, NFs, also indicating that Mo®* oxidation state originates
from the presence of Pt-MoOs_, nanostructure grown on the
MoS, surface. The peaks assigned to Mo®" species (231.5-233.2

and 234.7-236.3 eV) for the Pt-MoO3s_x NPs | MoS; Pt-MoOs_y

NFPs | MoS;, and Pt-MoO;_x NFs | MoS, samples are significantly
increased compared to those for the bare bulk MoS, sample; this
demonstrates that the overgrown nanostructures on the MoS, bulk
surface are mixed with both MoO3 and reduced MoOs_, phases. In
addition, the peak area ratio between Mo 3ds;; and Mo 3dsp,
changes due to the existence of Pt-MoOs_x nanostructures over-
grown on the MoS, surface, this has also been reported for the
non-stoichiometric MoOx/MoS, heterostructure system [70]. For
the O 1s region, the respective deconvoluted peaks are attributed
to lattice oxygen (0%~; 531.5 eV), a surface hydroxyl group (OH™;
532.2-532.6 eV), surface adsorbed H,O or O, (533.2-533.9¢eV),
and O-C bonds (534.6-535.4 eV). The growth of Mo oxide nanos-
tructures on bulk MoS; is also supported by the increase in the rel-
ative area of the lattice oxygen 0%~ peak (Table 3). The spin-orbit
splitting doublet S 2ps3, (161.9-162.1eV) and S 2p;;; (163.0-
163.3 eV) peaks do not show a significant difference according to
the synthetic growth of Pt-MoO;_, nanomaterials. In addition, no
shift of binding energy for the Mo 3dsp,, Mo 3dsj,, O 1s, S 2p3)s,
and S 2pq), peaks is observed on the bare bulk MoS, and the Pt-
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Fig. 4. Chemical and electronic analyses of Pt species in electrochemically grown Pt-MoOs_, nanostructures on bulk MoS; along with Pt black. (a) High-resolution XPS spectra
in regions of Pt 4f peaks for Pt-MoOs_ NFs | MoS,, Pt-MoO3_x NFPs | MoS,, Pt-MoO;_, NPs | MoS, and Pt black loaded on carbon paper electrode. (b, ¢) Synchrotron-based XAS
analysis. Normalized Pt Ls-edge XANES (b) and magnitude of k*>-weighted FT-EXAFS spectra (c) of Pt-MoOs_, NFs | MoS, and Pt black loaded on carbon paper electrode. For
FT-EXAFS spectra, we identify experimental and fitting results using solid lines and circle markers, respectively.

Table 1

Summary of peak assignment, binding energy, and relative area of deconvoluted
peaks from high-resolution Pt 4f XPS spectra for electrochemically grown Pt-MoO3_y
nanostructures on bulk MoS, along with pristine bulk MoS,.

Sample Pt 4f
Peak Binding energy (eV) Relative area (%)
Pt black pt° 71.3/74.6 28.7
pt?* 71.9/75.2 71.3
Pt-MoOs_, NFs | MoS, e 71.0/74.4 56.0
pt?* 71.7/75.0 440
Pt-MoOs_y NFPs | MoS,  Pt° 71.4/74.8 55.7
pt?* 72.0/75.3 443
Pt-MoO3_y NPs | MoS; P’ 71.7/75.0 60.1
pt?* 72.7/76.0 39.9

MoOs_x nanostructure samples electrochemically-synthesized on
bulk MoS,.

In Fig. 5b and ¢, we illustrate the normalized Mo K-edge XANES
and their correspondent FT-EXAFS spectra of Pt-MoOs_y NFs |

Table 2
Summary of Pt L;-edge EXAFS fitting results for Pt-MoO3_x NFs | MoS, and Pt black.

MoS,, Pt-MoO3_, NPs | MoS,, and bulk MoS,. The positions and

shapes of the XANES spectra at the Mo K-edge are quite similar
for all samples. Furthermore, the spectral white line intensity of
the Mo K-absorption-edges for all analyzed samples show no sig-
nificant differences (Fig. 5b). The Mo K-edge FT-EXAFS spectra
are shown and compared in Fig. 5c; these spectra exhibit peaks
at around 1.23, 1.99, and 2.85 A, which are related to the Mo-O,
Mo-S, and Mo-Mo distances, respectively. In accordance with the
results for the Pt L3-edge FT-EXAFS spectra provided in Fig. 4c,
due to the similarity in the Pt-Pt and Mo-Mo bond distances, there
are no additional metal-metal peaks in the Mo K-edge FT-EXAFS
spectra for the Pt-MoOs_, nanostructures electrochemically over-
grown on bulk MoS, [69]. Interestingly, the specific spectral peak
of the Mo-O distance at around 1.23 A for Pt-MoO;_, NFs | MoS,
is more intense than those for the bulk MoS, and Pt-MoOs_, NPs

I MoS,, confirming the existence of oxygen-deficient MoO3_y

nanostructures grown on bulk MoS,. Based on these results from
diverse physicochemical analyses of the synthesized Pt-MoOs_x
nanostructures, we demonstrate that our in situ electrochemical

Sample Shell N? R° (A) AEC g% R-factor® (%)
Pt-MoOs_, NFs | MoS, Pt-Pt 8.96 +2.33 2.740 £0.011 3.520  2.990 0.005 +0.001 1.67

Pt-Mo 1.89+2.73 2.695 +0.060 4,628 +10.710 0.006 + 0.008
Pt black Pt-Pt 8.57£0.23 2.761 +0.001 0.005 # 0.000 0.005 # 0.000 0.07

¢ Coordination number.
Bond distance.

Threshold energy (Ep) shift.
Debye-Waller factor.

b
c
d
€ R-factor is a goodness of curve fitting.



Table 3

Summary of peak assighment, binding energy, and relative area of deconvoluted peaks from high-resolution Mo 3d, S 2s, O 1s, and S 2p XPS spectra for Pt-MoO3_y nanostructures
electrochemically grown on bulk MoS, along with pristine bulk MoS,.
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Sample Mo 3d & S 2s O1s S2p
Peak Binding energy Relative area Peak Binding energy Relative area Peak Binding energy Relative area
(eV) (%) (eV) (%) (eV) (%)
Pt-MoOs5_4 NFs | S2s  226.7 7.2 0> 531.5 25.2 S2ps3 162.0 77.6
MoS, Mo*"  229.2/232.4 53.9 OH~ 532.2 36.4 2
Mo  230.2/233.3 20.5 H,0 or 533.2 21.2 S2py 1632 22.4
0, 2
Mo®"  231.5/234.7 18.4 0-C 534.6 17.2
Pt-MoOs3_x NFPs | S2s 2264 9.2 0% 531.5 20.5 S2ps 162.0 68.5
MoS, Mo*"  229.1/232.3 57.9 OH~- 532.3 429 2
Mo>*  231.0/234.1 15.0 H,0 or 533.4 14.0 S2p; 1633 315
0, 2
Mo®  233.2/236.3 17.9 0-C 534.6 22.6
Pt-MoO5_, NPs | S2s 2264 135 0% 531.5 113 S2p; 1619 61.8
MoS, Mo*"  229.2/232.3 65.3 OH~ 532.6 44.0 2
Mo>"  231.4/234.5 9.7 H,0 or 533.9 9.9 S2py 163.0 38.2
0, 2
Mo®  233.2/236.3 115 0-C 535.2 34.8
Bulk MoS, S2s 2265 16.0 0% 531.5 6.9 S2p; 1621 70.3
Mo*"  229.3/232.4 74.7 OH~ 532.5 42.0 2
Mo>"  230.7/233.8 6.5 H,0 or 533.5 5.8 S2p; 1633 29.7
02 2
Mo®%"  232.4/235.5 2.8 0-C 535.4 453

synthesis method can create novel nanostructures that consist of
Pt and mixed Mo oxide (i.e. MoOs; and oxygen-deficient MoO3_y)
phases.

3.4. Electrocatalytic HER performances of Pt-MoOs_, nanostructures

The Pt-MoOs_ nanostructures overgrown on bulk MoS, (Pt-
MoOs3_x NFs | MoS,, Pt-MoO3_x NFPs | MoS,, Pt-MoOs_, NPs |

MoS,, and Pt-MoOs_x NPs | MoS,) were tested and evaluated as cat-

alytic materials for electrochemical HER, in an aqueous 0.5M
H,SO,4 electrolyte at room temperature (Fig. 6 and Tables 4 and
5). For a performance comparison, commercial Pt black with a
diameter of 5 nm was also examined under the same reaction con-
ditions (Fig. S11). From the polarization curves (Fig. 6a), the HER
activity of the prepared samples can be seen to increase in the fol-
lowing order: bulk MoS, < Pt-MoO3_, NPs | MoS; < Pt-MoO3_x NPs
| MoS; < Pt-MoOs_y NFPs | MoS; < Pt-MoO3_x NFs | MoS,. Coupled
with the activity, the HER kinetics of our catalysts follows a similar
trend, as shown in the Tafel plots (Fig. 6b). Notably, in addition to
the morphology effect, we believe that changes in Pt electronic
states by Pt-Mo interactions, and in the amount of oxygen vacancy
sites, significantly bring about the changes in Tafel slope values
between Pt-MoOs_x NFPs and Pt-MoOs_, NFs. Among the tested
catalytic materials, Pt-MoOs_x NFs | MoS, requires an overpoten-
tial of 69 mV (vs. SHE) to drive a current density of —10 mA/cm?
and shows a Tafel slope of 53 mV/dec for the HER; indeed, these
values are comparable to those of commercial Pt black, which exhi-
bits an overpotential of 62 mV and a Tafel slope of 32 mV/dec. It is
worthwhile to note that our synthesized Pt-MoOs_, NFs | MoS,
achieves compelling HER performance—being a match for Pt
black—in spite of the 10 times lower content of loaded Pt (Table 5
and Fig. S12). Since Pt-MoOs_x NFs | MoS, possesses a very low
amount of Pt species and the carbon paper electrode exhibits a
large double layer capacitance, we were not able to find any notice-
able H, adsorption-desorption peaks, which demonstrate the exis-
tence of Pt, from the CV curve recorded in 0.5 M H,SO4 electrolyte
at room temperature. Therefore, based on ICP-OES analysis, we
adopted the Pt mass activity to compare the HER activities
between Pt-MoOs_, NFs | MoS, and Pt black. The Pt mass activity

(current divided by Pt mass, A/mgp) of the Pt-MoOs_, NFs |
MoS, is 2.83 A/mgp, at overpotential of 100 mV (vs. SHE), which
is 3.7 times higher than the value of 0.76 A/mgp, of Pt black
(Table 5). This Pt-MoOs_x NFs | MoS, electrochemically generates
hydrogen with a Faradaic efficiency of ~100% (Fig. 6¢). Thus, we
envisage that our novel in situ electrochemical method for synthe-
sizing nanostructured electrocatalysts can be used to fabricate
active components with ultralow Pt loading for electrochemical
applications such as proton exchange membrane (PEM) fuel cells.
Cq values for the synthesized Pt-MoOs_, nanostructures on bulk
MoS, were obtained using CV techniques (Figs. S13, S14, S15,
and S16) [49,71]. Similar to the HER activity results, the Cq, values
of the synthesized catalytic materials, which are indicative of their
ECSA, increase according to the morphological transformation from
Pt-MoOs_, NPs to Pt-MoOs_, NFs; the Cq, value of Pt-MoO3_y NFs |
MoS, is 17.7 times greater than that of bare bulk MoS, (Table 4). As
displayed in the Nyquist plots (Fig. 6d), compared to that of bulk
MoS,, Pt-MoOs3;_x NFs | MoS, also demonstrates significantly
decreased charge transfer resistance comparable to that of Pt black.
This enhancement of the charge transfer kinetics for the HER is
attributed to the distinct structural and chemical features of the
Pt-MoOs_x nanostructures.

The outstanding HER characteristics of our novel catalytic mate-
rials can be ascribed to their three distinctive physicochemical
properties related to both formation and subsequent morphologi-
cal changes of Pt-MoOs_, nanostructures overgrown on the bulk
MoS, surface. The first is the creation of novel interfaces between
Pt and Mo oxides in the overgrown Pt-MoOs_, nanostructures.
Based on the results of HAADF-STEM, EDS elemental mapping,
XPS, XANES, and EXAFS analyses, shown in Figs. 3-5, we confirm
the combination between Pt and Mo oxides in the electrochemi-
cally synthesized nanostructures, thereby demonstrating the for-
mation of Pt-Mo oxides interfacial sites. These newly formed
interfaces can be novel HER active sites enabled by synergistic
interactions between Pt and Mo oxides, ultimately contributing
to the enhancement of electrocatalytic HER performance. The sec-
ond is the non-stoichiometry of MoOs_ originating from oxygen
vacancies. It has been reported that oxygen vacancy sites on the
surface of Mo oxides can promote the adsorption of oxygen-
containing species (i.e. oxygenates), and therefore the oxygen
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Fig. 5. Chemical and electronic analyses of Mo, O, and S species in electrochemically grown Pt-MoO;_y nanostructures on bulk MoS, along with pristine bulk MoS,. (a) High-
resolution XPS spectra in the regions of Mo 3d, S 2s, O Is, and S 2p peaks for Pt-MoO;_, NFs | MoS;, Pt-MoO3_x NFPs | MoS,, Pt-MoO3_x NPs | MoS,, and bulk MoS; loaded on
carbon paper electrode. (b, c¢) Synchrotron-based XAS analysis. Normalized Mo K-edge XANES (b) and magnitude of k*>-weighted FT-EXAFS spectra (c) of Pt-MoOs_y NFs |

MoS;, Pt-MoO3_x NPs | MoS,, and bulk MoS; loaded on carbon paper electrode.

vacancy sites can be beneficial for catalytic reactions such as the
biomass deoxygenation reaction and hydrogen evolution reaction
[36,72]. In particular, oxygen vacancy sites such as Mo>" promote
the adsorption of oxygenates such as H30" on metal oxide surfaces,
and therefore can serve as novel active sites for HER in acidic envi-
ronments [36]. The existence and increase of the Mo>* oxidation
state in our prepared nanostructured Pt-MoOs_, samples were
confirmed by XPS analyses (Fig. 5a) and discussed. The formation
of oxygen vacancies in orthorhombic o-MoO; also leads to
expanded interlayer distance, which can expedite insertion/
removal processes of H" and other small ions into/from the lattice
in MoOs_x [9,73]. In addition, introducing oxygen vacancies into
metal oxides enhances the electrical conductivity because oxygen
vacancies serve as shallow donors and therefore bring about band-
gap narrowing [9,36,73,74]. The last prominent feature is perhaps
related to the change and increase of ECSA of the
electrochemically-synthesized Pt-MoOs_, nanostructures on the
bulk MoS, surface. Morphological analysis using SEM and TEM
(Figs. 2 and 3) demonstrated that the prepared Pt-MoOs_x NF
structures are composed of randomly oriented Pt-MoOs_y building

blocks with nanometer size. Furthermore, compared to the Cy
value of bulk MoS, (0.10 mF/cm?), the significantly increased Cq
value of Pt-MoO5_, NFs | MoS, (1.77 mF/cm?) indicates that Pt-
MoOs_x NF structures may possess a higher number of catalytic
active sites and improved ability to exchange ions between elec-
trolyte and their active sites for electrocatalytic HER [49,71]. How-
ever, we should perform further studies on the detailed
explanation of the effect of Pt-Mo interactions on creating novel
HER active sites through additional control experiments.

The electrocatalytic stability is also a major issue for catalytic
materials. To measure the HER stability in an acidic environment,
a long-term chronopotentiometry test was performed by obtaining
potential profiles with reaction time of 100 h at constant HER cur-
rent density of —10 mA/cm? in a 0.5 M H,SO,. As shown in Fig. 6e,
the tested samples, including commercial Pt black, Pt-MoO3_, NFPs
| MoS,, and Pt-MoO3_x NFs | MoS,, maintained the initial potential
value at —10 mA/cm? during 100h of continuous operation,
demonstrating the good stability of our prepared Pt-MoOs_x
nanostructure materials. After the stability test, the re-measured
polarization curve of Pt-MoOs_x NFs | MoS, also indicates that
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Fig. 6. Electrochemical performance analysis of Pt-MoO; yx nanostructures electrochemically grown on bulk MoS, surface toward electrocatalytic HER in 0.5 M H,SO4
electrolyte. (a) iR-compensated polarization curves for Pt black, Pt-MoO3_x NFs | MoS;, Pt-MoO3_x NFPs | MoS;, Pt-MoO3_y NPs | MoS;, Pt-MoO;_y NPs | MoS,, and bulk MoS,
loaded on carbon paper electrode. (b) Tafel plots derived from polarization curves in (a). Note that estimated Tafel slopes are labeled. (c) H, Faradaic efficiency of Pt-MoO3_yx
NFs | MoS; as a function of current density. (d) Nyquist plots of Pt black, Pt-MoO3_x NFs | MoS,, and bulk MoS,. (e) Chronopotentiometry results for Pt black, Pt-MoO3_x NFs |
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Table 4
Summary of properties of electrochemically grown Pt-MoOs_x nanostructure samples
as HER electrocatalysts.

Sample Overpotential Tafel slope Cqi (mF/cm?)
(mV vs. SHE) (mv/dec)
at 10 mA/cm?
Pt-MoO;_, NFs | MoS, 69 53 1.77
Pt-MoOs5_x NFPs | MoS, 86 89 1.34
Pt-MoO5_x NPs | MoS, 87 100 1.03
Pt-MoO3_x NPs | MoS, 101 82 0.87
Bulk MoS, 468 215 0.10

there is a small difference but no significant increase of the overpo-
tential value at —10 mA/cm? (Fig. S17). Furthermore, the SEM
images from Pt-MoOs_, NFs | MoS, loaded onto a carbon paper
electrode after the stability test suggest that there is no severe
structural deformation of the synthesized Pt-MoOs_, nanostruc-
tures for the entire chronopotentiometry test in acidic environ-
ment (Fig. S17). These results suggest that the novel
electrochemical synthesis method suggested in this work can be
widely used to design and develop high performance, stable Pt
and Mo-based electrocatalysts with 2D layered structures.

Table 5

3.5. Computational examination of why Pt-MoO3_, nanostructures are
efficient for HER

On the basis of the results from various physicochemical char-
acterizations and electrochemical performance analyses, we addi-
tionally conducted computational investigation to expand on the
excellent HER abilities of the synthesized Pt-MoOs_x nanostruc-
tures. In this work, we performed DFT calculations on model sur-
face structures containing different components of Pt-MoOs_x
nanostructures to understand why the Pt-MoOs_y nanostructures
show good HER performance. As shown in Fig. 7, by optimizing
through DFT calculations, we prepared Pt(1 1 1) and MoOs3(0 1 0)
surfaces and their mixed Pt-MoOs surfaces, and generated defect
sites on MoOs-containing surfaces to fabricate other surfaces
including MoOs_y structures: the created surface structures were
Pt(11 1), MoOs5(0 1 0), Pt-MoO3, oxygen-deficient MoOs (MoOs_y),
and Pt-MoOs_y. In detail, to create oxygen vacancy defects on
Mo0s5(0 1 0) surface structures, we removed an oxygen atom at
the gap between two MoOs layers that were interacting via van
der Waals forces due to the lowest formation enthalpy for this
defect site (Fig. 7d). Furthermore, for the mixed Pt-MoOs surfaces,
we considered two defect sites at the boundary between MoO3; and
Pt (Fig. 7e) or MoOs surface (Fig. 7f). These fabricated surface struc-

Comparison of electrocatalytic HER kinetics between synthesized Pt-MoO3_x NFs | MoS; and commercial Pt black catalyst.

Sample Pt loading amount® (mgp/cm?) Mass activity” (A/mgp) Overpotential® (mV vs. SHE) Tafel slope (mv/dec)
Pt-MoO;_x NFs | MoS, 0.03 2.83 69 53
Pt black 0.3 0.76 62 32

@ Mass of Pt per unit area of carbon paper electrode was estimated based on ICP-OES results.

b Pt mass activity was calculated at overpotential of 100 mV (vs. SHE).
¢ Overpotential was measured at current density of 10 mA/cm?.
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o MoOs,,, 0.578
Pt-MoO3,, 0.865
o MoO, -0.500

Pt'MOO:;,X

-0.324 /-0.676

Fig. 7. Surface structures optimized from DFT calculations and their hydrogen adsorption free energy. (a, b, ¢, e, d, f) Simulated structures for Pt(1 1 1) (a), MoO5(0 1 0) (b), Pt
and MoOs (c), MoO3 with oxygen vacancy defect (d), and Pt and MoO3; with oxygen vacancy defect (e, f). Note that oxygen defect sites are highlighted using yellow circles. g,
Summary of adsorption free energy (AGy) of a hydrogen atom. Note that favorable adsorption sites for hydrogen atoms and corresponding AGy values are highlighted in red

and white.

tures are displayed from a different point of view in Fig. S18. It is
worthwhile to note that we assessed the electrocatalytic HER
activities of each DFT-optimized surface structure according to
the corresponding adsorption free energies (AGy) of hydrogen
atoms on the model surface structures. For all of the created sur-
face structures, we found several adsorption sites for hydrogen
atoms, and calculated the AGy of a hydrogen atom being on these
different adsorption sites from model surface structures, as sum-
marized in Fig. 7g. Along with the derived AGy values, we also
show diverse configurations of hydrogen atoms on adsorption sites
(i.e. Pt, Mo, and O) from the optimized surface structures (Figs. S19,
S20, and S21). It is well-known that a surface structure that bears
good catalytic activities toward HER should adsorb hydrogen
atoms with low energy barrier and energy loss. If the surface pos-
sesses a large negative or positive AGy value, high overpotential
will be required to detach or attach a hydrogen atom during elec-
trocatalytic HER [29]. Interestingly, there are some favorable
adsorption sites in our model surface structures that show small
absolute values of AGy less than 0.1 eV: (i) Pt (AGy = —0.055 eV,
Fig. S21b) and (ii) O (AGy=-0.056 eV, Fig. S19b) sites at the
boundary between Pt and MoOs in the Pt-MoOs surface structure,
and (iii) O atom (AGy=0.050eV, Fig. S19d) from the oxygen-
deficient MoOs_y surface structure can contribute to accelerate

the electrocatalytic HER over Pt-MoOs_, nanostructures over-
grown on bulk MoS,. Confirming our hypothesis derived from
the correlation between the physicochemical properties of Pt-
MoOs_, nanostructures and their outstanding HER performance,
these computational investigation results indicate that the cre-
ation of Pt and O atoms at the Pt-MoOs interfaces, and O sites at
the MoOs_4 surfaces, will boost the electrocatalytic HER perfor-
mance of the Pt-MoQO3_, nanostructures overgrown on bulk MoS,.

4. Conclusion

In summary, we have developed a new in situ electrochemical
synthesis technique for Pt-MoOs_, nanostructures grown on com-
mercial bulk MoS, material. The Pt-MoO3_, NF and/or NP struc-
tures overgrown on bulk MoS, substrate were easily prepared
and controlled by applying electrical energy to the bulk MoS,
and using Pt counter dissolution in an acid solution. Among the
prepared catalytic materials, Pt-MoO3_, NFs | MoS, showed an
overpotential of 69 mV (vs. SHE) at —10 mA/cm? and a Tafel slope
of 53 mV/dec for the electrocatalytic HER. Moreover, in comparison
with the Pt mass activity (0.76 A/mgp.) of conventional Pt black at
its overpotential of 100 mV (vs. SHE), Pt-MoOs3_x NFs | MoS,
demonstrated a 3.7 times greater Pt mass activity value of
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2.83 A/mgp.. The creation of Pt and MoOs interfacial sites and the
existence of more oxygen vacancy sites such as Mo®* in the Pt-
MoOs_x NFs | MoS, were responsible for the significantly improved
electrochemical HER performance. Our DFT calculations also
demonstrated that Pt and O sites at the Pt and MoOs interfaces
and O sites at the defective MoO3_y in the Pt-MoOs_, NFs | MoS,
show hydrogen adsorption free energy low enough to promote
the HER. Future work will require in-depth analysis of the over-
growth mechanism of the Pt-MoOs_, nanostructure on commercial
bulk MoS,, and the detailed understanding of Pt-Mo interactions as
the HER active sites with some control experiments. Nevertheless,
our methodology for preparing Pt-MoOs_yx nanostructure pre-
sented herein is expected to provide a useful way to generate
new HER active sites on 2D layered structures such as transition-
metal dichalcogenides and oxide materials. This synthetic
approach can also be a promising method to use only solid phase
materials such as Pt wire and MoS, powder, without need for
expensive precious metal salts (e.g. HoPtClg), for preparing electro-
catalytic materials.
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