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Advanced materials for electrocatalytic water splitting are central to renewable energy research. In this
work, MoS, nanosheets supported on porous metallic MoO, (MoS,/MoO,) were produced by sulfuration
treatments of porous and highly conductive MoO, for the hydrogen evolution reaction. Porous MoO,
with one-dimensional channel-like structures was prepared by calcination at elevated temperatures using
phosphomolybdic acid as the precursor and mesoporous silica (SBA-15) as the template, and the sub-
sequent hydrothermal treatment in the presence of thioacetamide led to the transformation of the top
layers to MoS, forming MoS,/MoO, composites. Electrochemical studies showed that the obtained com-
posites exhibited excellent electrocatalytic activity for HER with an onset potential of =104 mV (vs. RHE),
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a large current density (10 mA cm™ at —0.24 V), a small Tafel slope of 76.1 mV dec™ and robust electro-
chemical durability. The performance might be ascribed to the high electrical conductivity and porous
structures of MoO, with one-dimensional channels of 3 to 4 nm in diameter that allowed for fast charge
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Introduction

As a clean chemical fuel with a high-energy density, hydrogen
has been hailed as a promising alternative and renewable
energy source that may replace fossil fuels in the future.
Accordingly, hydrogen produced by environmentally friendly
electrochemical water splitting has recently been emerging as
a key technology component of hydrogen economy.' ™ In these
studies, advanced catalysts for the hydrogen evolution reaction
(HER) are generally needed to reduce overpotential and
increase the catalytic current density.> ! Pt-group metals are
the most active catalysts for HER and can dramatically
enhance the reaction rate with almost no overpotential for
high efficiency energy conversion.'> However, their scarcity
and high costs have inhibited large scale applications in
electrochemical water splitting. Therefore, extensive research
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efforts have been devoted to the development of non-platinum
electrocatalysts for HER. For instance, Hinnemann et al'?
reported in 2005 that MoS, nanoparticles exhibited an appar-
ent electrocatalytic activity for HER, which was predicted to be
comparable to that of Pt. The interest in using MoS, as water
splitting electrocatalysts has since been intensified, with a
focus on the enhancement of the material catalytic properties
by, for instance, loading catalysts on conductive substrates
(e.g., graphene-protected 3D Ni foams, graphene nanosheets,
and porous Au),"*"” doping treatment (e.g. MoO,/N-doped
MoS, and oxygen incorporated MoS,),'®'® and enhanced
exposure of active edges.’*>> Among these, Chang et al.’* de-
posited graphene layers on the surface of 3D Ni foams and
used them as a conducting solid support for MoS,. The hydro-
gen evolution rate was found to reach 302 mL g~ em™ h™" at
an overpotential of —200 mV, where the Ni foams-supported
graphene sheets served as a robust scaffold and increased the
stability of the catalysts in acid. In another study, Ge et al.’
reported a new type of nanoporous electrocatalysts by chemi-
cally plating a thin layer of amorphous molybdenum sulfide
on the internal surface of de-alloyed nanoporous gold. The
resulting MoS, ;@Au electrode exhibits a 6-fold higher catalytic
activity than conventional molybdenum sulfide catalysts in
0.5 M H,S0, solution with a Tafel slope of 41 mV dec™'. The
improved catalytic performance was mainly due to the highly
conductive and large-surface nanoporous gold. However,

Nanoscale, 2015, 7, 5203-5208 | 5203


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c4nr06754a&domain=pdf&date_stamp=2015-03-09
http://dx.doi.org/10.1039/C4NR06754A
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR007012

Published on 10 February 2015. Downloaded by University of California- Santa Cruz on 12/03/2015 15:22:58.

Paper

porous Au is expensive. Is it possible to find low-cost porous
conductive substrates for the synthesis of high-performance
HER catalysts? This is the primary motivation of the present
study which is focused on MoS, nanosheets grown on highly
conductive porous MoO,.

Molybdenum dioxide (M0O,) with a distorted rutile struc-
ture is an unusual and attractive transition metal oxide
because of its low metallic electrical resistivity (8.8 x 107> Q
cm at 300 K in bulk samples), high melting point, and high
chemical stability.>! Mesoporous crystalline MoO, materials
have been prepared as potential electrode materials in Li ion
batteries.>*** Herein, porous MoO, were synthesized by calci-
nation at elevated temperatures using phosphomolybdic acid
as a precursor and porous silica SBA-15 as a hard template,
which exhibited high electrical conductivity and a large
surface area. The subsequent sulfuration treatment led to the
transformation of the top layers into MoS, nanosheets. The
structures of the resulting MoS,/MoO, nanocomposites were
then characterized by various microscopic and spectroscopic
measurements. Electrochemical measurements showed that
the MoS,/MoO, nanocomposites exhibited an apparent HER
activity with a low overpotential of —104 mV and robust electro-
chemical durability.

Experimental section
Synthesis of porous metallic MoO,

Mesoporous silica SBA-15 and porous metallic MoO, were pre-
pared by the following literature procedures.>*** In a typical
experiment, SBA-15 (1.0 g) was mixed with phosphomolybdic
acid (H3PMo01,04, 4.2 g) in ethanol (15 mL) at room tempera-
ture under stirring in an open crucible. After the evaporation
of ethanol, yellow powders were obtained and loaded on a
quartz boat and heated to 500 °C in a tube furnace at a heating
rate of 2 °C min~" under an atmosphere of 10% H, and 90%
Ar. The heating was maintained at this temperature for 5 h.
The obtained MoO,/SBA-15 composite was treated by 60 mL of
a 4% HF aqueous solution to remove the silica template,
affording porous MoO,.

Synthesis of MoS, nanosheets supported on porous metallic
MoO, (MoS,/M00,)

MoS, nanosheets supported on mesoporous metallic MoO,
were prepared by a simple hydrothermal process. In a typical
experiment, 50 mg of porous MoO, obtained above and
150 mg of thioacetamide (TAA) were dissolved in 40 mL of
water. The solution was then transferred to a 50 mL Teflon-
lined stainless steel autoclave and heated in an electric oven at
200 °C for 6 h, 12 h, 24 h or 48 h. The autoclave was naturally
cooled to room temperature and the obtained MoS,/MoO,
composites were washed with distilled water, and dried at
80 °C for 12 h, which were denoted as MoS,/MoO,_, (x = 6 h,
12 h, 24 h or 48 h).

For comparison, pure MoS, nanosheets were also prepared
in a similar way but without the MoO, scaffold. Experi-
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mentally, 30 mg of sodium molybdate (Na,Mo00O,-2H,0) and
60 mg of thioacetamide (C,HsNS) were dissolved in 20 mL of
deionized water to form a transparent solution. The solution
was transferred to a Teflon-lined stainless steel autoclave and
then heated in an electric oven at 200 °C for 24 h. Pure MoS,
nanosheets, as a black product, were harvested after the solu-
tion was centrifuged and then dried at 50 °C for 12 h.

Characterizations

Field-emission scanning electron microscopic (FESEM, Model
JSM-7600F) measurements were employed to characterize the
morphologies of the obtained samples. Transmission electron
microscopic (TEM) measurements were carried out using a
JOEL JEM 2100F microscope. Powder X-ray diffraction (XRD)
and small-angle XRD patterns of the samples were recorded
using a Bruke D8 Advance powder X-ray diffractometer with Cu
Ka (4 = 0.15406 nm) radiation. X-ray photoelectron spectro-
scopic (XPS) measurements were performed using an
ESCALAB 250. Raman spectra were recorded using a
RENISHAW inVia instrument with an Ar laser source of
488 nm in a macroscopic configuration. The BET surface area
was characterized by using Micromeritics ASAP 2010 with
nitrogen adsorption at 77 K and the Barrett-Joyner-Halenda
(BJH) method.

Electrochemistry

Electrochemical measurements were performed with an electro-
chemical workstation (Solartron Analytical 1287 + 1260) in
0.5 M H,SO, aqueous solution. A saturated calomel electrode
(Hg/HgCl, in saturated KCl) and a platinum wire were used as
the reference electrode and the counter electrode, respectively.
A calculated amount of MoS,, MoO,, or MoS,/MoO, was
loaded on a glassy carbon electrode which was used as the
working electrode. Experimentally, 4 mg of the respective cata-
lyst powders was dispersed in 1 mL of 4:1 (v/v) water-ethanol
mixed solvents with 40 pL of a Nafion solution under ultra-
sonication for 30 min. A 4 pL of the resulting solution was drop
cast onto the glassy-carbon disk using a microliter syringe and
dried at room temperature. The catalyst loadings were all
0.22 mg cm™>,

Polarization curves were acquired by sweeping the potential
from 0 to —0.8 V (vs. SCE) at a potential sweep rate of 5 mV
s~', with ohmic losses compensated electronically.*® The accel-
erated stability tests were performed in 0.5 M H,SO, at room
temperature by potential cycling between +0.1 and —0.5 V (vs.
SCE) at a sweep rate of 100 mV s~ for a given number of
cycles. Current-time responses were monitored by chrono-
amperometric measurements for up to 10 h. Hydrogen
production at the MoS,/MoO, modified glassy carbon electrode
was carried out at —0.5 V (vs. SCE).

In all measurements, the SCE reference electrode was cali-
brated with respect to a reversible hydrogen electrode (RHE).
The calibration was performed in a high-purity H, (99.999%)
saturated electrolyte with two Pt wires as the working electrode
and the counter electrode, respectively. Cyclic voltammograms
(CVs) were acquired at a scan rate of 1 mV s, and the average
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of the two potentials at which the current crossed zero was
taken as the thermodynamic potential for the hydrogen elec-
trode reactions in 0.5 M H,SO,, Escg = Eryg + 0.273 V.

Results and discussion

Fig. 1 describes the procedure for a typical synthesis of MoS,/
MoO, nanocomposites, which involves three major steps: (a)
molecular sieves (SBA-15) were filled with phosphomolybdic
acid, and then calcined under a 10% H,/90% Ar atmosphere to
synthesize M0O,/SBA-15 by the decomposition of phospho-
molybdic acid; (b) HF was used to remove the SBA-15 template
and obtain one-dimensional porous MoO,; (c) the hydrother-
mal reaction of porous MoO, with TAA led to the transform-
ation of the top layers of MoO, into MoS, nanosheets forming
MoS,/MoO, composites.

The as-prepared samples were first characterized by using
XRD measurements. From Fig. 2a, one can see that for the
MoS,/M00,-6 h sample (red curve), the main crystalline phase
is MoO, (JCPDS: 32-0671, Monoclinic, @ = 0.56 nm, b =
0.48 nm, ¢ = 0.55 nm), with characteristic diffraction peaks at
26.0° (011), 31.8° (101), 36.9° (111), 41.5° (120), 53.3° (112),
60.2° (031) and 66.5° (131), which are all well-defined also with
the MoO, sample (black curve). Several weak diffraction peaks

Thioacetamide
HF Washing Hydrothermal /

MoO,/SBA-15 MoS,IMoO

L) Filled with

O am,atsncc @@

SBA-15 (a) Porous MoO, (c)

Fig. 1 Schematic of the synthesis of MoS, nanosheets supported on
porous metallic MoO, (MoS,/Mo0,).
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Fig. 2 (a) XRD of MoO, and MoS,/M0o0O,-6 h, (b) representative SEM
image of MoO,, (c) side-view and (d) top-view SEM images of MoS,/
MoO,-6 h.
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can also be seen at 14.5°, 33.0°, and 60.4° that are consistent
with MoS, (003), (101), and (113) crystalline planes, respecti-
vely (JCPDS: 65-3656, hexagonal, @ = b = 0.32 nm, ¢ = 1.8 nm).
These results suggest the formation of MoO,/MoS, compo-
sites. The XRD patterns of MoS,/MoO, composites prepared
for other hydrothermal reaction times (upto 48 h) are shown in
Fig. S1.7 It can be seen that in all samples, MoO, remained as
the primary crystalline phase, along with weak diffraction
peaks of MoS,, suggesting that only the top layers of MoO,
were chemically transformed into MoS, under hydrothermal
conditions. The formation of MoS, was further confirmed by
Raman spectroscopic measurements (Fig. S21) which exhibited
a series of vibrational bands at 120, 141.6, 192, 281, 333.4, and
374.2 c¢cm™' that are characteristic of MoS,.>” The MoO,
vibrational bands are also well-defined at 817.3 and
990.7 cm™1.1%?3%8

SEM measurements were then carried out to examine the
surface morphologies. Fig. 2b depicts an overview of the
porous  one-dimensional MoO, nanostructures  with
200-300 nm in width and 1-3 pm in length, consistent with
the dimensions of SBA-15 (Fig. S31). After hydrothermal treat-
ment with TAA for 6 h, it can be seen that the MoO, surfaces
were decorated with a number of curvy nanosheets, as evi-
denced in SEM images in Fig. 2c (side view) and 2d (top view
along the axial direction), which are most likely MoS,
nanosheets. This is consistent with the XRD results. The meso-
porous structure of the MoS,/M00O,-6 h composites was
further confirmed by nitrogen adsorption/desorption measure-
ments which featured a typical type-IV isotherm (Fig. S47).
However, because of the high molecular weight of MoO, and
MoS,, the M0S,/M00,-6 h composites showed only a relatively
low specific surface area of 34.58 m* g~*

Mesostructures with regular spacing are well-defined in
TEM measurements, as depicted in Fig. 3. From panel (a), it
can be seen that the obtained porous MoO, displayed one-

XY (011*.10
T
—  34nm Mo

##4D Channel

Lo~

3.4 nm ,7\(003)
(011)*10 L (101)

(113)
£ MoS,

Fig. 3 TEM images of (a, b) porous MoO, and (c—e) MoS,/Mo0O,-6 h;
(f) selected area electron diffraction patterns of MoS,/MoO,-6 h.
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dimensional channels of 3 to 4 nm in diameter and 5 to 6 nm
in wall thickness throughout the entire particle domain, indi-
cating that the porous MoO, was essentially grown on the
internal surface of SBA-15 (Fig. S51). The corresponding small-
angle XRD patterns (Fig. S6t1) suggest a consistent periodic
mesostructure. Furthermore, from the high-resolution TEM
image in Fig. 3b the interlamellar spacings can be estimated
to be 0.34 nm which is consistent with MoO, (011). After
hydrothermal treatment with TAA for 6 h, it can be seen that
the MoO, surface was extensively roughened where the sheet-
like structures were most likely MoS, (Fig. 3c). From Fig. 3d,
two interlamellar spacings can be identified. One is 0.61 nm
that might be ascribed to MoS, (002), consistent with the XRD
results in Fig. 2a, and the other is 0.34 nm for MoO, (011).
Interestingly, the MoS, nanosheets were mostly aligned per-
pendicular to the surface of one-dimensional MoO,, exposing
abundant folded edges that are known to exhibit high catalytic
activity for HER.>*° Selected area electron diffraction studies
were then carried out with a MoS,/M00,-6 h bundle (Fig. 3e),
and the patterns in Fig. 3f display concentric rings that might
be assigned to MoS, (003), (101), and (113), and diffraction
spots for MoO, (112) and (011), respectively, indicating that
the prepared nanocomposites were indeed composed of mono-
crystalline MoO, and polycrystalline MoS,.

XPS measurements were then carried out to further investi-
gate the chemical composition and valence states of the
samples, which are shown in Fig. 4. From the survey spectra in
panel (a), the elements of Mo, S, O and C can be clearly identi-
fied. The C element shows a major peak at 284.5 eV that is
characteristic of sp> C (Fig. 4b). Fig. 4c depicts the high-resolu-
tion scans of the Mo3d electrons with two major peaks at
229.6 eV and 232.8 eV, consistent with Mo 3d;,, and 3d;,, for
MoO, and MoS,, respectively.'®?*' The shoulder at 235.4 eV
is likely due to the existence of a small amount of Mo®*.**7*
Meanwhile, the S2p electrons exhibited various bonding

(@ o (b) cc
3 s 3
© Mo ©
2 Mo
B c Mo % c-0
c c
2 2
£ c
700 600 500 400 300 200 100 291 288 285 282
Binding Energy (eV) Binding Energy (eV)
(c) Mo 3d5/2 (d) S2p3
- _ S-Mo
3 3
s s s 2p1
2 z
2 2
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£ £
240 237 234 231 228 225 168 166 164 162 160

Binding Energy (eV) Binding Energy (eV)

Fig. 4 (a) XPS survey spectra and high-resolution scans of (b) C 1s, (c)
Mo 3d and (d) S 2p electrons of MoS,;/Mo0O,-6 h. Black curves are
experimental data and colored curves are deconvolution fits.
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energies for S*~ (162.4 eV, 163.7 eV, 164.9 eV, and 226.9 eV), as
shown in Fig. 4c and d.

The electrocatalytic activities for HER of the samples pre-
pared above were then examined by electrochemical measure-
ments in 0.5 M H,SO,. From Fig. 5a, it can be seen that MoO,
exhibited poor catalytic activity for HER, with almost no
reduction currents until the electrode potential was more
negative than —0.4 V (black curve). In sharp contrast, apparent
non-zero cathodic currents can be seen at the electrode modi-
fied by MoS,/M0O,-6 h (blue curve) with an onset potential of
—0.104 V (vs. RHE) and a small Tafel slope of 76.1 mV dec™*
from Fig. 5b. Such a performance is markedly better than that
of pure MoS, (red curve, —188 mV, 137.2 mV dec ') at the
same catalyst loading. At the same overpotential (—0.3 V), the
current density of the MoS,/M00,-6 h electrode (—51.5 mA
em™?) was about 11 times higher than that of pure MoS,
(—4.7 mA cm™?). In addition, one can see that the HER activity
diminished somewhat with the prolonging hydrothermal
reaction time (Fig. S7f), possibly because of increasing
charge transfer resistance with an increasing coverage of MoS,
that is less conductive than MoO, (Fig. S8t). Yet, one may
notice that the activity remains subpar as compared to that of
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Fig. 5 (a) Polarization curves for HER in 0.5 M H,SO4 on a glassy
carbon electrode modified with MoO,, MoS,;, MoS,/Mo0,-6 h and
20 wt% Pt/C, respectively. Potential sweep rate 5 mV s, (b) Corres-
ponding Tafel plots (overpotential versus log current density) derived
from (a). (c) Nyquist plots and the equivalent circuit of MoS, and MoS,/
Mo0O,-6 h at a potential of —200 mV (vs. RHE). (d) MoS,/M00O,-6 h at
various HER overpotentials in 0.5 M H,SO4. (e) HER polarization curves
for MoS,/Mo0O,-6 h before and after 1000 cycles of potential sweeps.
(f) Current—time plots of the MoS,/MoQO,-6 h electrode at an applied
potential of —0.23 V (vs. RHE).
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the commercial 20 wt% Pt/C catalysts (green curve, —0.01 V,
29.4 mV dec ).

Electrochemical impedance spectroscopy (EIS) is also a
powerful technique in the characterization of interfacial reac-
tions and electron-transfer kinetics in HER. Fig. 5¢ and d show
the representative Nyquist plots of the MoS,/M00,-6 h and
MoS,-modified glassy-carbon electrodes. More detailed ana-
lyses were carried out by fitting the impedance spectra to an
equivalent circuit (Fig. 5c inset), where a constant phase
element (CPE) was employed. The charge transfer resistance
(Ret) of the M0S,/M00,-6 h electrode (148.5 €2) was found to be
markedly lower than that of the pure MoS, (661.2 Q),
suggesting that the highly conductive MoO, substrates
reduced the resistance of the composite catalysts of MoS,/
MoO,-6 h. In fact, from Fig. S9,} it can be seen that at a poten-
tial of —200 mV (vs. RHE), the series resistance (R;) was
reduced from 7.3 Q for MoS, to 6.2 Q for MoS,/M00,-6 h. In
addition, from Fig. 5d, it can be seen that R.. of M0S,/Mo00O,-
6 h decreased significantly with increasing overpotentials,
from 503.2 Q at —150 mV to 148.5 Q at —200 mV, as evidenced
by the apparent shrinkage of the diameter of the semicircles.
In addition, R, was found to increase with the prolonging
hydrothermal reaction time, suggesting that an increasing
loading of MoS, nanosheets on the MoO, surface hindered
charge transport (Fig. S87).

In addition to good catalytic activity, the MoS,/MoO, elec-
trode also exhibited good stability for HER. Fig. 5e shows that,
after 1000 potential cycles, the J-V curve of the MoS,/M00,-6 h
electrode remained almost unchanged. To further investigate
the stability of M0S,/M00,-6 h and MoO, in HER, the current-
time plots at an applied potential of —0.23 V (vs. RHE) were
collected and depicted in Fig. 5f and S10,7 respectively. It can
be seen that the reduction currents remained almost invariant
over 10 h of continuous operation, indicating excellent dura-
bility of the electrodes for HER in 0.5 M H,SO,. These beha-
viors are actually very similar to that of commercial 20 wt% Pt/
C (Fig. S117).

Experimentally, a number of bubbles were observed on the
surface of the MoS,/M00,-6 h electrode (Fig. S12at). The gas
was confirmed to be hydrogen by gas chromatography
measurements, and the rate of hydrogen production was esti-
mated to be 120 mmol g~ h™", as depicted in Fig. S12b.}

Such an HER performance of MoS,/MoO, (onset overpoten-
tial —104 mV, Tafel slope 67.3 mV dec™") is better than or com-
parable to those of the leading Mo-based HER catalysts, such
as semi-metallic MoS, ultrathin nanosheets (—130 mV, 69 mV
dec™),* MoS, nanoflower-decorated reduced graphene oxide
paper (=190 mV, 95 mV dec™!),>® and MoSe, nanosheets/
graphene hybrids (—150 mV, 101 mV dec'),>” but somewhat
lower than that of WS, (=142 mV, 70 mV dec')*® and MoS,/
NCNT (=75 mV, 40 mV dec™").>? This may be attributed to the
following factors. The first is the high electronic conductivity
of MoO, (8.8 x 107> Q cm at 300 K in bulk samples), as con-
firmed by electrochemical impedance spectroscopic measure-
ments where the charge-transfer resistance of MoS,/MoO, was
markedly smaller than that of pure MoS, (Fig. 5¢). Second, the
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continuously interconnected pore structures of MoO, provided
effective channels for mass transport. Third, the vertically
aligned MoS, nanosheets offered abundant edge sites, leading
to fast interdomain electron transport and high HER activity.

Conclusion

In this study, porous metallic MoO,-supported MosS,
nanosheets (MoS,/MoO,) were prepared by sulfuration treat-
ments of porous MoO, where the top layers of MoO, were
hydrothermally transformed into MoS,. One-dimensional
porous MoO, was prepared by calcination of phosphomolybdic
acid using mesoporous silica (SBA-15) as the template. The
charge transfer resistance of the MoS,/MoO, nanocomposites
in HER was found to be markedly lower than that of pure
MosS,, most likely because the highly conductive MoO, signifi-
cantly reduced the resistance of the composite catalyst. Electro-
chemical studies showed that the obtained electrocatalysts
exhibited excellent HER activity with an onset potential of
—-104 mV (vs. RHE), a large current density (10 mA cm™” at
—0.24 V), a small Tafel slope of 76.1 mV dec ' and robust
electrochemical durability. The HER performance might be
ascribed to the high electrical conductivity and porous struc-
ture of MoO, that allowed for effective charge and mass
transport.
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