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ABSTRACT: We synthesize vertically oriented core—shell
nanowires  with  substoichiometric
~20—50 nm and conformal MoS, shells of ~2—5 nm. The
core—shell architecture, produced by low-temperature sulfidi-
zation, is designed to utilize the best properties of each
component material while mitigating their deficiencies. The
substoichiometric MoOj; core provides a high aspect ratio
foundation and enables facile charge transport, while the
conformal MoS, shell provides excellent catalytic activity and
protection against corrosion in strong acids.
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lectrocatalyst development has become increasingly impor-
tant as a number of energy technologies rely upon electro-
chemical conversion reactions."”” Electrocatalytic hydrogen
production by water splitting is one example; this process could
potentially address the needs for the sustainable production of
fuels and for solar energy storage in a manner that is renewable
and carbon-free.”” In contrast to widely utilized steam reformed
hydrogen, electrocatalytically produced hydrogen offers much
lower carbon monoxide content, which can mitigate the poison-
ing effect that often decreases operational activity of platinum-
based catalysts currently used in hydrogen fuel cells.”> Several
device configurations can potentially enable solar driven water
electrolysis, including coupled photovoltaic (PV) electrolyzers,®”
integrated PV electrolyzers,®® and photoelectrochemical (PEC)
water splitting cells."'° "> Research into PEC water splitting, in
particular, has experienced large growth in recent years. How-
ever, the development of a single material that can meet the
requirements of high solar photon-to-current conversion, cata-
Iytic activity, and stability represents a significant unmet chal-
lenge. One strategy is to decouple the various requirements by
utilizing multiple materials. Enhancements in the activity for
silicon photocathodes by depositing hydrogen evolution cata-
lysts on the Si surface, for example, have already been demon-
strated using this approach.'*'* The hydrogen evolution catalyst
is a key component which needs to be able to drive current
densities that match the solar photon flux at low overpotentials
while remaining stable in the chosen electrolyte. In this work, we
describe our efforts to develop a high aspect ratio hydrogen
evolution electrocatalyst based on MoS,.
In order to circumvent conductivity limitations in MoS,'® that
might hinder charge transport in a high aspect ratio structure, we
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have designed an electrode architecture consisting of core—shell
nanowires with a vertical orientation. By combining a conductive
core consisting of substoichiometric MoO3; ~20—50 nm in
diameter, with a conformal MoS,, shell of thickness ~2—35 nm,
we have successfully created a high aspect ratio structure that can
enable charge transport over large distances (micrometers) with
high catalytic activity and stability in strong acids. This electrode
architecture design takes advantage of the best properties of each
material while mitigating their deficiencies. The architecture is
particularly relevant to recently reported arrays of microwire
semiconductors (e.g., Si) for PEC'*"> and more universally
applicable to enabling electrocatalytic materials with insufficient
long-range conductivity, for example, water oxidation catalysts
consisting of poorly conducting metal oxides."”

State-of-the-art hydrogen evolution catalysts currently consist
of platinum or platinum-based materials'®~>° due to their neg-
ligible overpotential and excellent kinetics for driving the hydro-
gen evolution reaction (HER). However, the widespread use
of platinum may be limited by its scarcity and high cost,” and
thus development of non-noble metal alternatives remains attrac-
tive. Such alternatives typically include nickel or nickel-based
materials,”>” >® which operate in alkaline electrolytes. Their long-
term stability in strong acids, however, remains a significant
challenge. As a result, these catalysts are difficult to integrate into
systems that operate in acid, such as photoelectrochemical cells

containing tungsten oxide,”” > p-type silicon,'>*° or gallium—
. > 1.31-33
indium-phosphide.
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Molybdenum disulfide (MoS,) is a layered chalcogemde
material that shows poor activity for the HER in bulk form.'®
However, nanoparticles of MoS, synthesized in ultrahigh vacuum
(UHV) were shown to exhibit excellent activity for the HER,
activity that correlated with the number of exposed edge 51tes
which were thus determined to be the catalytically active sites.’
Several studies have since presented excellent HER activity on
various forms of MoS, and its zana.lo<c{ues.35_38 As aresult of these
studies, there is now growing interest to use MoS, as a cata-
lyst directly attached to a variety of substrates, such as photo-
cathodes®** or simply as a standalone cathode to complete a
photoanode device. Syntheses of nanostructured MoS, often-
times employ thermal H,S treatments, sometimes at tempera-
tures greater than 700 °C in order to fully form nested fullerene
structures.*"** Such high temperatures limit the substrates which
can be used due to the highly reactive nature of H,S. More recent
studies of single-layer MoS, clusters were conducted using lower
sulfidization temperatures of 400—S550 °C which, for electro-
chemical studies, required the use of inert supports, such as gold
or carbon, to avoid a loss in substrate conductivity during the
sulfidization process.**** Solution phase synthe51s of a highly
active MoS, has also been 1nvest1gated and electrochemical
synthesis of a highly active M083 analogue has even been
achieved at room temperature.>” Vapor phase routes to synthesis
still remain an attractive avenue of exploration, particularly in the
production of high-quality interfaces with desired substrates. Our
study elucidates the controlled nanometer-scale growth of con-
formal MoS, coatings from MoOj; at temperatures as low as
200 °C, enabling the use of sulfidization-sensitive substrates, such
as fluorine-doped tin oxide (FTO), a conductive substrate desirable
for its electrochemical stability over a wide range of potentials
and pH values.

As a standalone cathode, MoS, needs to be driven at relevant
current densities while maintaining stability. This has been recently
achieved with MoS, supported on reduced graphene oxide in a
rotating disk conﬁguration.38 Alternatively, a high aspect ratio,
high surface area morphology can be employed to increase
activity, similar to Raney nickel. The anisotropic conductivity
of MoS, poses a challenge for high surface area structures as the
conducthlty of MoS, is poor along certain crystallographic
directions.'® To circumvent this limitation, we have developed
a core—shell MoO3;—MoS, nanowire catalyst with the following
design criteria in mind: (1) a partially reduced MoOj3 core with
high conductivity, (2) a MoS, shell (surface) with high catalytic
activity and stability in acids, and (3) a morphology of vertically
aligned core—shell nanowires to provide a high aspect ratio and
high surface area. This material constitutes a MoS,-based HER
catalyst that is capable of driving current densities that match the
solar photon flux at low overpotential, while remaining stable
under rigorous potential cycling in a strong acid with pH < 1.

Hot-wire chemical vapor deposition (HWCVD) is used to
synthesize MoO3 nanowires (see Supporting Information) with
a general vertical orientation, as observed by scanning electron
microscopy (SEM) images in Figure 1. There are no noticeable
differences in the external nanowire morphology before or after
(Figure 1a or b, respectively) sulfidization in 10% H,S/90% H, at
200 °C. At sulfidization temperatures of 300 °C and above, some
nanowires appear sharper at their tips and can be described as
having a more blade-like (grass-like) morphology. Morphologi-
cal changes are most pronounced at an even higher temperature
0f 700 °C, as shown in Figure le, where the widths of some of the
nanowires are noticeably larger, while others appear to have an

Figure 1. External morphology of nanowires. SEM images taken at 45°
from normal of (a) unsulfidized MoO5 nanowires and nanowires sulfidized
at (b) 200 °C, (c) 300 °C, (d) 400 °C, (e) 500 °C, and (f) 700 °C. Insets
for (a) and (b) show photographs of the respective samples (physical
dimensions of 2 X 3 cm).

Figure 2. Internal morphology of nanowires. TEM images of (a)
unsulfidized MoO5 nanowires and nanowires sulfidized at (b) 200 °C,
(c) 300 °C, (d) 400 °C, (e) 500 °C, and (f) 700 °C.

even thinner, more whisker-like morphology. The thin whiskers
could perhaps suggest some extent of mass transfer between the
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Figure 3. Bulk composition of the nanowires. X-ray diffraction spectra
of Mo nanowires on amorphous quartz sulfidized at various tempera-
tures. The reference spectra for a-MoO; (JCPDS 05-0508) and 2H-
MoS, (JCPDS 37-1492) are shown at the bottom and top, respectively,
with several major peaks labeled. A broad peak associated with the quartz
substrate is visible for all samples at approximately 22°.
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Figure 4. Surface composition of nanowires. XPS spectra of Mo
nanowires before and after sulfidization at various temperatures showing
the (a) Mo 3d and S 2s peaks and (b) S 2p peaks. Fitted peaks are shown
in gray lines. Peak intensities are scaled for clarity.

individual nanowires at higher temperatures, although sintering
of multiple smaller nanowires into a larger nanowire may also be
occurring.

The structure of MoS, consists of S—Mo—S layers separated
by a van der Waals gap, as observed in the transmission electron
microscopy (TEM) images shown in Figure 2b—f, in which the
layers appear only at the outer radius of the nanowires and reveal
a core—shell morphology. The MoS, layers exhibit curvature and
branching, resulting in layer-to-layer spacings of 6.4 A on average
(Figure Sla, Supporting Information), slightly larger than the
bulk layer-to-layer spacing of 6.1 A."® The atoms within the layers
exhibit an average spacing of 2.7 A (Figure Sla, Supporting
Information) consistent with previous TEM studies of MoS,
along the (100) plane.* The exact arrangement of the S—Mo—S
layers leads to the possible formation of 3 different polytypes
(Figure S2, Supporting Information): 1T (tetragonal), 2H
(hexagonal), or 3R (rhombohedral) o though the spacing
between particular layers along the [00!] direction (where s 1,
2, or 3 depending on the tetrahedral, hexagonal, or rhombohedral

polytype, respectively) remains unchanged. With higher sulfidi-
zation temperatures, the thickness of the shell layer increases
(Figure S3, Supporting Information) accompanied by a notice-
able increase in the size of the polycrystalline grains. At the
highest reaction temperature of 700 °C, the layered structure
appears to penetrate completely through the core of the nanowire.

The X-ray diffraction data shown in Figure 3 reveal that the
unsulfidized nanowires made by HWCVD consist of orthorhom-
bic @-MoO;. When subjected to 200 °C sulfidization, the data
show that crystallinity is still present, albeit at a diminished level.
This crystallinity is also observed in the TEM image shown in
Figure 2b. When sulfidized at higher temperatures 300 °C and
above, all peaks corresponding to the molybdenum oxide have
disappeared, indicating a lack of long-range order of that phase.
Meanwhile, a peak corresponding to the (007) reflection of MoS,
appears at 13.9° (6.4 A). This peak is shifted from the bulk
reference value of 14.4° (6.1 A) for the (002) reflection from 2H-
MoS, and consistent with the average value (6.4 A) measured
from the TEM images. The small size of the observed polycrystal-
line grains is further reflected in the large full width at half-
maximum (fwhm) of the (00!) peak, which is approximately 1.5°
when sulfidized at 500 °C, though the fwhm decreases to 1.0°
when sulfidized at 700 °C. Per the Scherrer equation, this
decrease in fwhm indicates an increase in the average crystallite
size, consistent with the TEM images in Figure 2.

X-ray photoelectron spectroscopy (XPS) was used to inves-
tigate the chemical states of Mo and § in the surface region of the
nanowires, as shown in Figure 4. The binding energy of the Mo
3ds/, electron peak for the unsulfidized nanowires (232.7 eV) in
Figure 4a reveal a 6+ oxidation state consistent with MoO3;. Once
exposed to sulfidization at temperatures as low as 200 °C,
however, much of the signal from the Mo 3ds,, peak shifts to a
lower binding energy (229.2 V) indicative of a 4+ oxidation
state, along with the appearance of a S 2s peak at 226.7 eV, as
shown in Figure 4b. Signals from higher oxidation states remain
and contribute to a tailing of the Mo 3d signal into higher binding
energies, since the sulfidization process does not extend deeply
beyond the surface of the nanowires at this temperature, as
observed in the TEM image of Figure 2b; the tailing spectra are
likely due to a partial reduction of the 6+ oxide into 5+ and 4+
states. At sulfidization temperatures of 300 °C and above, the 4+
oxidation state represents the entirety of the observed signal
since the oxide core lies beyond the surface detection limit of
XPS. Examination of the S 2p3, peak at 162.2 eV shows that the
sulfur exists entirely in a 2— oxidation state at all sulfidization
temperatures, consistent with the formation of MoS,. In general,
deconvolution of the inelastic scattering in the baseline signal
leads to some error in peak fitting; however, where baseline
errors are minimized due to the strong signal from the Mo 3d and
S 2s peaks (at 500 °C), the quantification of the peak areas
confirms a Mo:S ratio of 1:2, as calibrated using a bulk crystal of
MoS, (SPI).

Electrochemical measurements of the nanowires were con-
ducted in a three-electrode cell (see Supporting Information for
details on setup). Cyclic voltammograms of nanowires sulfidized
at various temperatures are shown in Figure Sa and b. Unsulfi-
dized MoO; nanowires showed extreme instability under testing
conditions, immediately producing a large cathodic corrosion
peak that corresponded to a visible degradation of the nanowires
from the surface of the substrate. This is expected behavior as the
Pourbaix diagram of the Mo—O system indicates MoO3 has a
limited window of stability (only at anodic potentials and in
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Figure S. Electrochemical activity of nanowires. Cyclic voltammograms of unsulfidized nanowires and nanowires sulfidized at 150 °C are shown in plot
(a). Nanowires sulfidized at 200 and 300 °C are shown in plot (b), along with a sweep of bare TEC15 FTO without nanowires that was sulfidized at 200 °C
for reference. The inset in (b) shows a comparison between nanowires sulfidized at 150 and 200 °C. In plot (c), the activity of the nanowires sulfidized at
200 °C is presented with its iR-corrected data. The Tafel slope is shown in plot (d), which is produced from taking a derivative of the Tafel plot in (e).
Included in plot (e) is comparison to digitized data of HER measurements at 25 °C of Pt wire in 1.0 M of H,S0,,"* IrO,, and RuO, films on Ti substrate
in 1.0 M of HZSO4,56 Au and Mo wires in 0.1 N of HCL>' Rh wire in 0.01 N of HCL>' Ni crystal in 1.0 M ofHClO4,22 Al wire in 0.5 N of HZSO4,57 and

Cr/V/Co wires in 1.0 N of HZSO4.58

acidic media).* Nanowires sulfidized to temperatures as low as
150 °C initially showed an early onset for the HER (<0.2 V
overpotential) but extremely poor stability (Figure S5, Support-
ing Information). The presence of a redox couple associated with
an Mo>*/Mo° transition as well as one associated with an MoO,/
Mo®" transition, if scanned at slightly more anodic potentials
(Figure S6, Supporting Information), indicated that the sulfur
surface coverage was incomplete, resulting in the exposure of the
core MoOj structural support to the acidic environment in which
it is unstable. At a sulfidization temperature of 200 °C, however,
these redox features were no longer visible, indicating complete
surface coverage of the sulfide. The HER activity for nanowires
sulfidized at 200 °C, despite having a slightly less favorable onset
compared to nanowires sulfidized at 150 °C (inset of Figure Sb),
remained stable under repeated cycling, as will be discussed
further below. Sulfidization at a higher temperature of 300 °C
resulted in a significant decrease in HER activity. Upon further

M7

analysis by electrochemical impedance spectroscopy (Figure S7,
Supporting Information), this was attributed to a loss of con-
ductivity in the FTO substrate due to chemical changes within
this higher temperature sulfidization environment (Figure S8,
Supporting Information), although increased resistance from the
thicker sulfide shell or from chemical changes to the MoO; core
is also plausible. Further exploration of the thermal processing
parameters, such as varying the ramp rate and soak time, may yield
different results on the morphology of the nanowires and present
an interesting opportunity for future study and optimization.

A typical cyclic voltammogram of nanowires sulfidized at
200 °C is shown in Figure Sc. The nanowires exhibit an onset
for the HER at an overpotential of approximately 150—200 mV,
consistent with earlier results seen for nanostructured MoS,.>*~>°
The energetics of the HER reaction steps on MoS, have pre-
viously been studied by means of density functional theory
(DFT) calculations.*® It was shown that for a low coverage of
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hydrogen atoms at the active MoS, edge sites, the hydrogen—
sulfur bond is strong, leading to a thermodynamically downhill H
adsorption step at any HER overpotential. In the low-over-
potential region 7. < 80 mV, H coverage is low, and the S—H
bond is too strong to produce (and release) molecular H,. At
higher overpotentials >80 mV, however, H coverage increases
along the edge and in this higher-coverage state and at these
potentials, all steps are thermodynamically downhill to produce
molecular H,. As H, is released, the local coverage is reduced
once again, leaving open sites upon which more protons can
adsorb and turnover into H,. These calculations are consistent
with the 150—200 mV onset of HER activity for the core—shell
MoO3;—MoS, nanowires, particularly when considering the
addition of reaction barriers which are sure to exist.

To gain more insight into the activity of the nanowires, a Tafel
plot was constructed. The resulting Tafel slope is 50—60 mV/
decade near the onset of current at 200 mV, but rises quickly with
increasing overpotential, as shown by the black data points in
Figure Sd. Examination of the series resistance components of
the electrochemical cell using electrochemical impedance spec-
troscopy revealed the cause of the rising Tafel slope, a significant
measured ohmic resistance of approximately 14 €, owing to
a sum of the series resistances from the FTO substrate and
the solution (Figure S9, Supporting Information). In order to
elucidate the true kinetic activity of the nanowires, iR-corrected
data is presented in Figure Sc—e.

Following a correction for the ohmic resistances, the cyclic
voltammogram shows a steady Tafel slope as seen in Figure Sd,
suggesting that correcting for losses from the substrate and
solution resistance appears to have fully accounted for all ohmic
losses in the system. While fully stoichiometric MoOj; is an
insulator that would contribute significant resistance, the MoO;
nanowires synthesized by the HWCVD method exhibit a deep-
blue color (inset of Figure 1a) indicative of a substoichiometric
bulk composition arising from oxygen vacancies that absorb light
in the green and red region of the visible spectrum (Figure S10c,
Supporting Information). The absorption features remain after
200 °C sulfidization but are not observed at higher temperatures.
These oxygen vacancies are known to enhance conductivity by
several orders of magnitude.47 In addition, the thermal treatment
in the highly reducing atmosphere of H, further reduced the
oxide, evidenced by the XPS measurements of the near-surface
oxidation state shown in Figure 4. These reduced states are
known to possess metallic conductivity.*®~*° The thin layer of
MoS,, which is often a poor conductor due to its anisotropic
conductivity,'® appears to contribute no significant resistance at
this length scale; larger Mo$S, structures could potentially present
significant and unavoidable ohmic losses, an issue circumvented
by the core—shell MoO3;—MoS, nanowire design.

Mechanistically, three principal steps can participate in the
conversion of 2H" to H,, commonly referred to as the Volmer
(eq 1), the Heyrovsky (eq 2), and the Tafel (eq 3) steps.”"*>

Volmer : H™ + e~ — H,g (1)
Heyrovsky : Hyye + H™ + e — H, (2)
Tafel : Hyge + Hags — Hy (3)

Combinations of steps [eqs 1 and 2] or [egs 1 and 3], ie,
Volmer—Heyrovsky or Volmer—Tafel, can lead to the produc-
tion of molecular H,. Experimentally measured Tafel slopes have

often been used to identify the HER mechanism and its rate-
determining step (r.d.s.). The Tafel slope of 50—60 mV/decade
measured in this work closely matches that measured on MoS,
nanoparticles prepared in UHV,** suggesting a similarity in
surface chemistry for these two catalysts despite differences in
morphology and synthetic preparation.”*

Kinetic models of the HER, under a specific set of conditions,
have shown that if the Volmer step is the r.d.s. a slope of
~120 mV/decade should result, while a rate-determining Heyrovsky
or Tafel step should produce slopes of ~40 or ~30 mV/decade,
respectively.””*">* While these values can be used as a guide in
identifying HER mechanisms, one should bear in mind that those
calculations are based on a strict set of assumptions that do not
universally hold. For instance, the value of the transfer coeffi-
cients, @, of the elementary steps can vary for different materials
and experimental conditions, or the surface coverage of adsorbed
H might vary significantly as a function of applied potential.
Multiple pathways can also occur in parallel with one another.
Thus, identifying the HER mechanism based on Tafel slope
analysis alone is not always clear, even on well-defined and
thoroughly investigated materials such as Pt(111).°>>> For the
case of nanostructured MoS,, it is not surprising that a wide range
of Tafel slopes have previously been observed depending on the
catalyst preparation, ranging from 40 to 120 mV/decade.>**>*
Ab initio models have recently emerged that provide insight into
mechanistic aspects of HER catalysis on surfaces,*”* enabling
the future possibility for further elucidation of the HER mechan-
ism on MoS,.

Figure Se is a compilation of HER activity data (per projected
geometric area) for a representative number of different catalysts
operating in a strong acid medium.'®*>*V%6738 Eor the sake of
clarity, this is not an exhaustive compilation of HER catalyst
materials. However, key precious and nonprecious metal cata-
lysts are shown. The core—shell MoO;—MoS, nanowires
(denoted “MoS,” in the figure) are highly active compared to
other non-noble materials, particularly at higher current densities
(>10 mA/cm?).

Even though the nanowires are already quite efficient, there
may still be opportunities to improve upon this material design.
The TEM images in Figure 2 show that the MoS, basal planes are
for the most part parallel to the nanowire axis, exposing few MoS,
edge sites at the surface of the nanowires. Increasing the pro-
portion of edge sites at the surface could lead to improvements in
performance. In order to assess the ceiling for further improve-
ment, we first calculated an overall turnover frequency (TOF) of
H,/sec per Mo$S, (denoted simply as units of s~ ') by normal-
izing the HER current to the experimentally measured surface
area of MoS,. The MoS, surface area was determined by first mea-
suring the total amount of MoS$, on the nanowires as calculated
from anodic dissolution titration measurements (Figure S11a,
Supporting Information), and then dividing this value by the
number of MoS, layers in the nanowire shell as observed in the
TEM images (Figure 2 and Figure S3, Supporting Information).
This calculation yields the exposed surface area of the MoS,,
from which a TOF, averaging over all sites including basal plane
and edge sites, of approximately 4 s at —0.272 V is calculated
(iR corrected E at j = 20 mA/cm?, see Supporting Information for
details). For comparison, the inherent edge site TOF for MoS,
was calculated at —0.272 V based on measurements on well-
defined UHV-prepared MoS, nanoparticles: 680 or 1270 s '
(sulfidized at S5O or 400 °C, respectively). This difference of a
factor of ~150x—300x in TOFs between the core—shell
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Figure 6. Electrochemical stability of the sulfidized nanowires in acid. Plot (a) shows the cycling stability of nanowires sulfidized at 200 °C, measured as
current density at —0.4 V vs RHE, normalized to initial current density. Plot (b) shows the overpotential stability required to drive 10 mA/cm”* with iR
correction (blue circles) and without iR correction (black squares). Data points are an average of 3 samples, while error bars represent a 95% confidence
interval (two standard deviations). SEM and TEM (c and d, respectively) images show the external and internal morphology of the nanowires after

10 000 potential cycles.

MoO3;—MoS, nanowire surface and the edge sites of UHV-
prepared MoS, nanoparticles gives a quantitative measure of how
few edge sites exist on the MoS, shell compared to basal plane
sites. Thus, there may be an opportunity to improve significantly
upon their activity by producing more edge sites on the MoS,
shell. Previous studies have shown that a gentle oxidation of MoS,,
either thermally or electrochemically, can generate pits which
expose more edge sites.”” ' Other techniques, such as Ar"
sputtering62 or plasma treatment, might also produce the desired
defects.

Stability is a major concern for all catalysts. To probe HER
stability in the acidic environment, long-term potential cycling
stability of the nanowires was assessed by taking continuous
cyclic voltammograms between —0.3 and 0.2 V vs RHE (not iR
corrected) at 50 mV/s. This is analogous to the cycling tests
formally used to assess the electrochemical stability of platinum
catalysts for the oxygen reduction reaction as applied to fuel
cells.®* The upper voltage limit (+0.2 V) was chosen to be close
to the measured open circuit potential of the nanowires. The
lower voltage limit (—0.3 V = —0.24 V iR-corrected) was chosen
since this is the potential at which the nanowires can drive
approximately 8 mA/cm” of current density, a value that roughly
corresponds to a 10% efficient solar-to-hydrogen conversion
efficiency in a solar water splitting device.** In essence, cycling in
this potential range serves to approximate the daily cycling that
the nanowires may experience if integrated into a solar water
splitting device. The open circuit potential represents the most
anodic potential that the nanowires should experience, barring
intentional anodic bias, which should be avoided for MoS, due to
dissolution at more positive potentials (Figure S11, Supporting
Information).* The stability cycling was paused at periodic
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intervals in order to sample the activity of the nanowires using
a slower scan rate of S mV/s to minimize contributions from
current due to capacitance as well as over a slightly wider potential
window (up to —0.4 V vs RHE, not iR-corrected).

The stability of the nanowires is shown in Figure 6 in two
manners: as plots of (a) normalized current density at —0.4 V vs
RHE (not iR-corrected) and (b) overpotential required to drive
10 mA/cm” versus the number of cycles. No degradation in
electrochemical activity was observed from potential cycling up
to 10 000 cycles. In fact, a slight increase in activity was observed
compared to initial cycling of the nanowires, possibly due to the
removal of surface contaminants or slight defecting of nonactive
basal plane sites into active edge sites as a result of surface
oxidation.*® " Furthermore, SEM of the stability tested nano-
wires in Figure 6¢ show that they retained their morphology
without any visible degradation even after 10 000 cycles. TEM
further confirmed that the core—shell morphology remained
intact (Figure 6d). To further elucidate the protective nature of
the conformal MoS, shell, Figure S11b, Supporting Information,
is an SEM image of the nanowires upon removal of the sulfide
layer, in the absence of the MoS, shell, significant deformation is
observed due to the severe instability of MoOj in acid medium.

We have developed core—shell MoO3;—MoS, nanowires
that efliciently drive the HER with stability over thousands of
potential cycles. The partially reduced MoOj serves as a highly
nanostructured, conductive core, while the ultrathin and con-
formal MoS, shell serves as both a HER catalyst and a protective
layer. If an ultrathin conformal coating of MoS, can protect MoO,
which would otherwise dissolve under these conditions, there are
likely promising potential applications of ultrathin MoS, films for
stabilizing materials in corrosive acidic environments while

dx.doi.org/10.1021/nl2020476 [Nano Lett. 2011, 11, 4168-4175
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simultaneously providing effective catalysis for hydrogen evolution.
More generally, this nanoscale design for an electrode architec-
ture can be applied to a wide range of electrocatalyst materials
where charge transport might hinder the development of high-
aspect ratio structures.

B ASSOCIATED CONTENT

© Supporting Information. Details of the HWCVD nano-
wire synthesis, additional TEM analysis, setup of electrochemical
studies, impedance spectroscopy results, UV-Vis-NIR spectros-
copy results, and assessment of turnover frequency using anodic
dissolution titration measurements. This material is available free
of charge via the Internet at http://pubs.acs.org.
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