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Abstract: The present work demonstrates the self-organized
formation of anodic molybdenum oxide nanotube arrays. The
amorphous tubes can be crystallized to MoO, or MoO; and be
converted fully or partially into molybdenum sulfide. Vertically
aligned MoO,/MoS, nanotubes can be formed when, under
optimized conditions, defined MoS, sheets form in a layer by
layer arrangement that provide a high density of reactive
stacking misalignments (defects). These core-shell nanotube
arrays consist of a conductive suboxide core and a functional
high defect density MoS, coating. Such structures are highly
promising for applications in electrocatalysis (hydrogen evo-
lution) or ion insertion devices.

M olybdenum compounds, and particularly oxides and
sulfides,!'! have for decades received attention owing to
their unique chemical and physical properties and the
resulting high potential not only in classic lubrication but
also for photochromic/ electrochromic devices,””! photocata-
lysts,”! high-energy-density supercapacitors,”! lithium ion
batteries,’! and most recently as catalyst for electrochemical
hydrogen generation."™” For many of these applications, the
use of nanoscale geometries is highly advantageous owing to
the high specific surface area and short carrier and ion
diffusion pathways that can be established.’] Among the
various MoX materials, particularly MoS, is intensively
investigated. This is to a large extent due to the weak van
der Waals force between the stacked S-Mo-S units giving it
a graphene-like layer structure.”’ This is not only the origin of
outstanding lubrication properties but also the key to the
insertion and extraction of small foreign ions into the free
space of the S-Mo-S layers.!'”

In insertion devices the availability of layer edges plays
a crucial role to provide access for ions to enter the galleys
between the sheets. Layer edges also are regarded crucial for
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the remarkable electrocatalytic properties observed for MoS,
for the promotion of the hydrogen evolution reaction (HER).
The synthesis of defined MoS, nanostructures was pioneered
more than 20 years ago by the finding of Tenne et al.l'!l on the
thermal synthesis of “onion-shell” MoS, structures. Mean-
while, various other synthesis paths for MoS,-based nano-
morphologies have been explored; these are mainly based on
gas-phase reactions,”'? electrodeposition,'* or wet-chemical
template-assisted approaches."

MoO, and its 1D structures are generally found to be less
effective to provide catalytic functionality and show generally
lower ion insertion capacities, but the oxide and even more
oxide/suboxide structures can provide a very high electron-
conductivity.™!

A particularly elegant combination of oxide and sulfide is
thus the formation of core-shell structures (preferably
vertically aligned to an electrode back contact) where the
conductive oxide core (MoOs/MoQO,) provides a charge
transport pathway, and the MoS, shell enables above men-
tioned functionalities.'”! To date, the synthesis of defined 1D
MoO;/MoS, co-nanostructures has mainly been achieved by
hydrothermal approaches!'”! or catalyzed transport reac-
tions.!®!

However, a most direct and facile approach to grow
vertically aligned 1D MoO,-nanotubular structures is self-
ordering electrochemical anodization (SOA). Over the past
ten years, SOA has been successfully developed and used to
obtain highly ordered oxide nanotube or nanopore arrays on
Al, Ti, W, Ta, Nb, Zr, Co, Fe and a variety of alloys.'”)
Nevertheless, up to now there is no report on the successful
fabrication of self-ordered molybdenum oxide nanoporous or
nanotubular arrays. To achieve a self-ordered growth of an
anodic oxide structure, a defined equilibrium needs to be
established between anodic oxide formation and its dissolu-
tion"**2"! However, Mo belongs to the class of metals where
an optimized equilibrium is very hard to be experimentally
established.!]

Herein, we establish experimental conditions that enable
the anodic growth of one-dimensional ordered molybdenum
oxide nanotube arrays (Figure 1). These amorphous tubes can
be converted into various crystalline oxide phases. Further-
more, we show that a partial conversion of these oxide tubes
in H,S can yield a unique oxide/sulfide core—shell structure
where the conducting suboxide core is coated with conformal
MoS, layers in a low angle, zig-zag configuration that provides
a high density of stacking misalignments (Figure 1b). These
structures show very promising first results in applications as
an electrocatalyst for HER and as an anode in lithium ion
battery configurations.
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Figure 1. a) SEM images for top view and cross-section (inset: optical
image) of the molybdenum oxide nanotubular structures anodized
under optimized conditions (35 V for 1 h). b) Thermal conversion from
as-formed molybdenum oxide to molybdenum sulfide. Upper row:
SEM images for molybdenum oxide annealed at 350°C for 1 h in
vacuum; TEM image for full conversion into MoS, (annealed in H,S at
500°C for 30 min). Lower row: TEM image for partial conversion from
molybdenum oxide to MoO,/MoS, core-shell structure (annealed in
H,S at 500°C for 2 min). Inset: position where this TEM image was
taken from on the tube wall. The stacking misalignments of MoS,
layers are marked in the white circles.
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To achieve self-organized growth of Mo oxide structures,
we explored a wide range of electrochemical conditions (an
overview is given in the Supporting Information, Table S1).['")
We find that self-aligned organized oxide growth can be
successfully and reliably established in fluoride-containing
glycerol electrolytes; typical tube lengths for 1 h growth are
1 um and the tube diameter can be controlled from 40 nm to
140 nm (Supporting Information, Figure S2b). Figure 1a
gives an example of a self-ordered molybdenum oxide layer
grown at 35 V for 1 h in the optimized electrolyte (0.4m NH,F
in 10 vol. % H,0/ 90 vol. % glycerol). Under these conditions,
the nanotubes have a length of approximately 1 um and an
inner diameter of about 80 nm. The layers adhere very well to
the substrate and exhibit long range order, that is, coat
uniformly the entire anodized surface.

XRD of the nanotube layers shows the as-grown tubes to
be amorphous (Figure 2d), and XPS in Figure 2 suggests the
tube composition of these as-formed samples to be close to
a MoOj stoichiometry.
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Figure 2. XPS spectra of a) Mo3d, b) S2p, c) and O1s peaks of the
samples before and after sulfurization in H,S for MoO; annealed in
vacuum at 350°C for 1 h. d) XRD patterns of MoO; nanotube layers
after sulfurization.

To convert the amorphous layers into a defined crystal-
linity, samples were annealed under various conditions
(250°C, 350°C, 450°C in air and vacuum, respectively).
XRD and SEM data of samples after the annealing experi-
ments are shown in the Supporting Information, Figures S4—
S6. The results demonstrate that a variety of amorphous and
crystalline tubes can be produced using different thermal
treatments. In this work we selected annealing in vacuum for
further work as these tubes were found to be the most suitable
for an optimized conversion to a MoO,/MoS, core-shell
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structure. The corresponding XRD spectra (Supporting
Information, Figure S4) reveal that upon annealing up to
250°C, the XRD pattern remains the same as for the as-
prepared amorphous molybdenum oxide layer; for higher
temperature one finds the formation of a desired mixed
stoichiometry of MoO, and MoO;. This is not only evident in
XRD (Figure 2d) but also from XPS (Figure 2a) where the
Mo peak in XPS for samples after vacuum annealing exhibits
a shoulder at lower binding energy, which shows that some of
the Mo remains reduced after the vacuum treatment™! (as
described in more detail in the Supporting Information). The
most defined and stable crystalline conditions are provided by
vacuum annealing at 350 °C. Under these conditions not only
crystallinity but also the morphology of the nanotubes is
maintained (optical and SEM images in Figure 1b, and XRD
patterns in Figure 2), while higher temperatures lead to
a thermal sintering of the structures (Supporting Information,
Figures S5, S6).

These oxide tubes provide the basis for the formation of
MoO,/MoS, core-shell structures; this by a partial sulfuriza-
tion, as shown in Figure 1b. Various annealing treatments in
H,S at different temperatures and durations were examined
and the nanotubes then characterized in view of morphology,
structure, and composition (as described in more detail in the
Supporting Information). The effect of the H,S treatment on
the oxide can be well followed by XRD and XPS. Examples
for a treatment of the tube layers in H,S at 500°C for various
exposure times are shown in Figure 2 and the Supporting
Information, Figure S7. With increasing sulfurization time,
XRD and XPS spectra show a gradual conversion from oxide
into sulfide. From XRD for sulfurization for more than 2 min,
a clear peak at 20 = 14.3° assigned to MoS, is observed. With
prolonged treatment (60 min), there is an increase of the peak
intensity of MoS,, while the MoO; peaks disappear, and
gradually the formation of MoO, peaks at 26.0° can be
observed. This shows that with increasing H,S treatment time,
besides sulfide formation, also a partial reduction of MoO; to
MoO, takes place.

Figure 2b shows XPS spectra for a sample treated for
2min in H,S. The S2p region indicates that at least two
chemical states of S overlap. The doublet at 165.0 eV and
163.9 eV is assigned to S in a Mo-O-S configuration, the
doublet of 163.8eV and 162.5eV to Mo-S bands, respec-
tively.®! After annealing in H,S for 4 min and 10 min the
latter regime increases,* consistent with the formation of
additional MoS, with extended sulfurization time, the peak
intensity of Ols decreases gradually, in line with above XRD
data and EDX measurements (Supporting Information,
Table S2).

SEM images taken after sulfurization (Figure 1b; Sup-
porting Information, Figure S7) show that layer thickness and
tube diameter are maintained after the H,S treatment,
however a slight roughening of the tube walls can be
observed.

TEM for samples exposed to H,S for extended times (for
example, 30 min in Figure 1b) show a full conversion of the
oxide walls to MoS,. For H,S treatment times of 10 s to 2 min
nanotube walls with core—shell structures can be produced.
The TEM image (Figure 1b, lower; Supporting Information,
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Figure S8) shows a tube wall of a sample treated for 2 min
where four distinct layers of MoS, have been formed on the
outer tube wall. The layers are present conformally over the
tube with layers grown with an offset of 10°~15° to the tube
normal leading to a zig-zag arrangement of the MoS,-sheets,
and bent MoS, nanosheets consisting of stacks of typically
four S-Mo-S layer units, which are discordantly grown on the
MoO, substrate, exposing catalytically active end planes to
the surrounding. These stacking misalignments in the MoS,
layers repeat approximately every 6 nm. XPS confirms the
presence of MoS, (Figure 2a) with Mo*" located at a lower
binding energy (232.8 eV and 229.6 eV) and a sole peak at
227.4 eV corresponding to $*~.*! Moreover, Mo®* and Mo™*
peaks are still visible in the spectra, confirming the core to still
consist of a mixed phase of MoO; and MoO, (in line with
XRD; Figure 2d).

To explore the potential value of the core—shell structures
we tested the tubes for their performance as an electro-
catalytic HER evolution catalyst and carried out some
preliminary experiments regarding the potential use as an
anode in a Li-insertion battery configuration. Hydrogen
evolution reaction (HER) measurements were carried out,
as described in the Supporting Information. Figure 3a shows
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Figure 3. a) Polarization curves for self-ordered MoO; nanoporous
layers under various sulfurization time (10's, 30's, 1 min, 2 min, 4 min,
10 min, 30 min, and 60 min, respectively), in comparison with a Pt
sheet sample. Potential window is —0.4 to 0.2 V (vs. RHE) with scan
rate of 5 mVs™'. b) Tafel analysis of the data presented in (a). c) Solid-
state I-V measurements for MoO, annealed at 350°C for 1 h in
vacuum, MoO,/MoS, and MoS, nanotube layers. Inset: illustrations
for the molybdenum oxide NT layers used for the -V measurements.

polarization curves of the anodic MoO; annealed for various
heat-treatment conditions (in vacuum and in H,S) in compar-
ison with a Pt sheet. The onset potentials of all self-ordered
MoO,/MoS, nanotube arrays are at approx. —110 mV to
—160 mV vs. RHE. The pure MoO; layers show only a very
low activity, whereas the sulfurized samples (from 30s to
60 min) show significantly higher current densities at com-
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parably low overpotentials. A comparison of the potential
required to generate a current density of 10 mAcm? is
illustrated in the Supporting Information, Table S3. Among
these samples, clearly the samples after 2 min-sulfurization
(that is, the core-shell structure in Figure 1b) show the
highest HER activity with a current density of —16 mA cm >
at =300 mV vs. RHE (—10 mA cm ? at —259 mV vs. RHE).
Samples that were treated for longer times in H,S exhibit
a significant decrease in the HER activity (Figure 3a). The
highest Tafel slope we obtained was 63 mVdec™' for MoO,/
MoS, core-shell structure sample. Tafel plots are shown in
Figure 3b where the slope reflects the electrochemical
resistance for H, generation. A comparison with literature
data (Supporting Information, Table S3) demonstrates the
beneficial effect of the core—shell structure. To test if this is
due to the desired combination of MoS, functionality with
oxide conductivity, we acquired solid-state -V curves (Fig-
ure 3¢). Indeed we find the conductivity of the core-shell
structure (30.91 Q) to be very similar to a reduced MoO; tube
layer (21.03 Q) while the tube layers converted to MoS, for
longer times show a significantly higher resistivity (471.71 Q).
This shows that the synergy between core and shell operates
well. Moreover, previous reports have shown that the edges of
the two-dimensional MoS, catalysts are active sites for the
HER reactions, especially when these basal planes are
oriented off-axis to the sample surface.'®’* Hence the
presence of the high number of stacking misalignments in
the MoS, layers enhances the number of active sites for HER
reactions. However, usually disorder, such as stacking mis-
alignments, are reported to be highly detrimental to the
intrinsic conductivity of MoS,. Therefore the underlying
conductive MoO, core (with a short carrier transport paths in
MoS,) is particularly important. It is also noteworthy that, in
this case, the outside shell of MoS, not only provides active
sites for HER activity but also provides the electrode stability
against corrosion (Supporting Information, Figures S9-S11),
and in line with previous reportsl'® (see also further experi-
ments in the Supporting Information).

While recently other very promising sulfide or phosphide
compounds have been reported,” the key of the present
work is that it shows the direct facile formation of a MoO,/
MoS, core-shell structure (nanotube arrays) that is directly
back contacted, and thus can directly be used as an electrode.
Moreover, it is noteworthy that even in the present state of
optimization (Supporting Information, Figure S12), a slightly
better performance can be achieved than any previous
reported core-shell MoO4/MoS, nanostructure. '

As mentioned, the here synthesized core—shell structures
are also of interest for lithium insertion devices®! as a key
issue in MoS, based battery devices is to combine the high
lithium intercalation capacity of MoS, with conductivity
(commonly addressed by using MoS,/graphitic carbon com-
posites). Some preliminary data for the use of our 1D MoO,/
MoS, core-shell structures as an anode for lithium interca-
lation is given in the Supporting Information, Figure S13. First
data show an initial specific capacity for the core—shell
structure to be in the range of 620 to 846 mAhg' at
0.1 mAcm™ This is, in comparison with other reported
data, a very promising result (Supporting Information,
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Table S4). This aspect will be followed up in detail in further
work.

In summary, we show for the first time the successful
synthesis of anodic self-organized MoQO; nanotube layers.
These layers could be used in classical applications of
molybdenum oxides such as solid-state lithium batteries, gas
sensors, and electrochromic materials. The oxide nanotubular
layer, however, can be further converted by sulfurization to
MoO,/MoS, core—shell nanotube structures. The high density
of regular stacking misalignments in the outer MoS, sheets
providing a high number of exposed reactive sites is
remarkable. These MoO,/MoS, core-shell structures thus
exhibit an effective synergy between conductivity and reac-
tivity that is evident from a high hydrogen evolution electro-
catalytic activity that furthermore provides a promising plat-
form for wider electrochemical and photoelectrochemical
applications.
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