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Abstract
Amorphous, polymeric molybdenum
compared to the as deposited sample, by utilizing
sulfide has attracted significant attention as nonextensive X-ray photoelectron spectroscopy
platinum group electrocatalysts for the hydrogen
studies, the importance of the Mo5+ oxidation state
evolution reaction (HER). To elucidate the
was highlighted while identifying a previously
influence of oxygen incorporation on molybdenum
unreported transition state between Mo4+ and Mo5+,
sulfide catalysts, MoOxSy electrocatalysts were
deemed Mo*. Additionally, to further increase the
synthesized via a potentiostatic electrodeposition
performance of the films, a 3D conductive substrate
method. The presence of oxygen and the associated
of carbon paper (CP)/carbon tubes (CT) was
molybdenum oxidation state were modified by
synthesized. While the CP/CT substrate has not
post-synthesis treatments of air exposure, annealing
been successfully synthesized, early results show
in inert atmosphere, and annealing in a sulfur flux.
that the attempts have increased the overall
The as-deposited sample exhibited the best
performance, lending credence to the approach that
performance, requiring only 171 mV to reach a
has the potential to rival state-of-the-art water
2
cathodic current density of 10 mA/cm . While the
splitting catalysts.
modified films exhibited worse HER performance
1. Introduction
This work was motivated by the need to
Photoelectrochemical
(PEC)
water
develop extremely robust and effective methods for
splitting and electrolysis are such processes and
extending human activity on Mars due to the
substantial efforts have been invested in the pursuit
increasing drive to further explore and eventually
of photoactive and durable semiconductor materials
send humans to Mars(1). As the surface of Mars is
(3–12). The free energy change for one molecule
unsuitable for extended human activity, future
of H2O to H2 and ½ O2 under standard conditions
explorations will require a steady source of oxygen
generates a ∆G of 237.2 kJ/mol which corresponds
and energy, both for daily needs as well as for
to ∆Eo = 1.23 V per transferred electron. To utilize
returning to Earth. Among technologies available
semiconductors and be able to drive the reaction
on Mars, solar energy is by far the largest available
with light, the semiconductor must absorb light
resource(2). An attractive solution to both the
with energies > 1.23 eV and convert this energy into
problems of energy production and oxygen
the bonds of H2 and O2. This process must generate
generation would be to store the solar energy in the
two electron – hole pairs per molecule of H2 or four
form of chemical bonds, H2 and O2, which later
electron – hole pairs per molecule of O2. The statecould be used for energy production and human
of-the-art catalysts for the hydrogen evolution
consumption.
reaction (HER) and oxygen evolution reaction

(OER) are Pt and RuO2, respectively, although poor
durability and long-term availability are a concern
due to their scarcity and associated high costs. As
such, non-noble transition-metal-based dedicated
catalysts in conjunction with graphene to enhance
overall conductivity for the HER and OER with
commensurate performances are being explored
extensively.
For this reason, alternative electrocatalysts
based on naturally abundant transition metal
sulfides, phosphides, nitrides, and carbides(13–16)
are increasingly being pursued. One example is
MoS2-based catalysts, which are particularly
intriguing due to their small Gibbs adsorption
energy for hydrogen, ∆GH0,ads(17–20), and thus
their ability to mediate the hydrogen evolution
reaction (HER). This low ∆GH0,ads is only observed
along the edge planes of crystalline MoS2, thus
inherently limiting the number of active catalytic
sites (21). Recent efforts have attempted to increase
the number of active sites in MoS2 via several
approaches, such as: vertically aligned synthesis,
purposeful creation of sulfur vacancies, the use of
nanoparticles, or heteroatom doping (22–30).
Each of these approaches effectively
lessens the crystalline order of the solid as a means
to increase catalytic activity. Disordered MoS2
solids therefore provide a more straightforward
path to this end. For example, coordinated
polymeric MoSy chains—typically termed
amorphous MoS2 or a-MoS2—exhibit excellent
catalytic activity for HER owing to the combination
of structural heterogeneity that increases catalytic
site density combined with short-range atomic
arrangements that enable sufficient electronic
conductivity for use in electrochemical processes
(14, 31–35).
Despite this general understanding, the
exact interplay of physical processes through which
a-MoS2 catalyzes the HER reaction remain unclear
thus obscuring routes to further improvement. Tran
et al. attributed the catalytically active site to the
removal of the terminal sulfur ligands and the
subsequent formation of M=O species(14).
However, separate work utilized in-operando
Raman spectroscopy to identify the breaking of
bridging S-S bonds within the MoSy chains as the
primary site for catalytic activity(33, 36). In other
work, the incorporation of oxygen was shown to
improve the catalytic performance(31). Therefore,
the incorporation of oxygen increases the overall

catalytic activity by either accentuating the catalytic
activity of the broken bridging S-S bonds or by
another means, such as acting as catalytic sites
themselves. It has been hypothesized that oxygen
could serve as a dopant increasing the electrical
conductivity of the a-MoSy and thus its
electrochemical capability or as an additional
catalytically active site(14, 31). Simply put, while
it is generally accepted that the presence of oxygen
during the deposition of a-MoSy is a net “win” for
catalyzing HER, the exact reason for its usefulness
remains the subject of debate.
In response, the catalytic performance of aMoSy is examined as a function of oxygen content.
Practically, a-MoOxSy films were synthesized from
separate sulfur and oxygen containing molybdenum
precursors to induce oxygen incorporation of the
film. This synthesis is notably different from the
majority of previous electrodeposition studies as
the (MoS4)2- anion is synthesized in solution as per
Levinas et al.’s in-depth electrochemical study(37).
The Levinas study demonstrated superior
performance, specifically lower overpotential to
reach 10 mA/cm2, than the single precursor studies.
However, there was no detailed chemical analysis.
Motivated by that work, we seek to understand why
that synthesis route exhibits increases performance
over the other routes. Additionally, the oxygen
content was then varied post-synthesis by annealing
a subset of the films to inert and sulfuric
environments as well as an extended exposure in
atmosphere (i.e., oxidation). These films were then
analyzed electrochemically, and performance
assessed in terms of material variation as deduced
from X-ray photoelectron (XPS) and Raman
spectroscopies. Together, the results highlight
oxygen’s role in promoting the catalytically
favorable Mo5+ state within a-MoOxSy.
Following
the
investigation
and
optimization of the MoOxSy catalysts, the next step
was growing this material on a carbon paper (CP) carbon tube (CT) substrate. The synthesis of the
carbon tubes was carried out following Wang et.
al.’s chemical bath synthesis(38). While achieving
the CTs have been an issue as seen when
investigated via Scanning Electron Microscopy
(SEM), we still are able to measure an appreciable
improvement in the performance, demonstrating
the potential for this method. While the HER
performance of the CP-CT-MoOxSy falls short of
expensive Pt electrodes, they still perform only

slightly behind state-of-the-art
phosphides.

carbides and
2. Experimental

Electrolyte Preparation
The molybdenum disulfide films were
electrodeposited from a chemical bath containing
precursors of Mo6+ and S2- ions, based on Levinas
et al. preparation(37). In short, the electrolyte was
prepared from sodium molybdate dihydrate
(Na2MoO4*2H2O) and sodium sulfide hydrate
(Na2S*H2O) were mixed in a ratio of Mo/S = 1/4
with molarities of 50 mM and 0.2 M, respectively.
The sulfidation of molybdate ions to
MoOxSy Electrodeposition
All electrochemical depositions were
carried out using a G&G PAR Model 273A
potentiostat in a standard three-electrode setup
containing Pt mesh as a counter electrode and
saturated Hg/Hg2SO4 (MSE) as the reference
electrode. The substrate was a (0001)-textured
polycrystalline Ru (80 nm) sputtered onto a Si
Annealing
To vary the concentration of oxygen within
the films, various different anneals were carried out
in an MTI OTF-1200X tube furnace. Practically,
annealing was accomplished by heating the samples
to 250°C at a ramp rate of 7.5oC/minute where it
was held for 60 minutes before being naturally
cooled back to ambient. Oxygen content was varied
by changing atmosphere in the anneal. In one case,
the anneal took place in the presence of ultrahigh
purity nitrogen gas. We term this case the “inert
anneal.” A separate “sulfur anneal” was
implemented by placing roughly 200 mg of
Electrochemical Hydrogen Evolution
Electrochemical characterization of the
prepared films for HER was performed by a threeelectrode configuration using a G&G PAR Model
273A potentiostat. The MoOxSy, platinum mesh,
and Hg/Hg2SO4 were used as the working, counter,
and reference electrode, respectively. All
experiments were carried out in fresh 0.5 M H2SO4
solutions at room temperature. The electrochemical
potential difference between the reversible
Carbon Tube Synthesis

tetrathiomolybdate (MoS42-) is a four-step reaction
described by the equation:
MoO42- + 4HS- + 4H+ ↔ MoS42- + 4H2O (1)
The initial pH of the solution was approximately 13
and was acidified using sulfuric acid to a pH of 8.
This acidification was carried out to shift the
equilibrium to the reactants side so as to favor the
formation of MoS42- over other intermediates.

wafer as the working electrode. Unless specified,
all potentials are referenced to Hg/Hg2SO4. The Ru
substrates were washed with 2-proponal and
distilled water prior to deposition. The films were
deposited under potentiostatic conditions at -1.5 V
for 1800 seconds as longer times exhibited
delamination issues.
elemental sulfur powder located 10 cm upstream of
the film during the anneal, which was transported
to the sample via the purge gas. Irrespective of the
anneal a 45-minute purge with the same nitrogen
gas was used to minimize the presence of any
impurities within the furnace. These processes
resulted in two samples that are referred to hereafter
as “inert anneal” and “sulfur anneal”. In addition to
these samples, we also investigated an as-deposited
samples and an as-deposited sample that was
exposed to air for several days. These are referred
hereafter as “as-deposited” and “air exposed”.
hydrogen electrode (RHE) and the reference
electrode is given by E(RHE) = E(Hg/Hg2SO4) +
0.64 V. The polarization curves of HER were
measured using linear sweep voltammetry (LSV) at
a starting potential of open circuit potential and
swept at a rate of 10 mV/sec with a cutoff current
density of 40 mA/cm2. All LSV tests were
performed as quickly as possible, in order to reduce
oxidation of the sample(37).

The 3D conductive substrate of CP/CNTs
Following drying, the CP/ZnO NW was
will be synthesized using an established procedure
immersed in a solution of 18 mL ethanol, 20 mL
that involves several steps(38).
water, and 60 mg of dopamine hydrochloride.
Synthesis of Carbon Paper (CP)/ZnO NWs
Following, 60 mg of Tris was dissolved in 2 mL of
o
The CP was first heat-treated at 500 C for
ethanol and was added to the primary solution.
1 hour in air to increase the overall wettability. The
After 24 hours, the substrate was taken out and
CP was then soaked in 0.1 M KMnO4 for 1 hour to
rinsed with water and ethanol and was dried at 60oC
form a seed layer. The seeded CP was then
for 8 hours.
immersed in a bottle containing an aqueous solution
Synthesis of CP/Carbon Tubes (CT)
containing 15 mM zinc nitrate hexahydrate, 15 mM
The CP/ZnO NWs/PDA was calcinated at
hexamethylenetetramine, 4 mL of ammonia, and 96
800oC for 1 hour under an Ar/H2 atmosphere.
mL of distilled H2O. The bottle was then sealed
Following cooling to room temperature, the
tightly and placed in an oven at 90oC for 24 hours.
substrate was immersed in 1 M HCl for 24 hours to
It was then rinsed with water and dried at 80oC for
remove any Zn species. This was followed by
3 hours.
water washing and drying at 80oC for 8 hours to
Synthesis of CP/ZnO NW/Polydopamine (PDA)
obtain CP/CTs.
Materials Characterization
Differential Scanning Calorimetry (DSC)
3d3/2 with the area ration of 3:2 and a binding
was carried out using a Netzsch STA449 F1 Jupiter
energy difference of 3.13 eV. The spectra of the S
with a SiC furnace. X-ray photoelectron
2p was deconvoluted with the doublet of 2p3/2 and
spectroscopy (XPS) spectra were collected from a
2p1/2 with an area ratio of 2:1 and a binding energy
Scienta Omicron R3000 using monochromatic Al
difference of 1.18 eV. Raman spectroscopy was
Kα emission with an excitation energy of 1486.7 eV
collected using a Renishaw Raman instrument with
and a pass energy of 50 eV. The features of the Mo
a 514 nm laser excitation.
3d were deconvoluted with the doublet of 3d5/2 and
3. Results and Discussion – MoOxSy Catalysts for HER
1
Error! Reference source not found.
from the sharp E2g
and A1g peaks from bulk,
shows the resonance Raman spectrum of
crystalline MoS2 which are obtained after annealing
amorphous, polymeric MoOxSy deposited on a Ru
above the crystallization temperature of roughly
electrode at -1.5 V versus MSE. The a-MoOxSy
420° C as determined by DSC. We noted that when
material shows nearly identical Raman signatures
annealing at lower temperatures for extended
to those reported for isolated [Mo3S13](NH4)2
periods of time the onset of crystallization could be
clusters(14, 39). The molybdenum sulfide bonds of
detected with Raman spectroscopy. To avoid any
ν(Mo-S) were found at 283-385 cm-1 and the ν(Mocrystallization, the samples were annealed at 250°
Sapical) vibrations were observed in the 450-475 cmC. The difference in the Raman spectra highlights
1
region while the ν(Mo-S-Mo) vibrations were
that the electrodeposited amorphous films show
observed around 425 cm-1. Additionally, the bands
structures fundamentally different from that of
of ν(Mo=O) and ν(Mo(=O)2) vibrations were
crystalline MoS2(13, 32, 44). Additionally, when
observed between 180 cm-1- 215 cm-1, 560 cm-1 in
left in air, the features associated with Mo=O
the range of 800-960 cm-1 (40). The freshly
vibrations increases in intensity demonstrating that
deposited film does not show strong ν(S-S)terminal or
the film oxidizes over time(14, 40). These results
ν(S-S)bridging Raman peaks at 520 cm-1 or 550 cm-1,
agree with the XPS findings shown in Figure 3.
respectively. This missing feature has been ascribed
Both annealed samples closely resemble the as
to unsaturated S2- species as revealed by XPS(33).
deposited spectra, however there are fine
These Raman signatures are in good agreement
differences around 450 cm-1 and 530 cm-1. The
with previous literature(31–34, 41–43). It should be
sulfur anneal sample exhibits enhanced intensity
noted that the bands shown are drastically different
around 450 cm-1, demonstrating an increase in the
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Figure 1: Resonance Raman spectra of MoOxSy catalysts
concentration of apical sulfur ligands which is
consistent with the XPS findings in Figure 3d. Both
annealed samples see an enhancement around 530
cm-1, however it is difficult to attribute this increase
to either terminal or bridging ligands with Raman
alone.
In order to analyze the chemical states of
Mo and S atoms, XPS analysis of the films were
performed on each MoOxSy catalyst. The XPS of
the Mo 3d and S 2p spectra were deconvoluted by
fitting the peaks with Voigt functions. The Mo 3d
spectra can be deconvoluted into binding energies
of four doublets (3d5/2 and 3d3/2) of Mo6+, Mo5+,
Mo*, Mo4+ and singlets of the various overlapping
S 2s states which occur in the same energy range.
In Figure 2, as the oxidation number of
molybdenum increases in the ascending order of
Mo4+, Mo*, Mo5+, and Mo6+ ions, with the
characteristic doublets being found at higher
binding energies which agree with previous
literature(13, 31, 44, 45). Mo4+ is attributed to the
Mo center of a-MoSy, Mo5+ is attributed to the Mo
center of MoOxSy, and Mo6+ is attributed to the Mo
center of MoO3. However, to date there has been no
report on the intermediate state, Mo*, between Mo4+
and Mo5+, which has been observed here. We note
that, particularly in Figure 2b, this feature clearly
exists even based on visual inspection of the raw
data. It is proposed that this peak is associated with

an incomplete oxygen replacement of the sulfur
ligands. We speculate that this intermediate state is
when only one of the sulfur ligands has been
replaced by oxygen, resulting in a single bond to the
Mo. This would explain the intermediate binding
energy found between the Mo4+ and Mo5+ species.
As seen in Figure 2, the main differences in
the chemical state of the catalysts are the oxidation
state of molybdenum. In the as deposited sample,
the primary molybdenum species present are the
Mo4+ and Mo5+ states with minimal Mo6+ as shown
in Figure 2a. It is important to note that the Mo5+
state is a minor component, or not observed, in
electrodeposited MoSy films when synthesized via
(NH4)2MoS4. We attribute this large presence of the
Mo5+ to the dual precursor synthesis approach.
However, when exposed to ambient conditions over
two days as shown in Figure 2b, the primary species
is now the Mo6+ state, indicating that the insulating
MoO3 is present, impeding electron transport(46).
When a freshly deposited sample is annealed under
an inert environment, the primary species that are
present are the tetravalent state of Mo4+ with
minimal Mo*, Mo5+, and Mo6+. The freshly
deposited sample annealed under a sulfur flux
demonstrates similar composition as the sample
annealed under an inert environment; however, this
has a slightly stronger Mo* peak. Additionally,
there are significant changes from the sulfur 2s
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Figure 2: XPS of Mo 3d core electrons of the various MoOxSy catalysts
features which will be explained further by
analyzing the S 2p peak.
The deconvoluted S 2p spectra consist of
four main features of increasing binding energy: (i)
terminal S22- ligands, (ii) bridging S22- and apical S2ligands, (iii) elemental sulfur, and (iv) sulfates. The
as deposited sample is comprised primarily of the
S22- terminal ligands while after exposure to
atmosphere the ratio between the terminal and
bridging/apical ligands decreases sharply. This
agrees with previous literature, suggesting that the
terminal sulfurs are preferentially substituted by
oxygen over bridging sulfurs due to a lower
thermodynamic barrier(47, 48). The sample
annealed under an inert environment maintained
similar ratios of terminal to bridging/apical bonds

as the freshly deposited sample, while the sample
annealed under a sulfur flux demonstrated a
decreased ratio of terminal to bridging/apical
bonds. This increase in bridging/apical bonds is
likely primarily apical sulfur ligands as the
associated Raman vibration mode increases as well.
To further examine the impact of the
difference in chemical composition on the catalytic
properties of the MoOxSy catalysts for HER,
polarization experiments were performed. The
results are shown in Error! Reference source not
found.. The Tafel slope (b) and the overpotential
(η10) required to reach the cathodic current density
of 10 mA/cm2 were used to compare the catalytic
activity of the HER catalysts and are shown in
Table 1. As it can be seen in Error! Reference
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Figure 3: XPS of S 2p core electrons of the various MoOxSy catalysts
source not found., the freshly deposited sample
performed the best by exhibiting the lowest
overpotential (171 mV) of all tested samples.
However, when the as deposited film is exposed to
ambient conditions for extended periods of time,
the activity of the catalyst decreases significantly
consistent
with
previous
findings(37).
Additionally, the performance of the annealed
samples became worse, with the sample annealed in
the presence of sulfur performing worse than the
sample annealed in an inert environment. The
sample that was annealed at 450oC exhibited the
worst performance due to its crystalline nature as it
was annealed above the crystallization temperature
as determined by DSC.

Table 1: Electrochemical measurements of MoOxSy
catalysts
η10
Sample
b (mV/dec)
(mV)
As Deposited
171
74
Oxidized
232
60
Annealed, 250oC
288
66
Annealed, 250oC,
250
68
Sulfur
Annealed, 450oC
364
123
The Tafel slope (b), or the slope of the
linear, low overpotential regime in the Tafel plot, is
the overpotential required to increase the current
density by one order of magnitude. Therefore, it is
advantageous to have a catalyst with a lower Tafel
slope for HER applications. The data shows that
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Figure 4: Polarization Curves of MoOxSy catalysts
there was little difference between the Tafel slopes
of the as deposited sample and oxidized samples,
while all annealed samples resulted in slightly
lower Tafel slopes. The Tafel slope is dependent on
the mechanistic pathway; the HER mechanism
involves three known elementary reaction steps in
acidic media:
Volmer: H3O++ e- → Hads + H2O
Tafel: Hads + Hads → H2
Heyrovsky: Hads + H3O+ + e- → H2 + H2O
Regarding HER, the Volmer reaction will
be followed by either the Tafel or Heyrovsky
reaction; therefore, there are two possible reaction
pathways with those being the Volmer-Tafel and
Volmer-Heyrovsky pathways. If the Volmer
adsorption reaction is the rate limiting step, a Tafel
slop of 120 mV/dec would be expected. If the Tafel
or Heyrovsky recombination’s are rate limiting, the
Tafel slopes would fall between 30 – 40 mV/dec.
The Tafel slope for all samples besides the 4500 C
sample laid between these values, suggesting a
superposition of mechanisms and therefore mixed
kinetics.
As the Raman data demonstrated that the
polymeric samples are similar in structure, the
chemical composition can be compared to
determine its effect on performance. The as
deposited sample performed the best out of all
tested samples. This can be attributed to the

significant presence of Mo5+. As the presence of the
Mo5+ has been attributed to the two-precursor
synthesis route, it can be concluded that this is the
primary reason the Levinas study observed superior
performance to the single precursor methods. The
Mo5+ state increases the overall conductivity of the
sample but can also act as additional active sites for
HER and would explain the superior performance
of the MoOxSy films(14, 49). However, XPS done
following HER shows that the Mo5+ state decreased
in intensity while the Mo* state increased
significantly. This demonstrates the extremely high
concentration of Mo5+ found in the samples is not
completely stable under HER conditions and that
the Mo* state might play a significant role in the
HER capabilities of the as deposited sample.
Additionally, as seen in, the terminal to
bridging/apical sulfur ligand ratio decreases
slightly, refuting Tran et al. proposed mechanism of
the elimination of terminal sulfur ligands and
supports Ting et al. breaking of bridging bond
generating the catalytic centers for HER(14, 36).
The oxidized sample demonstrated poorer
performance with respect to the freshly deposited
film, as was expected based on Levinas et. al.
observations of decreased performance the longer
the sample is exposed to the enviroment(37). We
attribute this decrease in performance to the
oxidation of the MoOxSy catalyst which can be seen
in Figure 2b. The intensity of the Mo6+ oxidation
state drastically increases with the insulating state
of MoO3 leads to overall worse performance due to
reduced electron transfer kinetics. This is supported
by the increase in ratio of bridging to terminal
sulfur bonds seen in Figure 3b as oxygen will
preferentially substitute the terminal sulfur bonds.
The annealed samples showed worse
performance compared to the as deposited sample
without the presence of the insulating Mo6+ state.
The sample annealed in the inert environment
retained a similar ratio of bridging to terminal sulfur
bonds as the freshly deposited sample. However,
the inert anneal removed the oxygen dopants
associated to the Mo5+ as can be seen in Figure 2c.
This result emphasizes the importance of oxygen
dopants and the Mo5+ oxidation state to the overall
HER performance. The sample annealed within the

sulfur environment exhibited the worst
Overall, it was shown that the as deposited
performance of all polymeric catalysts. This again
sample exhibited superior performance due to the
has been attributed to the loss of incorporated
presence of the Mo5+ oxidation state associated with
5+
oxygen associated with the Mo oxidation state.
incorporated oxygen. When left in ambient
Additionally, the ratio of bridging/apical to
conditions, the intensity of the insulating Mo6+
terminal bonds increased substantially. We
oxidation increased, leading to decreased
attribute this observation to the increase of apical
performance. The annealing in an inert
bonds instead of bridging bonds as there was an
environment highlighted the importance of the
increase in apical sulfur ligands within the Raman
Mo5+ oxidation state and that when removed the
spectra. Additionally, it has been reported via
HER performance suffers. When annealed in a
quantum chemical simulations that apical bonds are
sulfur environment, not only was the Mo5+
quite inert while bridging bonds are catalytically
oxidation state removed, but the concentration of
active(36). Those results agree with the findings
apical sulfur ligands increased substantially,
here in which the increase of apical bonds
leading to even further reduced HER performance.
corresponded to the worse performance of the
sulfur annealed film.
4. Results and Discussion – Carbon Tube Synthesis

a)
a)

c)

d)

Figure 5: (a) Schematic of synthesis(38); SEM images of (b) ZnO NWs, (c) ZnO NWs/PDA
after carburizing, and (d) ZnO NWs/PDA

Figure 6 shows the SEM images of the
synthesis steps to synthesize the CP/CT substrates.
As it can be seen in Figure 6b, the ZnO NWs are
densely packed and are uniformly distributed.
These NWs possess a high aspect ratio with
diameters in the hundreds of nanometers and
lengths of several micrometers. Figure 6d reveals
that little has changed in the surface morphology of
the NWs after PDA coating where we would expect
an increase in surface texturing. This suggests that
the polymer coating did not successfully adhere to
the ZnO NWs. This is further supported by the lack
of CTs in Figure 6c. We would expect the same
overall structure for the CTs as the ZnO NWs,
however after carburizing there is a lack of CTs. As
ZnO NWs volatilize at these temperatures whereas

CTs do not, this lack of polymer coating is the most
likely explanation as to the lack of CTs. As such,
we need to continue our investigation of the
polymer coating process to elucidate the reasons for
the lack of coating. Our early hypothesis is that the
addition of Tris in the additionally ethanol is not
completely dissolving, therefore not performing its
role of a pH buffer on the surface of the ZnO NWs.
However, the substrate does show increased
performance when MoOxSy catalysts are deposited
on it over untreated CP and as a film. We have
attributed this to the PDA coating the underlying
CP fibers and then subsequently being carburized,
increasing the overall conductivity.
This
demonstrates the viability of the 3D substrate and
potential, once completely synthesized, to rival the
current state-of-the-art catalysts.

5. Conclusions
This study has established the importance
Mo chemical state, Mo*, which potentially is
of the Mo5+ oxidation state arising from oxygen
critical for the catalytic activity of these films.
dopants for the HER electrocatalytic performance
While the focus of this study was not in determining
of MoOxSy. When oxygen dopants are removed
the origin of this feature, it could lead to future
through annealing, the HER performance of the
investigations of this chemical state.
catalyst is drastically reduced due to the removal of
To further increase the efficacy of the
Mo5+. Additionally, this study confirms the
MoOxSy catalysts by increasing the overall
hypothesis that oxidation via atmospheric exposure
conductivity and surface area, a 3D substrate of
worsens catalytic performance, in line with Levinas
CTs was employed. Currently, we are unable to
6+
et. al. study, due to the presence of Mo . The
successfully synthesize the CTs, but early results
performance difference between the inert and sulfur
have demonstrated the viability of the high surface
anneals demonstrated the importance of the
area, higher conductivity substrate.
When
terminal and bridging sulfur bonds to the catalytic
successfully synthesized, we believe these catalysts
performance of the MoOxSy catalyst and the
will rival the performance of current state-of-the-art
reduced performance of apical sulfur bonds,
materials while also offering scalable, low-cost
confirming quantum chemical simulations(36).
synthesis.
Finally, this study ascertains the presence of a new
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