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This study presents an innovative approach to fabricating carbon nanotubes (CNTs) through magnetron sput-
tering and chemical vapor deposition (CVD). These CNTs serve as a robust structural scaffold for the deposition
of molybdenum, which, through thermal annealing, becomes molybdenum carbide (MoyC), which is highly
efficient for hydrogen evolution reaction (HER). Our investigation delves into the physical and chemical attri-
butes of these electrodes, revealing insights into the functionality of MosC on CNTs hybrid structures. Chemical
characterization confirms the exceptional performance of the electrode. Our MoyC on CNT hybrid system

HER showcases remarkable electrocatalytic activity, with an onset potential of 103 mV at 1 mA/cm? and an over-

Green hydrogen

potential of 176 mV at 10 mA/cm?. Further validation comes from tests revealing a Tafel slope of 95 mV/dec,

affirming its superiority in facilitating HER. Unparalleled combination of low charge transfer resistance and
accelerated reaction kinetics, MoyC on CNTs hybrid structure is poised to significantly enhance HER activity.

1. Introduction

As the demand for clean and sustainable energy solutions continues
to surge, the scientific community has identified some key technologies
that can make this shift happen smoothly. One of the most promising
contenders to bring this change, is the extraction of clean hydrogen by
electrochemical decomposition of water [1,2]. Hydrogen has a high
energy density, and can be efficiently stored and converted into energy,
on demand [3,4].

The electrochemical splitting of water is a carbon neutral process,
and produces no harmful by-products [5,6]. The efficiency of this pro-
cess depends on the electrocatalyst used, which, unfortunately, is ach-
ieved with very expensive and scarce metals such as platinum,
palladium, gold, rhodium, ruthenium, as most prominent. Generally,
noble metals such as platinum and palladium set the standards for some
of the most efficient electrode materials [7-9], but given their scarcity
and cost, they are not feasible when it comes to actual practicality, and
therefore this work focuses on finding a more feasible electrode whose

working efficiency can be comparable to these ideal reference
electrodes.

The challenge to make this process ubiquitous is finding an excellent
electrocatalyst material which is abundant, cheap and can be mass
manufactured [10]. Transition metal (TM) compounds are being
extensively studied for this application and show a huge potential for use
in HER [11-14]. Transition metal carbides (TMCs), particularly MosC,
have demonstrated electrocatalytic activities that approach those of
noble metals [15-21]. The interstitial incorporation of carbon within the
metal lattice of Mo,C leads to an increased metal-metal bond distance
and a higher density of states near the Fermi level, resulting in unique
surface reactivity [16]. Experimental evidence supports the efficacy of
Mo,C as a promising catalyst for hydrogen evolution reactions (HER) in
acidic environments [22-24].

To get the most out of the electrocatalytic effects of Mo2C we need to
expose a large surface area of the material to the electrolyte [25].
Nanoparticles have a much higher surface area compared to bulk metal;
therefore, we deposit nanoparticles of molybdenum on a suitable
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scaffold to maximize the active sites [26]. Carbon nano structures (CNS)
are ideal to be used as scaffolds, as they are chemically stable in acidic
and alkaline electrolytes, conductive to electricity, mechanically strong
and generally boast a large surface area. The ease of functionalizing
these CNS also makes them a lucrative choice for supporting structures
to be used in electrodes.

The choice of supporting structure for this study was CNTs grown on
a graphite felt substrate, provided that graphite felts are an excellent
choice for three dimensional electrodes [27,28]. The graphite felt has a
porous structure with a large number of individual carbon fibers [29].
This comes with suitable advantages for our purpose, firstly the high
conductivity of carbon fibers guarantees a low series resistance, sec-
ondly the high porosity of the substrate allows the electrolyte solution to
disperse itself, which gives a larger surface area for reaction, thirdly the
individual carbon fibers have CNTs grown on them, which further in-
creases the surface area of reaction, and gives another boost to the active
sites on the electrode, and lastly both CNTs and the graphite felts are
highly stable in acidic conditions, which makes this a highly enduring
material when exposed to the acidic electrolyte and ensures long term
electrode stability [30,31]. The use of CNTs and the carbon fibers on
which they are grown, also help in the increase of conductivity of the
MooC particles [32].

This study therefore focuses on leveraging the electrocatalytic per-
formance of Mo,C by depositing it on a suitable architecture like CNTs
grown on graphitic felt. Moreover, we provide insights on the dual role
of CNTs, as both a growth template for the Mo compounds, as well asa C
precursor during the carburization step. We argue that loosely-bonded C
species migrate towards Mo and react with it, a mechanism that has been
reported before for the case of Mo carburization on graphene templates
[14] (Scheme 1). To test the capabilities and to have a point of reference
for the performance of the MoyC on CNTs hybrid, we also use a Mo on
CNTs electrode to undergo the same tests, to verify how much of a dif-
ference in HER performance is obtained by the carburization of
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molybdenum.
2. Materials and methods
2.1. Preparation of the nano structured electrodes

The CNTs are grown using a CVD process with acetylene on a cata-
lytic system consisting of thin film layers of aluminum and iron, which
are previously deposited on graphite felt by magnetron sputtering. The
CNTs are then functionalized by molybdenum using magnetron sput-
tering and then carburized in an inert Ar environment by annealing at
high temperatures, leading to the in-situ carburization of the molybde-
num into molybdenum carbide. The morphology of these Mo,C on CNTs
hybrid is then studied using SEM and TEM imaging and more detailed
physical characterization is obtained by using XRD, XPS and Raman
Spectroscopy. The chemical characterization is done using linear sweep
voltammetry, electrochemical impedance spectroscopy and
chronoamperometry.

2.1.1. Sputtering of the seed layer for the growth of carbon nanotubes

The CNTs are grown on a graphite felt substrate (from MERSEN
IBERICA). The dimensions of the graphite felt substrate used are
approximately 5.5 cm x 3.5 cm. The substrate is placed in the sputtering
reactor and when a base pressure of approximately 5x10~* Pa is
reached, the sputtering chamber is filled by argon. A 10 nm aluminum
nanofilm is then deposited, followed by a 3 nm iron nanofilm, both using
magnetron sputtering with 99.99% pure aluminum and iron targets. The
plasma is created using argon at 1 Pa and 100 W of DC-pulsed power
(100 kHz pulses and 10% of positive duty cycle) for the deposition of 10
nm of aluminum, taking 46 s, and argon at 2 Pa and 50 W of DC-pulsed
power for the deposition of 3 nm of iron, taking 30 s. All depositions are
conducted at room temperature.
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Scheme 1. Graphical representation of the fabrication of Mo;C on CNTs hybrid structure.
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2.1.2. Growth of carbon nanotubes on graphite felt substrate

The aluminum and iron-coated sample is then placed in a quartz tube
reactor, and a chemical vapor deposition (CVD) process is employed for
the growth of carbon nanotubes. The sample is heated to a temperature
of 800 °C at atmospheric pressure and allowed to thermalize at this
temperature for 15 min in an environment of argon and hydrogen, with
respective flow rates of 14 sccm and 100 sccm. After the thermalization
period, acetylene is introduced into the chamber at a flow rate of 5.8
sccm. This process involves water-assisted growth, necessitating the
introduction of a low flow of argon through a Dreschel bottle containing
water which supplies a low amount of argon mixed with water vapours
to enable water-assisted growth of carbon nanotubes on individual
carbon fibers of the graphite felt substrate. The flow of acetylene is
maintained for 5 min, after which both the acetylene and hydrogen
flows are shut down. The flow from the Dreschel bottle is then allowed to
continue to flow for another 5 min, after which the heater is turned off,
followed by the cessation of the water-assisted argon gas flow. Only pure
argon is permitted to flow in the chamber as the sample’s temperature
gradually decreases from 800 °C to approximately 50 °C, at which point
the sample is removed from the reactor.

2.1.3. Deposition of molybdenum on the carbon nanotube, followed by
carburization of the molybdenum

The grown carbon nanotubes are subsequently transferred to another
reactor capable of depositing molybdenum by magnetron sputtering,
followed by a quartz heating tube used for annealing to carry out an in-
situ carburization of the molybdenum avoiding the risk of oxidization of
the freshly deposited molybdenum layer. The sputtering chamber and
the quartz tube are interconnected, enabling the transfer of the sample
between the two chambers under vacuum conditions. After reaching a
base pressure close to 10~ Pa, molybdenum is sputtered at room tem-
perature, using an RF power (13.56 MHz) of 100W in the presence of 1
Pa of argon in the chamber. The magnetron sputtering is done for 10 min
at a 1 nm/min deposition rate. Following the completion of the depo-
sition, the carbon nanotubes with molybdenum deposition are intro-
duced into the quartz heating tube, where the sample undergoes
annealing for 5 min at a temperature of 960 °C in an inert argon envi-
ronment where the pressure is maintained at 1Pa with an Ar flow of 10
scem, resulting in successful in-situ carburization and the formation of
carbon nanotubes functionalized by molybdenum carbide. The carbu-
rization process is confirmed through the XRD and Raman Spectroscopy
results, which will be discussed in detail later. For this study, two
samples were fabricated: one with molybdenum deposition on carbon
nanotubes (Mo on CNTs), and the with molybdenum deposition fol-
lowed by further carburized in an argon environment, leading to the
formation of molybdenum carbide on carbon nanotubes (MoyC on
CNTs).

2.2. Surface analysis

The surface analysis of the samples was conducted using scanning
and transmission electronic microscopy (SEM and TEM), X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS), and Raman spec-
troscopy. SEM was used to investigate the morphology of the
molybdenum carbide on carbon nanotubes, with the sample cut into
approximately 1 cm x 1 cm square for observation. exploration was
made using the FESEM JEOL JSM-7001F at 15 kV and the SEM JEOL J-
6510 at 10 KV. TEM imaging was performed using JEOL 1010 at 200 kV.
Sample preparation involved brushing the surface of the sample con-
taining molybdenum carbide and carbon nanotubes with a cotton swap,
dispersing it in ethanol, drop-casting it on a Cu grid, and allowing it to
dry, leaving behind the structures for analysis. ImageJ and Digital
Micrograph were used to analyse the SEM and TEM images. ImageJ
software was used for the statistical analysis of the TEM Images. XRD
analysis was carried out using the Anton Paar XRDynamic 500 multi-
purpose powder diffractometer in Bragg-Brentano mode with a 360 mm
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radius. The sample was exposed to Cu Ka(,2) radiation with a wave-
length of 1.5418 A, and 26/6 scans were conducted from 4° to 100°, with
20 step size of 0.02° and each measurement step lasting 30s. XPS anal-
ysis was performed with the PHI 5500 Multi-Technique System (from
Physical Electronics, Chanhassen, MN, USA) using a monochromatic X-
Ray source (Al Ka line of 1486.6eV and 350W. The area analysed had a
diameter of 0.8 mm, with Survey XPS spectra having a pass energy of
187.5eV and 0.8eV/step, and elemental spectra having a pass energy of
11.75eV and 0.1eV/step. Raman spectroscopy was employed to further
study the molybdenum carbide on carbon nanotubes revealing the
vibrational modes. The Raman microscope used was HR800, Lab-Ram
(HORIBA France SAS, Palaiseau, France), equipped with a 532 nm
solid-state laser, operating at a power of 5 mW with an irradiation area
diameter of 1 pm.

2.3. Electrochemical characterization

The electrochemical behaviour of the sample was investigated for
hydrogen evolution reaction (HER) using a potentiostat/galvanostat
(AutoLab, PGSTAT30, Eco Chemie B.V.). The experiments were con-
ducted using a 3-electrode system at room temperature. An Ag/AgCl
electrode with an internal 3 M KCI solution served as the reference
electrode, while a Pt electrode (Metrohm) was utilized as the counter
electrodes. The samples under study constituted the working electrode,
which was connected to the power supply using a graphite rod and a
crocodile clip. The sample was cut to achieve a surface area of 1 cm?.

Linear sweep voltammetry was performed with a scan rate of 5
mVs ™! using a 1 M HySOy4 electrolyte. Chronoamperometry tests were
performed to assess the electrode endurance, using a constant bias of
410 mV. The charge transfer resistance was evaluated via electro-
chemical impedance spectroscopy (EIS) across a frequency range from
100 kHz to 1Hz. CV scans were performed to find the double layer
capacitance and the electrochemical active surface area (ECSA) of 4
samples (Graphite felt, CNTs, Mo on CNTs and Mo,C on CNTs). The CV
scan graphs were further smoothed using adjacent averaging method on
Origin.

3. Results and discussions
3.1. Synthesis and characterization of nanostructured MozC on CNTs

CNTs were grown on a graphite felt substrate and were functional-
ized with molybdenum. One sample retained molybdenum sputtered on
CNTs, while the other underwent further carburization to improve its
performance for HER. Graphite felt substrates possess desirable prop-
erties for HER, including a large surface area, high porosity and me-
chanical and chemical stability. Fig. 1a and b depict the graphite felt
substrate with grown CNTs, functionalized with MoyC. The images
reveal the dense network of individual carbon fibers, constituting the
scaffold for the Mo,C on CNTs structures. Fig. 1a demonstrates CNT
growth not only on the surface layer of the felt but also on deeper layers,
while Fig. 1b shows a magnified image of a single carbon fiber, revealing
two distinct structures of CNTs. One group exhibits shorter, less dense
CNTs in the fiber’s center, while the other displays longer, denser and
more ordered CNTs curling along the fiber’s periphery, providing a
continuous surface. Fig. 1d illustrates the differing morphologies of
molybdenum particles deposited on the CNT surfaces. The particles are
homogeneously deposited on the surface of both curly and randomly
oriented CNTs. The EDS elemental map in Fig. 1d confirms the homo-
geneous deposition of Mo particles on CNTs. EDS analysis in Fig. 1c,
conclusively confirms the successful functionalization of the CNTs with
molybdenum. Carbon signal at 0.27 KeV is noted, originating from both
the CNTs and the substrate itself, along with the detection of iron at 0.95
KeV and 6.41 KeV and aluminium at 1.49 KeV attributed to the initial
aluminium and iron layers deposited on the substrate for CNT growth
and the signal for Mo is also noted at 2.3 KeV. There is also an additional
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Fig. 1. SEM images of a) graphite felt substrate with CNTs grown on the individual carbon fiber b) single carbon fiber zoomed in to show the CNTs grown on the
surface c¢) EDS spectra of the sample after deposition of molybdenum, showing the presence of carbon (from the substrate and CNTs), aluminum (from the seed layer)
and molybdenum (from the functionalization of the CNTs) d) further zoom on the structure shown in b) which shows 2 distinct CNT structures, and the difference of

the molybdenum deposition on these structures.

signal for oxygen at 0.52 KeV which is contributed by the ambient
oxidation of Mo, Al and Fe when exposed to air.

In Fig. 2a, XRD results provide definitive evidence of molybdenum
carburization. The diffraction peaks at 34.45°, 38.02° and 39.48°
correspond to the (100), (002), (101) crystal planes of 3-MoyC respec-
tively [33], as confirmed by subsequent TEM imaging. Peaks observed in
Fig. 2b at 25.5° and 42.6° represent characteristic peaks for graphitic
structures, with the former attributed to the (002) plane and the latter
attributing to the (100) plane which indicates the presence of turbos-
tratic carbon structures, indicative of imperfect graphite crystals ar-
ranged in random directions. This turbostratic arrangement is common
in carbon-based materials and underscores the intricate nature of the
structural modifications induced by the carburization process [34]. The
combination of XRD analysis and TEM imaging not only confirms the
successful conversion of molybdenum to $-Mo,C but also provides a
comprehensive characterization of the co-existing graphitic carbon
structures. This detailed structural insight is critical for understanding
the material’s enhanced catalytic properties and mechanical robustness
imparted by the integration of f-Mo,C nanoparticles onto the CNT sur-
faces [35].

The Raman spectra of both pristine Mo on CNTs (black spectrum)
and Mo,C on CNTs (red spectrum) are presented in Fig. 2c. Both spectra
show Raman bands characteristic of graphitic carbon, specifically for
multi-walled carbon nanotubes including peaks at 1345 cm™* (D peak),
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1583 cm ! (G peak), and 2694 cm ! (G peak) [36]. These features
provide conclusive evidence of in-situ molybdenum carburization, in an
inert argon environment. The presence of Mo,C peak at 139 cm ™ in the
red-colored spectrum confirms carburization [37], indicating that the
process occurred in-situ without the use of additional carbon precursor.
Carburization involved annealing the molybdenum-coated sample at
960 °C for 5 min in an inert argon environment. It occurs through the
migration of carbon atoms with free bonds, located on defective points
on the carbon nanotubes, towards Mo particles and consecutive reaction
[31].

In the black-colored spectrum, characteristic D, G and G’ peaks of
carbon corresponding to the CNTs present in the sample are evident. The
D peak is associated with defects present in the graphitic structure of
CNTs, while the G peak represents the graphitic structure itself. The
absence of the A%g peak characteristic of molybdenum carbide confirms
the non-carburized state.

In the red-colored spectrum, a noticeable shift in the peaks D and G
indicates a reduction in defects. The appearance of the A%g peak provides
evidence of molybdenum carbide presence, while recrystallization of
leading to the reduction of the D peak [38]. Additionally, the reduction
in the intensity of the D peak (Ip) relative to the G peak (Ig) suggests a
decrease in the number of defects. This change in the Ip/I ratio signifies
an improvement in the structural quality of the CNTs, with fewer dis-
ruptions in the graphitic lattice. These values provide a clear indication
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Fig. 2. a) XRD spectrum of Mo on CNT (in black) compared to Mo2C on CNT (in red) showing the Mo2C peaks b) Full XRD spectrum of Mo on CNT (in black)
compared to Mo2C on CNT (in red) showing the graphite peaks ¢) Raman spectrum of Mo on CNT (in black) and Mo2C on CNT (in red). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

of the changes in structural quality and defect density of the CNTs. The
higher Ip/Ig ratio in the red spectrum (1.06) compared to the black
spectrum (0.89) suggests a relative decrease in defects after carburiza-
tion. Conversely, the Ig/Ip ratio in the red spectrum (0.94) being lower
than that in the black spectrum (1.12) further supports the improved
structural integrity of the CNTs post-carburization. The reduction of
defects is important as it directly affects the electrocatalytic perfor-
mance of the electrode. Defects in CNTs can trap charge carriers,
reducing their mobility and impeding the HER. By minimizing defects,
the mobility and availability of charge carriers increase, consequently
enhancing electrocatalytic activity. This observation is supported by the
electrochemical tests conducted and will be further discussed later.
TEM images in Fig. 3b and c depict Mo,C molecules anchoring on a
single CNT, with darker spots representing Mo,C nanoparticles. A single
multi-walled CNT serves as structural support for multiple Mo,C nano-
particles, enhancing catalytic functionality by providing a large surface
area for CNTs functionalization. Fig. 3a showcases a high-resolution
TEM image of a single Mo,C nanoparticle on a CNT. The anchoring of
Mo,C nanoparticles onto CNTs is crucial for several reasons. Firstly, the
high surface area of CNTs provides ample sites for the attachment of
Mo,C nanoparticles, which is essential for maximizing catalytic activity.
The Mo,C nanoparticles are catalytically active towards various re-
actions, and their dispersion on the CNTs ensures that a large number of
these active sites are available. Secondly, the intimate contact between
the Mo,C nanoparticles and the CNTs facilitates efficient electron
transfer, which is vital for catalytic processes, especially in applications
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such as hydrogen evolution reactions or other electrochemical pro-
cesses. Moreover, the size of the Mo2C nanoparticles plays a critical role
in their catalytic performance. Smaller nanoparticles typically have a
higher surface-to-volume ratio, providing more active sites per unit
volume compared to larger particles. The particle’s size distribution
histogram is depicted in Fig. 3d. Upon analysis of 89 individual MoyC
nanoparticles, the average size was determined to be 4.7 nm with a
standard deviation of 4.1 nm. The observed average size of 4.7 nm in-
dicates that the nanoparticles are small enough to exploit this advan-
tage, yet the standard deviation of 4.1 nm suggests there is a
considerable range in particle sizes, which might influence the unifor-
mity of catalytic activity across different nanoparticles. FFT analysis of
the particles observed in Fig. 3a reveals characteristic lattice spacing of
CNTs at 0.34 nm, consistent with the lattice spacing of graphitic carbon
[39]. Additionally, a lattice spacing of 0.26 nm, indicative of MoyC
presence, is observed [40]. This 0.26 nm lattice spacing corresponds to
the crystal plane for Mo2Ciqo, aligning with the data obtained by XRD
and confirming successful Mo carburization.

The surface states were characterized using XPS. XPS analysis of
three distinguish samples was performed. Pristine Mo deposited on
CNTs, carburized Mo>C on CNTs and Mo>C on CNTs after the electro-
chemical endurance tests. The survey spectra in Fig. 4a reveal the
presence of a strong signal from C, Mo and O which confirms the absence
of contamination in the sample. Additionally, after electrochemical
tests, it is observed that there is a small signal contributed by S, which is
due to the formation of SO (Sulphur dioxide) as a result of long-term
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Fig. 3. TEM images of the Mo,C on CNT sample, a) FFT analysis on the multiwalled CNT and Mo,C particle to find their crystal planes, b) image of a single
multiwalled CNT with multiple anchored Mo,C nanoparticles on it, ¢) Image showing a single CNT with uniform Mo,C deposition and d) Histogram showing the
average molybdenum carbide nanoparticle diameter comparison using TEM imaging.

testing in a HySO4 electrolyte. This is further supported by the reduction
in the oxide peak observed in the Mo 3d spectra after electrochemical
tests, implying the migration and reaction of oxygen molecules from Mo
to S.

From the C 1s peaks in Fig. 4b we can identify the different com-
pounds and molecular interactions happening in the samples and how
various processes like annealing and interactions with acid changes and
modifies the C and Mo structure and bonding. The main peak at 284 eV
observed in all spectra is characteristic of the sp® configuration of the
CNTs. CNT with Mo deposition reveals the C-related bonds in the sample
by observing the peaks corresponding to C=0, C-O, C-C, C—=C and
C-Mo. The G=C contribution originates from the sp? configuration
present on CNTs, while the most electropositive C-C contribution is
related to the presence of defective carbon-carbon bonds. We can
observe the same peaks in the spectra of CNT with Mo,C which confirms
that the annealing process does not affect or damage the structure and
bonding of the CNTSs, rather contributes to the carburization of the Mo.
We see an interesting change in the C 1s spectra of the CNT with Mo,C
sample after electrochemical tests, when compared with the other two
spectra. In this particular case there is an appearance of n- n* shake up
satellites ranging from 287 to 290 eV [41]. This presence indicates that
the interaction with acid has made the CNTs undergo structural reor-
dering leading them to become more graphitic. This graphitization en-
hances the electrical conductivity of the material, which is beneficial for
the HER as it makes the CNTs more chemically stable [42].

Mo 3d spectra for the 2 samples are shown in Fig. 4 ¢ and d. In the
sample with Mo on CNTs without annealing, the oxide peaks of MoO at

982

228.3 eV [43], MoO> at 229.3 eV [43] and MoOs3 at 232.4 eV [44] are
shown. In the spectra of the Mo,C on CNTs sample the peaks for MoO» at
229.3 eV and MoOs at 232.4 eV are observed. An additional Mo,C-re-
lated peak arises at 227.9 eV and at 231 eV [16], proving the carburi-
zation upon annealing, in accordance with the XRD results. It is argued
that oxidized Mo is present only in the surface of the Mo,C particles, in
the form of an ultrathin layer, which is electrochemically ’transparent’
and therefore does not hinder the electrochemical activity of the core
carbide particle. Further oxidation is limited due to the presence of an
amorphous carbon layer coating the particle (Fig. S3), which suppress
surface oxidation by acting as a mechanical barrier that blocks the
volume expansion attributed to oxidation [37,45].Therefore, while a
thin oxidized layer is present, its impact on the catalytic performance is
negligible due to the protective role of the carbon coating.

3.2. Electrochemical analysis for application in the electrocatalytic HER

The fabricated samples underwent electrochemical tests to assess
their electrocatalytic performance towards HER. The conducted tests
included linear sweep voltammetry (LSV), electrochemical impedance
spectroscopy (EIS), and chronoamperometry.

In Fig. 5a The LSV curve for a platinum electrode (green line), known
for its superior HER performance albeit limited by scarcity and cost,
serves as a reference for comparison with our samples. Pristine CNTs
were not electrocatalytically active in the examined voltage window.
The electrode’s performances were compared with respect to onset and
overpotential values required to generate 10 mA/cm?, as solar light
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coupled HER processes generally take place at 10-20 mA/cm? under
standard conditions and hence this serves as a practical reference point
[46]. The as-sputtered Mo on CNTs exhibits an onset potential of 300 mV
for generating 1 mA/cm? and an overpotential of 393 mV for generating
10 mA/cm?, whereas Mo,C on CNTs exhibits an onset potential of 103
mV for generating 1 mA/cm? and an overpotential of 176 mV for
generating 10 mA/cm?. This ~220 mV reduction on required over-
potential confirms the substantial impact of using Mo,C over Mo as the
functionalization species, with Mo2C on CNTs surpassing the perfor-
mance of Mo on CNTs.

Fig. 5b compares the Tafel slopes of all the electrodes. It is widely
acknowledged that hydrogen evolution occurs through the following
possible steps: an initial discharge step (Volmer reaction) and either a
desorption step (Heyrovsky reaction) or a recombination step (Tafel
reaction). The Tafel slope is a fundamental property of the catalyst,
dictated by the slowest or rate-determining step of the hydrogen evo-
lution reaction (HER). Specifically, the Tafel slope should be 120 mV/
dec, 40 mV/dec, and 30 mV/dec when the rate-determining step is the
Volmer, Heyrovsky, and Tafel reaction, respectively [47]. The platinum
electrode (green graph) exhibits a Tafel slope of 35 mV/dec, serving as
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the reference, while the Mo,C on the CNTs sample (red graph) shows a
comparable Tafel slope of 95 mV/dec, indicating improved performance
due to molybdenum carburization. Conversely, the Mo on CNTs sample
(grey graph) shows a Tafel slope value of 105 mV/dec, and pristine CNTs
(blue graph) show the poorest performance with a Tafel slope of 150
mV/dec, underscoring the necessity of CNT functionalization for HER
purposes. The reduced Tafel slope value of the carburized Mo compound
reveals faster reaction kinetics which lead to more efficient hydrogen
evolution, via a Volmer-Heyrovsky mechanism.

From the extrapolation of the Tafel slope (Fig. S4 in the supporting
information), the exchange current density (Jo) values for different
catalysts are obtained, which are summarized in Table 1, Higher Jo
values indicate an enhanced electrocatalytic performance towards
Hydrogen Evolution Reaction (HER) [48]. Pt (Jo = 8.05 x 1074
mA/cm?), commonly used as a benchmark, shows the highest exchange
current density, indicating its well-known superior catalytic activity.

However, the Mo2C on CNTs sample that was fabricated in this study
exhibits a Jo of 1.36x10~* mA/cm?, a significant improvement over Mo
on CNTs (8.10x1077 mA/cm?) and CNTs alone (1.08x10~* mA/cm?).
This result highlights the enhanced catalytic performance of MozC on
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Table 1
Exchange current densities obtained by extrapolation of Tafel slopes.

Exchange Current Density (Jo) (mA/cmz)

Sample

Mo:C on CNTs 1.36x10°*
Mo on CNTs 8.10 x1077
CNTs 1.08 x10~*
Platinum 8.05x107*

CNTs due to the synergistic effect between the molybdenum carbide and
the carbon nanotubes, which likely facilitates better electron transfer
and active site availability.

While platinum remains a stronger catalyst, the much lower cost and
relatively competitive performance of Mo2C on CNTs make it an
appealing alternative for HER applications.

Fig. 5c presents a Nyquist plot obtained from EIS, depicting imped-
ance in the system, and providing insight into reaction kinetics and
resistance. A smaller semicircle suggests faster charge transfer and a
better catalytic performance. Here, the carburized sample displays a
smaller semicircle compared to non-carburized molybdenum, favoring
Mo,C on CNTs for HER. The fitting curves are used to extrapolate the
series and charge transfer resistances of the equivalent circuit (see
Table S1, Fig. S5 and related discussion in supporting information file).

Fig. 5d shows the results of the chronoamperometry test with the
Mo,oC on the CNTs electrode. This test assesses reaction speed and
electrode stability over time. A constant potential of 0.41 mV was
applied to the electrode where it exhibited stability throughout the
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3500 s test duration, with performance steadily increasing to 8.0 mA of
current generation compared to the initial 6.9 mA. A longer 10hrs
chronoamperometry test has been included in the supporting informa-
tion as Fig. S6 to show the stability of the electrode over a longer period
of time. Post-test LSV confirms sustained stability and performance,
indicating robust stability of the electrode and the structural integrity of
the CNTs adhesion with the carbon fibers and the adhesion between the
CNTs and the functionalized species.

We obtained the CV Scans at different scan rates for 4 samples, Mo,C
on CNTs, Mo on CNTs, CNTs on graphite felt and graphite felt. These CV
scans can be found in the supporting information Figure S7. From the CV
scans (Fig. S7), we obtain the double layer capacitance (Cqp) at 0.2 V
which is in the non-faraday region. The comparison of the double layer
capacitance between the 4 samples are plotted together in the above
graph in Fig. 6.

Using this double layer capacitance, we find the electrochemical
surface area which is a key parameter for assessing the actual surface
available for electrochemical reactions in electrode materials. A high
ECSA indicates a large active surface area of the material, which can
significantly enhance its energy efficiency. For nanostructured materials
such as CNTs and their composites with Mo and Mo2C, ECSA is partic-
ularly important because these materials are designed to maximize the
contact surface with the electrolyte, thus increasing capacitance and the
rate of electrochemical reactions. The ECSA calculations for four studied
materials — Mo2C on CNTs, Mo on CNTs, CNTs, and graphite felt — show
significant differences in the available active surface area, reflecting
their unique physicochemical and structural properties. The calculations
are supplemented in the supporting information and we can see the
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overview of the results in the table below (Table 2).

The highest ECSA value, approximately 314.3 cm?, was obtained for
the MozC on CNTs composite. This high value indicates an exceptionally
large electrochemically active surface of this material. The synergistic
effect of combining molybdenum carbide (Mo2C) with carbon nanotubes
(CNTs) plays a crucial role. MozC, being a metallic material, provides a
large active surface for ion adsorption, which enhances electrochemical
capacitance. CNTs, on the other hand, provide a highly porous matrix
that allows for efficient ion diffusion and increases the availability of
active sites. The combination of these two materials results in a com-
posite with increased electrical conductivity, which minimizes internal
resistance and facilitates more efficient charging and discharging pro-
cesses. The Mo on CNTs material exhibits an ECSA value of 53.3 cm?,
which is significantly lower than that of Mo2C on CNTs but higher than
that of CNTs alone. This suggests that coating CNTs with molybdenum
increases their active surface area, though not to the extent achieved
with MozC. Mo may not form as stable and dispersed a layer on CNTs,
limiting the number of available active sites. Additionally, pure mo-
lybdenum has lower electrochemical activity compared to MozC, which
may also account for the lower ECSA. Nevertheless, the results show that
coating CNTs with metals like molybdenum improves their electro-
chemical properties. CNTs alone have an ECSA of 20 cm?. This is rela-
tively low compared to molybdenum-enriched materials. CNTs have
high electrical conductivity and excellent mechanical properties, but
their active surface area is limited, reducing their ion adsorption capa-
bility. For this reason, CNTs are often used as a base for creating more
complex composites that can better utilize their unique structural and
conductive properties. Graphite felt shows the lowest ECSA value (1.5
cm?) among the materials studied, due to its less porous structure and
limited specific surface area. Graphite has a relatively low active surface
area and ion adsorption capability, which limits its effectiveness as an
electrode material. Additionally, the lower conductivity of graphite
compared to nanostructured carbon materials like CNTs contributes to
its lower performance in supercapacitor applications.

In summary, differences in ECSA values among the studied materials
are related to their physicochemical properties and structure. Composite

Table 2
ECSA of 4 samples comparing the large differences in
electrochemically active area

Sample ECSA (cm?)
Mo:zC on CNTs 314.3

Mo on CNTs 53.3

CNTs 20
Graphite Felt 1.5
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materials, such as Mo2C on CNTs, exhibit the highest ECSA due to the
synergy resulting from the combination of different components, which
increases the active surface area and improves electrical conductivity.

The adsorption isotherm for Mo on CNTs takes the shape of type I,
characteristic of materials with predominant microporosity [49]
(Fig. 7). The rapid increase in the volume of adsorbed nitrogen at low
pressures (p/po) suggests a large number of micropores, corresponding
to a specific surface area of 18.20 m2/g and a total pore volume of 0.13
cm®/g. A high specific surface area can enhance catalytic activity in
electrochemical reactions by increasing the number of available reactive
sites. However, excessive microporosity can lead to pore blockage and
hinder the access of reactants and reaction products, potentially
reducing the efficiency of the electrochemical process. As a metal, Mo
may only partially cover the CNT surface, leaving a significant portion of
the carbon nanotubes still accessible. This partial coverage could be
advantageous for applications requiring high surface accessibility.
However, in terms of stability and effectiveness in electrochemical re-
actions, partial coverage may not be optimal. In contrast, Mo-C tends to
form a more continuous and compact layer on the CNT surface, which
can significantly reduce the accessibility of the CNT’s specific surface
area. The adsorption isotherm for Mo2C on CNTs also adopts a type I of
isotherm, but the increase in the volume of adsorbed nitrogen at low
pressures is less pronounced. The specific surface area of 14.61 m?/g and
the total pore volume of 0.07 cm®/g are lower compared to Mo on CNTSs.
The reduced specific surface area and pore volume may result from the
filling of micropores by Mo2C or decreased pore accessibility. The less
pronounced hysteresis indicates a more homogeneous porous structure,
which promotes better structural stability and minimizes issues related
to pore blockage.

The stability and efficiency are crucial in the context of electro-
chemical hydrogen production. Although Mo on CNTs offers a higher
specific surface area, Mo2C on CNTs can show better efficiency due to its
more homogeneous porous structure and stability. Molybdenum car-
bide, by forming a compact layer, provides better management of re-
action products and minimizes issues related to pore blockag.

3.3. Structural characterization post electrochemical analysis

From Fig. 9a we can see the XRD spectrum after electrochemical
testing and we see that all the signals related to MoyC and graphitic
peaks are still present which were present in the XRD spectrum before
electrochemical tests presented earlier in the paper in Fig. 8a, con-
firming that the structural integrity of the electrode is not compromised
by the acidic medium of the electrolyte.
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Fig. 7. The BET analysis shows the nitrogen adsorption and desorption iso-
therms at —196 °C for Mo2C on CNT and Mo on CNTs.
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Fig. 8. SEM Images at a)7000x, b) 25000x and ¢)22000x magnifications taken after electrochemical analysis.
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Fig. 9. a) XRD and b) XPS conducted after electrochemical analysis to ensure structural and chemical integrity of the Mo,C on CNTs hybrid structure.
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In the spectra of the MosC on CNTs after the electrochemical test in
Fig. 9b we can see the change in the Mo oxidation peaks which occurs as
a result of the chemical changes Mo,C undergoes in the acidic HySO4
electrolyte environment, which causes it to react with S in the electro-
lyte and produce some S-based compounds like sulphates and S oxides,
which change the oxidation peaks. There is also surface oxidation on the
Mo,C and CNT hybrid after being exposed to the electrolyte. Finally, the
presence of the Mo,C peaks at 227.9 eV and 231 eV is confirmed after
electrochemical tests thus ensuring the stability of the MoyC on the
CNTs, despite undergoing some chemical changes during the electro-
chemical testing.

Additionally, the electrocatalytic performance of various Mo-based
catalysts for the HER reaction was evaluated, as shown in Table 3.
The primary metrics used for comparison included the overpotential at a
current density of 10 mA/cm? and the Tafel slope, which indicate cat-
alytic efficiency and reaction kinetics. The results demonstrate that
Mo,C on a novel CNT structure achieves an overpotential of 176 mV and
a Tafel slope of 95 mV/dec. This performance is significant, reflecting
both low overpotential and favorable kinetics, highlighting the effi-
ciency of this catalyst in HER applications. This work stands out in
comparison to other studies, showcasing the potential of MoyC func-
tionalization on advanced carbon substrates. For example, MosC on
whisker CNTs (WCNTs) shows an even lower overpotential of 164 mV
and a Tafel slope of 63 mV/dec, indicating superior reaction kinetics
compared to the novel CNT structure. Similarly, Mo,C in carbon
nanocages demonstrates an overpotential of 196 mV and a Tafel slope of
87 mV/dec, which, while competitive, is less efficient than the novel
CNT structure. Another noteworthy comparison is with 2D Mo,C on
single-layer graphene, which exhibits a higher overpotential of 236 mV
but a lower Tafel slope of 73 mV/dec. This suggests that while it may
require higher initial energy input, its reaction kinetics are quite
favorable. In contrast, Mo foil, used as a baseline, shows a high over-
potential of 399 mV and a Tafel slope of 78 mV/dec, underscoring the
enhanced performance of Mo,C catalysts. Additionally, Mo,C under
single-layer graphene, with an overpotential of 270 mV and a Tafel slope
of 56 mV/dec, highlights excellent reaction kinetics but less efficient
catalytic activity. Mo,C in a carbon matrix, displaying an overpotential
of 223 mV and a Tafel slope of 78.6 mV/dec, and Mo,C on graphene
nanospheres, with an overpotential of 196 mV and a Tafel slope of 58.6
mV/dec, further illustrate the variability in performance based on the
structural context of MoyC [39-45]. The synthesis method can deter-
mine the interface quality and anchoring of Mo,C on the C nano-
structures, affecting the charge transfer resistance. On the other hand,
the C template structure determines the affordable loading of MosC,
affecting the electrochemically active surface area and ultimately the
electrocatalytic performance [31,50-53].

The novel CNT structure functionalized with Mo,C demonstrates a
compelling balance of low overpotential and moderate Tafel slope,
indicating both efficient catalytic activity and favorable kinetics. This
comparative analysis underscores the impact of advanced carbon sub-
strates in enhancing the performance of MooC catalysts for HER. The
promising results from this study affirm the efficacy of using graphitic
felt as an electrode substrate, presenting a cost-effective and energeti-
cally efficient solution for hydrogen production.

4. Conclusions

This study successfully demonstrates the deposition of molybdenum
on CNTs via magnetron sputtering, with the CNTs grown on a graphite
felt substrate’s structural and chemical characterization by XPS, XRD
and Raman spectroscopy confirms the formation of MoyC compounds.
The electrochemical performance of the electrode, for HER, is remark-
able. Electrochemical tests, including linear sweep voltammetry, elec-
trochemical impedance spectroscopy, and chronoamperometry, show
that as-deposited Mo on CNTs exhibits an onset potential of 300 mV to
generate 1 mA/cm? and an overpotential of 393 mV to generate 10 mA/
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Table 3
A comparative look at overpotential and Tafel slopes for different Mo based
electrocatalysts.

Electrocatalyst used Overpotential at 10 mA Tafel slope Reference
(mV) vs RHE (mV/dec)

Mo,C on dual CNT 176 95 This
structure Work

Mo,C on WCNTs 164 63 [46]
(Whisker CNTs)

Mo,C in carbon 196 87 [54]
nanocages

Mo,C on whisker CNTs 187 106 [55]

2D Mo.C on single layer 236 73 [56]
graphene

Mo Foil 399 78 )

Mo.C under single layer 270 56 [57]
graphene

Mo,C in carbon matrix 223 78.6 [58]

Mo.C on graphene 196 58.6 [59,60]

nanospheres

cm?. Mo,C on CNTs shows significant improvement, with an onset po-
tential of 103 mV to generate 1 mA/cm? and an overpotential of 176 mV
for generating 10 mA/cm?. Tafel slope analysis reveals values of 150
mV/dec for bare CNTs, 105 mV/dec for Mo on CNTs, and an impressive
95 mV/dec for Mo2C on CNTs. Although the platinum electrode, with a
Tafel slope of 35 mV/dec, is considered the best electrocatalytic material
for HER, our Mo2C on CNT hybrid structure offers comparable perfor-
mance and serves as an effective and economical alternative.

This work validates the viability of CNTs decorated with MoyC as
efficient HER electrode material, offering a cost-effective and abun-
dantly available alternative to noble metals like platinum or palladium.
Future research on MoyC on CNTs could focus on enhancing CNT
structures and optimizing the thermal annealing process for in-situ
carburization of molybdenum, further improving the material’s effi-
ciency and performance.
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