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ARTICLE INFO ABSTRACT
Keywords: Research for the development of noble metal-free electrodes for hydrogen evolution has bloss-
Tungsten carbide omed in recent years. Transition metal carbides compounds, such as W5C, have been considered

Tungsten oxide

Vertical graphene nanowalls
ICP-CVD

Electrocatalysts

Hydrogen evolution reaction

as a promising alternative to replace Pt-family metals as electrocatalysts towards hydrogen
evolution reaction (HER). Moreover, hybridization of TMCs with graphene nanostructures has
emerged as a reliable strategy for the preparation of compounds with high surface to volume ratio
and abundant active sites. The present study focuses in the preparation of tungsten carbide/oxide
compounds deposited in a three-dimensional vertical graphene nanowalls (VGNW) substrate via
chemical vapor deposition, magnetron sputtering and thermal annealing processes. Structural and
chemical characterization reveals the partial carburization and oxidation of the W film sputtered
on the VGNWs, due to C and O migration from VGNWs towards W during the high temperature
annealing process. Electrochemical characterization shows the enhanced performance of the
nanostructured hybrid W,C/WOyx on VGNW compound towards HER, when compared with
planar WyC/WOy films. The WoC/WOy nanoparticles on VGNWSs require an overpotential of —252
mV for the generation of 10 mA cm™~2. Chronoamperometry tests in high overpotentials reveal the
compounds stability while sustaining high currents, in the order of hundreds of mA. Post-
chronoamperometry test XPS characterization unveils the formation of a W hydroxide layer
which favours hydrogen evolution in acidic electrolytes. We aspire that the presented insights can
be valuable for those working on the preparation of hybrid electrodes for electrochemical
processes.

1. Introduction

Summer of 2023 has been recorded as the hottest ever, especially in the north hemisphere. An outcome of the above has been the
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burst of ocean storms, wildfires, flooding, and droughts [1]. To tackle climate change, it is urgent to develop environmentally sus-
tainable energy generation and storage technologies, as means to achieve enviromental and ultimately economic security. The
exhaustible nature of fossil fuels places our society in seek for alternative and renewable energy carriers [2]. In the above context,
hydrogen has attracted significant attention, as it is the most abundant resource in the universe, while it holds the highest specific
energy density of any known fuel (~120-142 MJ/kg). In addition, hydrogen is a clean fuel that, when consumed in a fuel cell, produces
only water, electricity and heat. Nowadays, Hy is mainly produced by i) natural gas steam reforming and ii) methanol reforming.
Nevertheless, the first route does not consist of a renewable energy source, while methane reforming results in the production of CO,,
which contributes to the greenhouse effect. Thus, the above routes are not sufficient to meet the energy demands of a post-fossil fuel
driven society while preventing global warming. Moreover, projections of demand for the next decades estimate a 5-fold increase in
hydrogen demand until 2050. If EU aims in meeting the targets of the Paris agreement to keep global warming below 1.8 °C, a higher
demand is foreseen, up to a 10-fold increase according to European Hydrogen Roadmap [3]. Similar trends are foreseen by PwC in
global scale [4]. Water splitting through electrolysis is an environmentally responsible, carbon-free alternative technique for hydrogen
generation. Hydrogen resulting from this process is denominated as green hydrogen, to distinguish it from hydrogen produced through
the above-mentioned methods. Water splitting takes place in an electrolytic cell and requires a potential difference of 1.23 V to occur.
The hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) occur at the cathode and the anode of the cell, producing
gaseous hydrogen and oxygen molecules, respectively. Theoretically, the HER requires no overpotentials and can occur at 0 V.
Nevertheless, in practice, increased negative potential values are required to initiate the reaction, due to sluggish reaction kinetics or
other non-ideal conditions [5]. Heterogeneous electrocatalysis is a process that can accelerate these electrochemical reactions on the
surface of catalysts materials, promoting their initialization in lower potentials and under higher rates. For the production of Hy, the
design and development of efficient catalysts towards HER is of fundamental importance [6]. Up today, noble metals of the platinum
group (like Rh, Pt, Ru) are the most attractive electrocatalysts for HER, as they possess low overpotentials, low Tafel slopes, high
exchange current densities, and remarkable stabilities in water reduction reactions. Nevertheless, the high cost and scarcity of these
materials limit their potential applications [7].

Therefore, strong efforts are put in the development of alternative materials that can replace the noble metals family as electro-
lysers. These materials should be of low cost and do not compromise the electrocatalytic efficiency. Lately, a lot of attention has been
paid to transition metals carbides (TMCs), like MoyC, TaC and WC [8-10]. TMCs have a favourable electronic structure, as the
metal-carbon bond formation modifies the transition metal d-band structure, resembling the band structure of Pt [11]. To further
improve electrode’s activity, TMCs are combined with carbon and graphene supports that offer high surface area, good electrical
conductivity and facilitate enhanced catalyst loading. The resulting hybrid composites show superior performance accompanied by
durability [12,13]. WoC and W oxide-based compounds have emerged as potential candidates for Pt replacement [14,15]. WC com-
pounds in the form of nanoparticles have been deposited on conductive graphene nanoplatelets [16] and carbon nanotubes (CNTSs)
[17]. Nevertheless, poor contact resistance between WC and conductive substrates can alter the electrocatalytic efficiency of the
compound [18,19].

To overcome the above challenges, here, we proceed with the preparation of hybrid compounds of W,C/WOy (where x: 2 or 3)
deposited on VGNWs. VGNWs show high specific surface area, comparable to this of CNTs, excellent electrical conductivity, scal-
ability, and compatibility with transition metal compounds, which make them an ideal support system for the deposition of WC [20].
VGNWs are deposited through chemical vapor deposition, using CHy4 as a precursor gas, and elemental W is deposited on them via
magnetron sputtering in Ar atmosphere. Both precursors and used technologies are affordable and easily scalable to meet industrial
demands, which makes the present electrocatalyst very appealing for use in a wide scale. WoC/WOy is formed during a high tem-
perature annealing step. The VGNWs provide C and O species that migrate towards W and react with it. The resulting compounds can
be directly applied as electrocatalysts in the HER. Electrochemical analysis results make evident some important findings, related to
the electrocatalytic performance of WoC/WOx on VGNWs towards HER. These are (i) the benefit of using VGNWs as a support tem-
plate, compared to a planar graphitic substrate and (ii) the enhancement of performance after the formation of W nanoparticles,
compared to the performance of bulk W coatings.

2. Experimental part

Synthesis of Vertical Graphene Nanowalls (VGNWs) on Papyex paper: The deposition of VGNWs on commercial Papyex paper was
achieved through inductively coupled plasma-chemical vapor deposition (ICP-CVD). A comprehensive synthesis process description
can be found in existing literature [21]. Briefly, the deposition setup consisted of an ICP-CVD system (13.56 MHz, power = 440 W),
which included a quartz tube, a radio frequency (RF) resonator for generating remote plasma, and a tubular oven. Papyex paper was
purchased by Mersen. It is composed of graphitic crystals with a nonpreferred orientation, exhibits a high specific absorption surface
area, as well as very good mechanical and chemical stability. The Papyex foil was cut into rectangular pieces measuring 3*4 cm. Prior
to introduction into the reactor, these pieces were meticulously cleaned using isopropanol and distilled water, followed by thorough
drying. During the deposition process, the sample was positioned approximately 30 cm away from the plasma zone and heated in a
temperature of 750 °C, while concurrently reducing the reactor pressure to around 10~ mTorr using a turbomolecular pump. The
initial step involved the cleaning of the Papyex surface through exposure to Hy plasma. This cleaning procedure entailed applying an
RF power of 400 W at a pressure of 400 mTorr of H; for a duration of 1 min. Subsequently, the H; flow was discontinued, and a CH4
plasma was generated under identical RF power and pressure conditions to initiate the growth of graphene nanowalls (VGNWs). The
GNW growth process continued for 30 min. Following the growth period, the VGNWs on the Papyex sample were allowed to gradually
cool down to room temperature (approximately 20 °C) within a vacuum environment. Lastly, a short-duration O, plasma treatment
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was applied to enhance the hydrophilicity of VGNWs surface. This treatment involved applying an RF power of 40 W at a pressure of
400 mTorr for 30 s. After the process was completed, the VGNWs on the GFs sample were removed from the reactor.

Deposition of WC/WOs: The VGNWs-on-Papyex sample was placed inside a sputtering chamber, which was directly connected to a
CVD oven. To hold the sample securely, a circular segment, 5 mm thick, was cut from a graphite bar and used as a sample holder. It’s
important to note that the entire system, including the magnetron sputtering and the CVD oven, was integrated into a single unit. This
configuration ensured that there was no separation between the sputtering chamber and the quartz oven. One of the primary ad-
vantages of this setup is its ability to deposit metals via magnetron sputtering and subsequently perform thermal annealing under
vacuum conditions, all without exposing the sample to the atmosphere. A comprehensive description of this system can be found in
previously published literature studies. To prepare the sample for further processing, the reactor’s pressure was reduced to approx-
imately ~10~3 mTorr using a turbomolecular pump. Magnetron sputtering was employed to deposit Tungsten (W) onto the VGNWs/
Papyex. High-purity W material with a purity level of 99.99 % was used as the target, and the deposition was carried out at an RF power
of 100 W, with an argon (Ar) pressure of 70 mTorr for varying deposition durations. The rate of W deposition on Papyex was
approximately ~4 nm/min, as determined by a prior calibration process conducted on a glass substrate. Upon completion of the W
deposition step, the W-on-GNW sample was carefully transferred to the quartz tube oven. The oven was gradually heated to a tem-
perature of 980 °C while maintaining an atmospheric pressure of 7 mTorr in a pure argon (Ar) environment. Subsequently, the W-on-
GNW samples underwent annealing under the same atmospheric conditions for varying durations to facilitate the carburization of the
tungsten. Following the carburization process, the CVD oven system was allowed to cool down to room temperature, and the WyC/
WOx-on-VGNW sample was extracted for subsequent characterization. For control samples in which no carburization of W occurred on
the VGNWs, the sample was removed from the magnetron sputtering chamber immediately after the W deposition phase.

Physical characterization: The WC/WO3 on VGNWSs samples were subjected to examination using scanning electron microscopy
(SEM) (JEOL JSM-7001F, operated at 20 kV) and transmission electron microscopy (TEM) (JEOL 1010, operated at 200 kV). The
elemental composition of the samples was determined using energy-dispersive X-ray spectroscopy (EDS). For TEM observation, the
nanostructures were transferred onto a Cu grid by applying pressure with a cotton stick to remove them from the growth substrate.
SEM and TEM images were processed using Image J and Digital Micrograph software. X-ray photoelectron spectroscopy (XPS) was
carried out using a PHI 5500 Multi-Technique System (Physical Electronics, Chanhassen, MN, USA) with a monochromatic X-ray
source (Al Ka line of 1486.6 eV energy and 350 W) positioned perpendicular to the analyzer axis and calibrated using the Ag 3d5/2 line
at a full-width half-maximum (FWHM) of 0.8 eV. The analyzed area was a circle with a diameter of 0.8 mm, and the selected resolution
for the survey XPS spectra had a pass energy of 187.5 eV and 0.8 eV/step, while the selected resolution for the elemental spectra had a
pass energy of 11.75 eV and 0.1 eV/step. The vibrational modes of the WC/WO3 on VGNWs samples were studied using a Raman
microscope (HR800, Lab-Ram; HORIBA France SAS, Palaiseau, France) with a 532-nm solid-state laser (laser power = 5 mW; diameter
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Fig. 1. a) schematic illustration of the synthesis steps that lead to the preparation of the WC/VGNWs compounds. SEM images of b) the pristine
VGNWs, ¢) the W,C/WOy NPs (5 min sputtering) on VGNWs, d) the bulk W,C/WOy compounds (20 min sputtering) on VGNWs and e) magnified
area of Fig. 1¢ where the WC particles deposited in the VGNWs plane are observed.
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= ~1 pm). For X-ray diffraction (XRD) measurements, a PANalytical XPert PRO MPD Bragg-Brentano powder diffractometer with a
240-mm radius was used. Samples were exposed to Co Ka radiation (1 = 1.789 A) in a 20 range from 4 to 99° with a step size of 0.017°
and a measuring time of 200 s per step.

Electrochemical characterization: The electrochemical properties of the compounds were studied using a potentiostat/galvanostat
(AutoLab, PGSTAT30, Eco Chemie B.V.). All experiments were performed at room temperature in a typical three-electrode cell. An Ag/
AgCl electrode (an internal 3 M KCl solution) and a Pt electrode (purchased from Metrohm; the Pt tip was separated by porous glass to
avoid dissolution into the electrolyte and sample contamination) were used as the reference and counter electrodes, respectively. The
working electrode was nanostructured WC deposited on the VGNWSs on Papyex or WC deposited on bare Papyex support and was
electrically connected to the power supply via a crocodile clip. No binder wea used, since the adhesion of both the VGNWs and WC was
sufficient. Linear sweep voltammetry (LSV) was performed with a scan rate of 5mV s ! in a 0.5 M HySOy4 electrolyte. The surface area
of the electrodes was always 1 cm? LSV measurements were performed 10 times before recording the data to ensure stable perfor-
mance of the electrode. All potentials were converted against the RHE using the Nernst law equation as follows: , where Eryg is the
potential of the Reversed Hydrogen Electrode and Epg/agc) is the measured potential against the Ag/AgCl (3 M KCl) reference elec-
trode. Charge transfer resistance was measured via electrochemical impedance spectroscopy (EIS) in the frequency range from 100 kHz
to 0.1 Hz. All electrodes were stored under ambient conditions and were characterized several days to weeks after electrode prepa-
ration. All electrochemical measurements were performed at room temperature.

3. Results & discussion

Fig. la represents a schematic illustration with the preparation process of the composite material. A SEM image of the VGNWs
deposited on the Papyex substrate is showed in Fig. 1b. The height of the VGNWs is ~ 1 um, as measured in profile images in previous
work [13]. The flake’s length is in the order of hundreds of nanometers. SEM images of the W compounds deposited on the VGNWs are
shown on Fig. 1c and d. Depending on the sputtering deposition duration, the morphology of the compounds varies. For a short
deposition time of 5 min, W forms nanoparticles anchored on the basal planes and edges of the VGNW (Fig. 1c). For a long deposition
time of 20 min, W forms a continuous film, which is deposited as a coating on the VGNWs flake (Fig. 1d). Post-deposition in-situ
annealing occurs in an Ar atmosphere and in high temperature of 950 °C, during which carburization of the W compounds occurs. In
accordance to what has been reported recently for Mo deposited on VGNWs, carburization of the transition metal occurs due to
migration and reaction with C atoms that are loosely bonded on the VGNWs [12]. The carburization step last 10 min and does not alter
the morphological characteristics (size or shape) of the W compounds. A high magnification SEM image of the W,C/WOx nanoparticles
anchored on the VGNWs is shown in Fig. le.

Raman spectroscopy characterization is used to monitor the deposition and carburization of W on VGNWs (Fig. 2). The Raman
spectrum of the pristine VGNWs is depicted in black colour. The graphene D mode appears at 1345 cm ™, the G mode appears at 1579
cm ! and the 2D mode appears at 2691 cm . The FWHM of the 2D peak is calculated to be 76 em?, by applying a Gaussian fitting,
which reveals that each individual VGNWs consists of ~6 atomic layers (black spectum) [21,22]. Upon W deposition and annealing,
the FWHM of the 2D peak takes a value of 64 cm ™}, which indicates that VGNWs consist of 4 atomic layers (red spectrum). Meanwhile,
the 112_: ratio increase from 0.44, for pristine VGNWs, to 0.58, for the WC on VGNWs hybrid compound. The changes in the graphene
Raman peaks indicate that a decrease in layer number of the VGNWs occurs during the annealing step. This decrease is a result of
migration of loosely bonded C atoms from the VGNW to react with W. The annealing process results in a re-crystallization of the
graphene lattice, which is manifested in a reduction in the D peak intensity. Thus, the 5—1; ratio decreases from 0.91, for pristine VGNWs,
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Fig. 2. Raman spectra of pristine VGNWs (black curve) and WC on VGNWs hybrid compound (red curve). They are distinguished the decrease in
graphene’s D peak intensity and narrowing of 2D band upon the high temperature annealing and formation of the WC compound.
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to 0.60 for the WC on VGNWs hybrid compound. The decrease of the above ratio indicates the decrease on the density of structural
defects on the graphene lattice, according to equation

(1.8 £0.5)x10%2x (i)

-2
np(cm2) = 7
where 1 is the laser wavelength in nm [23]. A similar trend has been observed in the case of MosC formation on VGNWs [12].
Moreover, various Raman modes attributed to WC and WC-O are observed between 120 and 800 cem ! [24,25]. The main peaks are
centred at 258, 694 and 800 cm L.

XRD characterization has been performed to detect the crystal fingerprint of the deposited compounds. In the pristine VGNWs
sample, diffraction peaks associated to graphitic carbon are observed at 20~25.6° (111), 26~52.8° (222), 20~54.6° (112), 20~77.5°
(—110), 26~83.7° (120) and 20~86.9° (333) (JCPDS file 01-075-2078) (Fig. 3, black graph). After the W deposition and carburization,
diffraction peaks associated to W»C ((100) at 260~34.5°, (002) at 20~38°, (110) at 61.8°, (103) at 69.7° and (101) at 20~39.6° (JCPDS
file 035-0776)), WO5 ((210) at 26~40.5° (JCPDS file 032-12393)) and WO3 ((113) at 26~58.82° (JCPDS file 83-0950)) are observed
(Fig. 3, red graph) [26-28]. The XRD cards with the crystallographic information are presented in the supplementary materials. These
results reveal the additional formation of oxide phases that were not observed in the Raman fingerprint. Apparently, oxide species that
are present in the VGNWSs migrate and react with W during the annealing process. Thus, the resulting hybrid compound is not a pure
carbide but a hybrid structure consisting of both carbide and oxide domains.

Fig. 4 shows the results from the TEM characterization of the WoC/WOy nanoparticles (NPs) on the GNWs compound. They are
observed nanoparticles of various crystallographic orientations deposited on the VGNWs. Fast Fourier Transformation (FFT) is applied
in the TEM images to calculate the d-spacing values of the domains. In Fig. 4a, they are observed lattice fringes of WO3, with a spacing
of 0.247 nm which corresponds to the (221) orientation, lattice fringes of WO, with a spacing of 0.245 nm which corresponds to the
(020) orientation and lattice fringes W»C, with a spacing of 0.260 nm which corresponds to the (002) orientation [15,29]. In Fig. 4b,
they are observed lattice fringes of graphene, originating from the VGNWs, with a spacing of 0.34 nm which corresponds to the (002)
orientation [12]. TEM results confirm XRD results regarding the formation of hybrid W NPs, consisting of both carbide and oxide
phases, anchored on the VGNWs.

The surface states of the W compounds deposited on VGNWs were characterized by XPS (Fig. 5). Fig. 5a shows the W4f peak. They
are distinguished the peaks associated to the W,C, centred at 34.3 and 32.1 eV, as well as those associated to metallic W, centred at
33.7 and 31.7 eV, respectively. Peaks associated to the oxide phase WO3 are centred at 37.9 and 35.8 eV, respectively. The oxide phase-
associated peaks are more intense compared to the carbide/metallic peaks, revealing a predominant surface oxidation taking place in
the compound. The deconvolution of the W4f peaks is in agreement with the XRD results and confirms the formation of both carbide
and oxide W phases upon the annealing step [30,31]. Fig. 5b shows the Ols peak. The more intense peak is this associated to the
bonding between W and O, centred at 530.9 eV. Less intense peaks centred at 532.2 and 533.3 eV are associated to the bonding of O
with OH and C species, respectively, originating from the CH, plasma process that has been used for the VGNWs synthesis [13]. Finally,
Fig. 5¢ shows the deconvolution of the C 1s peak. The most intense peak is this corresponding to the sp? carbon hybrids, centred at
284.4 eV, arising from the VGNWSs. Less intense peaks, shifted to higher energies, arise from sp® carbon hybrids as well as from hy-
drogenated species [32]. Detailed information regarding the XPS data, including the different elemental species, assignments due to
position (binding energy), adjusted areas, FWHM of the adjustments and % area concentration of the different multiplicities, is

—— W,C/WO, on VGNWs

—— VGNWs

Intensity (a.u.)

20 40 60
20 (Degree)

Fig. 3. XRD patterns of pristine VGNWs (black curve) and WC on VGNWs (red curves). Diffraction peaks correspond to graphite (crystal orientations
depicted in magenta), WoC (crystal orientations depicted in black), WO3 (crystal orientations depicted in blue) and WO, (crystal orientations
depicted in red), revealing the formation of a hybrid structure consisting of both carbide and oxide domains.
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Fig. 4. HRTEM images of WyC/WOx NPs on VGNWs hybrid. FFT was used to calculate the spacing of lattice fringes. a) crystal structure of the WC
compound. They are observed domains of WO, WO3, and W,C (scale bar is 10 nm). b) crystal structure of the VGNWs support (scale bar is 5 nm).
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Fig. 5. XPS spectra of the pristine W;C/WOx NPs on VGNWSs: a) W 4f spectrum, b) O 1s spectrum and c¢) C1s spectrum.

included in Supplementary Table 1.

The compounds are tested as working electrodes towards the HER. Results of the electrochemical characterization are shown in
Fig. 6. Fig. 6a shows the linear sweep voltammetry measurements. The onset potential and overpotential required to generate 10 ma
cm 2 are compared. The overpotential value at a current density of 10 mA cm—2 is an important reference point for the solar-light-
coupled HER devices as they usually operate at such currents under standard conditions [33]. The VGNWs support (black spectrum)
initiates the hydrogen evolution at an onset potential of —292 mV and requires an overpotential of —430 mV to generate a current
density of 10 mA cm™2. The bulk W,C/WOyx on VGNWs hybrid electrode initiates the hydrogen evolution at an onset potential of —191
mV and requires an overpotential of —300 mV to generate a current density of 10 mA cm 2. The W,C/WOx NPs on VGNWs hybrid
electrode initiates the hydrogen evolution at an onset potential of —151 mV and requires an overpotential of —252 mV to generate a
current density of 10 mA cm™2. To give emphasis on the beneficial role of using the VGNWs support for the deposition of the W
compounds, they are compared to a WoC/WOy planar film deposited directly on the Papyex substrate, under the same synthesis
conditions as the above nanostructured compounds. The planar film initiates the hydrogen evolution at an onset potential of —262 mV
and requires an overpotential of —392 mV to generate a current density of 10 mA cm 2. Thus, the role of the GNWs support in
providing an enhanced surface area for the deposition of the W compounds, compared to this of the planar substrate, appears to be
highly beneficial. The activity of a Pt foil is reported for comparison. It presents an onset potential of 0 V and requires 43 mV for the
generation of 10 mA cm ™, in accordance with literature studies regarding hydrogen evolution with Pt catalysts in acids. In addition to
the high reaction rates, the Pt foil exhibits a remarkable operation stability over 11000 s, generating 11 + 0.5 mA under an over-
potential of —45 mV (Suppl Fig. 1). Between the nanostructured compounds deposited on the VGNWs, it becomes evident that the W
compounds in the form of NPs is more efficient than the bulk W compounds. To underline the superior performance of the hybrid
WyC/WOyx NPs on VGNWs, it is compared with those of pure W»C on Papyex and Pure WO3 on Papyex (Fig. 6b). Pure W5C on Papyex
initiates the hydrogen evolution at an onset potential of —200 mV and requires an overpotential of —382 mV to generate a current
density of 10 mA cm™2. Pure WO3 on Papyex initiates the hydrogen evolution at an onset potential of —322 mV and requires an
overpotential of —493 mV to generate a current density of 10 mA cm™2. The XRD spectra which confirm the formation of the respected
pure phases are depicted in the inset of the Figure. Fig. 6¢ shows the Tafel slope values extrapolated from the LSV measurements shown
in Fig. 6a. The VGNWs support and W2C/WOx planar film exhibit Tafel slopes values of 125 and 123 mV/dec respectively. These values
indicate that the Volmer step, related to the H" adsorption, limits the reaction rates [34]. The bulk W,C/WO, compounds and
WyC/WOy NPs exhibit Tafel slopes values of 95 and 87 mV/dec respectively. These values, placed between 40 and 120 mV/dec,
suggest a Volmer-Heyrovsky pathway, in which a H' is adsorbed on an active site on the catalyst’s surface and a second H" is bonded
directly with the first one, for the HER [35]. The reduced slope value exhibited by the NPs is attributed to the enhanced availability of
active sites, which results in faster reaction kinetics and is in agreement the LSV results. The Pt foil exhibits a Tafel slope value of 35
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Fig. 6. a) LSV curves of pristine VGNWs (black curve), planar W,C/WOx film (green curve), bulk WoC/WO on VGNWs (red graph) and WoC/WOy
NPs on VGNWs (blue graph). b) LSV curves of WoC/WOx NPs on VGNWs (blue graph), pure W5C on Papyex (green graph) and pure MoO3 on Papyex
(black graph) and XRD spectra of pure W,C on Papyex (red graph) and pure MoO3 on Papyex (black graph). c) Tafel slopes of pristine VGNWs (black
curve), planar WoC/WOx film (green curve), bulk W,C/WOy on VGNWs (red graph) and W5C/WOy NPs on VGNWs (blue graph). d) illustrations of
the nanostructures described above to serve as a guide. e) Nyquist plots of pristine VGNWs (black curve), planar W,C/WOx film (green curve), bulk
W3C/WOyx on VGNWs (red graph) and W;C/WOx NPs on VGNWs (blue graph). The fitting curves are plotted as continuous lines. f) chro-
noamperometry measurement of the WoC/WOx NPs on VGNWs compound.

mV/dec. An illustration of the compared nanostructured electrodes is presented in Fig. 6d. The above performance of the present
nanostructured W compounds on VGNWs hybrids is favourably compared to this reported in previous works regarding W carbides on
porous and metallic three-dimensional supports, including WC nanoparticles on glassy carbon [36], WC nanoparticles on graphite [37]
and WC nanostructures deposited in Ni foam [38]. EIS characterization has been performed under a constant —400 mV bias vs RHE, to
study the interfacial charge transfer kinetics. The Nyquist plots are presented in Fig. 6e. The size of the semicircle directly mirrors the
magnitude of the charge transfer resistance (R.t), providing a visual indicator of the impedance associated with the electron transfer
kinetics at the interface of the electrocatalyst and the electrolyte [39]. The VGNWs support electrode exhibits a R of 6.15 Ohm (black
graph), the W,C/WOx planar film exhibits a R¢; of 4.57 Ohm (green graph), the bulk W2C/WOy compound exhibits a R¢; of 3.43 Ohm
(red graph) and the W,C/WOx NPs exhibits a Rt of 1.57 Ohm (blue graph). It becomes evident that the WoC/WOy NPs exhibit the lower
Rt between all samples, which justifies the superior electrolytic performance of this compound. The equivalent circuit model used to
extract the resistances parameters is depicted in the inset of Fig. 6e. All parameters are presented in Table 2. A chronoamperometry test
was performed in the WoC/WOyx NPs under —0.8 V for 1 h, to evaluate the stability of the compound in very high overpotentials
(Fig. 6f), since durable catalysts that could afford the industrial scale current density (>300 mA cm™?) are desired for the forthcoming
hydrogen economy [40]. Initially, it is generated a current of 270 mA cm 2. After 1 h of continuous operation, the generated current is
310 mA cm™2, which corresponds to a 14 % increase in the produced current. Upon the chronoamperometry test, the electrode has
been characterised structurally and chemically, to evaluate its endurance. XRD characterization shows the presence of peaks related
both to W carbide (peak centred at 39°) and W oxide (peak centred at 41°) (Fig. 7a). Nevertheless, the FWHM increases for all peaks,
which reveals a decrease in the crystallite size [41]. The FWHM values of various diffraction peaks, before and after the chro-
noamperometry test, are listed in Table 1. SEM characterization upon the chronoamperometry test shows no degradation on the
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structure of the WoC/WOx NPs on VGNWs compounds (Fig. 7b). Surface chemical characterization is performed by XPS. The wide scan
spectrum shows no contamination of the working electrode upon the chronoamperometry test (Fig. 7c), besides a trace of S which
originates from the used H,SOj4 electrolyte. Nevertheless, changes are observed in the chemical states of the elements which compose
the compounds. The W4f peaks reveal complete oxidation of the compound surface after the chronoamperometry test. The peaks
related to metallic and carburized W are no more visible and only the Ws,» and W7/, related to WOj3 are observed (Fig, 7 d). Based on
information obtained by both XRD and XPS analysis, we believe that complete oxidation occurs only on the surface of the compound,
while the underlying carbide phases remain electrocatalytically active, which justifies the endurance during the chronoamperometry
test. The O 1s peaks (Fig. 7e) can be decomposed into three components: 530.5 eV from oxidic species (027), 532.0 eV from hydroxide
species (OH ™), and 533.5 eV from reaction of O with C. The evolution of the peak related to the hydroxide species shows the formation
of hydroxide surface sites which favour the hydrogen evolution reaction steps and justifies the slight increase in current density during
the chronoamperometry test [42]. A HRTEM image of the sample taken after the chronoamperometry test shows the lattice fringes of
WC/WO3 nanoparticle extending continuously from the bulk until the surface. This observation excludes the formation of an interface
with a discrete hydroxide layer and points towards the formation of distinguished hydroxide surface sites, in accordance with XPS
evidences (Fig. 7e). Fast Fourier Transformation of the above-mentioned Figure is used to identify the d-spacing lengths of the carbide
and oxide phases. The lattice planes are marked on the Figure. The calculated d-spacing for the marked regions of the particle are
0.282 nm (red-marked planes, corresponding to 101 WO3), 0.243 nm (white-marked planes, corresponding to 200 WO,) and 0.277
(black-marked planes, corresponding to 101 W»C). A post-chronoamperometry LSV measurement shows a dramatic decrease on the
recorded onset and overpotential value and is associated with the formation of the hydroxide surface sites [43]. The oxidised W
electrode with the hydroxide surface sites requires only —86 mV to generate 10 mA cm™2. The LSV curves corresponding to the pristine
and post-chronoamperometry electrodes are exhibited in Fig. 7f. Further assessment of the compound stability has been performed by
chronoamperometry tests in lower overpotential values. The compound has been tested during 10 h in an applied overpotential of
—190 mV, generating 1.9 mA cm ™2, and showed remarkable stability (Suppl Figure 2). Cyclic voltammetry tests on the compound in
pristine state and after the realization of the 10 h chronoamperometry revealed a stable double-layer capacitance (Supple. Fig. 3).
Moreover, the stability of the compounds has been confirmed by comparison of the LSV curves in pristine state and after realization of
1000 CV cycles in a voltage window 0-0.8 V (Supple. Fig. 4). These results confirm the great prospect of W-based compounds hy-
bridization with graphene materials for application in electrocatalytic hydrogen evolution [44-48].

4. Conclusions

WC compounds were deposited on VGNWs supports, grown on a flexible Papyex substrate. The hybrid compounds were tested as
cathode electrodes towards hydrogen evolution. W is deposited via magnetron sputtering and hybrid carbide and oxide phases are
formed via C and O migration from the VGNWs during an in-situ high temperature annealing step. Regarding the W deposition, two
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Fig. 7. Electrode characterization post chronoamperometry test: a) XRD spectrum, b) SEM image, c) wide scan of the XPS spectrum, d) W 4f peak of

the XPS spectrum (left graph) and O 1s peak of the XPS spectrum (right graph), e) HRTEM images of WyC/WOy NPs on VGNWs hybrid after the
chronoamperometry test and f) LSV curves comparison of the electrode in pristine and post-chronoamperometry test state.
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Table 1
FWHM values of various diffraction peaks of the WoC/WOy compound in pristine and after chronoamperometry test states.
Peak Position (°) FWHM (°) pristine FWHM (°) after chronoamperometry
W,C (101) 39.6 0.57 0.72
WO, (210) 40.5 0.36 0.68
W,C (110) 61.8 1.03 2.52
Table 2

Equivalent circuit parameters obtained from fitting the EIS data. CPEy is the amplitude of the constant phase element. CPEp values are related to the
resistance or capacitive nature of the CPE (values closer to 0 correspond to an ideal resistor, values closer to 1 correspond to an ideal capacitor).

Electrode Material Rg (Ohm) Rcri (Ohm) CPET-CPEp 1 Rcre (Ohm) CPE-CPEp 2

VGNWs 2.19 1.86 0.003 0.68 4.59 0.012 0.54

Planar W2C/WOx film 1.23 0.17 0.001 0.99 4.53 0.008 0.67

bulk W2C/WOx on VGNWs 1.95 0.16 0.001 0.96 3.46 0.012 0.67

W2C/WOx NPs on VGNWs 1.04 0.11 0.00 1.00 1.49 0.013 0.66
Toc

regimes can stand out. In short deposition times (~5 min) W forms NPs deposited homogeneously on the VGNWs support. On long
deposition times (>10 min) W forms a continuous coating over the VGNWs (denominated as bulk W compounds). Electrochemical
characterization shows that the WoC/WOy NPs are the most efficient structures to catalyse HER, since they provide an abundance of
active sites, require the lowest overpotential values and exhibit the lowest Tafel slope and R, values, compared to the bulk W,C/WOx
compounds and WoC/WOy planar films. They require an overpotential of —252 mV for the generation of 10 mA cm™2 and a Tafel slope
value of 87 mV/dec. Moreover, the WoC/WOx NPs show remarkable stability and an increase in catalytic efficiency during the
chronoamperometry test under high constant bias capable to generate hundreds of mA. Surface chemical characterization upon the
chronoamperometry reveals the formation of W hydroxide surface sites that acts as a highly active HER electrocatalyst in strong acid
conditions. The synergy between W compounds and VGNWs results in a significant improvement in catalytic performance, positioning
this combination as a promising candidate for upcoming clean energy technologies. These findings are anticipated to offer valuable
insights into the synthesis of TMCs/graphene hybrids and enhance our understanding of graphene’s role in facilitating electrocatalytic
reactions.
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