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Nowadays, major research efforts are being carried out, in order to fulfil the demand for sustainable hydrogen
production. To accelerate this process, it is important to develop efficient and inexpensive materials, going
beyond precious metals and, if possible, using metal-free electrocatalysts. Carbon compounds could be an ideal
candidate material, thanks to their abundancy in nature and the possibility to be organised in nanostructures
with beneficial morphologies. Here, we report the deposition of vertical graphene flakes, otherwise known as
graphene nanowalls (GNWs), in various metallic and non-metallic substrates and we present results on the
inherent electrocatalytic activity towards hydrogen evolution reaction (HER) in acidic electrolyte. Analysis
shows that when GNWs are deposited on top of an electrode with a higher inherent activity, overall activity is
limited as GNWs block ion diffusion. When GNWs are deposited on electrodes with poorer activity, the inherent
activity of GNWs is predominant. In addition, GNWs are successfully deposited on flexible electrodes and are
applied to durability tests, including operation after manual bending, showing very good stability. Above all, the
present study reports for first time the inherent electrocatalytic activity of GNWs towards HER. The results

suggests that this carbon materials can be used in the development of novel catalysts.

1. Introduction

Hydrogen has attracted large attention during the last decade as it is
considered a green and sustainable fuel, which is expected to play a
major role towards the transition on the post-fossil fuels economy [1 2 3
4 5]. Nowadays, Hj is mainly produced by i) natural gas steam reforming
and ii) methanol reforming. Nevertheless, the first route is not based in a
renewable energy source, while methane reforming results in the pro-
duction of CO2, 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. Water
splitting through electrolysis (2H20 — 2H3 + O3) is an environmentally
responsible, carbon-free alternative technique for hydrogen generation.
Water splitting takes place in an electrolytic cell (or electrolyzer) and
requires a potential difference of 1.23 V to occur. The hydrogen evolu-
tion reaction (HER) and the oxygen evolution reaction (OER) occur at
the cathode and the anode of the cell, producing gaseous hydrogen and
oxygen molecules, respectively. Heterogeneous electrocatalysis is a
process that can accelerate these electrochemical reactions on the sur-
face of catalysts materials, promoting their initialization in lower

potentials and under higher rates. For Hy production, the design and
development of efficient catalysts towards the HER is of fundamental
importance.

Up today, noble metals of the platinum group (e.g. Rh, Pt, Ru) are the
most attractive electrocatalysts for HER, as they possess low over-
potentials, low Tafel slopes (the slope of a plot of the applied over-
potential vs. the log10 of the resulting current density), high exchange
current densities, and remarkable stabilities in water reduction reactions
[6]. Nevertheless, the high cost and scarcity of these materials limit their
potential application. The development of carbon-based electrocatalysts
is a very promising alternative due to the abundant nature and low cost
of carbon precursors. Thanks to their very high specific surface area,
graphene and graphene derivatives can be applied in both energy har-
vesting and storage [7]. Up today, graphene and carbon nanotubes have
been explored as electrocatalysts towards HER [8 9], while density
funcional theory calculation have indicated the sharp edges of 3D gra-
phene strucutres as the electrocatalytically active sites (see Supple-
mentary Information Text 1). Moreover, apart from the contribution
related to its inherent activity, graphene has been proven to improve
charge transfer kinetics when applied as a coating on transition metal
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Fig. 1. a) drawing of the recipe for the GNWs
growth, including the pre-treatment and synthe-
sis steps, b) digital photographs of the Cu, SS and
Papyex© substrates before and after the deposi-
tion of the GNWs film. By optical inspection the
film appears similar to all three samples, c)
sequence of SEM images showing the growth of
GNWs over Papyex© in varying growth times
(scale bar 200 nm), showing the evolution from
the initial nucleation to complete coverage of the
substrate. Arrow shows order of images based on
increase of growth time.
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carbide thin films [10 11].

Here, we report the synthesis of vertical graphene flakes (or gra-
phene nanowalls), through inductively coupled plasma enhanced
chemical vapor deposition. Differently from the growth of planar gra-
phene, plasma conditions are required to promote the out of plane
vertical growth of graphene flakes [12]. GNWs present the advantage of
facile growth over both metallic and insulating substrates, while
morphological features, e.g. thickness, height, density etc. can be
controlled from the growth parameters. The GNWs function as a coating
on one side of the growth substrates and tested as electrodes towards
hydrogen evolution reaction in an acidic medium. Results show that the
GNWs film can improve the inherent activity of poor-performing sub-
strates, as well as operate with good endurance after being exposed to
bending tests and a thousand of operation cycles.

2. Experimental part
2.1. Synthesis of graphene nano-walls (GNWs)

Graphene nano-walls were synthesized in 3 different substrates (310
Stainless steel foil, 100 pm thick, Ulbrich; polycrystalline copper foil,
99.9% pure, 100 pm thick, Basic Copper; Papyex© paper). All substrates
were cut into pieces 35 x 50 mm, cleaned in an ultrasound bath of
acetone and deionized water, and dried with a Ny gun, before being
inserted in the growth chamber. A graphite piece was used as a sample

.
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holder. The reactor is an inductively coupled plasma chemical vapor
deposition (ICP-CVD) (13.56 MHz, power 440 W) system consisting of a
long quartz tube (Vidrasa S.A., Ripollet, Spain) having a radio-frequency
resonator (homemade), for producing remote plasma, and a tubular
oven (PID Eng & Tech S.L., Madrid, Spain) working up to 1100 °C [13].
The sample was introduced in the oven, placed at a 30 cm distance from
the plasma zone, and heated at 750 °C. The chamber was evacuated
below 10 Pa with a turbomolecular pump. A short Hy, plasma is applied
to clean and activate the surface. The Hy plasma is produced by intro-
ducing 15 scem (standard cubic centimeters per minute) of Hy flow, for
5 min, at 400 mTorr and with an RF power of 400 W. GNWs are syn-
thesized consecutively, by pausing Hy and introducing 10 sccm of CHy
(99.9% pure), under the same pressure and RF power conditions.
Growth lasts 30 min. Then, CHy4 is paused and RF power and oven are
turned off. Samples are cooled to room temperature (RT). A brief Oy
plasma (13 sccm of Oy, 0.5 min, 400 mTorr, 40 W RF power) is applied
in RT to enhance the hydrophilicity of the GNWs, facilitating the elec-
trochemical characterization, and the samples are consecutively
removed from the tube.

2.2. Samples characterization

The morphology of the GNWs was in all substrates was observed by
scanning electron microscopy (SEM) (JEOL JSM-7001F, operated at 15
kV, JEOL Ltd., Tokyo, Japan). The Image J software was used to measure



S. Chaitoglou et al.

AW gyeree 7,

A ¢

Applied Surface Science 592 (2022) 153327

12
10 ] GNWs on Copper:
o 8
S 6
(=}
° 4
2
12 GNWs on
10 SS310
[2]
§ 8
o 6
© 4
24
13 [ GNWs on papyex
o 8
56
3 4
2
0
0.0 0.1 0.2 0.3 04 05 06 0.7

flake's length (um)

Fig. 2. a) SEM images showing the growth of GNWs film on Cu (upper left), Papyex© (upper right) and SS (down left) (scale bar is 1 pm), b) size distribution
histogram of the GNWs over the different substrates (growth lasts 30"). ¢) SEM image of GNWs grown on Papyex© (scale bar is 1 pm). Yellow dotted lines show the
orientation of various GNWs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the length of the GNWs. XPS (X-ray photoelectron spectroscopy) ex-
periments were performed in a PHI 5500 Multi-Technique System
(Physical Electronics, Chanhassen, MN, USA) with a monochromatic X-
ray source (Aluminium Kalfa line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyzer axis, and calibrated using the 3d5/
2 line of Ag with a fullwidth at half maximum (FWHM) of 0.8 eV. The
analyzed area was a circle of 0.8 mm diameter, and the selected reso-
lution for the spectra was 187.5 eV of pass energy and 0.8 eV/step for the
general spectra and 11.75 eV of pass energy and 0.1 eV/step for the
spectra of the different elements. The vibrational modes of the samples
were studied by Raman spectroscopy using a microscope HR800 (Lab-
Ram) (HORIBA France SAS, Palaiseau, France) with a 532 nm solid-state
laser (5 mW laser power). The laser beam diameter is ~ 1 pm. 3 spectra
were acquired from each sample and the average values of those were
extracted for the relevant analysis. For x-ray diffraction measurements,
it has been used a PANalytical XPert PRO MPD Bragg-Brentano powder
diffractometer of 240 mm of radius. Samples were irradiated with a Co
Ka radiation (A = 1.789 A), under 20 scan from 2 to 80°, with step size of
0.017° and measuring time of 200 s per step. A Gaussian fitting was
applied to extract the full width half maximum value (FWHM).

The electrochemical properties of the compounds were studied using
a potentiostat/galvanostat (AutoLab, PGSTAT30, Eco Chemie B.V.,
Utrecht, The Netherlands). All experiments were carried out at room
temperature in a typical three-electrode cell. An Ag/AgCl electrode (3 M
KCl internal solution) and a graphite electrode were used as the refer-
ence and counter electrode, respectively. The working electrode was the
sample of GNWs on the various growth substrates. The backside of the
substrate was covered with an insulating tape. Linear sweep voltam-
metry (LSV) was employed with a scan rate of 5 mV s 1in0.5M H3SO4
electrolyte. The LSV measurements were employed 8 times before
recording the data, to ensure stability in electrode’s performance. The
electrodes endurance was evaluated by continuous cycling (1000 cycles)
at a scan rate of 100 mV s~ between — 700 and 0 mV (vs Ag/AgCl), as
well as by chronoamperometry, employing a constant —0.41 V (vs RHE)
and manual bending of the electrode for ~ 100 times. Charge transfer
resistance was assessed by electrochemical impedance spectroscopy
(EIS). A simple single-time constant equivalent circuit [R(RC)W] was
used for interpolation of the measured EIS with the help of NOVA
software. All potentials were recalculated with respect to a reversible
hydrogen electrode (RHE).

3. Results and discussion

The sequence of steps for the nano-structures preparation is visual-
ized in the illustration depicted in Fig. 1a. After removing from the oven,
all samples have the same dark colour, as the GNWs film absorbs almost
all light, thus the underlying substrate is no longer visible, as depicted in
the sample’s digital photographs before and after the GNWs deposition
(Fig. 1b). Growth time in this series of samples was 30’. This is expected,
as GNWs films have been estimated to absorb ~ 95% of light in a wide
waveband from visible to near infrared [14]. The thickness of the GNWs
film has been measured in previous work [15] and is estimated at ~ 1
pm.

We have studied in more detail the synthesis of the GNWs on the
Papyex© substrate, varying the growth time between 5 and 60 min.
Papyex© consists of graphitic crystals showing a preferred orientation
together with a large non-oriented fraction. Thus, it is chemically stable,
while it provides a high specific adsorption surface area, between 20 and
25 m%/g [16]. The morphology of the Papyex© substrate can be
observed in SEM image presented in Fig. 1c (upper-left figure). In this
image, the initial nucleation of the GNWs is visible, after 2’ of growth
time. In the sequence of SEM images, it can be observed the evolution in
their growth with the pass of time, after5’ (upper-right figure), 30’
(down-right figure) and 60’ (down-left figure) of growth. GNWs reach a
length > 1 pm when growth lasts 60 min. Accordingly, the change in the
colour of the sample from initial light grey (only Papyex© substrate) to
very dark can be appreciated in the digital photo of samples presented in
Fig. S1. A detailed description of the growth model of GNWs has been
presented in another resent work by Baranov et al [17], in which it has
been explained that ion bombardment is the driving force for the GNWs
growth, as carbon species are supplied through surface diffusion but not
directly from the gas phase. Thus, growth velocity is not constant but
declines with time, meanwhile nucleation of GNWs is considered to
depend on the generation of a large number of ion-induced defects on
the surface of the substrate.

Next, we describe the findings resulting from the growth on Cu,
stainless steel and Papyex©, under the same growth conditions (see
experimental section). Growth lasted 30 min, as it has been estimated to
be the required time in order to achieve a homogeneous coverage of the
substrate with the GNWs film. The morphology of the GNWs in each
substrate can be observed in Fig. 2a. The GNWs deposited over Cu
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Fig. 3. a) XPS broad scan spectra of GNWs on three different substrates. Spectra of GNWs on Cu (black graph) and Papyex© (red graph) reveal presence of carbon
and oxygen. Spectrum of GNWs on SS (blue graph) reveals additionally presence of Fe, Al, Cr, Si and S, originating from the substrate. b) XPS analysis of the GNWs
/Cu electrode and analysis of high-resolution C 1 s spectrum of the GNWs. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

appear to be longer, in comparison to those over Papyex© and stainless
steel. We measured the length of the flakes and present the results on a
histogram of the size distribution (Fig. 2b). Indeed, flakes over Cu are
larger (~0.4-0.6 pm), in comparison to those over SS (~0.22-0.4 pm)
and those over Papyex© (~0.05-0.3 pm). Similar trends are observed in
GNWs deposited in shorter growth time (8) in all three substrates
(Fig. S2). These results can be explained by taking into consideration the

possible co-catalytic effects of the substrates. Metallic Cu and SS are
well-known catalytic substrates [18 19] that promote graphene growth
in CVD processes, thus it is foreseen that they can promote the faster
growth of GNWs, in comparison to Papyex©. Between the two firsts, Cu
is known to promote the growth of single layer graphene. This is
attributed to the very low C species solubility into bulk Cu. Thus, growth
is self-limited once the first layer is formed [20]. SS, on the other hand,
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Fig. 4. a) Raman spectrum of the GNWs/ Papyex®© electrode, in which all the main graphene bands are depicted, b) data of the FWHM,p, c) data of the I>p/Ig, d) data
of the Ip/Ig, ) data of exact position of the 2D band, for graphene deposited in three different substrates.
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contains Fe, Cr, Ni, and Mn, elements in which C species are soluble.
Thus, we consider that more C species remain available on the Cu sur-
face during ion bombardment, which explains the higher growth rate in
comparison to growth on the SS surface.

Finally, in Fig. 2c we observe the nuclei of GNWs after 5 synthesis.
Dotted yellow lines are used to mark the orientation of various GNWs. It
is observed that these do not exhibit any preferred orientation. More-
over, bending of the GNWs is observed in various cases (Fig. 1c and
Fig. 2a). This feature further differentiates the growth of vertical gra-
phene from this of planar graphene, whose orientation depends on the
crystallographic orientation of the underlying substrate [21].

XPS characterization was performed in order to obtain further in-
formation regarding the GNWs composition. The wide scans for three
samples are presented in Fig. 3a. Spectra of GNWs on Cu (black graph)
and Papyex© (red graph) reveal the presence of carbon and oxygen.
Spectrum of GNWs on SS (blue graph) further reveals the presence of Fe,
Al, Cr, Si and S, originating from the substrate. High resolution XPS
analysis has been carried out to detect information about the bonding
states in the GNWs/ Cu electrode. Deconvoluted C 1 s spectra revealed
the presence of three components centred at 284.6, 284.9 and 286.6 eV
attributed, respectively, to C = C sp, C — OH (hydroxyl) and C = O
(Fig. 3b). The areal percentage of each component is 47.25%, 27.32%
and 24.27%, respectively. The high amount of C-OH and C = O bonds
make evident the defective crystal nature of the graphene nanostructure,
a fact that is further supported by Raman spectroscopy data that we will
show below. Oxygen contamination may originate to the reaction with
ambient oxygen and moisture once exposed to ambient conditions [13].
High resolution spectra of the C1s peaks for each sample are presented in
Fig. S3a. The variation with respect to the position and the shape be-
tween the peaks reveals differences in the composition. Detailed
deconvoluted peaks of GNWs on SS and Papyex© are presented in
Fig. S3b. The results regarding the % concentration and position of each
peak are presented in Table S1. We highlight the change in the %
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concentration of C-OH and C = O bonds between the different samples,
which shows the variation in the concentration of defects in the GNWs.
Specifically, the GNWs on Papyex© show a concentration of C OH bonds
of 31.32%, higher than that of GNWs on Cu (27.32%) and lower than
this of GNWs on SS (38.67%).

Raman spectroscopy characterization was performed on all 3 sam-
ples to study the crystal quality and morphology of the GNWs. A typical
Raman spectrum is presented in Fig. 4a. The main features of the
spectrum are the bands centred at 1351.4 em ' (D peak), at 1582.7 em!
(G peak) and at 2701 em~! (2D peak). D band is related to the presence
of structural defects, vacancies, boundaries, etc that are present in the
graphene crystal and activate the breathing mode of hexagonal carbon
rings. On the other hand, the G band corresponds to the doubly
degenerate Ey; phonon at the Brillouin-zone center. The 2D band is the
second order of the D band and is manifested in a single peak in
monolayer graphene, whereas it splits in four bands in bilayer graphene
[22]. Other minor bands are centred at 1616 cm ! (D’, manifested as a
right shoulder on the G band and associated with finite-size graphite
crystals and graphene edges [23]), at 2466 cm™* (D + D’*) and at 2949
cm ™! (D 4 D, related to sp? CH stretching vibrations). By analysis of the
main bands, we extract the following information. The full width half
maximum of the 2D band provides information regarding the number of
graphene layers attached between them by Van der Waals forces
(Fig. 4b). In our samples, in GNWs deposited on Cu, the FWHM3y, takes
an average value of 60.3 cm™}, in GNWs deposited on SS it takes an
average value of 74.5 em !, and in GNWs deposited on Papyex@© it takes
an average value of 75 cm . Thus, GNWs over copper consist on
average of about ~ 3-4 graphene single layers [24], while GNWs over SS
and Papyex© consist of more layers (~7-8), nevertheless without
resembling the spectra of graphite [25]. The Iyp/I¢ ratio values confirm
the above observations, as the ratio for GNWs on Cu is higher (~0.64)
than those on SS and Papyex© (0.42 and 0.37 respectively), manifesting
the thinner morphology of the first [26] (Fig. 4c). Structural defects can
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be evaluated by measuring the Ip/I; ratio. For GNWs over Cu, this ratio
is 1.12, while for GNWs over SS and Papyex© it is 1.12 and 1.16,
respectively (Fig. 4d). It appears that structural defects on GNWs are not
related to the growth substrate. To quantitate the number of defects, we
take the profit of [27] the analysis made by Tuinstra and Koenig and the
more recent expressions reported by Ferrari and Cancado [28]. Ac-
cording to these works, we can use Eq. (1).

-1
Ly, (nm?) = (1.8 £0.5)x107%2; (%) @
where 4y is the excitation laser wavelength in nm (532 nm) and calculate
the distance Lp (in nm) between two point-defects. Inter-defect distance
is calculated ~ 11.3 nm (for GNWs on Cu and SS) and 11.1 nm (for
GNWs on Papyex©). The density of defects per area can be calculated
through equation (2).

(1.8 +0.5)x10% <1£>

2
¥id I; 2

np (cmz) =
Thus, the quantity of defects np in the crystal lattice depends linearly
from the % ratio. In the electrodes, defects are present with a density ~

2.5 x 10! /em? (for GNWs on Cu and SS) and ~ 2.7 x 10" /cm? (for
GNWs on Papyex©) in the crystal lattice, which is an importantly
increased amount, especially if compared with the density of defects
usually present in planar few layers graphene films prepared by CVD
[29]. Probably, the morphology of the GNWs (high amount of lateral
grain boundaries, growth occurring during continuous ion bombard-
ment) accounts for the high density of defects. Nevertheless, it needs to
be evaluated how these defects affect the electrocatalytic properties of
the GNWs. The positions of the 2D bands are located at 2699.1, 2692.6
and 2696.4 cm ™! for the GNWs grown on Cu, SS and Papyex®©, respec-
tively (Fig. 4e). Such shifts in the phonon frequencies are attributed to
changes in the dimension of the crystal lattice, which can lead to
changes of the inherent strain in the GNWs. The amount of strain can be
calculated using the Griineisen parameter yp (adimensional) whose
value has been previously calculated experimentally to be 3.55 for
graphene and apply the Eq. (3).
Auyp

. ©)

2u3prp

where Auyp denotes the shift of the frequency of the 2D phonon mode
with respect to ud, = 2680 cm ), the frequency of the 2D mode of un-
strained pristine graphene [30]. The calculation of strain of GNWs
provided similar values of compressive stress, ¢ = -0.1%, —0.06% and
—0.08% over Cu, SS and Papyex©, respectively, which remain within
the range -0.08%+0.02%. The vertical growth of GNWs discards strain
related to lattice mismatch between graphene and substrate, therefore
strain should be mostly related to the bended nature of the GNWs, as this
can be appreciated in the microscopy images (Fig. 1). The Raman
spectra used for the analysis presented in Fig. 4b-e are presented in
Fig. S4.

XRD characterization was used to obtain more information about the
crystal structure of the GNWs deposited on Cu. The (00 2) graphene peak
is observed at 30.35° (Fig. S5). The peak has a FWHM of 1.95°. Ac-
cording to the analysis performed in [31], based on the use of Scherrets
equation, we calculated that GNWs consist of ~ 5 layers, which is
consistent with the results arising from the Raman analysis.

The electrocatalytic properties and durability of the GNWs towards
HER were evaluated by LSV and chronoamperometry for samples
deposited in all substrates. Fig. 5a shows the polarization curves of Pt
foil, GNWs/Cu, GNWs/SS, GNWs/Papyex© (solid lines) and the sub-
strates only (interrupted lines), after being annealed in high temperature
in a Hy plasma atmosphere (to reproduce the cleaning and activation
process applied prior to GNWs deposition). Pt foil shows an onset po-
tential of 0 V and an overpotential of 34 mV when —10 mA/cm? are
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generated. This current value is used as a reference as it is the approx-
imate current density expected for a 10% efficient solar-to-fuels con-
version device under one sun illumination, thus it is widely used in
literature to compare the efficiency of both electrocatalysts and photo-
catalysts. Meanwhile, the Tafel slope value for the Pt foil is 34 mV/dec
(Fig. 5b). Both above values are in agreement with literature, for Pt [31].
SS electrode displays an onset potential at —192 mV and an over-
potential at —10 mA/cm? of ~320 mV. The corresponding values for the
GNWs/SS electrode are —178 mV (onset potential) and —-340 mV (over-
potential). Thus, the GNWs film promotes the faster evolution of the
hydrogen reaction, as manifested in the reduced onset potential value,
while it later limits the reactions (manifested in the increased over-
potential value). These finding are correlated with the fact that the
inherent catalytic properties of GNWs are poorer compared to those of
SS, which is composed of metallic elements which are good electro-
catalysts (e.g. Ni, see Energy-Dispersive spectrum in Fig. S6). Pristine
graphene films have been reported before to serve as atomic barriers
over metallic substrates, blocking the diffusion of ions towards the
surface of the metallic electrode [9]. The reduced onset potential value
can be explained taking into consideration the hydrophilic nature of the
GNWs. The sluggier kinetics are manifested in the Tafel slope values as
well, in which SS manifest a value of 86 mV/dec, while the GNWs/SS
manifest a value of 115 mV/dec. Therefore, it appears that the GNWs
film does not improve the electrocatalytic performance SS, when applied
as a coating on the substrate. This observation is opposite to what has
been reported in many works regarding the application of pristine single
layer graphene over catalytic surfaces. In many works it has been
exhibited that graphene improved the inherent electrocatalytic proper-
ties of 2D and nanostructured materials, when applied as a coating on
their surface [32,33]. Of course, despite the similar crystal structure,
GNWs differ from graphene in terms of thickness and morphology,
therefore differences in the electrocatalytic response are justified. In the
case of Cu and Papyex©, when GNWs are applied on top, the electro-
catalytic performance improves. In concrete, the onset potential of bare
Cu is 20 mV higher that this of the GNWs/ Cu (=303 mV and —283 mV,
respectively), while the overpotential value decreases ~ 40 mV (—480
mV for bare Cu and —440 mV for GNWs/Cu). Moreover, Tafel slope
value reduces from 135 mV/dec for bare Cu to 112 mV/dec for GNWs/
Cu. Similar results were obtained in the case of GNWs over Papyex®©. In
concrete, the onset potential of bare Papyex© is 40 mV higher that this
of the GNWs/Papyex© (—260 mV and —220 mV, respectively), while the
overpotential value decreases ~ 90 mV (—500 mV for bare Papyex© and
—410 mV for GNWs/Papyex©). Moreover, Tafel slope value reduces
from 119 mV/dec for bare Papyex© to 113 mV/dec for GNWs/Papyex©.
These results demonstrate that when the GNWs film is applied on a
surface of a poor catalytic material, the electrode can operate in a more
efficient way thanks to the inherent performance of the GNWs. The
comparison between GNWs on Cu and GNWs on Papyex© shows a
slightly better activity of the second. This may be related with the fact
that GNWs on Papyex© possess more structural defects and its wall is
formed from more atomic layers, according to the XPS and Raman
analysis provided above. Overall, electrocatalytic activity and defect
concertation follow the same trend between the three samples. Never-
theless, more results are required in order to confirm this hypothesis.
Despite the fact that pristine graphene is widely considered as inert to-
wards the HER, the peculiar morphology and moderate defect density
present in the GNWs, altogether with the very high specific surface area
per electrode surface, increase the electrocatalytic performance of the
latest.

Various durability tests are performed in continuation to further
evaluate the performance of the GNWs/Papyex© electrode. We use the
Papyex© substrate for the durability tests, as it is more flexible,
compared to Cu and SS, and chemically inert, therefore it is suitable for
the chronoamperometry and cycling experiments. First, chro-
noamperometry is applied to evaluate the endurance of the electrode
(Fig. 5¢). The current density remains stable during 3600 s of operation
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Fig. 6. a) Nyquist plots of the GNWs on Papyex© and pristine Papyex© electrode recorded at 390 mV vs RHE. Both experimental data and fitted data are exhibited.

b) equivalent circuit used for data fitting;

Table 1
Equivalent circuit parameters obtained from fitting the EIS data of GNWs on
Papyex© and Papyex© substrate.

Electrode material Ro (Q) Rer (Q) Zg = 1/[Qo(®)"1
Q(Q's™n

Papyex® paper 1.73 8.82 0.026 0.51

GNWs on Papyex® paper 1.45 3.35 0.011 0.62

under a stable potential of —-0.41 V (vs RHE). A stable current density of
—10 mA/cm? is produced, which is in agreement with the results of LSV
(Fig. 5a). We additionally performed durability test over 1000 voltam-
metry cycles, and the HER activity of the GNWs/Papyex© electrode after
this load is displayed in Fig. 5d (green line). Comparison with the
electrode’s activity before cycling (red line) shows a negligible perfor-
mance drop, proving the very long durability and chemical stability
properties of the GNWs nanostructures. Finally, the electrode was
exposed to bending test, to evaluate its mechanical stability. The elec-
trode was bended up and downwards, as illustrated in the draw in
Fig. 5e. The flexible nature of the Papyex© substrate can be appreciated
in the photos shown in Fig. 5f. The electrode has a very good stability
after 100 bending cycles (performed manually), as no changes in the
polarization curve are observed (Fig. 5d, black line). The very good
mechanical stability indicates the potentiality of the GNWs/Papyex©
electrode to be used in flexible electronic devices [34].

The Nyquist plots obtained from the EIS on the GNWs/Papyex© and
Papyex© bare electrode are presented in Fig. 6a. Only one semicircle
appears for both electrodes over the explored frequency range (from
100 kHz to 1 Hz), which indicates that the charge transfer process is the
principal reaction on the catalysts’ surface. EIS is performed at the
overpotential regime for both electrodes (—390 V vs RHE). The equiv-
alent circuit used for fitting the measurement results is included in the
inset to Fig. 6b. It consists of combined resistance (Rg), usually ascribed
to resistance of electrolyte and electrode material, connected in series
with a parallel arrangement of the constant phase element (CPE) and the
charge transfer resistance (R.y), related to chemical processes at the
electrode/electrolyte interface opposing the flow of charge carriers that
participate in HER The R can be approximately estimated by the semi-
circle diameter, thus the bare Papyex®© electrode has a R.; of 8.9 Q, while
the GNWs/Papyex© electrode has a Rct of 3.35 Q. Both experimental
values (points) are in agreement with those calculated by the fitting
procedure (lines) (Fig. 6a and Table 1). The capacitance related to CPE is
slightly higher for the Papyex© sample, which corresponds with a higher
charge transfer resistance. Concluding, the EIS responses validate the
HER performances of the studied catalysts. Comparison of the cyclic
voltammetry curves of bare Papyex© and GNWs on Papyex© showed a
6-fold enhancement for the latest (Fig. S7), indicating that the enhanced
HER activity might originate from the increased electrochemical active
area.

Compared to noble metal-based catalysts, the HER activity of the
GNWs is lower. For noble metals, the onset potential values are 0 V and
the Tafel slope is ~ 30 mV/dec, Therefore, tenths of mA/cm? are
generated at overpotentials < 0.1 V [35]. Ultimately, to enhance the
inherent HER activity of GNWs and approach the activity of noble
metals, other routes to increase the number of active sites should be
explored.

4. Conclusions

GNWs are the vertical derivative of 2-dimensional graphene. Here,
we have demonstrated the growth of GNWs in a variety of metallic and
non-metallic substrates and provide insights on their morphology and
crystalline quality. The inherent properties of the GNWs towards HER in
acidic medium have been evaluated for all substrates. The findings
reveal that when the substrate has higher quality as electrocatalyst than
the GNWs film, its activity becomes limited due to the deposition of the
GNWs coating which acts as a barrier. Only when the substrate has a
lower quality as electrocatalyst than the GNWs, the performance of the
electrode resembles this of the GNWs coating. Moreover, the GNWs
deposited on flexible Papyex© demonstrate very high endurance prop-
erties after one thousand cycles of operation and after being exposed to
manual bending. These findings are expected to carry forward the
research towards development of metal-free electrocatalytic electrodes,
which can potentially replace rare or noble metals in many practical
applications.
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