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In this work, Ni nanoparticles (NPs), with nominal metallic loading of 20 wt%, were deposited on graphene-
based materials (GMs) doped with nitrogen and sulphur, in order to study their electrocatalytic activity to-
wards the oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER) in alkaline medium.
Different chemical reducing agents were employed to synthesize the catalysts. Results indicate that the presence
of heteroatoms in the GMs influences the activity of both the GMs and the Ni-based catalysts. Thus, best results
were obtained for catalyst containing nitrogen and sulphur for the ORR which favours the direct four-electron

pathway, whereas for the HER, the highest performance was observed for N-doped materials.

1. Introduction

As the limited availability of conventional fossil fuels becomes more
apparent, the world needs to shift to more sustainable and renewable
sources of energy. Thus, the development of fuel cells (FCs) or electro-
lysers, energy conversion technologies devices that provide clean energy
(renewable and environmentally friendly), essential to compensate for
the expected shortage, has become key to achieving a solution to this
problem [1]. Indeed, significant progress has been made in under-
standing the underlying mechanisms and catalysts that drive both the
oxygen reduction reaction (ORR) [2-5] and hydrogen evolution reaction
(HER) [6-9] that occur in these devices, leading to notable advances in
these technologies. The current goal is to improve its efficiency, scal-
ability, and economic viability, thus paving the way for the widespread
adoption of hydrogen as a clean and sustainable energy vector. Today,
critical raw materials (CRM) continue to have significant importance in
the European economy. These materials, deemed strategically vital and
with a high supply risk, are crucial for countless sectors such as elec-
tronics, renewable energy, automotive and aerospace, among others
[10]. Thus, extensive research [11-16] has been conducted for decades
to avoid the use of platinum group materials as catalysts for proton
exchange membrane fuel cells (PEMFCs) and PEM electrolysers.
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The slow kinetics of the ORR is one of the main constraints of
PEMFCs [1,17,18]. To alleviate this problem, extensive research has
demonstrated that doping graphene with heteroatoms such as B, P, N or
S improves the catalytic activity of the catalyst, favouring the reaction
through the 4-electron pathway. Soo et al. [19] studied the influence of
different nitrogen precursors (melamine and urea) on the performance
towards ORR and stated that those N-doped graphene oxide samples
reduced with melamine exhibited higher current density and better
activity. Later, Chanda et al. [20] prepared a nitrogen-doped graphene
oxide using a microwave plasma technique with ammonia flow, devel-
oping an onset potential of 0.8 Vgyg towards the ORR. Furthermore,
descriptions of the synergetic effect of double doping in graphene-based
materials (GMs) can be found in the literature, more specifically, those
related to S and N on the ORR activity [5,21-24].

Additionally, non-precious metals supported on GM catalysts can
improve the catalytic activity towards ORR in alkaline medium [25,26].
For example, the insertion of NiCuP nanotubes and NiCuN nanorods into
reduced graphene oxide (rGO) revealed a good catalytic performance
through 4-electron pathway [27]. Zhang et al. [28] reported the syn-
ergetic effect between transition metal oxides and graphene-based ma-
terials, establishing that the incorporation of N heteroatoms indeed
enhances the activity of these catalysts, leading to an onset potential for
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the ORR of 0.89 V Vyyg and ca. 4-electron transfer number.

Regarding the HER, Ni-based catalysts, such as Ni-foam based
[29-31] or Ni-Co alloys [32,33], stand out among others for their low
cost, abundance, and outstanding activity towards this reaction in
alkaline medium. Ni-graphene has also been proposed as catalyst for this
reaction. Franceschini and Lacconi [34] reported an onset potential of
—0.55 Vgyg for the HER at the Ni/rGO hybrid material prepared by
electrodeposition. Nickel loaded graphene-like carbon sheets prepared
by Xu and co-workers [35] showed an overpotential of —0.205 V Vgyg at
a current density of 10 mA-cm ™2, whereas N-NiO nanosheets arrays
reported by Wang et al. [36], and N-doped graphene-encapsulated Ni-Cu
alloy from Liu and coworkers [37], presented values of —0.154 V and
—0.122 V at the same current density, respectively.

In the present paper, GMs doped with N and S were synthesized
employing caffeine and ammonium thiocyanate, both as doping and
reducing agents, to study their electrocatalytic activity towards the ORR
and the HER. In addition, undoped rGO was prepared following a hy-
drothermal method using sodium citrate as a reducing agent [38].
Finally, Ni nanoparticles were supported on graphene-based materials,
considering a nominal metallic loading of 20 wt% by the sodium boro-
hydride method.

2. Experimental
2.1. Synthesis of catalysts

2.1.1. Synthesis of graphene oxide (GO)

The preparation and physicochemical characterisation of GO have
been already described in a previous work [5], following the reported
modified-Hummers method [39]. Briefly, 1 g graphite powder (<20 pm,
powder synthetic; Sigma-Aldrich) was mixed with 30 mL of concen-
trated HSO4 (Merck P.A) cooled in an ice bath. Later, 3.5 g of KMnO4
(99-100.5 %, Sigma-Aldrich) was slowly added while being continu-
ously stirred and cooled. After removal from the ice bath, the mixture
was stirred for 1 h at 35-40 °C. Then, the solution was diluted with 52
mL of Milli-Q and heated up to 95-98 °C over 15 min. Next, 140 mL of
ultrapure water (18.2 M Q cm™}, Milli Q, Millipore) was slowly intro-
duced, followed by 1.25 mL of 30 % v/v H203 (35 %, Emplura®), and
the stirring was kept for 24 h. Finally, the dispersion was centrifuged
with Milli-Q water until a pH of 7 was achieved in the supernatant
liquid. The resultant GO material was dried using an oven at 60 °C
overnight.

2.1.2. Synthesis of rGO using a green method

In order to obtain the rGO [38], an adequate amount (16.3 mmol) of
reducing agent (NazCgHs07-2H50; > 99.0 %, Sigma-Aldrich) was dis-
solved in Milli-Q water (40 mL) and mixed with 40 mL of GO aqueous
dispersion (4 mg-mL™1). The final dispersion was placed into a Teflon-
lined autoclave and heated at 95 °C for 10 h. Afterwards, rGO was
washed by centrifugation (4000 rpm, 10 min) using Milli-Q water and
then transferred to an oven at 60 °C for 24 h to obtain a reduced GO
powder.

2.1.3. Synthesis of doped GMs

The preparation of doped GMs with N and S/N has been already
described in a previous work [5]. Concisely, an adequate amount (4
mmol) of reducing agent (NH4SCN or caffeine) was ultrasonically
dispersed in Milli-Q water and mixed with a GO aqueous dispersion
(0.15 g-mL™Y) in each case. The final dispersion was placed into a
Teflon-lined autoclave and heated at 160 °C for 10 h. Afterwards, SNrGO
(from NH4SCN; 99.99 %, Fluka) and N-rGO (from caffeine; > 99.0 %,
powder, Sigma-Aldrich) were washed by centrifugation using Milli-Q
water and then transferred to an oven at 60 °C for 24 h to obtain a
reduced/doped GO powder.
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2.1.4. Ni-based catalysts preparation

The sodium borohydride reduction method (BM) [40,41] was used to
reduce the metal precursor (NiCly-6H50; > 98.0 %, Fluka). Briefly, an
aqueous solution of the GMs was sonicated for 30 min and kept stirring
for ca. 24 h. After that, a water solution containing the metal precursor
was slowly added to the carbon suspension, and then, the pH was
adjusted to 5 with diluted HCl solution (>37 %, Fluka) and kept under
stirring for 24 h. Next, metal ions were reduced by the gradual addition
of a NaBH4 (99 %, Sigma-Aldrich) solution under sonication at a con-
stant temperature of 20 °C and kept under stirring for 12 h. Subse-
quently, catalysts were copiously washed with ultrapure water under
centrifugation (4000 rpm for 10 min). Finally, the material was sub-
mitted to a thermal treatment during 2 h under a reducing atmosphere
(N2:H; ratio of 95:5; 100 mL-min~!) at 500° C.

2.2. Physicochemical characterisation

X-ray diffraction (XRD), scanning electron microscopy (SEM)
coupled with energy dispersive X-ray technique (EDX), elemental
analysis, Raman and infrared spectroscopy techniques were used to
characterise the materials.

SEM images were obtained with a Zeiss Evo 15 microscope coupled
with Oxford X-MAX (50 mm?) EDX detector.

High-resolution transmission electron microscopy (HRTEM) images
were acquired using a Thermofisher Talos F200X G2 at an accelerating
voltage of 200 kV using a high speed CETA camera operating at a res-
olution of 4096 x 4096 pixels without any objective aperture. High angle
annular dark field (HAADF) images were acquired with a Panther
annular STEM detector using a convergent beam with an angle of 10.5
mrad and a camera length of 330 mm. The EDX maps were taken with a
Super X spectrometer equipped with four 30 mm? silicon drift detectors
with a collection angle of 0.7 srad. Data processing and arrangement
have been performed with the Thermofisher proprietary software
VELOX.

Powder XRD diffractograms were acquired from a X’Pert PRO X-ray
diffractometer (PANalytical) to determine the crystal structure. Mea-
surements were obtained using the CuK radiation (A = 1.5405 [o\) and the
X’pert high score plus diffraction software. 20 data were collected from
5° to 100° with a scanning rate of 0.04 s~1. Crystalline phases were
identified by comparing the experimental diffraction patterns with the
Joint Committee on Powder Diffraction Standards (JCPDS).

An elemental analysis with an experimental error close to 0.04 % was
performed using an Elemental Analyzer CNHS FLASH EA 1112 (Thermo
Scientific).

Raman spectra were collected using a SPELEC RAMAN (Metrohm
DropSens) microscope, with a green laser (A = 532 nm) and a Raman
probe in the 200 to 3200 cm™! range. The equipment was controlled
employing DropView Spelec 3.2.2 software. Infrared measurements
were acquired with a JASCO FT/IR-6800 Spectrometer.

X-ray photoelectron spectroscopy (XPS) spectra were acquired using
a hemispherical analyser equipped with five channeltron detectors
(SPECS Phoibos 100 MCD-5). The Al Ka radiation (hv = 1486.6 eV) of a
twin-anode X-ray source operated at 300 W was used. The base pressure
in the analysis chamber was below 4-10"° mbar during spectra acquisi-
tion. Binding energies were determined by referencing the Cls peak of
C—C species at 284.6 eV. Data analysis and quantification were per-
formed using CasaXPS software.

2.3. Electrochemical characterisation

The activity of the electrocatalytic materials was evaluated towards
the ORR and HER using by means of cyclic voltammetry, linear sweep
voltammetry and rotating ring-disk electrode (RRDE).

The electrochemical experiments were carried out at room temper-
ature using a three-electrode half-cell, with a carbon cylinder as counter
electrode and a hydrogen reference electrode in the electrolyte solution
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(reversible hydrogen electrode, RHE) as reference. All the potentials in
this work were given against the RHE. The working electrode consisted
of a thin layer of the catalyst deposited onto a glassy carbon disc (0.196
cm?). The ink was prepared by mixing 2 mg of the catalyst powder, 15 L
of Nafion® solution (5 wt%, Sigma-Aldrich) and 500 pL of Milli-Q water
and keeping under sonication for 45 min. Electrochemical measure-
ments were performed with a PC-controlled Autolab PGSTAT30 poten-
tiostat-galvanostat (Metrohm Autolab) in 0.1 M NaOH (>99.99 %,
Sigma-Aldrich) electrolyte solution.

ORR studies in alkaline medium were performed using a rotating
ring-disk electrode (RRDE, PINE) in the potential range from 1.1 to 0 V
at 2 mV-s~L. The potential at the Pt ring was kept at 1.2 V. Before each
measurement, Argon (N50) was bubbled through the solution to avoid
dissolved oxygen, and several cyclic voltammograms were performed in
the potential range 1.0 — 0 V at a scan rate of 20 mV-s~* for electrode
activation. Then, for the ORR, the electrolyte was saturated with Oy
(99.995 %, Air Liquide) over 20 min at a controlled disk potential of 1.1
V. Steady-state polarization curves were carried out between 1.1 and 0 V
at rotating speeds of 400, 600, 900, 1600 and 2000 rpm to evaluate the
ORR kinetic parameters.

For the HER studies, the measurements were performed with a
Princeton Applied Research (PARSTAT 3000A-DX, model 636A)
potentiostat/galvanostat with a standard 3-electrode system, using RHE
as reference electrode, a Pt-wire as counter electrode and rotating ring-
disk electrode (RRDE) as working electrode (0.2475 cm?). The ink was
prepared following the same procedure as the above-mentioned. Higher
electrolyte concentration was used to avoid significant resistance values.
Prior to all the electrochemical studies for these reactions, the NaOH 1 M
solution was first purged for 30 min with N3 and then saturated with Hy
for 30 min. The potential was iR corrected to remove ohmic loss across
the electrolyte. For the HER, polarization curves were carried out be-
tween 0.15 and —1 V at a scan rate of 2 mV-s !, with a rotation speed of
1600 rpm. Tafel analysis was performed by plotting the logarithm of
current density (mA-cm~?) vs. overpotential.

Hydrogen evolution reaction was also evaluated through electro-
chemical impedance spectroscopy (EIS) technique, performed at fre-
quency range of 100 kHz to 0.1 Hz with a sinusoidal potential difference
of 30 mV. EIS measurements were carried out using an OrigaFlex —
OGFO01A potentiostat-galvanostat from Origalys, controlled by Origa-
Flex 5.0 software.
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3. Results and discussions
3.1. Physicochemical characterisation

3.1.1. Graphene supporting materials (GMs)

First, graphene materials were characterized by XRD. Diffraction
patterns of graphite, GO, rGO and two different doped GMs (N-rGO and
SNrGO) are given in Fig. 1. Graphite develops a sharp peak located at
26.6° corresponding to the diffraction plane C(002). After oxidation,
the graphitic peak shifts to 20 = 10.9° which accounts for an increase in
the interlayer spacing between the GO sheets. When GO is reduced (rGO,
N-rGO or SNrGO), the number of intercalated oxygen functional groups
(OFGs) decreases, appearing a broader contribution at 24-25°. Addi-
tionally, these graphene materials reveal a small signal close to 45°,
associated to the plane C(100).

Diffraction parameters obtained from Fig. 1 are summarized in
Table S1. The number of layers for all GMs was calculated using
equation S1, ranging between 4 and 10 for the rGO materials, which
allows us to expect that all prepared materials behave as graphene rather
than graphitic materials (as stated in the literature [42,43], having more
than 10 layers of graphene makes it behaves as bulk graphite). It is also
shown that the C—C interplanar spacing expands from 0.34 nm for
graphite to 0.88 nm for GO (with intermediate values close to 0.40 for
the other reduced materials), which can be related to the presence of
OFGs and other heteroatoms between the graphitic layers. According to
the interplanar spacing from XRD results (Table S1) and confirmed by
elemental analysis (Table S2), the amount of OFGs increases in the
following order: SNrGO < N-rGO < rGO < GO. Considering the presence
of both S and N (bigger than O atoms) in SNrGO, interplanar spacing for
this material is higher than N-rGO, but lower than rGO and GO due to
the higher amount of oxygen groups in these materials (N-rGO < SNrGO
< rGO < GO).

Additionally, infrared spectroscopy allows to determine the nature of
the functional groups present in the synthesized materials. The FTIR
spectra obtained for graphite, GO, rGO, N-rGO and SNrGO samples and
the assignment of the vibrational modes can be seen in Figure S1 and
Table S3 [44-46]. Briefly, the FTIR spectrum of GO shows a broad band
between 3600—2900 cm™! and a peak at 1045 cm ™ that clearly in-
dicates the presence of ~OH groups, whereas the peak at 1725 cm™!
corresponds to the ketone (C=O0) stretching vibration. The contribution
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Fig. 1. XRD patterns for a) supporting materials and b) Ni-based catalysts.
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at 1620 cm ! can be assigned to the sp? hybridization (C=C) and that at
1220 em™! to C—O—C stretching mode. After the reduction, the in-
tensity of all the signals diminishes, confirming that the reduction of the
OFGs in the graphene oxide (C=0, —OH) is successfully achieved. In N-
rGO and SNrGO, the small signals at 1640 and 1560 cm ™! correspond to
the -NH; and -N—H stretching modes, respectively. The presence of S in
SNrGO was confirmed by G—S signals at 1385 cm™L.

On the other hand, Raman spectroscopy was employed to study the
structural changes and the disorder degree, by comparing the intensities
of the D (ca. 1340 cm 1) and G (ca. 1580 cm ™ !) bands. Low Ip/Ig values
are related to more graphitic systems (prevailing sp?> domains) and high
values with more disordered structures (with the presence of sp® hy-
bridization) [47]. Fig. 2 depicts the Raman spectra for all the GMs.

Main results indicate an increase in the Ip/Ig ratio (~1) following the
order rGO < N-rGO < SNrGO when compared to graphite (Ip/Ig = 0.22)
and GO (Ip/Ig = 0.86) which results from the increment in the relative
presence of defects [48] in the structure, that is, the introduction of
heteroatoms in the reduced GO. The presence of both C—S and C—N
bonds in SNrGO points out the prevalence of sp> domains in this catalyst.

3.1.2. GMs containing Ni nanoparticles (NPs)

SEM coupled with EDX was employed to study the morphology, as
well as Ni content, of the as-prepared Ni/rGO, Ni/N-rGO and Ni/SNrGO
catalysts. Figure S2 depicts SEM images of the three different graphene
materials with Ni NPs. A layered structure, with wrinkled ending sheets
entangled with each other, can be seen. Ni content in the as-prepared
materials (Ni/rGO, Ni/N-rGO and Ni/SNrGO) are 12.8, 20.6 and 18.7
wt%, respectively (Table S4), notably increasing its content when N and
S are present in the graphene network for the supporting material (3.8
wt% N for N-rGO and 2.0 wt% S and 1.2 wt% N for SNrGO), which

G
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Fig. 2. Raman spectra for all the materials studied.
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indicates that the presence of heteroatoms could act as anchoring sites
[49,50], leading to higher metal loading.

EDX analysis show that the carbon content in these samples is quite
high (69-79 wt%) which interfere with N detection through overlapping
of signals, which would make them impossible to be differentiated. El-
ements of low atomic number (such as N) are difficult to be detected
through this technique, especially when they are present in lower
quantities [51]. Thus, EDX failed to reliably demonstrate the presence of
N. However, N content was nonetheless detected in Ni/N-tGO by
elemental analysis (1.4 wt%). It has to be taken into consideration that
the preparation of Ni-based catalysts involved a thermal treatment,
which could be the reason for the decrease observed in S content in Ni/
SNrGO (Table S4) compared with SNrGO (Table S2) and also the
decrease in N content obtained from elemental analysis for Ni/N-rGO
respect to N-rGO.

Ni nanoparticles distribution and surface topography were estab-
lished by HRTEM, and results are depicted in Figure S3. HRTEM images
confirm the presence of Ni NPs formation onto the graphene sheets. In
general, a certain degree of aggregation of Ni NPs was observed, but this
is lower in Ni/SNrGO (Figure S3 C), suggesting that the presence of both
S as dopant heteroatom favours a good dispersion on the graphene
material. Particle size for these materials was determined from HRTEM,
having the results compiled and represented in a histogram (Figure S4).
An asymmetric distribution can be seen for Ni/N-rGO, with a predom-
inance of particles larger than average. The average particle size in-
creases as follows: Ni/rGO (8.3 nm) < Ni/SNrGO (14.4 nm) < Ni/N-rGO
(16.2 nm). Particle sizes are very similar to crystallite sizes (Ni/rGO (7.4
nm) < Ni/SNrGO (14.3 nm) < Ni/N-rGO (16.0 nm) from Table S5) and
follows the same trend of Ni content (Ni/rGO (12.8 wt%) < Ni/SNrGO
(20.6 wt%) < Ni/N-rGO (18.7 wt%) from Table S4) indicating that the
amount of Ni is the factor determining these sizes.

HAADF and STEM coupled with EDX mapping were used to study the
elemental distribution in Ni-based catalysts (Figure S5). The analysis
shows that the O atoms are well distributed in the graphene support, also
following the same pattern as Ni NPs and S in their respective
counterparts.

Diffractograms for the Ni-containing catalysts are given in Fig. 1.
Three peaks appear at 20 = 44, 52 and 76° which are assigned to the
(111), (200) and (220) crystallographic planes of fcc Ni NPs (JCPDS
#04-0850). Meanwhile, XRD peaks at 37, 43 and 63° are related to the
(111), (200) and (220) crystallographic planes of NiO (JCPDS
#044-1159). Therefore, the presence of both crystalline Ni and NiO is
established from these results. The Ni NPs crystallite size was deter-
mined from XRD patterns in Fig. 1 using the Scherrer equation
(Table S5). Similar values were obtained increasing in the following
sequence: Ni/rGO (7.4 nm) < Ni/SNrGO (14.3 nm) < Ni/N-rGO (16.0
nm) with an interplanar distance Ni-Ni of 0.18 nm calculated from the Ni
(200) signal. The XRD crystallite sizes are similar to those particle sizes
determined by HRTEM.

Additionally, the interplanar spacing for the carbon layer is the same
in all cases (0.34 nm) and smaller than the corresponding graphene-
supporting material, a result that can be ascribed to the decrease in O
content that occurs after the introduction of the Ni particles (compare
data for atomic % content in O in Table S2 and Table S4 for supporting
GMs and Ni-containing materials, respectively). On the other hand, an
increase in the number of graphene layers once N or S/N was inserted
seems to be related to the content of N (3.8 and 1.2 N wt. % for N-rGO
and SNrGO, respectively, see Table S2), which promotes the anchoring
of Ni NPs (20.6 and 18.7 Ni wt. % for N-rGO and SNrGO, respectively)
compared to those supported on rGO (12.8 Ni wt. %)(see Table S4).
According to the results, the broadening of the diffraction peaks points
out to a decrease in particle size (Table S5).

The disorder degree, according to the Raman spectra for the Ni-
containing materials in Fig. 2, increases in the same order described
previously for the supporting GMs. Ip/Ig values for the metallic catalysts
are higher than their respective supporting GMs, suggesting that the
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introduction of Ni triggers the increase of the presence of defects in the
graphene network.

Finally, XPS analysis of Ni-containing materials was used to provide
information on the chemical state of the elements at the catalyst surface.
XPS spectra corresponding to the C 1 s, and S 2p core levels for the
supporting GMs are reported in a previous work [52]. Briefly, results
revealed a high content of oxygen species (C-OH, 0—C—0, C=0) in the
rGO, confirming that the NagCqHs07-2H20 worked as a weak reducing
agent, compared to caffeine and NH4SCN. In addition, doping with
caffeine and NH4SCN introduces pyridinic, pyrrolic groups and quater-
nary species [52].

Deconvoluted spectra of the Ni/SNrGO catalyst for C, O, N, S and Ni
core levels are depicted in Fig. 3 and data are summarized in Table 1. N
1 s spectrum can be deconvoluted in three main peaks that indicate the
presence of different nitrogen species such as pyridinic (398.8 eV) and
pyrrolic (400.4 eV) groups and quaternary species (401.1 eV)
[21,53-55]. In addition, S 2p spectrum shows two contributions at 162.6
and 163.8 eV, corresponding to S 2p3,2 and S 2p; o, respectively [56].
These two contributions can be attributed to -C—S—C species[57,58].
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Ni 2p XPS spectrum presents two contributions at 853.0 and 870.3 eV,
corresponding to Ni 2p3/ and Ni 2p; 9, respectively, with two satellite
peaks (861.7 and 879.5 eV). The Ni 2p can be deconvoluted into four
peaks (Table 1) corresponding to metallic Ni, NiO, Ni(OH), and the
satellite peak [57,59]. The carbon signal is mostly composed by different
oxygenated species (C—O—C, C=0 and C-OH), and species associated
with the formation of C—C sp2 (284.6 eV) and C—C sp3 bonds (285.4
eV) [60]. Generally, C—N/ C—S signals appear at the binding energy of
285.4 eV, making impossible to discern with C—C sp® XPS signal.

XPS spectra for Ni/rGO and Ni/N-rGO can be seen in the supporting
information (Figures S6 and S7). The C 1 s spectrum of Ni/rGO exhibits
the characteristic peaks of C—C sp2 (284.6 eV), C—C sp3 (285.4 eV) C-
OH (286.2 eV), C—0—C (287.8 eV) and C=0 (290.5 eV) [21,52,60,61],
confirming the presence of epoxide, hydroxyl, and carbonyl groups
(Figure S6). The O 1 s spectrum for this catalyst displays a small
contribution located at 530.8 eV which can be related to oxidized spe-
cies of Ni [39]. However, the Ni signal for Ni/rGO does not appear in the
survey, even though this metal was detected by XRD and EDX, so it is
concluded that Ni is not located at the first nm of the surface. This fact

Ni/SNrGO

o Raw spectrum

Fitting results

292 290 288 286 284 282
BE (eV)

—— N-pyridinic
N-pyrrolic
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Fig. 3. XPS spectra of Ni/SNrGO.



S.J. Martinez et al.

Inorganica Chimica Acta 566 (2024) 122008

Table 1
Atomic concentration %, binding energy and assignments of chemical species observed in the surface of Ni-based catalyst by XPS.
Material Ni/rGO Ni/N-rGO Ni/SNrGO
Element B.E./ eV Assignment At. % B.E. / eV Assignment At. % B.E. / eV Assignment At. %
Cls 284.6 C sp? 60.3 284.6 C sp? 38.0 284.6 Csp? 52.9
285.4 Csp® 5.4 285.4 Csp® 5.5 285.4 Csp® 18.4
286.2 C-OH 24.2 286.7 C-OH 40.5 286.6 C-OH 14.2
287.8 C—0—C 5.3 288.6 C—0—C 7.4 288.5 C—0—C 10.2
290.5 c=0 4.8 290.5 Cc=0 8.6 290.4 Cc=0 4.3
Ols 530.8 Metal oxide 4.4 530.1 Metal oxide 4.5 529.6 Metal oxide 6.1
532.2 0=C 26.4 531.8 0=C 28.8 531.4 0=C 22.5
533.5 OH-C 53.5 533.2 OH-C 45.1 532.2 OH-C 46.0
534.7 Hy0 15.8 534.4 H>0 21.6 533.6 H;0 25.4
N1ls - N-Pyridinic - - N-Pyridinic - 398.8 N-Pyridinic 24.9
- N-Pyrrolic - - N-Pyrrolic - 400.4 N-Pyrrolic 57.2
- N-Quaternary - - N-Quaternary - 401.1 N-Quaternary 17.9
S 2p3/2 - -C—S—C- - - -C—S—C- - 162.6 -C—S—C- 66.6
S 2pi,2 - -C—S—C- - - -C—S—C- - 163.8 -C—S—C- 33.4
Ni 2p - Ni® 2p3/» - 852.9 Ni® 2ps /5 2.7 853.0 Ni® 2ps /5 4.7
- Ni® 2p;,2 - 870.1 Ni® 2p; /5 1.4 870.3 Ni® 2p; /5 2.4
- NiO 2ps/» - 854.3 NiO 2ps/» 5.2 854.2 NiO 2ps/» 6.6
- NiO 2p1 /2 - 871.8 NiO 2p1,2 3.8 871.7 NiO 2p;/2 3.8
- Ni(OH); 2p3,2 - 856.2 Ni(OH); 2p3/2 54.3 856.2 Ni(OH); 2ps/» 51.5
- Ni(OH)» 2p1» - 873.8 Ni(OH)» 2p1» 32.6 873.8 Ni(OH)» 2p1» 31.0
could be associated with the lower inelastic mean free path of Ni 2p (il) : Os + HyO + 2 —HO,™ + OH" o)
photoelectrons as compared to that of O 1 s photoelectrons.
It should be pointed out, that the survey spectrum of the samples was HO,™ + Hy0 + 2~ —30H" 3)

measured using a pass energy of 15 eV to enhance the intensity of weak
peaks. However, no Ni signal was detected in the Ni/rGO sample. For the
Ni 2p region (in those samples where Ni is observed, Ni/N-rGO and Ni/
SNrGO) a lower pass energy of 9 eV was used to enhance the resolution.
This improvement in resolution is at the expense of a decrease in in-
tensity, therefore making even more difficult to detect any Ni signal in
the Ni/rGO sample. For this reason, the Ni 2p spectrum of Ni/rGO
sample was not measured at 9 eV.

As shown in Figure S7, the carbon signal for Ni/N-rGO XPS spectrum
is mainly composed of different oxygenated species, including epoxide,
hydroxyl, and carbonyl groups as in the other Ni-containing materials.
The Ni 2ps,, can be deconvoluted in four peaks at 852.9, 854.3, 856.2
and 862.1 eV [62,63], corresponding to Ni(0), NiO, Ni(OH), and the
satellite peak, respectively. Although N was not detected in Ni/N-rGO by
XPS, as previously stated, its presence was confirmed by elemental
analysis. Considering the noise level for N 1 s signal in the XPS spectra
for N-rGO (shown in [52]) at 3.8 wt%, it is reasonable that the N1 s
signal would not be reliably detected at the smaller amounts present in
Ni/N-rGO (1.4 wt%).

XPS analysis (given in Table 1) revealed that Ni/SNrGO is composed
by more oxygenated species than its Ni-based catalysts counterparts,
which agrees with the results from EDX analysis (see Table S4). More-
over, a higher metallic Ni content was observed in Ni/SNrGO sample.

Oxidation is bound to occur when the material is exposed to atmo-
spheric pressure and aqueous media. Thus, Ni(OH), detection by XPS
can be attributed to the oxidation of the surface of the catalyst, creating
a thin layer of Ni(OH), mainly localised on the surface [64-67]. The lack
of detection of nickel hydroxide by XRD does not directly imply the
complete absence in the catalyst, but rather that the Ni(OH), phase
could be amorphous.

3.1.3. Electrochemical performance towards ORR

The catalytic performance towards the ORR depends on several
factors such as geometric and electronic parameters [68-70]. The oxy-
gen reduction reaction in alkaline medium can proceed through two
different pathways [71]: (i) the direct four-electron transfer pathway
(equation (1) from oxygen to water, and the (ii) two-step (two-electron
pathway, egs. (2) and (3) from oxygen to hydroperoxyl ion (HOs3).

(l) : 0, +2H,0 + 4e” —>40H (€8]

In order to study the catalytic activity for the ORR, the RRDE technique
was applied (Fig. 4). The top panels show the polarization curves
recorded at 2mV-s~ ! in 0.1 M NaOH (1600 rpm), meanwhile the bottom
ones depict the signal for the peroxide production acquired with the ring
electrode at 1.2 V (corresponding to a 2-electron pathway). Hydrogen
peroxide percentage (right inset in Fig. 4 B and D) was calculated using
equation (4) [71]. Also, the number of electrons transferred (nejectrons,
Table 2) was calculated (left-upper insets in Fig. 4 A and C) by the
equation (5) [71], where N is the current collection efficiency of the ring
(0.22), and jp and jg are the ring and disk current densities, respectively.
Current densities in Fig. 4 were obtained using the geometric area.

2004
% HO, = ——N— 4
(|jD| +—)
Al
IJD‘ (5)

Nejectrons = 7 N
(ol +¥)

The number of transferred electrons with rGO, N-rGO and SNrGO as
electrocatalysts was 3.6, 3.6 and 3.7, respectively. Once Ni was depos-
ited on the supporting materials, the number of transferred electrons
increased, showing values of 3.6, 3.7 and 3.9 for Ni/rGO, Ni/N-rGO and
Ni/SNrGO, respectively, at potentials below 0.8 Vgyg. Therefore, Ni
deposition leads to favour the 4-electron pathway for the oxygen
reduction reaction in these materials.

To compare the different catalysts’ performance for ORR, the data
has been summarised in Table 2. The kinetic parameters obtained from
the polarization curves (Fig. 4), as well as the current density at two
fixed potentials and the achieved potential at —1 mA-cm ™2 have been
included.

ORR results revealed that the insertion of N into the graphenic
network increased the E,,st towards the ORR, while the dual S/N-
doping enhanced the electron transfer and achieved higher current
density at 0.6 Vgyg (-1.56 mA-cm~2). Nickel deposition led to lower
overpotentials compared to the supporting GMs. Ni/SNrGO developed a
higher Eqpser (0.84 V) than the other electrocatalysts with Ni NPs, which
indicates that the ORR occurs more easily on the surface of this
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Fig. 4. LSV curves for ORR recorded in O,-saturated at 1600 rpm in 0.1 M NaOH at 2 mV-s~! for the GMs (A) and Ni-based catalysts (C) (top panels); current
densities developed at 1.2 V at the Pt ring electrode for GMs (C) and Ni electrocatalysts (D) (bottom panels). Number of electrons (inset, left of A and C) and as

percentage of HO, production at the Pt ring (inset, right of B and D).

Table 2

Kinetic parameters for ORR at the electrodes in O, saturated 0.1 M NaOH.
Catalyst J2 Jb E¢ Eonset Tafel Tafel HO,f E1/2 (V)

(mA/cm?) (mA/cm?) w) w) Slope? Slope® (%)
(mV/dec) (mV/dec)

rGO —1.45 —0.32 0.67 0.79 55 103 20.2 0.63
N-rGO —1.45 —0.29 0.67 0.78 67 101 20.8 0.60
SNrGO —1.56 -0.27 0.67 0.78 65 111 13.3 0.62
Ni/rGO —1.24 -0.27 0.64 0.83 56 126 22.8 0.66
Ni/N-rGO —1.23 —0.20 0.63 0.81 53 106 13.7 0.65
Ni/SNrGO -1.41 —0.43 0.68 0.84 48 118 3.1 0.69

a: at 0.6 V; b: at 0.75 V; ¢: at —1 mA-cm™2; d: low overpotential and e: high overpotential regions.

electrode. Ni-based catalysts develop the best performance towards this
reaction in terms of onset potential values. Furthermore, a 4-electron
pathway reduction of oxygen occurred when doping with S and N
(SNrGO and Ni/SNrGO).

The order for hydrogen peroxide production (%) decreases for the Ni
containing materials as follows: Ni/rGO > Ni/N-rGO > Ni/SNrGO (see
Table 2). Results obtained for the different supporting materials, as well
as the rGO, are similar to those reported in previous works [5,58].
Although in the case of Ni/rGO the HO,~ production slightly increases,
in the case of doped-graphene materials drastically diminishes, espe-
cially in the case of the bi-doped material from 14.6 to 3.0 %.

Similar current densities were achieved for all electrocatalysts, fall-
ing, all of them, within a range between —1.2 and —1.6 mA-cm™2,
Although these values are quite low, it was observed that the 4-electron
pathway is favoured for S and N-doped catalysts (SNrGO and Ni/
SNrGO), as the percentage of hydrogen peroxide production decreased
significantly. It is worth mentioning the value obtained for Ni/SNrGO, as
it produced ca. five times less HO2 (3.0 %) than its supporting material
(14.6 %).

Half-wave potential (E;,2), defined as the potential to reach half of
the limiting current density obtained from the LSV curve, is commonly
used to evaluate the oxygen reduction reaction’s performance.
Certainly, the lower the difference between the E;,, and the

thermodynamic potential value (1.23 vs RHE), the better the catalytic
response of the material towards the ORR [58,72,73]. Although the
determination of the half-wave potential has a relatively large error due
to the absence of a well-defined plateau, some conclusions can be
attained from the values in Table 2. Ni-based catalysts exhibited higher
Ey /2 values, suggesting that Ni deposition leads to better ORR perfor-
mance. For instance, Ni/SNrGO displayed the highest half-wave po-
tential value of all catalysts studied (0.69 Vgyg)-

As previously introduced, Ni deposition commonly leads to an
enhancement of electrocatalytic activity towards the oxygen reduction
reaction. Nevertheless, the limiting current observed for the Ni-based
electrocatalysts in Fig. 4 was slightly lower than their GM counter-
parts. For better understanding of these results, LSV curves were
normalized with the electrochemical active surface area (ECSA). RRDE
theory [71,74] applies to planar electrodes but in the present paper, the
configuration of the working electrode is different and consists of a thin,
porous layer of the catalysts fixed on a planar disk. Moreover, Ni content
is different in the catalysts. So, referring to ECSA, both parameters,
which influences the electrochemical activity of the materials, are
considered. The calculations regarding the ECSA are detailed in the
supporting information Figures S8-S10), with the results depicted in
Figure S10 being used alongside the data from Fig. 4, to obtain the
curves shown in Fig. 5. It is noted that, as shown in Figure S10, the
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Fig. 5. LSV normalized with electrochemical surface area (ECSA) of
the materials.

deposition of Ni implies an overall decrease in electrochemical active
surface area values with a significant drop in the materials with het-
eroatoms (Ni/N-rGO and Ni/SNrGO) [75]. This drop justifies the
decrease in the current densities observed in Fig. 4.

Considering Fig. 5, the LSV obtained for rGO and Ni/rGO are quite
similar in terms of limiting current, while the curves corresponding to
Ni/N-rGO and Ni/SNrGO exhibit a higher limiting current value. These
curves prove that Ni deposition enhances the catalytic activity, leading
to a four-electron pathway towards the ORR and higher onset potential
values.

According to the previous values, it can be established that the cat-
alytic activity towards the ORR increases in the following order: Ni/rGO
< Ni/N-rGO < Ni/SNrGO in terms of ORR onset potential, current
density at a fixed potential, number of electrons exchanged and per-
centage of HOy produced during the reaction.

Tafel plots at low overpotentials (~0.8 V) and high overpotentials
(~0.7 V) were used for the study of the ORR mechanism at these ma-
terials (Fig. 6). These values are frequently used to determine the rate-
determining step (RDS). In alkaline medium, the operating mecha-
nisms accepted for the ORR for these materials is the associative one
[69]:

02— O (aas) 6)
Os(ats) + H,0 + ¢ >OO0H (445) + OH~ @
OOH (445 + ¢~ = O(aa5) + OH~ 8)
Oluds) + H,0 + ¢~ >OH 44 + OH™ 9)
OH oay) + ¢ —OH" (10)

The Tafel slopes for all the materials studied are depicted in Fig. 6 and
summarised in Table 2. At low overpotentials, which is the kinetic-
diffusion controlled region, the GMs exhibit a Tafel slope close to 60
mV-dec’!. The RDS for this value is considered to be a chemical step after
an electrochemical step [3,69,76-78]. Therefore, the following chemical
step (eq. (7.1) has been proposed in [58] for the aforementioned
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Fig. 6. Tafel plots obtained from the ORR polarization curves in Figs. 4 and 5 in
NaOH 0.1 M at 1600 rpm and 2 mV-s .

mechanism.

OOH(ad.s) - O(adx) + OH(ad:) (7. 1)

In the same potential region, Ni deposition led to a decrease in the Tafel
slope values for the doped materials. For instance, for Ni/SNrGO a Tafel
slope value closer to 40 mV-dec’! was obtained. This value is related to a
second electrochemical step as RDS (eq. (8), suggesting a change in the
mechanism [78].

Tafel slope values for the supporting GMs are in agreement with our
previous works [5,58]. Hao et al. [79] have reported Tafel slope values
of 48.2 and 47.8 mV-dec! at low overpotentials for NiyCoy04/Co-NC
(Co/N decorated graphene composite) and NiyCoyO4/Co-NG (nitrogen
decorated graphene), respectively. On the other hand, Al-Enizi et al.
[25] reported higher Tafel slope values for their Cu-Ni@rGO nano-
composite (~78 mV-dec™!). Thus, Tafel slope values for Ni-based cata-
lysts in this work agree with the literature.

At high overpotentials, Tafel slope varies between 101 and 111
mV-dec for GMs and between 106 and 126 mV-dec™ for Ni catalysts
(Fig. 6). A Tafel slope of 120 mV-dec™! suggests that the RDS is related to
the first electrochemical step (eq. (7), involving the first single electron
transfer [77]. Therefore, a clear influence of the potential over the
mechanism of ORR can be discerned, as commonly described occurrence
for this reaction [5,58]. Nevertheless, it should be noted that the pres-
ence of hydrogen peroxide may increase these values, as stated by
Schmidt et al. [80], blocking the active sites for the ORR.

3.1.4. Preliminary studies of stability in alkaline fuel cell for ORR
Stability test preliminary studies towards oxygen reduction reaction
(Figure S11) revealed that supporting materials exhibit a faster cell
voltage decay and higher performance loss than their Ni-based catalyst
counterparts. Certainly, oscillations were observed for the supporting
materials. These oscillations are associated with current drops, which
occur when the potential reaches values close to 0.3 V to prevent a
possible shutdown of fuel cell equipment. The materials with continuous
changes in current load are then more unstable, as degradation of the
electrode occurs. The performance loss for Ni containing catalysts in-
creases as follows: Ni/SNrGO <« Ni/rGO < Ni/N-rGO, that is, Ni/SNrGO
is the most stable materials under fuel cell conditions. Those electro-
catalysts that had the forementioned current drops (rGO, N-rGO and
SNrGO) had their performance loss values softened (26.8, 23.6 and 4.2
%, respectively), thus skewing the absolute results. It is implied then
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that, had these safety changes not occurred, the values would be much
higher.

Generally, it could be stated that Ni deposition improves the stability
of the materials. Nonetheless, the electrochemical response in an alka-
line fuel cell and their stability using these catalysts as cathodes for the
ORR reaction would be the main topic of an upcoming publication.

3.2. Electrochemical performance towards HER

Polarization curves at 2 mV-s~! were carried out to establish the
catalytic activity towards the hydrogen evolution reaction (Fig. 7) in Ha-
saturated 1 M NaOH. These curves show a qualitative trend where all the
supporting GMs displayed poor HER activity. Nevertheless, it is clearly
enhanced in the Ni-based materials compared to the supports. The
deposition of Ni vastly shifts the reaction towards more positive values
and, therefore, towards lower overpotentials (Table 3). While rGO
revealed poor HER activity, Ni/N-rGO, remarkably, developed the best
performance among the different materials with an onset potential of
—-210 mVRHE-

Current densities at two fixed potentials are depicted in Fig. 8 to ease
the comparison between the different catalysts’ performances for HER.
Furthermore, representative electrochemical parameters are given in
Table 3. Ni/N-rGO displays the best catalytic efficiency reaching -33.74
mA-cm 2 at —0.35 Vgyg, followed by Ni/rGO with —13.55 mA-cm ™2,
whereas Ni/SNrGO only achieved —9.49 mA-cm ™2,

For the supporting materials at —0.8 Vgryg (more negative potentials
are needed to achieve significative current density values). At —0.8 Vryg
(Fig. 8), rGO reached —24.86 rnA-cm’z, followed by N-rGO with
—57.95mA-cm ™2 and SNrGO with —15.94 mA-cm ™2, following the same
trend previously described for Ni-catalysts and concluding that the
graphene support is conditioning the final performance of the material
towards the HER (Fig. 8). Accordingly, at a fixed current density of —10
mA-cm~2 (Table 3), the performance based on the potential achieved
follows the subsequent order: SNrGO < rGO < N-rGO < Ni/SNrGO < Ni/

rGO
Ni/rGO

——N-rGO
—— Ni/N-rGO

j (mA-cm™?)

——SNrGO
Ni/SNrGO

-0.8 -0.6 -0.4 -0.2 0.0
Potential (V vs RHE)

Fig. 7. Polarization curves for all the electrocatalysts towards HER in NaOH 1
M recorded at 2 mV-s~* and 1600 rpm.
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Table 3
Electrochemical parameters for HER on the different catalysts.

Catalyst Eonset (V) EA(V) Tafel slope (mV-dec™)
rGO —-0.76 —0.74 162
N-rGO -0.74 -0.73 111
SNrGO —-0.78 —-0.78 123
Ni/rGO —-0.23 —0.32 137
Ni/N-rGO -0.21 —0.25 129
Ni/SNrGO —-0.28 —-0.35 147

a: current density was fixed at —10 mA-cm 2.
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Fig. 8. Bar graph displaying the current density (J) at —0.35 Vyyg for the Ni-
based catalysts and at —0.8 Vryg for the supporting GMs towards HER.

rGO < Ni/N-rGO. The supporting materials and their Ni-based catalysts
are again visibly distinguished, with Ni/N-rGO achieving the best po-
tential value (-250 mV vs RHE). The results demonstrate that doping
graphene with N and the presence of Ni nanoparticles enhance the HER,
producing lower overpotentials and higher current densities.

As in the case of the ORR, Tafel slopes were also estimated to
establish the RDS of the HER. In alkaline medium, the hydrogen evo-
lution reaction follows the following pathways [78,81]:

Volmer: H,O +e¢~ —H,, + OH" an
Heyrovsky: H,y + H,O +e¢~ —H, + OH™ 12)
Tafel: Huy + Hu —H> 13

The theoretical Tafel slopes for HER are 120, 40 and 30 mVOdec_l,
corresponding to Volmer (eq. (11)), Heyrovsky (eq. (12)) and Tafel (eq.
(13)), respectively. The first step (Volmer) is also called discharge re-
action, in which an electrochemical adsorption of hydrogen occurs.
Afterwards, the reaction could take place in two different pathways: i)
an electrochemical water-mediated desorption of hydrogen (Heyrovsky
step); or ii) the chemical desorption (Tafel)[81]. In this work, Tafel
slopes for all the materials were obtained from HER polarization curves
and the values can be seen in Fig. 9.

For all materials, the Tafel slopes are around 120 mV/dec which
indicates that the RDS would be the Volmer step. Thus, it seems that the
addition of Ni does not produce a change in the mechanism but an in-
crease in the activity with changes in the onset potential and current
densities. However, it is remarkable that in most cases Tafel slope values
are much higher than 120 mV/dec. Thus, rGO develops the highest Tafel
slope of 162 mV/dec and for Ni/SNrGO 147 mV/dec. These deviations
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Fig. 9. HER Tafel slopes for all the materials studied.

from theoretical values are most likely due to the contribution of
reduction currents of surface oxide species which take place in the same
potential region, as Ni oxides identified in XPS and XRD analysis
(Table 1 and Fig. 1, respectively). This effect has already been described
in the literature [9,29,82]. Thus, for accurate determination of the onset
potential and Tafel slopes and further discussion of the mechanism, a
differential electrochemical mass spectrometry (DEMS) study is
required [29,78].

Finally, electrochemical impedance spectroscopy (EIS) measure-
ments were performed at the potential achieved at —10 mA-cm ™2 for
each catalyst over a wide range of frequencies (100 kHz to 0.1 Hz) in a
0.1 M NaOH solution to further investigate the kinetics on the hydrogen
evolution reaction. Results are depicted in Figure S12 (Nyquist plots)
and Fig. 10 (Bode graphs).

The impedance data for the HER on GMs reveals that rGO and N-rGO
displayed a capacitive semicircle, followed by an increase in the resis-
tance, attributed to Warburg diffusion. According to the literature
[83-86], Warburg diffusion is easily identified as a straight line with a
slope of 45 degrees, usually at higher frequencies (Figure S12, left). The
block-diffusion Warburg is commonly attributed to diffusion of elec-
troactive species in the electrode [84], which fits the plots of both rGO
and N-rGO. Interestingly, SNrGO does not exhibit the same diffusion
pattern as the forementioned supporting materials, but follows the shape
of a semicircle, attributed to a charge-transfer resistance. Then, it can be
stated that the dual S—N doping has a synergetic effect leading to lower
resistances. Regarding the Ni-based materials, their plots (Figure S12,
right) also follow a semicircle which are associated with the hydrogen
evolution reaction. Nonetheless, the radius for these materials is dras-
tically smaller, that is, the charge-transfer resistance is smaller, indi-
cating an improvement over HER kinetics and electron transfer.
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Fig. 10. Bode representations for a-c) supporting materials (GMs) and d-f) Ni-
based catalysts at —10 mA-cm?in 0.1 M NaOH.

Two curves for each material are given in the Bode plots (Fig. 10).
The blue one corresponds to log Znoq vs log frequency associated with
the charge-transfer resistance, and the red one corresponds to the phase
shift vs log frequency related to the electron transfer. It is observed that
Ni deposition leads to overall lower Zpoq values thus improving HER
kinetics. On the other hand, heteroatom doping increases the charge-
transfer resistance.

Ni/rGO was found to be the most active catalyst towards the HER,
according to Figure S12 and Fig. 10, as it exhibited lower charge-
transfer resistance values (log Zp,0q) and better electron transfer (at
higher frequency values). Therefore, since there is a discrepancy be-
tween results from Figures 10 and S12 and Figs. 7-9, exact determi-
nation of kinetic parameters and mechanism using differential
electrochemical mass spectrometry (DEMS) study becomes necessary, as
previously indicated, and would be the main topic of a forthcoming
publication.

4. Conclusions

In the present work, low-cost catalysts containing Ni NPs supported
on graphene-based materials were successfully synthesised by the
borohydride method. Physicochemical characterisation was used to
establish the surface composition and confirms the good distribution of
Ni NPs on the different graphene catalysts. The catalytic activity towards
the ORR and HER has been studied in alkaline medium, establishing the
role of graphene doping on the performances obtained.

Results for the ORR revealed that supporting Ni on graphene mate-
rials leads to lower overpotentials for the reaction and a decrease in the
amount of hydrogen peroxide produced compared to bare GMs. How-
ever, the enhancement is not substantial. It is observed that S/N dual
doping enhances the catalytic activity towards the 4-electron pathway.
In terms of stability, depositing Ni has shown to have an overall positive
effect, making these catalysts more resilient to degradation than its GM
counterparts. Notably, the electrocatalyst doped with S and N demon-
strated to be the most stable one. Kinetic parameters indicate that Ni/
SNrGO, that is, the Ni-based catalyst supported on the graphene material
doped with both S and N, develops the best performance from all studied
catalysts for the ORR in alkaline medium, demonstrating the remarkable
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effect of doping with heteroatoms. However, the efficiency of these
materials is poor compared to other catalysts in the literature.

In contrast, an outstanding enhancement of the catalytic activity of
the graphene materials towards the HER was observed after the addition
of Ni NPs, leading to lower overpotentials and higher current densities
for the reaction. In this case, the best performance was achieved by the
materials doped with N, with Ni/N-rGO displaying the most remarkable
results (Eqpser: —0.21 Vgyyg). Opposite to the ORR, the presence of S in the
catalyst produces a decrease in the activity regarding the HER. Ni/rGO
was found to be the most active catalyst towards the hydrogen evolution
reaction, according to EIS results, exhibiting lower charge-transfer
resistance values.

Based on these results, it is proved that N and N/S doped GMs in-
fluence the activity of Ni-based catalysts for both ORR and HER. It would
be interesting, therefore, to carry out studies of the electrochemical
response in an alkaline fuel cell and their stability using these materials
as cathodes for the ORR reaction. And, on the other hand, to achieve a
deep understanding of the HER mechanism, the exact determination of
the kinetic parameters could be carried out by applying DEMS. Both
studies will be the purpose of future research.
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