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Nowadays, energy conversion and storage technologies are essential research topics due to the necessity of more
sustainable processes. Specifically, water splitting is highly affected by slow kinetics and limited knowledge of
the oxygen evolution reaction (OER). This work envisages the preparation of graphitic carbon nitride (g-C3N4)

i:ﬁiﬁ oxidation electrocatalysts for efficient OER by a facile one-pot method. The impact of the preparation temperature
Electrocatalysis (450-650 °C) of g-C3N4 was assessed for the first time on water splitting processes and explained by different

characterisation techniques. The unique crystal structure, surface chemistry, and electronic properties of the
material prepared at 550 °C lead to a remarkable OER efficiency, with an overpotential of 355 mV at 10 mA cm ™2
and a Tafel slope of 46.8 mV dec!. Interestingly, three major differences were observed when comparing the
material prepared at 550 °C with those obtained at other temperatures: the reduced structural distortion, the
superior composition in oxygen and the presence of terminal functional groups. Also, compared to other metal-
free g-C3Ny4 electrocatalysts reported in the literature, we achieved lower Tafel slope values without additional
post-treatments or co-catalysts. Hence, for the first time a metal-free catalyst defeats benchmark IrO,. The
prepared electrodes were stable for up to 45 h, even when increasing the applied current density to 100 mA cm ™2
for 15 h. Thus, this work provides a simple route for the fabrication of highly-efficient and long-lasting elec-
trocatalysts for a remarkable OER performance.

Metal-free catalyst

1. Introduction

Currently, there is an increasing demand for sustainable energy
conversion and storage technologies owing to the environmental
pollution issues caused by fossil fuels [1,2]. Thus, research is being
directed towards developing alternative sources of energy. In particular,
the water splitting reaction can be a promising solution for the energy
sector [3]. Electrochemical or electrocatalytic setups can be efficient to
promote overall water splitting. The primary operational challenge on
these systems lies on the energy-demanding and rate-limiting step of the
oxygen-forming oxidation reaction [4,5].

The oxygen evolution reaction (OER) typically shows a large energy
consumption ascribed to the substantially high overpotential required

and its slow kinetic mechanism due to the four-electron transfer reaction
[4-6]. Therefore, it is imperative to prepare efficient electrocatalysts to
bypass these drawbacks, on the way to attain an efficient overall water
splitting reaction. The OER performance is related to the intrinsic ac-
tivity of a catalyst, depending on the electrochemically active sites [4].
Several materials have been proposed for OER, such as layered double-
hydroxides (LDH), metal-organic frameworks (MOFs) or chalcogenides
and perovskites [7-11]. These metal-based catalysts have limitations
such as the need for critical raw materials and their high processing costs
[12]. Moreover, the possibility of metal leaching as a serious environ-
mental threat hinders their applicability and industrialisation in some
fields [13,14].

Carbon-derived electrocatalysts are being intensively researched to
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overcome these drawbacks [15]. For instance, graphitic carbon nitride
(g-C3Ny, herein labelled as CN), mainly employed in heterogeneous
photocatalysis [16-18], has emerged as a promising material for elec-
trocatalytic water splitting [19-22]. Thus, this material can effectively
catalyse the water oxidation process with relatively low energy con-
sumption, owing to its unique electronic structure[23]. Many works
have combined CN with other metal-based materials creating bifunc-
tional electrocatalysts [24-26], such as a lanthanum-strontium-titanium
perovskite coupled to CN which achieved a substantially low over-
potential of 62 mV at 10 mA cm 2 compared to the 178 mV of the
respective bare CN material [27]. Another work combined CN with a
cobalt-ferrite nanocomposite and explored the photocatalytic ability of
CN, fashioning a photoanode that allowed for an OER overpotential of
200 mV at 10 mA cm~2 under white LED illumination (in comparison to
290 mV for the same current density in dark conditions) [28].

As reported, CN-derived electrocatalysts are often combined with
metal-based materials for increased electrochemical performance. In the
present work, we synthesised several metal-free CN catalysts for the first
time under different preparation temperatures and evaluated their OER
performance. Hybrids of metal-free CN catalysts have been previously
designed for OER to improve the overall water splitting efficiency, but
their preparation procedure, which requires several synthesis stages or
combination with other materials, compromises the straightforward-
ness, environmentally green character, and inexpensiveness of the pro-
posed system [20]. Herein, we demonstrate the optimisation of a simple
thermal preparation method to obtain CN electrocatalysts with low
overpotentials (reaching as low as 355 mV at 10 mA cm™2) and high
electrochemical efficiency (with a Tafel slope of 46.8 mV dec™}).
Additionally, this electrocatalyst showed an outstanding stability during
45 h. Furthermore, the catalysts were exhaustively characterised to
understand the implications of this simple and innovative thermal
treatment on the synergy between physicochemical properties and
electrocatalytic activity of these materials. This investigation is pivotal
to comprehend the intrinsic chemical modifications essential to achieve
an optimal CN electrocatalyst.

2. Materials and methods
2.1. Preparation of CN electrodes

The CN materials were prepared following a procedure adapted from
our previous report dealing with its use as photocatalysts [29]. Urea
(CH4N20, 99.3 %, obtained from Alfa Aesar) was employed as a pre-
cursor and heated in semi-closed quartz crucibles in a microwave muffle
furnace (Phoenix, CEM Corporation). Two heating stages were carried
out, the first by heating up to 450 °C at 2 °C min ! and maintaining the
temperature for 30 min. Then, the temperature was either maintained
for 90 min (to prepare CN-450) or increased at 2 °C min~! until 500,
550, 600 or 650 °C and maintained for 60 min to obtain CN-500, CN-
550, CN-600 or CN-650, respectively. The resulting powders were
washed with distilled water, filtered, and dried overnight.

The electrodes were prepared by spreading a previously prepared
slurry of the CN catalyst onto a nickel foam (1 cm x 1 cm) obtained from
Goodfellow. Briefly, 3 mg of catalyst were dispersed in a mixture of
1000 pL of absolute ethanol (>99.8 %, obtained from Sigma-Aldrich)
and 50 pL of Nafion (Nafion™ perfluorinated resin solution, from
Sigma-Aldrich). After sonication, selected volumes, according to the
desired catalyst loading, were deposited dropwise onto the nickel foam
support to prepare the working electrodes. Iridium oxide (IrO3, 99.9 %,
obtained from Alfa Aesar) was employed as a reference electrode for
OER, prepared by using the same deposition method.

2.2. Materials characterisation

Scanning electron microscopy (SEM) analyses were carried out using
a JEOL JSM 6010LA electron microscope coupled with an electron-
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dispersive spectroscopy (EDS) microanalysis system, while trans-
mission electron microscopy (TEM) was performed on a JEOL JEM-1400
Flash instrument with an acceleration voltage of 120 kV. X-ray diffrac-
tion (XRD) patterns from powdered samples were collected using a
PANalytical X’Pert Pro diffractometer, equipped with a PW3050/60
(Theta/2Theta) goniometer and monochromatic CuKoy o radiation
(1.5406 A, 40 kV and 30 mA), in the 26 angular range of 5° to 70° using a
continuous scan mode at a speed of 0.0175° s!. Raman spectroscopy
was performed in an FT-Raman RAM II dispersive Raman spectrometer
(Bruker) equipped with a high-resolution germanium array detector and
an Nd-YAG laser source for operation at 1064 nm. Fourier transform
infrared (FTIR) measurements were performed on a JASCO FT/IR-6800
spectrometer (JASCO Analytical Instruments, USA) equipped with a
MIRacle™ Single Reflection attenuated total reflectance ZnSe crystal
plate accessory (PIKE Technologies, USA). Multipoint analysis of Ny
adsorption—desorption isotherms at — 196 °C was performed on a
Quantachrome Autosorb iQ apparatus, with the samples being degassed
under vacuum for 12 h at 150 °C prior to analysis. The specific surface
area was calculated by the Brunauer-Emmett-Teller method (Sggr),
while the pore size distribution was obtained by the Barrett-Joyner-
Halenda method.

X-ray photoelectron spectroscopy (XPS) was performed using a
Thermo Scientific NEXSA instrument equipped with an electron flood
gun to minimise surface charging. XPS analyses were carried out using a
monochromatic Al-Ka radiation at 1486.6 eV in a Constant Analyser
Energy mode (CAE) with a 100-eV pass energy for survey spectra and
20-eV pass energy for high-resolution spectra. Elemental analysis (EA)
was carried out by combustion at 1050 °C in a Vario Micro Cube ana-
lyser (Elementar, GmbH) to determine C, N and H content and by py-
rolysis, at 1450 °C using a Rapid Oxy Cube analyser (Elementar, GmbH)
to analyse O content. The diffuse reflectance UV-Vis spectroscopy (DRS)
was performed on a JASCO V 560 spectrophotometer equipped with an
integrating sphere attachment (JASCO ISV-469). Solid-phase and
steady-state photoluminescence (PL) measurements were obtained
using a spectrofluorometer at room temperature on a JASCO (FP 82000)
fluorescence spectrometer with a 150 W Xenon lamp as a light source -
both excitation and emission bandwidth were fixed at 2.5 nm, the
excitation wavelength established at 270 nm and emission detection
range between 390 and 700 nm.

2.3. Electrochemical experiments

The OER experiments were performed with an electrochemical
workstation (Autolab PGSTAT302N, Metrohm) equipped with a
FRA32M frequency response analyser. The electrochemical cell con-
sisted of a three-electrode setup, using saturated calomel as the refer-
ence electrode and platinum wire (from Alfa Aesar) as the counter
electrode. The working electrodes were prepared as described previ-
ously. The electrolytes were aqueous solutions of 0.5 M H3SO4 (95 %,
VWR Chemicals), 1.0 M NaOH (98.5 %, VWR Chemicals) or 0.5 M
NaySO4 (>99.0 %, Sigma-Aldrich).

Cyclic voltammetry (CV) was carried out at a scan rate of 5 mV s L
Electrochemical impedance spectroscopy (EIS) was performed at the
overpotential (710) in the frequency range of 10° to 1072 Hz, with a 10
mV sinusoidal perturbation. The double-layer capacitance (Cq) was
estimated after performing cyclic voltammograms at various scan rates
(5, 10, 25, 50, 100, 200, 400 and 800 mV s‘l) and collected in the non-
Faradaic potential range between 1.00 and 1.15 V vs RHE. The Cy
corresponds to the slope of the absolute difference between anodic and
cathodic current densities at 1.07 V vs RHE with the scan rates. The
electrochemical surface area (ECSA) was determined by dividing the
obtained Cg; by the capacitance of a model catalyst with a unitary sur-
face area (generally, 40 uF cm™2). The stability of the catalyst was
evaluated by chronopotentiometry at constant current densities of 10,
50 and 100 mA cm 2. All recorded potentials were converted using the
reversible hydrogen electrode (RHE) as a reference.
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3. Results and discussion
3.1. Characterisation of CN materials

3.1.1. SEM and TEM

The morphology of the prepared materials was examined through
SEM and TEM (Fig. 1). The images portrayed in Fig. 1 depict the layered
composition of these materials. The compact nature of the CN nano-
sheets seems more evident in the case of the materials obtained at lower
temperatures. Moreover, increasing the processing temperature induced
a pronounced holey formation with seemingly more spaced-out layers.
This distortion of the CN layers may promote a higher surface area and
greater availability of redox-active sites. Additionally, as observed more
easily in TEM there is a higher degree of disruption in the compact
layered structure of CN with higher preparation temperatures, e.g. CN-
450 and CN-500 showing intermingled lamellae-like assemblies, while
CN-600 and CN-650 illustrate more fragmented sheets.

3.1.2. XRD

The crystallinity of the CN materials was investigated using XRD. The
XRD patterns of the five catalytic materials are given in Fig. 2a. CN
materials typically show two signals characteristic of their monomeric
building blocks (the tri-s-triazine units) [30]. These two peaks are
related to the (100) and (002) facets and are respectively observed at
around 13° and 27°, signalled with dashed lines in Fig. 2a, and details of
the latter are shown in Table 1. Typically, a higher intensity of an XRD
signal is associated with a higher degree of crystallinity of that specific
plane. The augmentation of those peaks, easily observed in Fig. 2a, is
directly related to the preparation temperature and is intricately con-
nected to a stronger presence of crystal structures [31]. The crystallite
size (Lo) and interlayer spacing (d) were obtained from Scherrer’s
equation and Bragg’s law, respectively, after a Lorentzian fit of the
(002) peak (Table 1). The deviation of the (00 2) reflection is attributed
to surface modifications in the graphitic planes of CN, with the more
amorphous materials showing a lower peak position. At the same time, a
reduced FWHM was observed for higher temperatures, along with a
decreased interlayer spacing value from 0.945 A (CN-450) to 0.824 A
(CN-650), the latter derived from the deviated (002) reflection. The
reduced d-spacing can be attributed to the rearrangement of CN nano-
sheets, which are formed at higher temperatures as seen by the increased
crystallinity (i.e., higher intensity of the (002) reflection).

The crystallite size is also greatly affected by the preparation tem-
perature, as larger crystals are obtained for higher temperatures (ie.,
1.011 A for CN-450 and 4.061 A for CN-650). Moreover, above 550 °C, a
higher number of peaks are observed in the diffractograms (Fig. 2a),
which can be attributed to other crystallite particles or high-
ly—conjugated planes in the polymeric matrix. Particularly, the peaks at
13.7, 17.4, 21.4 and 57.2° are attributed, respectively, to the (110),
(101), (101) and (004) facet orientations [32]. The appearance of
these new reflections is related to a rearranged structure of the materials
prepared at higher temperatures.

3.1.3. FTIR

FTIR analyses (Fig. 2b) were also performed to investigate the
overall chemical structure and presence of functional groups in the
materials. The prepared materials show the typical spectra of CN ma-
terials with a broad band near 3200 cm ™! attributed to —OH groups from
adsorbed water and to the stretching vibration of N-Hy groups; various
medium intensity bands from the range between 1200 and 1600 cm™!
assigned to the molecular stretching of carbon-nitrogen bonds; and two
more bands near 800 cm~! owed to the aromatic heterocycles [33]. A
higher intensity of IR bands is related to a larger availability of the
corresponding molecular bonds on the materials’ surface. Therefore, in
Fig. 2b is possible to observe that the overall structure is maintained, but
higher temperatures enable a stronger presence of graphitic planes,
suggested by the stronger bands at ca. 800 cm ™. This increased intensity
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can be correlated to a higher polymerisation degree [33,34].

3.1.4. Raman

Raman spectroscopy provides a detailed look into the degree of
crystallinity of the prepared materials. The Raman spectra (Fig. 2¢) were
obtained after excitation at 1064 nm (a lower wavelength is inadequate
in this case due to the fluorescence interference originated by CN). There
is a clear relationship between the preparation temperature and the
appearance of peaks, with the materials obtained at higher temperatures
showing a larger number of peaks, particularly above 550 °C.

The most prominent peaks found at 706 + 2 and 759 + 9 cm ™! are
attributed to triazine ring breathing modes [35], whose intensity in-
creases with the processing temperature. Moreover, the D and G bands
observed at 1235 + 2 and 1564 + 5 cm ™!, respectively, are commonly
associated with graphitic materials [36] and their surface imperfections.
The intensities of both bands increase with the preparation temperature,
suggesting an increase in structural defects (D band) and crystallinity (G
band). Thus, the modifications seen by Raman spectra are due to the
structural changes caused by the processing temperature [37]. The in-
tensity ratios between the D and G bands (Ip/Ig) were also calculated
(Fig. 2¢), this ratio is related to the structural disorder in the materials
[35,38], thus proportional to the number of surface defects. The ratio Ip/
I typically decreases with processing temperature owing to the poly-
merisation process and increased graphitic structural arrangement;
however, for higher temperatures, there is a decrease of sp? hybridised
moieties and, hence, the Ip/Ig ratio increases [39-42]. Among the pre-
pared materials, CN-550 has the lowest Ip/Ig ratio, implying a reduced
level of disorder of graphitic planes, albeit the value being relatively
high (Ip/Ig = 2.51) there is a considerable number of structural defects.

3.1.5. N, Adsorption isotherms

The textural properties of the materials were investigated by per-
forming nitrogen adsorption isotherms, presented in Fig. 3a. CN mate-
rials generally show a type IV adsorption isotherm typical of mesoporous
solids (with some microporosity, as depicted from the inset of Fig. 3a),
with a type H3 hysteresis related to plate-shaped pores formed by a flaky
porous structure [43,44]. Pore size distribution can be observed in
Fig. 3b, showing a bimodal behaviour with smaller mesopores of around
4 nm diameter and a wider mesopore distribution centred at 40 nm.

The specific surface area of the materials was obtained through the
BET method, while the average pore size and volume were determined
by the BJH approach. As expected by observing the isotherms, the ma-
terials prepared at higher temperatures show increasingly higher surface
areas and pore volumes (Table 2), while the average pore diameter is not
significantly affected. Therefore, increasing the temperature during
material preparation promotes the increase on interlayer spacing and a
higher degree of exfoliation [34].

3.1.6. CHNS analysis

Elemental analysis was performed to ssess the composition of the
prepared materials. The amount of N varied between 58.5 and 61.2 %,
while C content was changed from 32.1 to 34.2 %. Both N and C relative
contents (seen in Fig. 4) generally increased with the preparation tem-
perature, with decreasing amounts of O and H. The O and H elemental
compositions observed in Fig. 4, respectively, were 7.1 and 2.3 % for
CN-450 and decreased to 3.0 and 1.6 % for CN-650, while CN-550
showed the highest amount of O at 8.0 %. These variations might be
due to the higher polymerisation degree and crystalline structure of the
materials prepared at higher temperatures, whereas O/H impurities are
removed [31]. Interestingly, the C/N ratio was maintained at 0.55-0.56
for all materials, showing that the thermal treatment has no influence on
their relative composition.

3.1.7. XPS
XPS was then performed to characterise the materials’ surface
regarding their elemental and chemical state information in terms of C,
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Fig. 1. SEM (left) and TEM (right) images of the CN materials prepared at different temperatures. The number of the image label indicates the temperature (in
Celsius) of the second stage heat treatment (e.g., 550 °C in CN-550).
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Fig. 2. (a) XRD patterns, (b) FTIR and (c) Raman spectra of the prepared CN electrocatalysts.

Table 1
XRD results for the (002) facet of the prepared materials: full width at half
maximum (FWHM), crystallite size (L) and interlayer spacing (d).

Position (°) FWHM (°) Le (A) d@&)
CN-450 27.04 2.47 1.011 0.945
CN-500 27.06 2.33 1.092 0.938
CN-550 27.14 2.26 1.192 0.913
CN-600 27.42 1.15 3.032 0.846
CN-650 27.55 1.01 4.061 0.824

N, and O composition. The elemental composition was nearly un-
changed with the temperature of the preparation. However, the oxygen
content of CN-550 was the highest among all the materials, reaching a
total of 8.0 %. The deconvolution of the C 1s, N 1s and O 1s bands was
performed and analysed to assess the chemical modifications.

The carbon band was deconvoluted into five peaks (Fig. 5a), from
lowest to highest binding energy are attributed to planar C(-N)3 bonds
at 284.9 eV, terminal C-NH, groups at 286.5 eV, graphitic sp? hybridised
carbon at 288.2 eV (C(-N)3), carbon-oxygen bonds at 289.1 eV and
delocalised electronic charges assigned at 293.7 eV [45,46]. It is worth
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noting that graphitic carbon showed the lowest contribution (51.3 %)
for CN-550 compared to the other catalysts (e.g., 60.0 and 64.1 % for CN-
450 and CN-650, respectively). At the same time, CN-550 showed the
highest contribution of C-NHy groups (9.8 %) and planar carbon (24.5
%).

Nitrogen was deconvoluted into four peaks, depicted in Fig. 5b:
pyridinic (—C—N—C—) at 398.7 eV, graphitic (N(—C)3) at 399.9 eV,
pyrrolic (N—Hy) at 401.1 eV and oxidic (N—O) at 404.4 eV [45,46]. The
contribution of graphitic nitrogen increased up to 17.5 % for CN-650. On
the other hand, pyridinic nitrogen decreased until CN-650 (60.2 %). The

Table 2
Results from nitrogen adsorption-desorption isotherms: specific surface area
(Sper), average pore diameter (d;,) and volume (Vp).

Material Sper (cm? g71) d, (nm) Vp (em®g™h)
CN-450 30 3.91 0.144
CN-500 38 3.92 0.151
CN-550 44 3.93 0.223
CN-600 80 3.73 0.535
CN-650 89 3.73 0.675
0.020
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Fig. 3. (a) Nitrogen adsorption-desorption isotherms with an inset for low p/p, values and (b) pore size distribution for the prepared CN electrocatalysts.
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Fig. 4. Elemental composition of the CN electrocatalysts as determined by
elemental analysis.

variation of these types of nitrogen leads to the belief that there is a
conversion from one to another, meaning the loss of graphitic nitrogen is
compensated by the gain of secondary nitrogen bonds [34]. This
transformation may be caused from the opening of aromatic rings in the
triazine structure, which creates new defects owing to the higher prep-
aration temperature, which is in line with the results observed in Raman
through the Ip/I; ratio augmentation.

Lastly, the oxygen signal was composed of 2 peaks (Fig. 5¢): adsor-
bed —OH groups at 531.9 eV and carbon-oxygen bonds at 533.4 eV
[45]. The contribution of the C—0O and C—=0 groups was higher for CN-
550 (36.5 %), decreasing for both lower and higher temperatures, which
is inversely proportional to the contribution of the hydroxyl/water
adsorption peak. Overall, there were no strong variations in peak in-
tensity or binding energies, meaning the chemical states remained
relatively identical despite the processing temperature.

3.1.8. UV-vis adsorption

The UV-vis absorption spectra (Fig. 6a) of the materials were
measured to ascertain any changes, caused by the preparation temper-
ature, on the chemical nature affecting the optical properties. The ma-
terials show minimal visible light absorption above 550 nm, while the
maxima are reached for all materials below 390 nm. Higher preparation
temperature lead to the extension of the visible light absorption range of
the material prepared at 650 °C, showing a moderately high absorption
at 440 nm. This enhanced radiative absorption capability is mostly
attributed to the stronger presence of spaced-out aromatic heterocycles
capable of retaining visible light [34,47].

Tauc’s method was used to determine the optical band gap energy
levels. The values of Eg (2.70, 2.64, 2.58, 2.53 and 2.47 eV vs NHE)
decrease with the preparation temperature, proving that the calcination
degree is altering the band structure [48]. A narrower band gap can
benefit electrochemical applications since less energy is required for
charge transfer; however, an overly small band gap energy might also
promote faster recombination or unwanted electronic transitions to sink
sites. Moreover, the elongation of the absorption spectra can also be
attributed to defects associated with transition energy levels that may
promote a retained exciton recombination rate and generate trapping
sites to facilitate charge carrier transfer [49].

3.1.9. Photoluminescence analysis

The PL emission spectra of the synthesised materials are shown in
Fig. 6b, which also includes the normalised PL spectra as an inset. The
overall shape of the curves was maintained despite the preparation
temperature showing the typical emission spectra of CN materials. Some
variations of PL intensity were verified, as easily observed in Fig. 6b,
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which is attributed to a modification of the electronic structure [50].
Furthermore, as it can be seen in the inset of Fig. 6b, there were slight
wavelength deviations and an increase in the contribution of the lower-
wavelength emissions. Bathochromic shifts were detected from lower to
higher preparation temperatures and are typically associated with
different crystalline arrangements and higher content of structural de-
fects. To study this further, deconvolution of the PL signal was per-
formed and presented in Figure S1.

The PL spectra of these materials consist of four main peaks of
Gaussian nature (P1-4). The higher wavelength peaks are attributed to
transitions between ¢* bonds to nitrogen lone pair states (P1), followed
by less energetic and z* to LP (P2) and to z bonds (P3) [48,51]. The
lower wavelength peak (P4) can be owed to terminal functional bonds
with high electro-affinity [50,51]. The prepared materials showed a
general tendency from lower to higher preparation temperature:
reduced contributions of the P1 peaks and intensification of the higher
wavelength P4 peaks. From CN-450 to CN-650, there is a variation from
31.5 and 15.1 % to 23.4 and 46.3 %, respectively, for the most (P1) and
least (P4) energetic peaks (Figure S1). This is in agreement with the
previous characterisation, as the material prepared at the highest tem-
perature shows the most defective structure. CN-550 is shown as the
material with a more balanced ratio between the highest/lowest ener-
getic (P1/P4) peaks in the group.

3.2. OER performance of CN

3.2.1. OER conditions

The electrochemical activity of the prepared materials was assessed
for OER in different conditions, compared to the bare support and
reference IrO,, also immobilised on nickel foam. The optimisation of
reaction conditions was performed by varying the pH value of the
electrolyte and catalyst loading on the nickel foam support. In addition,
the CN materials required persistent activation by cyclic voltammetry
(CV) scans to achieve steady-state conditions for constant OER perfor-
mance, as depicted in Figure S2.

In Fig. 7 it is possible to observe the anodic polarisation curves for
the CN-550 material, following 250 CV activation cycles under alkaline,
neutral, and acid environments (Fig. 7a) and using different catalyst
loads on the nickel foam (Fig. 7b). At an alkaline pH, the lowest OER
overpotential at 10 mA cm ™2 of 355 mV was achieved, while at acid and
neutral pH, higher overpotentials of 370 and 720 were required,
respectively. The CN-550 material showed a good electrocatalytic per-
formance at both acidic and alkaline pH, which was expected according
to previous works reported with other CN-based materials [52,53], most
probably owing to the amphoteric nature of CN [29,54]. One major
difference between alkaline and acidic OER is the large pre-oxidation
peak centred at 1.45 V vs NHE (19 mA cm’z), which can be related to
the electrode nature and its interaction with the reactive media [55,56].
The poor OER efficiency observed for near-neutral conditions might be
caused by the system complexity derived from the possibility of occur-
ring both alkaline and acid reaction pathways [55] and the difficulty of
water electrolytic disassociation at neutral pH [57].

Then, the best OER properties were found for a catalyst load of 1.00
mg cm 2. Higher CN content could induce the blockage of active sites.
Poor loading may hinder charge transfer in the electrode surface [58].

The remaining studies were performed after 250 CV cycles for a
proper electrochemically active electrode [59,60]. The activation vol-
tammograms are shown in Figure S2, indicating that the current density
keeps increasing until the 100th cycle, whereas there is a stabilisation
reaching steady-state conditions until the 250th cycle. This requirement
of activation cycles is usual of hydrophilic materials, where the applied
potential favours the contact between electrolyte and electrode [61].
Hence, the following results are shown after 250 CV cycles, at catalyst’s
dosage of 1.00 mg cm 2 and with alkaline pH media.
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Fig. 5. XPS deconvolution of the (a) C 1s, (b) N 1s and (c) O 1s bands for the CN electrocatalysts.

3.2.2. Anodic polarisation curves

Looking into the linear voltammogram profiles, after 250 CV acti-
vation cycles, in Fig. 8a, it is possible to observe that the prepared
electrocatalysts showed improved OER performance, compared to the
nickel foam support, while particular materials revealed an even better
electrocatalytic activity than IrO,. The CN materials ensured pre-
oxidation peaks at lower potentials than their onset values. The pre-
oxidation peaks of the prepared materials were registered at a lower
potential (1.44 —1.46 V vs RHE) than that of the bare nickel foam (1.47 V
vs RHE). The lowest OER overpotential at 10 mA cm ™2 was registered for
the CN-550 material (355 mV), surpassing that of the benchmark IrO,
electrode (380 mV). Additionally, the remaining materials showed
smaller or akin overpotential than the reference IrO,, revealing that the

CN materials are, in fact, stimulating the electrocatalytic OER process
through rapid electron transfer. There are only few references which
have surpassed IrO; performance and those are based on metal-based
catalysts [62,63]. Indeed, an up-to-date review states there is no
metal-free catalyst competing to IrO5 [64]. Thus, this study permits to
optimize IrO, performance by using unexpensive and metal-free CN.
Moreover, the Tafel slopes (Fig. 8b) were calculated to investigate
the intrinsic activity of the prepared catalysts [62]. It is known that a
smaller Tafel slope is related to a greater driving force for enhanced
catalytic activity. Most CN materials depicted a smaller Tafel slope value
(46.8, 57.1, 65.6, 68.4 mV dec™! for CN-550, CN-600, CN-500 and CN-
450, respectively) than the reference electrocatalyst (79.0 mV dec_l).
This confirms the electrochemical proficiency of the prepared materials
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for the OER process. The CN-650 had a slightly higher Tafel slope (86.4
mV dec™!) which can be attributed to the high degree of thermal exfo-
liation that could have damaged the active sites.

Overall, the superior electrocatalytic activity of CN-550 can be
ascribed to the pronounced structural distortion seen by the highest Ip/
I ratio in Raman spectroscopy, the largest content of oxygen in its
elemental composition and the large distribution of terminal functional
groups, suggested by XPS and PL. Specifically, oxygen-rich catalysts
have shown promising OER ability as oxidic groups which can provide
favourable surface adsorption and electrochemical active sites [65-67].

Previous works concerning electrocatalytic OER have been found
with metal-free CN materials (alone or combined with other carbon
materials) and are listed in Table S1. Comparison between Tafel slope
and overpotential at 10 mA cm 2 of prepared materials to state-of-the-
art CN-derived catalysts can also be found in Table S1. Different mod-
ifications have been performed to improve the performance of these
catalysts, such as doping, conjugation with other conductive materials

or co-polymerisation procedures. It is noteworthy to highlight that those
works were predominantly carried out using a KOH solution as the
electrolyte. This abides well with our work, as the prepared materials
performed best at an alkaline pH.

The literature reports of metal-free CN show modified materials,
with the incorporation of graphene-derivatives [53,68-73], non-metal
doping [74-77], co-polymerised catalysts [78-81] or even with a rear-
ranged skeletal structure by acid-etching [82] or by forming nanotubes
[83], a mesoporous model [84] or quantum dots [85]. Moreover, as can
be seen in Table S1, where the Tafel slope and overpotential at 10 mA
cm 2 are compared, the CN-550 catalyst proved to be one of the best-
performing OER metal-free CN catalysts in the literature, particularly
in terms of Tafel slope, indicating a quicker OER kinetics. For instance,
the catalyst prepared by Yan et al. showed a very similar electrochemical
activity (higher Tafel slope at 50.6 mV dec™! but a lower overpotential
of 120 mV) and was also synthesised using urea as a precursor although
modified by boron-doping [68]. Kim et al. synthesised a CN material by
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thermal calcination of melamine, followed by ultrasound-assisted
exfoliation and freeze-casting to covalently combine the CN with a
graphene aerogel [86]. Compared to this work, the bifunctional elec-
trocatalyst prepared by Kim et al. showed a lower overpotential of 260
mvV at 10 mA cm 2, but a higher Tafel slope of 68 mV dec™! [86]. Despite
these optimisation techniques, our work with a simple one-pot prepa-
ration procedure yields comparable electrochemical results to those
published in the literature.

3.2.3. Electrochemical characterisation

The values of Cq (Fig. 9a) were determined at the non-faradaic re-
gion of the polarisation curves through the slope of current density
variation at different voltammogram scan rates (Figure S3). Current
density variation (|Aj|) is calculated by the difference between the
anodic and cathodic currents (j, — j.) obtained at different scan rates. The
value of Cq is equivalent to half of that of the slope in Fig. 9a. The
intrinsic catalytic performance can be assessed by the Cg), with higher
slopes being related to more active materials. Therefore, CN-550 shows
a Cq value of 358.5 pF cm 2, which is 1.9 times higher than that of the
bare nickel foam electrode. The electrochemical surface area (ECSA) is
another important parameter to investigate the OER catalytic perfor-
mance. The presence of the CN catalysts substantially increased the
ECSA compared to the nickel foam. The effective ECSA of CN-550 was
determined to be 9.0 cm?, which is larger than that of the remaining
materials. This could be attributed to a balance between amorphous and
crystalline surfaces, along with distinct chemical characteristics that
facilitate strong adherence to the nickel foam support and increased
accessibility of electrochemically active sites.

Then, EIS studies were carried out to assess the charge transfer sys-
tem at the electrode interface. An equivalent circuit model was fitted to
the impedance measurements. The Nyquist plots (Fig. 9b) corroborate
the improved OER rate of the CN electrocatalysts owing to the small arc
radius of the fitted model, which is directly related to reduced charge
transfer resistance [87]. Notably, the CN-550 depicts the shortest EIS
arc, with a resistance to charge transfer (Rct) of 1.76 Q, correlated to its
highest electrochemical OER ability.

Table 3 summarises the electrochemical water oxidation properties
in the alkaline electrolyte solution for the five prepared electrocatalysts
as well as reference IrO5 and bare nickel foam. The anodic polarisation
curves (Fig. 8a) previously investigated are herein fully characterised in
terms of the pre-oxidation potential, overpotential (1) at 10 and 100 mA
cm 2 and Tafel slope, alongside the values for double-layer capacitance
(Cqp), electrochemical surface area (ECSA) and charge transfer resistance
(Ren)-

3.2.4. Electrode galvanostatic stability

The electrochemical stabilities of the CN-550 and IrO5 catalysts were
investigated by conducting chronopotentiometric measurements at 10,
50 and 100 mA cm 2 (Fig. 10). This represents a more accurate stability
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Table 3
Summary of OER results for the studied electrocatalysts.

Catalyst CN- CN- CN- CN- CN-
450 500 550 600 650

Nickel IrO,
foam

Pre-oxidation 1.46 1.47 1.45 1.46 1.44 1.47 -

peak

potential

W)
10 (MV) 370 400 355 390 390 460 380
100 (MV) 540 490 400 470 520 660 470
Tafel slope 68.4 65.6 46.8 57.1 86.4 93.3 79.0

(mV dec ™)
Cai (UF cm™2) 240.4 254.5 358.5 264.2 207.0 184.9 -
ECSA (cm?) 6.0 6.4 9.0 6.6 5.2 4.6 -
Rcr (Q) 3.47 2.49 1.76 2.54 3.59 5.96 4.42

measurement as the typical 10 mA cm~2 tests [63,64] The overpotential
outputs of the CN catalyst remained considerably stable, with a detri-
ment smaller than 4.9 % of the initial overpotential during the contin-
uous measurement period of 15 h at each applied current density. On the
other hand, IrO, showed a reasonably stable activity at 10 mA em™%
however, under higher current densities, the overpotential values
increased significantly (around 15 % after 15 h compared to the initial
value). Additionally, the chronoamperometric study for Ni foam alone
shows very high overpotentials but with a solid endurance to the applied
current intensities, proving its resilience as an effective support for CN
immobilisation. These results indicate excellent electrochemical stabil-
ity of the CN electrocatalyst, particularly when compared to the poor
stability of the reference material.

The CN-550 material was analysed after a long-term chro-
noamperometry experiment. Several CV cycles were performed, per-
formed, and the results obtained after 250 cycles are portrayed in
Fig. 10b, compared to the initial CV. It is possible to observe a small
reduction of the pre-oxidation peak intensity, as well as a slight increase
of the overpotential up to 370 mV at 10 mA cm™2. Impedance studies
were performed with the spent catalyst, depicting a small augmentation
of the arc radius in the Nyquist plot (Fig. 10c). The loss of electro-
chemical activity can be attributed to a variety of factors. For instance,
PL spectra (Fig. 10d) show a quenched intensity, which can be associ-
ated with blocked active centres that hinder electron transfer, but the
same shape of the emission curve is maintained, thus suggesting that the
core structure of CN-550 is preserved [88,89]. Chemical structure ana-
lyses - FTIR and XPS (Fig. 10e and Fig. 10f, respectively) - show a wide
gain of oxygen-related groups, viz. the strong IR band at 3500 cm™* of
adsorbed ~OH [90]and the intense O 1s XPS peak [91]. Also, the reduced
intensity of IR bands in the 600 — 2000 cm ™! range can be attributed to
the oxygen moieties resulting from the prolonged OER assay. The used
catalyst also shows the previously inexistent O KLL XPS peak, which is
owed to Auger delocalised electrons derived from newly formed surface
defects [49]. It is important to note that XPS is a surface-sensitive

(b) 23— CN-450 —=— Nickel foam|
—e— CN-500 Iro,

—— CN-550 LR

2.0 —— CN-600
—— CN-650

0.5

0.0

Z(Q)

Fig. 9. (a) Plot of current density variation (|Aj| = ja — jc) versus voltammogram scan rates, whose slope corresponds to the double of the double-layer capacitance
(CqD and (b) Nyquist plots to obtain the charge transfer resistance (Rcr) of the prepared catalysts.
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technique, and it shows that at the surface the nitrogen groups are not
observed most probably due to the over-oxidation of the surface caused
by the extensive OER chronoamperometry experiment. In sum, the spent
material shows a slight loss of electrocatalytic activity; however, it re-
mains fairly electrochemically-active.

4. Conclusions

The g-C3N4 materials prepared from the thermal polymerisation of
urea showed great potential as electrocatalysts for OER, owing to their
unique electronic structure and high stability. Characterisation tech-
niques were useful in understanding the effect of the preparation tem-
perature on the properties of the resulting CN materials and their
corresponding OER performances. The specific crystalline organisation
and structural arrangement (smallest Ip/I ratio from Raman spectros-
copy), appropriate porosity and adequate composition in terminal
functional groups (observed by elemental analysis and PL deconvolu-
tion) endowed the material treated at 550 °C (i.e., CN-550) to achieve
outstanding OER results: a low overpotential of 355 mV at 10 mA cm 2
and a Tafel slope of 46.8 mV dec™ . Electrochemical impedance and
capacitance studies (EIS and Cgq)) corroborated the electrocatalytic
behaviour of this catalyst as it presented the smallest Nyquist arc and the
highest double-layer capacitance. Moreover, the chronoamperometric
studies showed that the fabricated CN-550 electrodes were stable under
various current densities for up to 45 h. Despite this, future research
should be focused on gaining deeper insights into the catalytic
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mechanism of g-C3N4-derived materials and on scaling-up processes.
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