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A B S T R A C T

We report nitrogen-doped biomass-derived porous carbon materials with great performance for the Oxygen
Reduction Reaction (ORR) in alkaline media. The level of nitrogen doping in a simple pyrolysis of corncob (CC)
was varied systematically, a 1:1 CC:urea ratio (CC1U) gave the best performance in terms of onset potential
(Eonset = 0.97 V vs. RHE), maximum current density (jmax = -3.22 mA cm− 2), hydroperoxide ion yield (%HO2

– =

1.18 % at 0.5 V), and electron transfer number (n = 3.86 at 0.5 V). Unexpectedly, for higher CC:urea ratios the
doping decreases, instead of plateauing, with lower concentration of C-N sites and more sp2 sites as determined
by XPS, as well as lower specific surface area (SSA), while increasing both porosity and carbon (002) interplanar
distance (d(0 0 2)). These materials should be durable and robust, since their performance actually improved after
accelerated degradation tests. This study proves that renewable “waste” can be upconverted into metal-free
electrocatalysts for electrochemical energy conversion technologies and emphasizes the need for studying and
controlling doping levels to enhance performance.

1. Introduction

Anion Exchange Membrane Fuel Cells (AEMFCs) have several eco-
nomic, environmental, and engineering advantages compared to energy
systems functioning with fossil fuels, and even with respect to the more
common Proton Exchange Membrane Fuel Cells (PEMFCs) counterpart.
For example, the operating atmosphere is less corrosive, cheap metal-
free electrocatalysts can be used as cathodes, and the kinetics of the
ORR has been reported to be faster in alkaline media compared to acid
conditions [1]. However, the ORR is about three orders of magnitude
kinetically slower than the hydrogen oxidation reaction (HOR) at the
anode of AEMFCs, limiting their overall performance [2]. Therefore, it is
fundamental to develop highly active electrocatalysts for the ORR [3]. It
is well known that the ORR can proceed by a one-step mechanism, i.e.
that following a 4e- transfer pathway (1) [4,5], or by an indirect

mechanism, involving a 2e- pathway (2). The former is preferable since
it avoids the generation of the undesired HO2

– reaction intermediate (3)
[6–9].

O2 + 2H2O + 4e− →4OH− (1)

O2 + H2O + 2e− →OH− + HO−
2 (2)

HO−
2 + H2O + 2e− →3OH− (3)

Since they are relatively inexpensive, heteroatom-doped carbon
materials are among the most promising alternative electrocatalysts for
the ORR, with the potential to replace noble-metal based electro-
catalysts [1,10]. In this regard, porous carbons (PCs) have attracted
tremendous attention because their physicochemical and textural
properties facilitate the adsorption and diffusion of species, also
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showing good chemical stability, and excellent electrical–mechanical
properties [11–13]. Substitutional heteroatom doping of PCs (e.g., with
S, P, B, N) enhances their electrical conductivity and modifies their
surface chemical properties [14]. Some heteroatoms-doped PCs even
show higher catalytic activity for the ORR than conventional Pt/C
electrocatalysts [15–17]. Thus far, nitrogen is the most widely studied
doping heteroatom; however, the specific contribution of each active N-
species (e.g.; N-graphitic, N-pyridinic, N-pyrrolic, oxidized) on the cat-
alytic activity of PCs for the ORR is still under discussion [18,19].

As a low-cost alternative to conventional nanostructured carbons,
many sources of biomass have been processed into PCs, including wheat
[20], orange peel [21], soybean [22], banana peel [23], onion peel [24],
and rice [25]; more examples can be found elsewhere [26]. This
approach offers several environmental advantages, since biomass is
abundant, inexpensive, easily accessible, and its exploitation can pro-
mote the use of renewable sources [27,28]. Over the past decade, newly
designed metal-free and low-cost green electrocatalysts have been pro-
cessed from biomass, becoming fundamental to advance in the large-
scale commercialization of high performance, non-polluting electro-
chemical devices, such as AEMFCs.

On this matter, corn is an abundant source of biomass. Approxi-
mately 1,224.8 million metric tons of corn will be produced in 2024
according to the U.S. Department of Agriculture [29]. The eight major
producers and exporters of corn are the United States, China, Brazil, the
European Union, Argentina, India, Ukraine and México [30]. México
alone produced 27 million tons of corn in 2021 [31] and 25.5 million
metric tons in the 2023/24 market year [30], which is supplemented by
imports to provide for an annual consumption of ca. 335.2 kg per capita
in 2023 [32]. After the extraction of corn kernels, CC is the waste
remaining [33], representing about 20 % of the total grain biomass [34].
CC has been widely used for heating, as desiccant and adsorbent, and as
additive, among other applications [35]. However, the sustainable
management of this agricultural waste, and its conversion into value
added products, still present opportunities for the scientific community.

CC has been used as precursor to mesoporous carbons, with good
performance for the ORR after addition of metals. Sahu et al. showed
that N and F doping of carbon from CC promotes the ORR by modifying
their structural and textural properties and developing active sites [36].
Moreover, adding metals such as Fe and Co enhances catalytic activity.
For example, Jiang et al. encapsulated Fe2O3 nanocrystals within CC-
derived carbon nanofibers [37], showing 91 % current density reten-
tion after 10,000 s. The catalytic activity for the ORR has been attributed
to the well dispersed Fe compounds over the N-doped carbon matrix.
Chen et al., incorporated Co, P, N, and O into the framework of a CC-
derived carbon [38]. The authors report high catalytic activity for the
ORR, due to heteroatom doping, high specific surface area, and the
development of Co2O3/Co2N0.67 sites. Table 1 summarizes other exam-
ples, showing that preparing ORR active carbon from biomass is a
popular approach, but metal-free electrocatalysts have received less
attention and CC has not been studied for this.

Eliminating the need for metals, by taking advantage of catalytic
sites introduced by doping of carbon could be advantageous, making
biomass derived electrocatalysts less expensive and easier to produce
than their metal-enhanced counterparts. The effect of doping with het-
eroatoms, such as N, in ORR performance is well-known [46], but,
research on how the concentration of the heteroatom influences ORR
performance and other physicochemical parameters of PCs is scarce and
has not yet been reported for carbon catalysts from CC or other biomass
precursors.

In this context, we present a novel and systematic study of the effects
of varying N concentration in CC-based electrocatalysts. We report a
process to dope PCs derived from CC with N-species and evaluate their
performance for the ORR as function of dopant. To the best of our
knowledge, this is the first-time that N-doped PCs electrocatalysts have
been produced from CC, showing good performance while remaining
metal-free. Several CC:urea (as source of the N-species) mass ratios are

evaluated. The catalytic activity for the ORR of the resulting CC-based
electrocatalysts is characterized before and after an Accelerated
Degradation Test (ADT). This work provides alternatives to modifying
the carbon matrix with metals or different heteroatoms to activate ORR.
Additionally, it provides a broader perspective of the advantages of
designing PCs from abundant biomass and using them as electrocatalysts
in electrochemical energy conversion devices. We aim to demonstrate
that agro-industrial waste can be transformed into active ORR electro-
catalysts at low cost, using easily accessible reagents, and simple
methodologies.

2. Experimental

2.1. Materials

All reagents were used as received without additional purification:
KOH (90 %), 2-propanol (<99.5 %), and Nafion® 117 solution (5 wt%)
were purchased from Sigma Aldrich. Urea (99 %) was acquired from J.T.
Baker. Ultra-high purity (UHP, 99.999 %) N2 and O2 were supplied by
Infra. Celaya corn was collected from a local market in Monterrey,
México.

2.2. Synthesis of PCs

CC samples were cut in cubes of approximately 1 cm3, washed
thoroughly with distilled water, and sun-dried for 72 h, followed by heat
treatment in air atmosphere at 180 ◦C for 2 h to facilitate manual
grinding. The CC powders were sieved and precarbonized in a tubular
furnace at 400 ◦C for 2 h with a heating rate of 5 ◦C min− 1 and a N2 flow
rate of 40 mL min− 1.

Afterwards, mixtures of CC and KOH as activating agent in a 1:3 wt
ratio, and urea as source of nitrogen, were prepared. CC:urea wt. ratios

Table 1
Recent examples of PCs from biomass and their use as ORR electrocatalysts.

Precursor Heteroatom Metals/
agents
used

Approach ORR
performance

Ref.

Pea pods − ZnX2

(X=F,
Br, I,
Cl).

Study the use
of different
zinc halides.

Eonset = 0.97
n = 3.99

[39]

Rice husk N Fe, Si Study effects of
NaOH amount,
temperature,
and time.

Eonset = 0.96
n = 3.66

[40]

Rattan tea N, P Fe, Ni Effect of Fe:Ni
ratios (Ni
fixed).

Eonset= (NR)
n = 3.95

[41]

Chitosan N, P Co Study the
effects of
phytic acid and
acetic acid.

(NR) [42]

PAN N − Study the
effects of
ultrasonic
treatment
time.

(NR) [43]

Corn stalk N Fe Study the
effects of corn
stalk binder wt
% and Fe.

Eonset = 1.01
n= (NR)

[44]

Eucalyptus
pulp

N Fe Study the
effects of
carbonization
temperature.

Eonset = 0.90
n= (NR)

[45]

Corncob N − Study the
effects of
different N
amounts.

Eonset = 0.97
n = 3.97

This
work

Eonset: onset potential; n = electron transfer number; (NR): not reported.
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of 1:1, 1:2, 1:3, and 1:4 were adjusted. The mixtures were separately
added to 50 mL of distilled water, vigorously stirred for 24 h at 50 ◦C,
and dried at 100 ◦C until solvent evaporation. The dried mixtures were
pyrolyzed in a tubular furnace at 800 ◦C for 1 h with a N2 flow rate of 40
mL min− 1 and a heating rate of 5 ◦C min− 1. The carbon materials were
washed with distilled water until a neutral pH was achieved, vacuum
filtered (2 μm pore diameter Whatman filters), and dried overnight at
80 ◦C. The resulting electrocatalysts were labeled as CCXU where XU
represents the urea ratio (e.g., CC1U indicates synthesis using the CC:
urea wt. ratio of 1:1). The non-doped CC0 electrocatalysts was synthe-
sized following the same procedure, avoiding the addition of urea. The
synthesis conditions were chosen considering several studies summa-
rized by Sumangala et al [47].

2.3. Physicochemical characterization

X-ray diffraction (XRD) patterns were obtained in a Bruker D2Phaser
diffractometer (Cu-Kα radiation source, λ = 1.518 Å) using a 10-99◦ 2θ
scale range and a step size of 0.01◦. ATR-FTIR spectra were acquired
using a PerkinElmer Spectrum 400 equipment in the 500–4000 cm− 1

wavelength range, with a resolution of 4 cm− 1. Raman spectra were
collected in a Thermo-Scientific DXR spectrometer with a 633 nm laser
and in the 3500–200 cm− 1 Raman shift range and 100 scans. N2
adsorption and desorption analysis was done using a Quantachrome
Nova 2200 equipment. The morphology, elemental chemical composi-
tion and mapping were performed using a JEOL JSM 7800f Prime
FESEM apparatus, operating with 5 kV accelerating voltage. The HRTEM
images were acquired with a FEI Talos F200 microscope. Elemental
mapping by Energy Dispersive X-ray spectroscopy (EDS) was performed
in HAADF-STEM mode, at 30 kV. Distances in the electron micrographs
were measured with the ImageJ software. Surface chemical surface
composition was studied by X-ray photoelectron spectroscopy (XPS)
with a Thermo Scientific K-Alpha spectrometer, using an X-Ray source of
Al Kα (1486.6 eV) on a 400 μm wide oval spot, after sputter cleaning by
Ar+ beam (3 kV, 15 s). High-resolution regions were acquired with 50 eV
of pass energy and 50 ms of dwell time. Deconvolutions were realized
using the Shirley-Sherwood method and binding energies were cali-
brated to 284.8 eV (C 1 s peak).

2.4. Electrochemical characterization

Best practices for ORR performance determination were considered
in the electrochemical characterization of this work [48]. All the elec-
trochemical characterization was evaluated in a three-electrode cell
configuration using a Bio-Logic VSP-300 bipotentiostat coupled to a
Rotating Ring Disk Electrode (RRDE) set-up (Pine Research Instrumen-
tation). An Ag/AgCl reference electrode (RE) in saturated KCl solution
was placed into a Luggin capillary and used during the tests. The counter
electrode was a graphite bar also introduced into a Luggin capillary. The
electrolyte used for all measurements was 0.1 mol/L KOH and all the
potentials have been referred to the Reversible Hydrogen Electrode
(RHE). The work electrode (WE) was a glassy carbon (diameter = 5.61
mm), with a gold ring (Pine Res. Inst.). The catalyst inks were prepared
by mixing 10 mg of the electrocatalyst, 1 mL of 2-propanol, and 30 μL of
Nafion®. The mixture was dispersed by ultrasound for 30 min. Then, 4
aliquots of 3 μL were deposited on the glassy carbon to produce the WE.

The ORR activity was determined following the next protocol: i)
Activation (40 cycles, 50 mV s− 1 in N2-saturated electrolyte), ii) cyclic
voltammograms (CVs) at scan rate of 20 mV s− 1 in N2-saturated elec-
trolyte, iii) background current determination (scan rate of 5 mV s− 1 at
1600 rpm in N2-saturated electrolyte); iv) Linear sweep voltammograms
(LSVs) at several rotation rates (ω = 200, 400, 800, 1200, and 1600 rpm)
and 5 mV s− 1 in O2 saturated electrolyte; and v) ADT carried out
following the recommendations of the US Department of Energy (DOE)
[49], i.e., 3000 cycles at 50 mV s− 1 in N2 atmosphere. Activation, CVs,
background current, and LSVs were performed in a window potential

between of 0.05 and 1.2 V vs. RHE, while ADT in the 0.6 to 1 V vs. RHE
range. The current density (j) was obtained considering the geometric
area of the WE.

During the ORR measurements, the Au ring was polarized at 1.2 V vs.
RHE to sense the ring current (IR). The HO2

– intermediate yield (%HO-
2)

and the electron transfer number (n) were determined before and after
ADT with Equations (4) and (5) respectively [50]:

%HO−
2 =

200*IR
N

ID + (IR
N)

(4)

n =
4*ID

ID + (IR
N)

(5)

where ID is the disk current, and N is the collection efficiency provided
by the manufacturer (0.37).

3. Results and discussion

3.1. Physicochemical characterization

The broad and low intensity peaks of the XRD patterns of the elec-
trocatalysts, in Fig. 1 a), indicate a high content of disordered structures,
however, two maxima can be identified at ~23◦ and ~44◦ (2θ), corre-
sponding to the (002) and (100) carbon reflections (JCPDS no.
41–1487) [51]. It should be noted that the (002) peak slightly shifts
towards smaller angles as the urea concentration increases (Fig. 1 b)
compared to non-doped CC0, due to structural modifications of the
carbon. This would correspond to an increased interplanar spacing,
d(0 0 2), with higher CC:urea ratio [52]. The calculated values of d(0 0 2)
are shown in table S1.

Since the (002) peak is related to the orientation of carbon layers in a

Fig. 1. a-b) XRD patterns and zoom of the 15-35◦ 2θ interval of the electro-
catalysts, respectively; and c) scheme of the d(0 0 2) expansion as a function of
the urea content, where the black and white spheres represents carbon and
hydrogen atoms, respectively.
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3D matrix [53], these results indicate that the urea concentration also
has an important effect on the average distance between graphite layers
(schematized in Fig. 1 c), with the planes becoming further separated as
more urea is added, indicating a less graphitized and more amorphous
structure.

The FTIR spectra of the electrocatalyst (Figure S1) shows several
bands between 2500 and 750 cm− 1: CC0 has signals in 2153 cm− 1, 1956
cm− 1, 1733 cm− 1, and 969 cm− 1 which correspond to C=C=O and C=O
stretching, and C=C bending [54]. The C=C band remain in the doped
samples, CC1U and CC2U together with new bands at 1841 cm− 1, 2116
cm− 1

, and 2333 cm− 1 corresponding to N=C=N bending and C=O
stretching, respectively [55]. This indicates formation of graphitic C=N
surface bonds [56]. These doped CC also show C–H signals around 1500
cm− 1 and another C=N band at 1000 cm− 1.

With a higher dopant level, in samples CC3U and CC4U, peaks related
to the C–H bond appear between 1405–1572 cm− 1 [57]. Additionally,
the signal at 969 cm− 1 widens to 1121 cm− 1 suggesting the presence of
O=C-N stretching species instead of C=N bonds as in CC2U; these signals
have been related to pyridinic-N bond in PC electrocatalysts [58].
However, around 1750 cm− 1 CC3U show C=O signals while CC4U has
N=C=N bonds. These results suggest that an increase in the CC:urea (2
and 3 ratios) may hinder the formation of active C-N species over the
electrocatalysts surface [59].

Fig. 2 a) shows the Raman spectra of the electrocatalysts, with the
well-known D (~1335 cm− 1, sp3 carbon hybridization, or “defects”) and
G (~1565 cm− 1, sp2 carbon, or “graphitic”) [60]. Both bands are broad
and overlap, indicating a high amount of amorphous carbon structures.
The graphitization degree of carbon materials can be estimated by the
ID/IG intensity ratio, a decrease in this ratio has also been related to a
rearrangement of edge-bonded graphitic sites [61].

The broad bands include contributions from D*, D’, and D” inter-
bands, related to carbon–oxygen interactions from the carbon matrix
[62]. Deconvolution shows the relative contributions of the five bands,

in Fig. 2 b and c) for CC0 and CC1U. The other doped CC2U, CC3U, and
CC4U are substantially similar to CC1U and are depicted in Supplemen-
tary Figures S2 a-c). Deconvolution allows to find more accurate values
for the D and G bands, to calculate ID/IG (shown in table S1). The ID/IG
value of CC0 is 1.86, for the lowest doping it is 1.73, and it decreases
further as the CC:urea ratio increases, with a minimum of 1.30 for CC3U,
followed by a slight increase to 1.42 for CC4U. This trend suggests that
the N-doping promotes the graphitization of the electrocatalysts, which
increases with higher urea content. Raman spectra also show 2D and
D+G bands, related to carbon lattice defects promoted by O and N atoms
[63] for CC1U and CC2U. These bands do not appear for CC3U, and CC4,
which might be due to the decrease of C=O interaction. From the
spectroscopy analysis we propose there is a structural differences be-
tween CC0 and CC1U, with the CC:urea 1:1 ratio promoting C-N and C=C
bonds a less C=O bonding, this is schematized in Fig. 2 d).

The doping level also affected porosity. The specific surface area
(also shown in Table S1), measured by N2 adsorption and desorption
analysis, shows a value of 4.4 m2/g for the undoped material (CC0) this
increases almost 400 times with doping to a value of 1682.34 m2/g for
CC1U. With higher amounts of urea, SSA decreases to 449.53, 259.37,
and 220.75 m2/g for CC2U, CC3U, and CC4U, respectively. These results
are consistent with our interpretation that adding more urea promotes
graphitization. The high SSA of CC1U is related to a large number of
pores and channels for ion diffusion which should increase electro-
chemical performance [64], and hint that this material should show the
best performance.

Fig. 3 shows FESEM micrographs of the electrocatalysts. CC0 shows
large, smooth particles of irregular shape (Fig. 3 a). Fig. 3 b) shows the
morphology of CC1U with large pores, up to 1.4–1.5 µm, as an effect of
the urea doping. The observed pore size decreases in CC2U and CC3U
(Fig. 3 c and d). The showed cavities might be due to impregnation of
urea into the carbon matrix, since urea has been reported to act as a
shape directing agent by producing gases (NH3) promoting the

Fig. 2. a) Raman spectra of the electrocatalysts; b-c) deconvoluted Raman spectra of CC0 and CC1U respectively; and d) illustration of the main structural differences
between CC0 and CC1U.
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formation of micro/mesopores [65], the presence of which promotes the
highest specific surface area and storage/transport of ions [66,67].
While relatively large cavities are observed in CC4U (Fig. 3 e), the
number of mesopores would still decrease according to SSA measure-
ments, suggesting that the reduction in porosity due to graphitization
has a larger effect than the observed microscale roughness.

Elemental mapping by EDS and more FESEM micrographs are shown
in Figure S3, in addition to C, elemental analysis showed O, Ca, and P in
all samples, the amounts are shown in in Table S2. Nitrogen was not
detected in the undoped sample, but it does show clearly in the doped
samples, and mapping reveals that it is very well distributed. The
amounts of nitrogen decrease as more urea was used in the porous CC
materials synthesis, suggesting that excess urea inhibits the formation of
C-N bonds. This may be attributed to remotion of unreacted nitrogen
due to the low diffusion of N atoms into the carbon structure [68]. This
decrease in nitrogen concentration is again consistent with the Raman
results above, the presence of nitrogen increases the intensity of the D
peak, but both ID/IG and at% of nitrogen go down when more urea is
used. Ca and P are also detected, which is to be expected since these are
common elements in biomass, including CC [69]. Higher concentrations
of Ca and P in some spots in the map suggest that some calcium phos-
phate forms after calcination, which makes us hypothesize that P doping
is not significant, but they also appear independent of each other in the
map, and their total concentration is not fully correlated.

Fig. 4 a) shows a bright field HRTEM micrograph of CC1U. Fig. 4 b) is
a zoom of the area highlighted by the yellow square in Fig. 4 a). Some
curved and non-aligned carbon domains are observed, which are char-
acteristic of a disordered hard carbon material [70], which has been
reported before for other biomass-derived porous carbons [71]. The
interlayer spacing of CC1U is around 0.36–0.4 nm, ascribed to the (002)
carbon plane [72]. The porous network of CC1U is confirmed in Fig. 4 c),
where pores are distributed in the carbon matrix [73]. The HAADF-
STEM micrograph and chemical mapping of CC1U in Fig. 4 d) shows C,
O, and N homogeneously dispersed over the carbon surface, suggesting
its successful doping.

Additional HRTEM images are shown in the supporting information
for CC0 (Fig. S4), CC2U (Fig. S5), CC3U (Fig. 6), and CC4U (Fig. S7),
together with dark-field images and EDS mappings. N does not show in
the EDS map for CC0 (fig. S4 c), but in all the doped materials N and O
are homogenously dispersed in the carbon material. The materials with

more doping do not show partially graphitized domains like the ones
seen for CC1U, which would mean that they are more likely to be soft
carbon. It important to mention that, even though hard and soft carbon
look different in HRTEM images, both may have identical XRD patterns
and Raman spectra [70]. These results indicate that CC:urea 1:1 ratio
promotes hard carbon alignment.

An XPS survey scan, shown in Fig. 5 a), confirms the presence of O
and N species for the doped electrocatalysts. The XPS quantification is
shown in Table 2. The nitrogen content of the undoped material is quite
low, below what could be easily detected by EDS. Confirming what has
been discussed above, N content is highest for CC1U, but decreases as the
CC:urea ratio increases.

High resolution XPS for the C 1 s region of CC0 (Fig. 5 b) shows sp2

and sp3 bonding (284.7 and 285.3 eV binding energies respectively,
[74]), as well as C-O-C (286.7 eV) and C-O (285.9 eV), bonds. The O 1 s
high resolution spectrum corroborates the presence of C-O bonds (533.1
eV) and also shows a significant amount of C=O bonds (531.5 eV) [75].

For the CC1 doped carbon, high resolution XPS (Fig. 5 c) also shows
C-OH in the C 1 s peak (at 285.5 eV), and in the O 1 s peak. More
significantly C=N bonds (284.1 eV, [76]), which are absent in CC0 are
prominent in the deconvolution. The C-N bonding is confirmed in the N
1 s peak, which shows N species with pyridinic, pyrrolic, and graphitic
bonding at 398.1, 399.3, and 400.8 eV respectively [77].

The high-resolution XPS spectra for the N 1 s, C 1 s, and O 1 s regions
of CC2U, CC3U, and CC4U are shown in supplementary Figures S8-S10,
respectively. The relative concentrations of the different types of bonds
for the undoped and doped carbons are also shown in the supporting
information, in Table S3. The other doped carbons also show the pyr-
idinic, pyrrolic and graphitic C-N bonds, but the two samples treated
with higher urea amounts, CC3U, and CC4U, also show oxidized nitrogen,
the appearance of which is correlated mostly to a decrease in pyrrolic-N.
Appart from this, the rest of the species at the C 1 s and O 1 s regions are
the same as those identified at CC1U. The relative concentration of the
different bondings in Table S3 shows that the increase in CC:urea has the
following effects: i) promote the formation of N-oxidized species; ii)
inhibit the formation of C-OH functional groups; and iii) decrease the
relative concentration of pyrrolic-N, while increasing that of pyridinic-
N. However, it has a limited effect on the concentration of C-O and
C=O species.

Fig. 3. FESEM images of a) CC0, b) CC1U, c) CC2U, d) CC3U, and e) CC4U.
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3.2. Catalytic activity for the ORR

Fig. 6 a) shows the CVs of CC0, CC1U, CC2U, CC3U, and CC4U, which
have a semi-capacitive behavior, with the higher j values generated by
the electrocatalysts doped with CC:urea ratios of 1:2, 1:3, and 1:4,
ascribed to their high specific surface area that promotes electrolyte
storage, ion diffusion, and fast charge transfer [78]. The shape of the CV
corresponding to CC1U, stands out, with a more quasi-rectangular pro-
file, suggesting an electrochemical surface area available without
Faradaic peaks [79]. Moreover, only CC1U shows a well-defined cathodic
peak with an onset potential at 0.88 V vs. RHE. The appearance of such
peak is typically attributed to the reduction of oxygenated absorbed
species (highlighted circle in Fig. 6 a) [80]. Overall, the shape of the CVs
shown by the CC-based electrocatalysts (i.e., a double-layer capacitance
behavior) is expected, since a capacitive behavior results from highly
porous materials [81,82]. For comparison, the CV of a commercial 20 wt
% Pt/C electrocatalyst is also shown in the Fig. 6 a), showing its char-
acteristic shape in alkaline electrolyte.

The Linear Sweep Voltammograms of the electrocatalysts (at 1600
rpm, before ADT) are shown in Fig. 6 b). The N-doped electrocatalysts
have a more positive Eonset, compared to CC0, in the order CC1U>C-
C2U>CC4U>CC3U (Table 3). The Eonset of CC1U is only 20 mV more

negative than that of Pt/C (0.97 vs. 0.99 V vs. RHE). CC1U also has the
more positive E1/2 among the carbon electrocatalysts: 0.70 V vs. RHE
(150 mV difference from Pt/C before ADT). CC1U delivers a jmax of
− 3.22 mA cm− 2, lower than − 4.07 mA cm− 2 of CC2U before ADT
(Table 3). It is important to emphasize that although the kinetic, mixed,
and diffusion regions in the LSV curves of the CC-based electrocatalysts
are not as well-defined as in Pt/C, the Eonset and E1/2 values are
improved by the doping of the carbon structure.

P-heteroatom doping of porous carbon has also been reported as a
promoter of the catalytic activity for the ORR of PCs [51]. Even though P
was not detected in our XPS survey scan, EDS (Figure S3) showed its
presence in the CC electrocatalysts, however no significant difference in
P content between CC0 and CC1U was observed (see Table S2), while the
difference in N content is notorious both in EDS and XPS quantifications.
Thus, the noticeable difference in ORR activity between CC0 and CC1U is
attributed to N-doping, and any effect of P on the performance of the CC
electrocatalysts is considered negligible.

The ADT provides relevant information of the electrochemical sta-
bility of fuel cell electrocatalysts. Often, a decrease in Eonset, E1/2, and
jmax is observed after cycling. For instance, the metal-free carbon semi-
tubes prepared by Zhang et al. showed an 8 mV negative shift of E1/2
after 5,000 cycles [68]. Wang et al. synthesized a metal-free N, S co-

Fig. 4. a) HRTEM micrograph of cc1U, the area marked by the yellow square is shown in b), where curved graphitic sheets can be identified, this electrocatalyst
material has mesopores, as shown in c), EDS mapping, in HAADF-STEM mode, of the CC1U material shown in d) reveals that nitrogen is very well distributed, together
with oxygen. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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doped mesoporous carbon which had a decrease in j of ~14 % after
15,000 s [83]. The hollow mesoporous carbon spheres reported by Cao
et al. suffer a loss of ~20.8 % in j after 9 h testing [84].

Fig. 6 c) shows the LSV curves after ADT of the CC-based electro-
catalysts and Pt/C. Notoriously, CC1U shows an improved catalytic ac-
tivity after the ADT of 3000 cycles compared to its first cycle in terms of

Fig. 5. a) Survey XPS scan of the electrocatalysts; b) high-resolution spectra of the C 1 s and O 1 s regions of CC0; c) high-resolution spectra of the N 1 s, C 1 s, and O
1 s of CC1U.

Fig. 6. a) CVs of the electrocatalysts acquired at 20 mV s− 1 in N2-saturated 0.1 mol/L electrolyte; b) LSVs of the ORR before ADT of the electrocatalysts at 1600 rpm,
5 mV s− 1, and O2-saturation conditions; c) LSVs after ADT of the electrocatalysts, same conditions as in b); and d) comparison of catalytic activity for the ORR before
and after ADT of CC1U and Pt/C at 1600 rpm.
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Eonset, E1/2, and jmax (Table 3), surpassing the rest of the CC-based
electrocatalysts. Such parameters at CC1U become close to those of Pt/
C, which undergoes some degradation after ADT. A more detailed
comparison of the performance of CC1U and Pt/C at the 1st and 3000th
cycles is shown in Fig. 6 d). The enhanced performance of CC1U after
ADT may be due to the activation of inert electrons in the sp2 carbon
nanodomains, promoted by the presence of N-species [19].

Fig. 7 a) shows the IR collected during the ORR at 1600 rpm at the
electrocatalysts. Pt/C has a characteristic behavior. Meanwhile, the N-
doped CC-based electrocatalysts generate lower IR values than Pt/C over
the potential interval. The low IR collected, particularly from CC1U,

suggests a small production of the %HO2
– intermediate which is related

to a reaction mechanism following a 4e- transfer pathway [85].
Fig. 7 b and c) show the n and %HO2

– plots before ADT of the CC-
based electrocatalysts, estimated from equations (4) and (5), respec-
tively. Fig. 7 d and e) are zooms from the highlighted yellow square from
Fig. 7 b and c) respectively. CC1U produces less %HO2

– (1.01 % at 0.5 V)
with a higher n (3.97) at 0.5 V vs. RHE than the other carbon electro-
catalysts (Table 3). After ADT, these parameters improve at CC1U,
approaching those of Pt/C. Fig. 7 f) shows a comparison of the Eonset and
E1/2 values of the N-doped CC-based electrocatalysts before and after
ADT. Although an increment in catalytic activity for the ORR after ADT
is observed at some of these CC-based electrocatalysts, CC1U shows the
highest performance. Figure S11 shows the n and %HO2

– curves of the
electrocatalysts after ADT.

Considering the results in this study, the presence of N-graphitic, N-
pyrrolic, and N-pyridinic species in the CC-based electrocatalysts
strongly influences their catalytic activity for the ORR in two ways: 1) by
promoting changes in their structural features, and 2) by increasing the
presence of active sites for the adsorption of O-species which suggest a
synergistic electronic effect between C and O [86]. Among them, it has
been reported that N-pyridinic and N-graphitic promote the catalytic

Table 2
Surface chemical elemental composition of the electrocatalysts by XPS.

Electrocatalysts C O N
(at. %)

CC0 91.43 8.16 0.41
CC1U 89.65 8.54 1.81
CC2U 87.69 10.56 1.75
CC3U 88.46 9.93 1.61
CC4U 90.44 8.06 1.50

Table 3
Electrochemical parameters of the electrocatalysts compared to Pt/C.

Electrocatalysts Eonset E1/2 jmax HO2
– at 0.5 V n

(V vs. RHE) (V vs. RHE) (mA cm− 2) (%) at 0.5 V

1st 3000th 1st 3000th 1st 3000th 1st 3000th 1st 3000th

CC0 0.81 0.78 0.50 0.52 − 2.91 − 2.84 7.52 4.17 3.85 3.91
CC1U 0.97 0.99 0.70 0.77 − 3.22 − 3.65 1.01 0.96 3.97 3.98
CC2U 0.91 0.91 0.65 0.66 − 4.07 − 3.74 1.80 1.27 3.96 3.97
CC3U 0.87 0.86 0.51 0.47 − 3.01 − 2.69 1.70 1.50 3.95 3.96
CC4U 0.92 0.94 0.63 0.65 − 3.44 − 3.36 1.03 1.13 3.96 3.97
Pt/C 0.99 0.97 0.85 0.83 − 4.20 − 3.28 0.20 0.34 3.99 3.99

Fig. 7. a) IR; b-c) n curves and overall %HO2
– production before ADT; d) zoom of the yellow square highlighted in Figure b, e) zoom of the yellow square highlighted

in Figure c, and f) comparison of Eonset and E1/2 before and after ADT of the CC-based electrocatalysts, at 1600 rpm. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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activity of carbon-based electrocatalysts for the ORR [87]. Nonetheless,
these species play different roles in catalyzing the ORR. For example, N-
pyridinic enhances a 2e- into a 4e- transfer mechanism supported by the
presence of neighboring Lewis base carbon atoms [88]. Meanwhile, N-
graphitic promotes the direct 4e- transfer mechanism by synergistically
improving an electron transfer from C to O in the presence of N atoms
[89]. Therefore, the concentration of N-pyridinic or N-graphitic species
strongly influences the ORR performance of carbon-based
electrocatalysts.

In these studies, CC1U shows macropores and mesopores, the highest
SSA value, and the presence of mostly N-graphitic and N-pyrrolic spe-
cies. With such features, it has the highest ORR performance. On the
other hand, CC2U shows a higher concentration of N-pyridinic and N-
pyrrolic, CC3U more N-pyridinic and CC4U more N-pyridinic and N-
graphitic, compared to CC1U. Thus, it is hypothesized that the electron
transfer from C to O atoms by N-graphitic, coupled with the N-pyrrolic
enhances the ORR performance of CC1U in alkaline medium [90].

Figure S12 shows the mass catalytic activity of Pt/C and the CC-
based electrocatalysts a) before and b) after ADT at 1600 rpm. The
slopes were obtained in the 0.95–0.75 V vs. RHE range considering the
procedure reported in [91] for Pt/C and in [92] for metal-free electro-
catalysts. Before ADT, Pt/C show a Tafel slope of 62 mV dec-1, an ex-
pected value at low overpotentials [93]. Overall, the CC-based
electrocatalysts show a lower mass catalytic activity than Pt/C. Before
ADT, CC1U outperforms the rest of the CC-based electrocatalysts.
Nevertheless, their relatively low Tafel slopes demonstrate the fast ki-
netics of the ORR at their surface. After ADT, the mass performance of
the CC-based electrocatalysts remains stable with variations of ~3 mV
dec-1, compared to Pt/C (6 mV dec-1 drop). The decrease of IM values at
low overpotential after ADT demonstrates a Temkin mechanism which
involves a higher adsorption of O-species [94] making consistent the
mass catalytic activity, IR, n, and %HO2

– results.

4. Conclusions

In this work, a systematic study of the effects promoted by modifying
the concentration of urea in CC derived ORR electrocatalysts was stud-
ied for the first time. It was shown that by increasing the urea concen-
tration, the pore size decreases, while the d(0 0 2) interplanar distance and
the j increases due to the electrochemical double layer of CC0. With CC:
urea 1:1 and 1:2 ratios, the formation of active C-N bonds was promoted,
while an increase in urea concentration inhibits the formation of species
which promotes the ORR. The CC1U electrocatalysts showed the highest
catalytic activity among the CC-based electrocatalysts, with values
before ADT of Eonset = 0.97 V vs. RHE, E1/2 = 0.7 V vs. RHE, and jmax =

-3.22 mA cm− 2. CC1U also had the lowest %HO2
– (1.01) and highest n

(3.97) both at 0.5 V vs. RHE. After ADT, CC1U showed high electro-
chemical stability, with improved parameters of the ORR, a behavior
ascribed to the activation of inert π electrons in sp2 nanodomains pro-
moted by the doping with N-species. Furthermore, CC1U has the higher
SSA compared to CC0, CC2U, CC3U, and CC4U. To conclude, we think this
work shows that it is possible to design active electrocatalysts for energy
conversion reactions, with controlled doping levels, by using readily
available reagents, simple and less polluting methodologies, and above
all thinking that, sometimes, less is more.
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M. Gómez, J.L. Solís, D. Mondal, R.L. Keiski, G.J.F. Cruz, Evaluation and selection
of biochars and hydrochars derived from agricultural wastes for the use as
adsorbent and energy storage materials, J. Environ. Chem. Eng. 9 (2021) 105979,
https://doi.org/10.1016/j.jece.2021.105979.

[58] S. Wang, L. Dong, Z. Li, N. Lin, H. Xu, S. Gao, Sustainable supercapacitors of
nitrogen-doping porous carbon based on cellulose nanocrystals and urea, Int. J.
Biol. Macromol. 164 (2020) 4095–4103, https://doi.org/10.1016/j.
ijbiomac.2020.09.011.

J.C. Martínez-Loyola et al. Electrochemistry Communications 166 (2024) 107792 

10 

https://doi.org/10.1016/j.fmre.2021.06.021
https://doi.org/10.1016/j.fmre.2021.06.021
https://doi.org/10.1016/j.elecom.2019.01.021
https://doi.org/10.1016/j.ijhydene.2022.02.064
https://doi.org/10.1016/j.ijhydene.2022.02.064
https://doi.org/10.1016/j.jechem.2022.03.022
https://doi.org/10.1002/adma.201804799
https://doi.org/10.1016/S1872-5805(22)60590-0
https://doi.org/10.1007/s10008-020-04578-2
https://doi.org/10.1007/s10008-020-04578-2
https://doi.org/10.1016/j.jscs.2016.12.003
https://doi.org/10.1016/j.ijhydene.2019.06.174
https://doi.org/10.1016/j.materresbull.2018.03.019
https://doi.org/10.1016/j.materresbull.2018.03.019
https://doi.org/10.1016/j.ijhydene.2018.10.050
https://doi.org/10.1016/j.ijhydene.2018.10.050
https://doi.org/10.1016/S1872-5805(20)60497-8
https://doi.org/10.1016/j.est.2022.105290
https://doi.org/10.1016/j.pecs.2022.101023
https://doi.org/10.1016/j.pecs.2022.101023
https://ipad.fas.usda.gov/cropexplorer/cropview/commodityView.aspx?cropid=0440000
https://ipad.fas.usda.gov/cropexplorer/cropview/commodityView.aspx?cropid=0440000
https://www.statista.com/statistics/254292/global-corn-production-by-country/
https://www.statista.com/statistics/254292/global-corn-production-by-country/
https://www.gob.mx/agricultura/articulos/maiz-cultivo-de-mexico
https://www.gob.mx/agricultura/articulos/maiz-cultivo-de-mexico
https://www.gob.mx/siap/acciones-y-programas/panorama-agroalimentario-258035
https://www.gob.mx/siap/acciones-y-programas/panorama-agroalimentario-258035
https://doi.org/10.1007/s12155-008-9026-6
https://doi.org/10.1016/j.jechem.2019.09.002
https://doi.org/10.1039/D1RA07017G
https://doi.org/10.1039/D1RA07017G
https://doi.org/10.1016/j.ijhydene.2024.01.217
https://doi.org/10.1016/j.ijhydene.2024.01.217
https://doi.org/10.1016/j.jallcom.2024.174172
https://doi.org/10.1016/j.jallcom.2024.174172
https://doi.org/10.1016/j.susmat.2024.e00875
https://doi.org/10.1016/j.matlet.2023.135812
https://doi.org/10.1016/j.diamond.2024.110804
https://doi.org/10.1016/j.diamond.2024.110804
https://doi.org/10.1016/j.fuel.2024.131089
https://doi.org/10.1016/j.fuel.2024.131089
https://doi.org/10.1016/j.fuel.2024.132119
https://doi.org/10.1038/ncomms5973
https://doi.org/10.1038/ncomms5973
https://doi.org/10.1016/j.est.2020.101870
https://doi.org/10.1016/j.carbon.2021.12.078
https://doi.org/10.1016/j.carbon.2021.12.078
https://doi.org/10.1021/acsomega.7b00054
https://doi.org/10.1021/acsomega.7b00054
https://doi.org/10.1016/j.carbon.2016.04.080
https://doi.org/10.1039/C3EE41444B
https://doi.org/10.1039/C3EE41444B
https://doi.org/10.34133/2022/9896218
https://doi.org/10.1039/C9RA00343F
https://doi.org/10.1039/C9RA00343F
https://doi.org/10.1016/j.chemosphere.2019.125330
https://doi.org/10.1016/j.chemosphere.2019.125330
https://doi.org/10.1016/j.jaap.2017.05.017
https://doi.org/10.1016/j.jaap.2017.05.017
https://doi.org/10.1021/acs.jpcc.8b06550
https://doi.org/10.1016/j.jece.2021.105979
https://doi.org/10.1016/j.ijbiomac.2020.09.011
https://doi.org/10.1016/j.ijbiomac.2020.09.011


[59] C. Wang, Y. Li, X. He, Y. Ding, Q. Peng, W. Zhao, E. Shi, S. Wu, A. Cao, Cotton-
derived bulk and fiber aerogels grafted with nitrogen-doped graphene, Nanoscale 7
(2015) 7550–7558, https://doi.org/10.1039/c5nr00996k.

[60] L. Bokobza, J.-L. Bruneel, M. Couzi, Raman Spectra of Carbon-Based Materials
(from Graphite to Carbon Black) and of Some Silicone Composites, C. 1 (2015)
77–94. doi:10.3390/c1010077.

[61] D. Kumbhar, A. Palliyarayil, D. Reghu, D. Shrungar, S. Umapathy, S. Sil, Rapid
discrimination of porous bio-carbon derived from nitrogen rich biomass using
Raman spectroscopy and artificial intelligence methods, Carbon N. Y. 178 (2021)
792–802, https://doi.org/10.1016/j.carbon.2021.03.064.

[62] M. Pawlyta, J.-N. Rouzaud, S. Duber, Raman microspectroscopy characterization of
carbon blacks: Spectral analysis and structural information, Carbon N. Y. 84 (2015)
479–490, https://doi.org/10.1016/j.carbon.2014.12.030.

[63] A. Jorio, M.A. Pimenta, A.G.S. Filho, R. Saito, G. Dresselhaus, M.S. Dresselhaus,
Characterizing carbon nanotube samples with resonance Raman scattering, New J.
Phys. 5 (2003) 139, https://doi.org/10.1088/1367-2630/5/1/139.

[64] Q. Du, Y. Zhao, Y. Chen, J. Liu, H. Li, G. Bai, K. Zhuo, J. Wang, Nitrogen-doped
porous carbon nanosheets as both anode and cathode for advanced potassium-ion
hybrid capacitors, Green Energy Environ. 8 (2023) 579–588, https://doi.org/
10.1016/j.gee.2022.02.013.

[65] C. Chang, M. Li, H. Wang, S. Wang, X. Liu, H. Liu, L. Li, A novel fabrication strategy
for doped hierarchical porous biomass-derived carbon with high microporosity for
ultrahigh-capacitance supercapacitors, J. Mater. Chem. A 7 (2019) 19939–19949,
https://doi.org/10.1039/C9TA06210F.

[66] Y.-L. Zhang, S.-Y. Li, Z.-S. Tang, Z. Song, J. Sun, Xanthoceras sorbifolia seed coats
derived porous carbon with unique architecture for high rate performance
supercapacitors, Diam. Relat. Mater. 91 (2019) 119–126, https://doi.org/10.1016/
j.diamond.2018.11.013.

[67] Z. Ling, Z. Wang, M. Zhang, C. Yu, G. Wang, Y. Dong, S. Liu, Y. Wang, J. Qiu,
Sustainable synthesis and assembly of biomass-derived B/N Co-doped carbon
nanosheets with ultrahigh aspect ratio for high-performance supercapacitors, Adv.
Funct. Mater. 26 (2016) 111–119, https://doi.org/10.1002/adfm.201504004.

[68] M. Chen, J. Chen, C. Jia, J. Luo, Z. Yang, J. Chung-Yen Jung, J. Zhang, S. Chen,
S. Zhang, Metal-free carbon semi-tubes for oxygen reduction electrocatalysis, Cell
Reports Phys. Sci. 4 (2023) 101204, https://doi.org/10.1016/j.xcrp.2022.101204.

[69] N.S. Pinky, M. Bin Mobarak, S. Mustafi, M. Zesanur Rahman, A. Nahar, T. Saha,
N. Mohammed Bahadur, Facile preparation of micro-porous biochar from
Bangladeshi sprouted agricultural waste (corncob) via in-house built heating
chamber for cationic dye removal, Arab. J. Chem. 16 (2023) 105080, https://doi.
org/10.1016/j.arabjc.2023.105080.

[70] Z. Jian, C. Bommier, L. Luo, Z. Li, W. Wang, C. Wang, P.A. Greaney, X. Ji, Insights
on the mechanism of Na-ion storage in soft carbon anode, Chem. Mater. 29 (2017)
2314–2320, https://doi.org/10.1021/acs.chemmater.6b05474.

[71] C. del M. Saavedra Rios, L. Simonin, A. de Geyer, C. Matei Ghimbeu, C. Dupont,
Unraveling the Properties of Biomass-Derived Hard Carbons upon Thermal
Treatment for a Practical Application in Na-Ion Batteries, Energies. 13 (2020). doi:
10.3390/en13143513.

[72] S. He, M. Li, X. Lin, T. Li, F. Tan, S. Hao, Z. Yang, L. Cui, C. Sun, Y. Xu, Y. Ke,
D. Zhu, D. Chen, Superior electrocatalytic ORR performance of Melaleuca
Leucadendron L barks derived hierarchical porous carbon with abundant atom-
scale vacancies and multiheteroatoms, Ceram. Int. 48 (2022) 11111–11123,
https://doi.org/10.1016/j.ceramint.2021.12.331.

[73] X. Chen, W. Zhang, Y. Qu, X. Chen, Y. Liu, C. Lu, Solvent-free synthesis of
honeycomb-like N-doped porous carbon derived from biomass pine sawdust as an
efficient metal-free electrocatalyst for oxygen reduction reaction, J. Electroanal.
Chem. (2022) 116909, https://doi.org/10.1016/j.jelechem.2022.116909.

[74] L. Yang, H. Ding, G. Xu, L. Zhang, B. Wei, Efficient ORR activity of N-doped porous
carbon encapsulated cobalt electrocatalyst derived from a novel bimetal-organic
framework, Mater. Res. Bull. 138 (2021) 111237, https://doi.org/10.1016/j.
materresbull.2021.111237.

[75] T. Li, D. Chen, L. Gu, S. Chen, C. Li, J. Liao, Y. Zhou, Y. Xu, C. Sun, Z. Yang,
H. Yang, Single-source precursor synthesis of nitrogen-doped porous carbon for
high-performance electrocatalytic ORR application, Ceram. Int. 45 (2019)
8354–8361, https://doi.org/10.1016/j.ceramint.2019.01.143.

[76] C.L. Chiang, J.M. Yang, 11 - Flame retardance and thermal stability of polymer/
graphene nanosheet oxide composites, in: D.-Y. Wang (Ed.), Nov. Fire Retard.
Polym. Compos. Mater., Woodhead Publishing, 2017: pp. 295–312. doi: 10.1016/
B978-0-08-100136-3.00011-X.

[77] L. Liu, G. Zeng, J. Chen, L. Bi, L. Dai, Z. Wen, N-doped porous carbon nanosheets as
pH-universal ORR electrocatalyst in various fuel cell devices, Nano Energy 49
(2018) 393–402, https://doi.org/10.1016/j.nanoen.2018.04.061.

[78] Y. Fang, Q. Zhang, D. Zhang, L. Cui, The synthesis of porous carbons from a lignin-
rich residue for high-performance supercapacitors, New Carbon Mater. 37 (2022)
743–751, https://doi.org/10.1016/S1872-5805(21)60058-6.

[79] Z.-A. Qiao, B. Guo, A.J. Binder, J. Chen, G.M. Veith, S. Dai, Controlled synthesis of
mesoporous carbon nanostructures via a “Silica-Assisted” strategy, Nano Lett. 13
(2013) 207–212, https://doi.org/10.1021/nl303889h.

[80] P. Wei, X. Li, Z. He, X. Sun, Q. Liang, Z. Wang, C. Fang, Q. Li, H. Yang, J. Han,
Y. Huang, Porous N, B co-doped carbon nanotubes as efficient metal-free
electrocatalysts for ORR and Zn-air batteries, Chem. Eng. J. 422 (2021) 130134,
https://doi.org/10.1016/j.cej.2021.130134.

[81] L. Sun, Y. Gong, D. Li, C. Pan, Biomass-derived porous carbon materials: synthesis,
designing, and applications for supercapacitors, Green Chem. 24 (2022)
3864–3894, https://doi.org/10.1039/d2gc00099g.

[82] Y. Xi, Z. Xiao, H. Lv, H. Sun, X. Wang, Z. Zhao, S. Zhai, Q. An, Template-assisted
synthesis of porous carbon derived from biomass for enhanced supercapacitor
performance, Diam. Relat. Mater. 128 (2022) 109219, https://doi.org/10.1016/j.
diamond.2022.109219.

[83] S. Cao, W. Shang, G.-L. Li, Z.-F. Lu, X. Wang, Y. Yan, C. Hao, S. Wang, G. Sun,
Defect-rich and metal-free N, S co-doped 3D interconnected mesoporous carbon
material as an advanced electrocatalyst towards oxygen reduction reaction, Carbon
N. Y. 184 (2021) 127–135, https://doi.org/10.1016/j.carbon.2021.08.003.

[84] W. Xiong, H. Li, R. Cao, Nitrogen and sulfur dual-doped hollow mesoporous carbon
spheres as efficient metal-free catalyst for oxygen reduction reaction, Inorg. Chem.
Commun. 114 (2020) 107848, https://doi.org/10.1016/j.inoche.2020.107848.

[85] G. Zhong, Z. Meng, M. Xu, H. Xie, S. Xu, X. Fu, W. Liao, S. Zheng, Y. Xu, Self-
nitrogen-doped porous carbon prepared via pyrolysis of grass-blade without
additive for oxygen reduction reaction, Diam. Relat. Mater. 121 (2022) 108742,
https://doi.org/10.1016/j.diamond.2021.108742.

[86] J. Sun, S.E. Lowe, L. Zhang, Y. Wang, K. Pang, Y. Wang, Y. Zhong, P. Liu, K. Zhao,
Z. Tang, H. Zhao, Ultrathin nitrogen-doped holey carbon@graphene bifunctional
electrocatalyst for oxygen reduction and evolution reactions in alkaline and acidic
media, Angew. Chem. Int. Ed. 57 (2018) 16511–16515, https://doi.org/10.1002/
anie.201811573.

[87] D. Guo, R. Shibuya, C. Akiba, S. Saji, T. Kondo, J. Nakamura, Active sites of
nitrogen-doped carbon materials for oxygen reduction reaction clarified using
model catalysts, Science (80-) 351 (2016) 361–365, https://doi.org/10.1126/
science.aad0832.

[88] M. Skorupska, A. Ilnicka, J.P. Lukaszewicz, The effect of nitrogen species on the
catalytic properties of N-doped graphene, Sci. Rep. 11 (2021) 23970, https://doi.
org/10.1038/s41598-021-03403-8.

[89] H. Han, Y. Noh, Y. Kim, W.S. Jung, S. Park, W.B. Kim, An N-doped porous carbon
network with a multidirectional structure as a highly efficient metal-free catalyst
for the oxygen reduction reaction, Nanoscale 11 (2019) 2423–2433, https://doi.
org/10.1039/C8NR10242B.

[90] J. Zheng, C. Guo, C. Chen, M. Fan, J. Gong, Y. Zhang, T. Zhao, Y. Sun, X. Xu, M. Li,
R. Wang, Z. Luo, C. Chen, High content of pyridinic- and pyrrolic-nitrogen-
modified carbon nanotubes derived from blood biomass for the electrocatalysis of
oxygen reduction reaction in alkaline medium, Electrochim. Acta 168 (2015)
386–393, https://doi.org/10.1016/j.electacta.2015.03.173.

[91] A. Hernández-Ramírez, M.E. Sánchez-Castro, I. Alonso-Lemus, K.K. Aruna,
P. Karthikeyan, R. Manoharan, F.J. Rodríguez-Varela, Evaluation of the nickel
titanate-modified Pt nanostructured catalyst for the ORR in Alkaline media,
J. Electrochem. Soc. 163 (2015) F16, https://doi.org/10.1149/2.0161602jes.
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