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The active sites of electrocatalysts play a crucial role in the material design and mechanistic exploration of
an electrocatalytic reaction. Defect-tailored heteroatom-doped carbon-based electrocatalysts for oxygen
reduction reaction (ORR) have been much explored, but there is ambiguity in the prediction of active sites
responsible for the performance of the material. To find the origin of the activity of this class of catalysts
towards ORR, in this work, we use the quantum mechanics/machine learning (QM/ML) approach to
derive energy-optimized models with both N-atoms and 5-8-5 defect sites which manifest exemplary
ORR activity. Following this approach, we synthesized defect-engineered graphene (DG) using the zinc
template method at 1050 °C to achieve optimum N-dopants and intrinsic (5-8-5) defects. The obtained
electrocatalyst exhibits hierarchical porosity, high surface area, low nitrogen content, good stability and

a satisfying ORR performance with a half-wave potential (E;;) of 0.82 V, comparable to that of
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Accepted 6th April 2023 commercial Pt/C (E;» = 0.82 V). Further, the full energy profile was deduced using density functional

theory and the charge redistribution in the material cross-verified a reduced overpotential for ORR. This

DOI: 10.1039/d5ta00871a work provides a strategy for the synthesis of noble-metal-free high-performance electrocatalysts for

Published on 07 Nisan 2023. Downloaded on 24.06.2024 18:13:12.

rsc.li/materials-a energy conversion.

Introduction

The oxygen reduction reaction (ORR) is the pivotal cathodic
reaction in fuel cells and metal-air batteries, which are
considered promising sources of clean renewable energy due to
their high energy conversion efficiency, cleanliness and
sustainability." Noble metal platinum (Pt)-based electrocatalysts
are considered state-of-art catalysts for ORR? but are limited in
wide commercial applications due to their exorbitant cost,
scarce resources, low fuel crossover and poor long-term
stability.” Thus, extensive research is being done to replace Pt-
based catalysts by (1) reducing the particle size of Pt for its
utilization in cluster or atomic form or alloying Pt to minimize
Pt usage,*® (2) developing non-noble transition metal electro-
catalysts to completely replace Pt® and (3) exploring metal-free
electrocatalysts that present comparable/better activity for
ORR.” However, transition metal-based electrocatalysts are
always accompanied by several drawbacks, such as poor dura-
bility, lower selectivity, susceptibility to gas poisoning and
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adverse environmental impacts.®® In contrast, the distinctive
structural diversity of nanocarbon-based metal-free electro-
catalysts and their various advantageous features, such as high
abundance, good physico-chemical stability, remarkable
activity, high electrical conductivity, low cost, and environ-
mental friendliness, make them highly regarded candidates for
ORR.™

Pure graphene is non-polar, lacks active sites and shows poor
electrochemical activity.'* Therefore, numerous strategies have
been adopted to improve its electrocatalytic properties.”*™**
Defect engineering in carbon nanomaterials is considered one
of the most effective methods.""” According to the second law
of thermodynamics,'*® crystalline materials will always have
lattice imperfections or disorder arising from the production
process or impurities. The presence of atomic disorder or
defects is the origin of the electronic, optical and mechanical
properties of carbonaceous matrices. It is well known that the
presence of heteroatoms including N, P, S, B and O (extrinsic
defects) and topological defects (intrinsic defects) in nano-
carbon materials is responsible for the disturbance in the local
electronic structure that influences the charge distribution in
the framework and results in improved electrocatalytic perfor-
mance of the carbonaceous materials towards ORR.>**** More-
over, the presence of N and defects in the sp* framework cause
alteration in the charge and spin distribution of the carbon
framework, which facilitates the adsorption of oxygen
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molecules, reduces the energy barrier, subsequently leads to the
breaking of the O-O bond and improves the overall reaction
rate.”»** Nonetheless, there is still controversy in the literature
questioning which of graphitic-N,**** pyridinic-N*>*¢ or topo-
logical defects is the true active site for ORR when they all are
present in carbonaceous matrices. Nitrogen-doped nanocarbon
materials have gained massive attention, with various studies
showing good electrocatalysis,>”*® after the report on nitrogen-
doped carbon nanotube arrays for ORR from Dai's group.”
Intrinsic defects have been ignored for a long time during
research progress into the ORR mechanism, but have now
become a point of focus due to their significant contribution
towards advanced ORR activity.***' Most literature has some
solution for choosing active sites, but the design of the active
sites is based on proof-of-concept research. Therefore, an effi-
cient principle is required for the screening of carbon catalysts.
For this, descriptors in combination with machine learning
(ML) algorithms is a good approach to narrow down the ideal
models for catalysts.*>>** Then, in the selected models,
a predictive model can be used to find those with a higher
number of active sites.** This approach helps to narrow down
the search for a catalyst and suggest the best possible active
material to synthesize in the laboratory.
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In this work, we have considered distinct types of models
with N-content and defects. In a previous study, the 5-8-5 defect
proved to be more active for ORR. Our main concern is to find
the active sites within models having both N-content and the 5-
8-5 defect. Using the QM/ML approach, we screened the models
and narrowed the choices down to three models (I, IT and III)
with optimum N-content and 5-8-5 defects (Fig. 1a—c) and their
active sites were determined for efficient ORR. Following this
theoretical investigation, we have synthesized a N-doped and 5-
8-5 defect-enriched graphene-like material (DG-T) by pyrolysis
of C and N sources in the presence of a porogen at three
different temperatures. The catalyst prepared at 1050 °C (DG-
1050) possesses an optimal amount of defects and N-content.
The presence of N-dopants and defects was evidenced by XPS
and STM studies. The synergistic impact of both these defects is
shown in the E;,, potential for ORR of 0.82 V, very close to that
of commercial Pt/C (0.829 V); it also achieved excellent stability.
In both the theoretical and experimental results, DG-1050 is
found to be most active towards ORR with the maximum
number of active sites. Next, a full energy pathway was done for
this material. We found that N present in the vicinity of an
intrinsic defect (5-8-5) synergistically plays a critical role in the
activity origin of the nanocarbon catalyst. This work sheds light
on the method of developing metal-free carbon-based
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electrocatalysts by tuning the content of defects and N-dopants
for their efficient usage in electrocatalytic applications.

Results and discussion

Various doping and defect-based configurations are feasible in
carbon surfaces and, hence, a number of active sites can be
possible, making it difficult to investigate for catalytic applica-
tions using conventional methods. Therefore, we need to screen
these huge numbers of configurations rapidly to design an
efficient carbon catalyst for ORR. Theoretically, the free energy
profile is important in understanding the catalytic properties of
materials; however, it requires adsorption calculations with
enormous computational cost. In our previous works,*** we
reported different types of graphene model structures,
including N-doped graphene, defective graphene, pyridinic-N,
pyrrolic-N, oxidized-N, etc., and then derived a predictive
equation using the QM/ML approach to identify the ORR
activity of any unknown random surface. We employed the =
electronic descriptors of graphene surfaces in the machine
learning algorithms and developed the efficient support vector
regression (SVR) predictive model of OH adsorption energy
(GOH)'SQ

This QM/ML approach is faster, more efficient and can help
analyze any type of graphene-based configuration for ORR
without performing adsorption calculations. Previous
reports*®*! suggest that machine learning in combination with
DFT can accurately find the sites which are responsible for the
activity. However, until now there have been no reports, to the
best of our knowledge, wherein machine learning and DFT were
performed on defect-enriched N-doped graphene to find the
true active sites for ORR. Nitrogen doped in carbon systems has
already been reported as an active dopant for ORR. Through the
QM/ML approach, herein, we discover the specific roles of N-
doping and defects towards the formation of active sites for
ORR (Fig. S11). Among them, the 5-8-5 defect more effectively
decreases the charge neutrality to increase active sites on the
graphene surface.*> Based on the previous reports and our study
on N-doping and the 5-8-5 defect, we modeled three realistic,
random complex model structures termed systems I, IT and III,
as seen in Fig. 1. Model structure I is made with two pyrrolic-N,
two pyridinic-N, two oxidized-N and two graphitic-N sites;
model structure II is made with one pyrrolic-N, two pyridinic-N,
one oxidized-N, one graphitic-N and a 5-8-5 defect; model
structure III is made with one pyrrolic-N, one pyridinic-N, one
oxidized-N and a 5-8-5 defect. For each system, the possible
carbon active sites around the N-dopants and defects were
selected for ORR study. Different types of energy, electronic and
structural descriptors have been reported to define the ORR
activity in carbon materials.**** Most of these descriptors have
limitations, such as lower efficiency, inability to predict the site-
specific activity, etc. In this context, the change in Gibbs free
energy of OH adsorption (AGoy) is a well-known energy
descriptor that effectively predicts site-specific ORR activity.**
From the volcano correlation between AGoy and thermody-
namic overpotential (), a value of AGoy near zero indicates
a smaller n and higher ORR activity.”” Recently, the role of the =
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orbital of an active site in a carbon system has also been iden-
tified as an origin with electronic descriptors to predict site-
specific catalytic activity for ORR.>* Further, these m-orbital
based descriptors (D(Er), R-O,) have been used as features in
machine learning algorithms to develop a highly cost effective
(less computational power) predictive model (AGo, — AGon)
OER application.>* As for ORR, these electronic descriptors have
been utilized in various machine learning algorithms to develop
a predictive model of AGoy.** Here, the predictive model of
AGog is also calculated by using the simple linear fit method
(Fig. S27). The calculations for the simple linear fit method are
given in Section S1a.t Among all the models, the SVR predictive
model showed optimal performance and a higher test R> score
(0.87) in 5-fold cross-validation (Fig. S3, Sections S1b and ct).
This SVR predictive model of AGoy is faster and more cost
effective, requiring only a single DFT calculation for a carbon
system to predict the ORR activity of all the sites (the Python
code script is given in Section S1d+t). Without the SVR model, we
would need to perform three DFT calculations for O, OH and
OOH intermediate adsorption on each active site to compute
the ORR performance of each site. Therefore, we used this re-
ported SVR predictive model to analyze the active sites in
systems I, II and III for ORR.

Fig. 1a represents the 22 different possible carbon active
sites of model I. To find the theoretical overpotentials on 22
sites, we would need to do 66 DFT calculations (three inter-
mediates for each site), which require resources and time. But,
by applying our SVR model, we can predict the AGoy; values and
overpotential for these active sites by doing single DFT calcu-
lations of the host surface only. The story is the same for the
other two models. So, the predictive model developed using the
QM/ML approach and fewer DFT calculations helped us to find
the best active site in a very efficient way. We found that in
model I, the carbon site denoted as number 9 in Fig. 1a adjacent
to the oxidized nitrogen shows the lowest AGoy (0.53) and is the
most active site for ORR in this model structure® (Table S1t),
whereas the AGoy values for seven other sites are in the range of
0.6 eV to 0.8 eV and fourteen sites show higher AGoy values
(>0.8 eV). As shown in Fig. 1b, model II has a 5-8-5 defect with
a lower N-doping concentration compared to model 1. Here, we
observed that the combined effect of the 5-8-5 defect and N
doping decreases the charge neutrality on graphene and creates
more active sites with lower AGoy values (<0.6 eV) for ORR
(Table S27). In model II, we found seven ideal active sites for
ORR near 5-8-5 defects. In the case of the model III defective
graphene (Fig. 1c), it is noted that the further decrease of N-
doping percentage reduces the number of ideal active sites
near 5-8-5 defects (Table S31). In Fig. 1d, for easy under-
standing, we display a histogram using the percentage of active
sites with different AGoy ranges in models I, II and III. There-
fore, we predict that the 5-8-5 defect and N doping play
a combined role to improve the ORR performance in graphene
systems.

Following the theoretical study, we synthesised the samples
DG,.,-T (T = pyrolysis temperature, x : y = the ratio of melamine
and zinc catalysts), as shown schematically in Fig. 2a. The
experimental details are mentioned in the Experimental
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Fig. 2 (a) Schematic illustration of synthesis of DG;y.1-1050; (b) SEM image; (c and d) HRTEM images; (e) AFM image, inset: height profile graph; (f

and g) STM images of DGy.1-1050.

section. Briefly, DG was prepared by the pyrolysis of melamine
and zinc dust in a particular ratio. Due to its alternating carbon
and nitrogen atoms and powerful self-condensation capacity,
melamine was selected as the carbon and nitrogen source to
prepare DG. In this synthesis procedure, Zn not only serves as
a template, but also acts as a porogen to construct a highly
cross-linked 3D porous network structure, since Zn can be
evaporated >907 °C during the carbonization process.”>>*
During the carbonization step at 800 °C, metallic Zn embeds
into the carbon matrix and leads to the expansion of carbon
layer distance. Further heating was performed at different
temperatures (950, 1050, 1150 °C) to remove zinc and nitrogen
to create defects.”»*® Subsequently, the carbon atoms rearrange
and self-organize themselves to form a carbon framework.

17048 | J. Mater. Chem. A, 2023, 11, 17045-17055

Using only the carbon source dextrose, a defective carbon
sample (C,.;) was also prepared to check the effect of N on the
ORR activity.

Field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) were used to analyse
the morphology of the prepared samples. FESEM images
(Fig. 2b) show a highly porous interconnected 3D network of
graphene sheets that offers high specific surface area with
a greater number of active sites to help in easy mass transport.
The formation of flake-like wrinkled defective graphene sheets
after carbonization at high temperature was confirmed by TEM
(Fig. S41). The edge defects produced by the removal of Zn***’
can be clearly seen in the high-resolution TEM (HRTEM) images
(Fig. 2c and d). No usual graphitic lattices were found,

This journal is © The Royal Society of Chemistry 2023
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suggesting the disordered and defect-rich character of DGy .;-
1050. The associated selected area electron diffraction (SAED)
pattern (inset Fig. S41) displayed the two typical rings, (002) and
(101), that correspond to the amorphous nature of DG;.;-1050.
Atomic force microscopy (AFM) evidenced the formation of
ultrathin graphene sheets (Fig. 2e inset; height profile: ~3-4
nm) with localised destruction due to the removal of N and Zn
atoms from the framework (Fig. 2e). The created intrinsic
defects can be pentagons, heptagons, even octagons and holes
etc., formed by the rearrangement of atoms due to multiple
single-atom or diatom vacancies created after the removal of N
atoms.”® Scanning tunnelling microscopy (STM) was used to
visualize the defects formed in the synthesised material. Fig. 2f
shows the low magnification image presenting the DG;.4-1050
sheet; its highly resolved image (Fig. 2g) obtained at 1 nm
clearly presents the various structural defects such as pentagons
and 5-8-5 defects. These defects cause the local modulation of
the electronic environment responsible for enhancing the
electrocatalytic activity.

The X-ray diffraction (XRD) patterns for the different DG-Ts
(Fig. 3a) exhibited one broad characteristic peak at 24.8° and
another small hump around 44° indexed to the (002) and (101)
planes of nanocarbon, respectively, suggesting an amorphous
structure with a low degree of graphitization that is expected to
be beneficial for the electrocatalytic activity of the catalyst.
Raman analysis is the most widely used tool to identify the
degree of graphitization. The introduction of defects in carbon
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nanomaterials in the form of heteroatom doping or vacancies
gives rise to an increase in the D-band (1337 cm™') intensity due
to disruption of the hexagonal rings.***® The G-band at
1569 cm ™ is attributed to the C-C and C-N bond vibrations of
E,; mode in sp>-bonded graphitic carbon. These two charac-
teristic peaks were obtained in all three DG;.;-T samples
(Fig. 3b). The intensity ratio of the D-band to the G-band (Ip/I)
estimates the defect level present in carbon materials."* The
Ip/Ig ratios were 1.05, 1.11, and 1.18 for DG;.1-950, DG4.1-1050
and DG,,;-1150, respectively, showing that all the materials
contained a high degree of carbon disorder. There was
substantial decrease in N-content with increasing temperature
and, thus, the surge in Ip/I; ratio distinctly proves the extensive
formation of defective domains. The abundant edge and topo-
logical defects along with the optimal N-content attuned the
surface and electronic properties of DG;.;-1050 that regulate the
adsorption energies of electrocatalysis steps. The defect density
present in the sp” domains of the graphene rose from 3.14 x
10" to 3.54 x 10'" with increasing temperature, as calculated
using the formula

ng = (2.4 x 107) x A, x fo 1)
I
where nq is the defect density (cm™2) of the catalyst and Ay, is the
wavelength (532 nm) used in Raman spectroscopy.*
Although Raman spectroscopy helps define the relationship
between defects and ORR performance, it does not provide
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Fig. 3 (a) XRD patterns and (b) Raman spectra of DG;.;-950, -1050, and -1150. (c) NEXAFS data: C-K edge. (d) N, adsorption—desorption
isotherms; inset: the corresponding pore size distribution curves of DG;.1-950, -1050, -1150.
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much information about the C-speciation related to the D-band
feature, such as the hybridization of the carbon atoms in the
ring (sp® and sp®). Therefore, near edge X-ray absorption fine
structure (NEXAFS) measurements were carried out to investi-
gate the local chemical bonding and electronic structure of the
carbon-defect active sites. The C-K edge spectra obtained for all
DG,.4-T samples were found to be similar (Fig. 3c), indicating
the similar features of their carbon skeletons. The 7* region is
defined as up to ~290 eV and the photon energy range above
290 eV is the o* region.®® The peak at 285.5 eV was assigned to
the presence of low coordination carbon atoms at the edges of
DGy.;-T that led to the rehybridization and breakage of integrity
of the m-conjugation.®*® Therefore, the intensity of the m*
feature decreased as temperature rose and electron transfer to
the O, molecule is facilitated by the active unpaired -electrons
located at each edge carbon atom. The excitation at 286.2 eV is
attributed to N-substituted aromatic carbon and that at 287-
288 eV is attributed to C-O/C-OH/C=0.%¢

The specific surface area and porosity of DGy.4-T were
determined by N, adsorption and desorption isotherm
measurements (Fig. 3d). The Brunauer-Emmett-Teller (BET)
specific surface areas for the DG;.;-950, -1050 and -1150 samples
were found to be 580, 822 and 831 cm” g™, respectively, which
shows that the specific surface area increased with an increase
in carbonization temperature. The obtained type I isotherm
followed by a type IV isotherm with hysteresis suggested the
formation of an inter-connected hierarchical porous graphene-
like structure spanning both micro- and macropores, further
confirmed by the pore size distribution graphs (inset Fig. 3d).*”
The high BET surface area gives a high probability for active site
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exposure and the hierarchical porous structure can participate
more efficiently in the formation of a triple-phase boundary that
provides less-resistant diffusion channels for the facile move-
ment of ORR reaction species with the electrolyte and enhances
their interactions with catalytically active sites for ORR.*"*
That the nitrogen loss by heat treatment is responsible for
the defects in the graphene sheets was confirmed by X-ray
photoelectron spectroscopy (XPS), as it gives the chemical
composition and bonding configuration of the catalyst. The XPS
survey spectra (Fig. 4a) confirmed the presence of C, N and O
elements in the DG,.;-T. The fitted high-resolution C 1s spectra
indicated residual N and O atoms bonded to the C atoms after
annealing, with peaks at about 284.7, 286.07 and 287.8 eV cor-
responding to C-C, C-N and C=0, respectively, as presented in
Fig. S5.7% The successful removal of N atoms from the carbon
skeleton by annealing was verified by the comparison of
deconvoluted N 1s spectra of DGy.;-T that depict the charac-
teristic peaks for pyridinic N (398.0 eV), pyrrolic N (399.9 eV),
graphitic N (401.0 eV) and oxidized N (403.5 eV), as shown in
Fig. 4c.”® However, on annealing at higher temperatures, the
signals for N became weak in the XPS pattern.” It is clearly
represented in the bar diagram (Fig. 4b) that, with the increase
in temperature, the N-content decreased from 12.63% to 2.91%
and then to 1.36%, resulting in the rise in the formation of
defects.”””® The comparison bar graph of N-content indicates
that the defects are mainly created by the removal of pyridinic
and graphitic nitrogen, giving the 5-8-5 or pentagon defects
(clearly seen in the STM image) that are highly favorable for
ORR activity.” Three models have been made based on the N-
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Fig. 4 (a) The wide XPS survey spectra, (b) the bar plot presenting the different N-content in DG;.1-950, 1050, 1150, (c) the corresponding
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content obtained from the XPS analysis, as shown in Fig. 4d,
and they are similar to theoretical models I, II and III.

It is considered that N dopants, particularly graphitic**”* and
pyridinic nitrogen,”®”” can act as active centers for ORR.
However, Yao et al. presented in their studies that defects are
more functional than N in electrocatalytic activity.>*>”® Here,
we suggest that N and a nearby defect can work synergistically to
promote the active sites and the number of active sites also
increases due to existence of both extrinsic and intrinsic
defects. Optimal concentrations of defects and nitrogen content
are required for excellent ORR activity. The presence of N
species in the carbon skeleton helps to improve its charge
mobility, due to the introduction of electron-donor character-
istics, and raises the catalytic activity of carbon in electron-
transfer reactions and the abundance of intrinsic defects in
the graphene sheet attunes the 7 electron density in sp> carbon
systems, providing active sites for ORR.

Electrochemical study

The ORR performances of our synthesized electrocatalysts
DG,,-T as a cathode material were investigated in a conven-
tional three electrode system. First, cyclic voltammetry (CV) was
performed in Ar and O, saturated 0.1 M KOH solution. In the
presence of O,, a reduction peak was obtained for all DG-T
which was absent in Ar atmosphere, indicating the electro-
catalytic activity of the materials towards ORR (Fig. 5a). The
most prominent cathodic peak potential (E, = 0.87 V) was ob-
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zinc (y) was 1:1 out of DGy, (x:y =10:1,2:1,1:1 and 1:2).
The ORR response of the defective carbon only sample C;.;
depicts the role of N in addition to that of the defects in the
catalyst. The bar graphs (Fig. S7 and S8t) clearly show the
optimal conditions for the synthesis of DG (T = 1050 °C and
melamine: Zn content = 1:1) that exhibited the best ORR
performance. To justify the efficiency of DG;.,-1050 towards
ORR, its activity was compared with those of commercial Pt/C
and control DG samples synthesized at different temperatures
and with different Zn contents using the RDE technique at
1600 rpm in an O, saturated atmosphere. Fig. 5b and S9f
provide the evidence that DG;.;-1050 outperformed the others
with an E;,, = 0.82 V, comparable to that of Pt/C (E;,, = 0.829
V),” and a limiting current density j, = 5.7 mA cm >, indicating
an abundance of exposed active sites that increased the oxygen
diffusion rate onto the electrode surface. This good perfor-
mance can be attributed to the break in electroneutrality and
electron transfer due to presence of N dopants around the
defects, as they cause charge and spin redistribution in the
carbon matrix. ORR is a 4 e~ transfer process. The minimum
energy required to lose electrons from the surface of a material
is called the work function. For a good electrocatalyst, the work
function should be minimal. We performed ultra-violet photo-
electron spectroscopy (UPS) to check the electron accessibility
due to the N-content and the defects that manipulate the work
function of the active sites of DG;.;-T for ORR activity. The work
function of all three samples was calculated using the equation

0.2
Potential (V vs RHE)

log 7 (mA cm-2)

tained with DGy, (Fig. S61) where the ratio of melamine (x) and ¢ = v — (Ecutoff enerey — £F) (2)
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Fig. 5 (a) CV curves of DG;.1-950, -1050, -1150 in the presence of Ar (dotted line) and O, (solid line); (b) LSV polarization curves of DG;.1-950,
-1050, -1150 and Pt/C catalyst at 1600 rpm in 0.1 M KOH in saturated with O; (c) the bar plot presenting the work functions of DG;.;-950, -1050,
-1150; (d) LSV curves of DGy.1-1050 catalyst at different rotation speeds; (e) H,O, yield and electron transfer number (n) of the DG;.;-1050
catalyst in O,-saturated 0.1 M KOH electrolyte; (f) Tafel plots of DGy.1-950, -1050, -1150 and Pt/C, derived from the corresponding LSV curves at

1600 rpm in 0.1 M KOH at 2 mV s ! scan rate
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where ¢ is the work-function of the sample, Av denotes the
energy of the incident photon of the He (1) source (21.22 eV) and
Er is the energy at the Fermi edge level of the sample, calculated
from UPS data (Fig. S10f). The bar diagram shows that the
minimum work function (Fig. 5¢) was obtained for DGy,;-1050
compared to DG,.1-950 and 1150 during the ORR process.
From the SVR models, we also found maximum ideal sites
for model II. The reaction kinetics were studied using a rotating
ring disk electrode (RRDE) under similar conditions by
changing the rotation speed of the electrode from 625 to
4900 rpm and using the Koutecky-Levich (K-L) equation
(Fig. 5d). The diffusion limiting current density increased with
an increase in the speed of rotation due to more diffusion of
oxygen and a shortening of the diffusion layer at the electrode
surface.®® Therefore, the obtained K-L plot (inset Fig. 5d) at
different potentials (0.43 to 0.63 V) showed linearity and near
parallelism that accounted for the first order kinetics of the
concentration of dissolved oxygen and the similar number of
transferred electrons (7; eqn (4)T) over the whole potential range
during the electroreduction of O, (Fig. 5e), representing the
superior 4 electron transfer in the ORR process. It is noticeable
that the catalyst yielded 4 OH ™, which means, following the 4e™
transfer kinetics, a negligible number of unwanted intermedi-
ates must have formed. The production of H,O, (2e~ process) is
an important concern as its decomposition can lead to a chain
oxidation reaction due to the formation of highly reactive
intermediates.®” The H,0, yield can be calculated by measuring
the ring current using a RRDE system (eqn (5)1). The reduction
of peroxide species occurring in the ORR process can be seen
from the ring current profile shown in Fig. S11.7 The H,0,
produced over the potential range is very low (Fig. 5e). The
superiority of the activity of DG;.;-1050 compared to other
control samples and comparability to commercial Pt/C was
reinforced by the mass transport corrected Tafel plot drawn
from the low overpotential region of LSV at 1600 rpm at a 2 mV
s~ ! scan rate. The Tafel slope of DG;.;-1050 was 52 mV dec ?,
better than that of Pt/C (64 mV dec™ "), as shown in Fig. 5f,
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presenting fast ORR kinetics with a high electron transfer
coefficient and fast first electron transfer from the catalytic site.
The low overpotential, high catalytic activity and four-electron
pathway were supported by the theoretical calculations. Also,
for validation of the SVR model prediction of AGoy, we
considered the most ideal carbon site number 21 (with pre-
dicted AGoy = 0.36 eV) in DG;.;-1050 (Fig. 6a) and performed
DFT calculations for intermediate O, OH, and OOH adsorption.
By plotting the free energy profile of ORR (Section S2t) for
carbon site 21, we confirmed its lower overpotential and higher
catalytic performance (Fig. 6b). The first step of OOH* forma-
tion is found to be the potential determining step with an
overpotential of 0.45 V at equilibrium potential (U = 0.4 V). We
also studied the possibility of a two-electron pathway for ORR
on site 21 (Section Slet). In this context, we show that the four-
electron pathway is more favorable over the two electron
pathway of ORR due to the higher free energy of free OOH/
OHOH ion formation than of the O* intermediate (Fig. S121).

Further, we computed the density of states to investigate the
adsorption of ORR intermediates on ideal active site 21
(Fig. S13t). From this, we observed a reduction in the 7 orbital
density of states near the Fermi level after adsorption of O, OH,
or OOH, whereas oxygen adsorption occurs through an enolate
configuration on site 21 with a large decrease in the density of
states near the Fermi level. Later, we confirmed the charge
transfer between the active site and the ORR intermediate ions
through a Lowdin charge analysis (Fig. S141). In summary, we
unveiled the combined effect of the 5-8-5 defect with N doping
and the origin of the higher ORR activity of DG;.;-1050 by using
7 orbital descriptors and the SVR model. The overall mecha-
nism of ORR on active site 21 in DG;.,;-1050 is shown in
Fig. S15.7

Stability and methanol crossover test

Along with the excellent ORR performance, the stability of our
catalyst DG,.,,-1050 was tested at a potential of 0.63 V; it was
found to be extremely stable for 12 hours with 98.01% retention

0 1 23 4

Fig. 6 (a) The optimized model of DGy.1-1050 with different active sites and ideal active site (21) for ORR; (b) the free energy profile at different
electrode potentials corresponding to site 21 (the first step of OOH* formation is the potential determining step (PDS)) with AGo = 0.36 eV by

SVR model prediction and AGoy = 0.42 eV by DFT calculations.
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Fig. 7 (a) Chronoamperometric response (i—t) of the DGy.1-1050 catalyst and 20 wt% Pt/C at 0.63 V; inset: LSV of DG;.1-1050 taken before and
after stability in 0.1 M KOH at 1600 rpm. (b) Methanol crossover durability experiment of DGy.1-1050 and Pt/C using the chronoamperometric
technique in O,-saturated 0.1 M KOH with addition of 1.0 M CH3zOH solution; inset: LSV of DGy.1-1050 taken before and after methanol tolerance
in 0.1 M KOH at 1600 rpm. (c) Comparison bar plot of Eonset Values of N-doped defective carbon catalysts in reported studies.

of initial current density (Fig. 7a), which is superior to other
recent reports (Table S41). The LSVs taken before and after the
stability test almost overlay each other (inset Fig. 7a). This result
evidenced that there was no mass loss from the electrode that
helped to attain non-compromising current density. The facile
diffusion of oxygen molecules onto the surface of the electrode
with same efficacy was responsible for such stability. The STM
done after the stability test (Fig. S167) also proved the stability
of the material. In contrast, there occurred a drop in current
density for Pt/C, which may be due to agglomeration of Pt/C
nanoparticles leading to less exposure of active sites.**

A useful catalyst must have the potential to prevent the
possible methanol crossover effect that is a major concern for
fuel cell catalysts. To investigate the effect of methanol on our
catalyst and Pt/C, the chronoamperometric response was
checked after the addition of 1 M CH;OH in 0.1 M KOH. As seen
in Fig. 7b, there occurred almost no change in current density
for 850 s for our catalyst, while in the case of Pt/C, an instan-
taneous increase in current density from negative to positive
current was observed after the addition of methanol. The LSVs
of DG4.1-1050 for ORR taken before and after methanol addition
exactly overlaid with each other (inset Fig. 7b). Therefore, the
stability of DG;.;-1050 in contrast to that of Pt/C against meth-
anol crossover presented the feasibility of its usage as a cathode
material in both alkaline and direct methanol fuel cells.

For comparison, all the defective N-doped carbon based
electrocatalysts for ORR are summarized in Table S4F and a bar
graph in Fig. 7c. DGy,1-1050 is found to show similar ORR
activity amongst the reported non-metal carbonaceous
materials.

Conclusions

In conclusion, we used the QM/ML approach to derive an energy
optimized model with both N-atoms and 5-8-5 defect sites that
shows superior ORR activity. Following this theoretical result,
we adopted a strategy using zinc as a template at 1050 °C to
synthesise defective graphene sheets with low N-doping and 5-
8-5 defects (DG;.;-1050). The formation of defects was visibly
confirmed by STM images and variation of N-content was

This journal is © The Royal Society of Chemistry 2023

verified by the XPS data. The resulting DG;.;-1050 material
demonstrates an excellent ORR performance, with onset and
half-wave potentials of 0.96 V and 0.82 V, respectively, that is
comparable to that of a commercial Pt/C catalyst. The minimal
work function of DG4.1-1050 determined by UPS further proves
its notable ORR performance, as electrons are easily released.
Moreover, the DFT study supports the low overpotential and the
four-electron pathway. This work paves an important path for
the development of metal-free carbon-based nanomaterials for
wide application in the fields of energy conversion and storage,
with a performance reinforced by the symbiotic effect of
optimum defect density and low N-content.
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