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1 | INTRODUCTION
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Abstract

The advancement of economical and readily available electrocatalysts for the oxygen
reduction reaction (ORR) holds paramount importance in the advancement of fuel
cells and metal-air batteries. Recently, 2D non-metallic materials have obtained substan-
tial attention as viable alternatives for ORR catalysts due to their manifold advantages,
encompassing low cost, ample availability, substantial surface-to-volume ratio, high
conductivity, exceptional durability, and competitive activity. The augmented ORR per-
formances observed in metal-free 2D materials typically arise from heteroatom doping,
defects, or the formation of heterostructures. Here, the authors delve into the realm of
electrocatalysts for the ORR, pivoting around metal-free 2D materials. Initially, the mer-
its of metal-free 2D materials are explored and the reaction mechanism of the ORR is
dissected. Subsequently, a comprehensive survey of diverse metal-free 2D materials is
presented, tracing their evolutionary journey from fundamental concepts to pragmatic
applications in the context of ORR. Substantial importance is given on the exploration of
various strategies for enhancing metal-free 2D materials and assessing their impact on
inherent material performance, including electronic properties. Finally, the challenges
and future prospects that lie ahead for metal-free 2D materials are underscored, as they
aspire to serve as efficient ORR electrocatalysts.
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To tackle this issue, high-performance Pt-based cata-
lysts have been adopted,”*>°! but their scarcity in the

The exploration of green and renewable energy generation
systems such as fuel cells and metal-air batteries has become
a necessity in recent years due to the rapid growing issues
such as climate change, environmental pollution, and energy
security.!'”7] To promote the performance of these energy sys-
tems, it is crucial to understand the fundamental principles of
electrocatalysis.l® ] Oxygen reduction reaction (ORR) is an
electrochemical process in which O, is reduced by four elec-
trons at the cathode of fuel cells and metal-air batteries,[*""]
and the sluggish ORR kinetics that limits the overall cell
performance has been known as a major problem.[>0-23]

Joyjit Kundu and Taehyun Kwon contributed equally to this work.

earth, high cost, and low stability restrict the large-scale
application.['"%3!] As an alternative, remarkable advances
have been achieved in the development of non-noble metal-
based catalysts, and some of them have demonstrated ORR
activity similar to or even superior to the benchmark Pt
catalyst.[>>7] However, non-noble metal-based catalysts are
much less stable under high operating potentials during
ORR. Apart from the development of non-noble metal-based
catalysts, the recent discovery of metal-free carbon-based
ORR catalysts has opened up new horizons.[**~*?] Metal-free
carbon-based catalysts boast advantages in tolerance to the
fuel, stable chemical structure, and good stability in alkaline
media.l*3-4°]
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During the ORR process, O, molecules undergo adsorp-
tion and diffusion on the catalyst surface.l"*°] Moreover,
a change in the catalyst morphology and surface structure
often results in variations in active sites, controlling the per-
formance of ORR.[**8] 2D structured catalysts are highly
appealing for ORR electrocatalysis due to their affordabil-
ity, large surface area, exceptional physicochemical properties,
superior electrical conductivity, high mechanical strength,
and outstanding chemical stability.[**—>*) Especially, the elec-
tronic structure of active sites and the surface geometric
arrangements of 2D electrocatalysts play vital roles in con-
trolling the energy barriers of the reactions, and thereby
enhancing the intrinsic activity..>>°°) In this regard, metal-
free 2D electrocatalysts have received surging interest owing
to their significantly large surface-to-volume ratio, allowing
the maximum exposure of active sites, and enhanced ORR
activity.

Apart from morphology, the surface defect is another factor
controlling the number of active sites.””**) The abundance
of exposed surface atoms on 2D materials facilitates the for-
mation of defect structures, crystal twinning, and corrugated
morphologies.[**) These structural characteristics can signif-
icantly impact the material’s intrinsic properties and enhance
catalytic activities. The number of active sites on a 2D sur-
face can be further increased by considering dopants, edges,
twists, and size.[*>~°!] Therefore, metal-free 2D materials offer
a versatile platform for tailoring properties to achieve desired
functionalities, making it a highly active and dynamic field of
research. However, the limited range of 2D materials and chal-
lenges in producing them on a large scale gravely hampered
their practical application.

Though there are some review articles on the non-metallic
materials for ORR, present articles particularly focused on
the 2D structure of metal-free nanomaterials for ORR. This
review aims to comprehensively summarize recent devel-
opments in 2D metal-free ORR catalysts and discuss the
mechanistic understanding specific to them, as shown in
Figure 1. First, we introduce the fundamental mechanisms of
ORR, emphasizing the significance of ORR in fuel cells. Later,
we discuss carbon-based and non-carbon-based 2D materi-
als and their ORR activity. We also include different factors,
such as heteroatom doping, heterostructure formation, and
generation of defects, which impact the ORR performance of
the catalysts. Finally, the challenges and perspectives of this
rapidly growing topic are discussed.

2 | MECHANISTIC UNDERSTANDING OF
THE ORR

2.1 | A general ORR mechanism for
metal-based catalysts

It has been widely accepted that the cathodic ORR under-
goes via either a four-electron (direct) pathway or a series
of two-electron pathways. The reaction mechanism and the
electron transfer process largely depend on the electrolytes

(either acidic or alkaline). The overall pathways are as follows
(Equations (1)—(4)), where SHE stands for standard hydrogen
electrode:[920%]
Four-electron pathway
(Alkaline)

0, +2H,0 + 4~ — 40H™  (E° = 0.401Vgyp) (1)

(Acidic)

O, + 4H" +4e™ - 2H,0 (E° =1.229Vgyp)  (2)
Two-electron pathway
(Alkaline)

0, +2H,0 +2¢~ - HO;, + OH™ (E° = —0.076Vgyg)
(3a)
followed by further two-electron reduction

HO; + H,0 +2¢~ — 30H™  (E° = 0.878Vgyp)  (3b)

or disproportionation
2HO, — 20H™ + 0, (3¢c)
(Acidic)

02 + 2Ht + 27 — HzOz (Eo = 0695VSHE) (43)

followed by further two-electron reduction

H,0, + 2H* + 2~ - 2H,0 (E° = 1.776Vgyp)  (4b)

or disproportionation
2H202 g 2H20 + 02 (4C)

For the purpose of the fuel cell or metal-air battery applica-
tions, a direct four-electron pathway is preferred to a series
of indirect two-electron pathways because the formation of
intermediate H,O, or HO,~ would reduce the overall number
of transferred electrons. Moreover, versatile H,O, and HO,~
would significantly degrade ionomers and electrocatalysts,
reducing overall stability,!>¢+¢°]

For the direct four-electron pathway of the ORR, the
reaction proceeds (i) adsorption of O, molecules, (ii) elec-
tron transfer to adsorbed O,, (iii) weakening and scis-
sion of O=O bonds, and (iv) desorption of products
(H,O or OH™). Under alkaline electrolyte, the associa-
tive mechanism goes through the following steps (Equa-
tion (5)), where * represents a surface of electrocatalysts
and *O,, *OOH, *OH, and *O represent adsorbed reaction
intermediates:(®%]

0,(g) +*=*0, (5a)
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FIGURE 1 Summary of metal-free 2D electrocatalysts for ORR.
*0, + H,0 () + e~ — *OO0H + OH~ (5b)
*OOH+e™ — *O+ OH™ (5¢)
*O+H,0() +e~ — *OH + OH~ (5d)
*OH+e - OH™ +* (5e)
Competitive two-electron mechanism
*OOH + ¢~ — HO; (5f)

In acidic electrolytes, H;O" rather than H,O acts as the

proton donor, and the corresponding reaction steps are as
follows:®*]

0,(g) +* = *0, (6a)

*0, + HY + e~ - *OOH (6b)
*OOH+H' +e~ - *O+ H,0()) (6¢)
*O+H" +e” —» *OH (6d)
*OH+H"+e” > H,OD+* (6e)

Competitive two-electron mechanism
*OOH + H' +e~ - H,0, (6f)

The selectivity of four- and two-electron ORR is deter-
mined by the competitive reactions after forming the *OOH

intermediate, whether the facilitating O—O bond scission
occurs (Equations (5f) and (6f)).[00] Conversely, the disso-
ciative mechanism via direct cleavage of the O=0O bond
initiates with the following step (Equation (7)), followed
by Equations (5d-e) or (6d-e) in alkaline or acidic media,
respectively.[©%]

0,(g) +* = *0, (7a)

*0, = *0 +*0 (7b)

However, due to the higher bond dissociation energy of
the O=0 bond in O, than O—O bond in superoxides,
the associative mechanism is preferred to the dissociative
mechanism.[®?) Overall plausible mechanisms of the ORR are
summarized in Figure 2.

The theoretical descriptor for the ORR activity for metal-
based electrocatalysts has been widely explored based on
the d-band theory.l°”%%] In 2004, Norskev et al. employed
density functional theory (DFT) and compared free energy
landscapes for the binding of the ORR intermediates on
the Pt(111) surface.®”! The DFT study on the model Pt(111)
surface suggested that the binding energies of *O, *OH, and
*OOH intermediates are strongly correlated, which indicates
scaling relations between *OOH and *OH or *OOH and
*0.17] According to these scaling relations, the limiting
potential for the ORR on the metal surface shows Sabatier
volcano shape versus the difference of theoretical adsorption
free energy of *OH intermediate (AGqy), which would be
changed by the d-band center of the metal surface.[°®] The
commonly-accepted rate-determining step for the ORR is
the desorption of *OH to form H,O or the adsorption of O,
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to form *OOH.!%77%] Moreover, the selectivity of four- and
two-electron ORR is determined by the binding energies of
*O and *OOH intermediates.[°*°*7!] The four-electron path-
way is chosen when the adsorption of *O intermediate from
O—O0 bond dissociation is more favored than *OOH inter-
mediate. On the other hand, more dominant adsorption of
*OOH species over *O intermediate facilitates a two-electron
pathway over a four-electron pathway because the *OOH
intermediates are preserved with the suppression of O—O
dissociation.[°®7!]

2.2 | An ORR mechanism for metal-free
catalysts

For the metal-free electrocatalysts, the overall ORR mech-
anism also involves the adsorption of O, and the ORR
intermediates, similar to the mechanism in metal-based elec-
trocatalysts. However, the ORR thermodynamics and kinetics

*OO0OH A (~)

(O, + 4H* + 4e- — 2H,0)

. 2-electron pathway

Ho, (O2+2H +2e—H0)

Schematic illustration of potential mechanisms of the ORR under (A) basic and (B) acidic conditions.

could not be explained by the adsorption energies of reac-
tion intermediates from the d-band theory in the metal-free
electrocatalysts because they are generally composed of car-
bon. Moreover, pristine sp® carbon without any defects or
dopants is inactive to the adsorption of O, and the ORR
intermediates.[°>°°] Therefore, the outer sphere electron-
transfer mechanism is suggested as the ORR mechanism
in metal-free, carbon-based electrocatalysts.”>74] In this
mechanism, O, molecules do not directly interact with the
surface of the electrocatalysts; rather, the electron transfer
occurs through a solution-phase mediator such as an alkali
metal cation.”>77] During ORR, the solvated molecular O,
cluster, O,(H,0),, weakly interacts with surface-adsorbed
hydroxyl species to promote the two-electron pathway, indi-
cating that the outer-sphere electron transfer occurs with the
two-electron reduction.[+7*]

Therefore, to improve the four-electron reduction path-
way, it is strongly required to regulate the energy states
of basal carbon to promote the adsorption of O, and the
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ORR intermediates. Particularly in metal-free, carbon-based
electrocatalysts, hetero-atom doped sites,!”**%) or defective
sites!®1-83] exhibited lower free energy for the adsorption of
0, and the intermediates (*O, *OH, and *OOH) than sp? car-
bon atoms in the basal plane. Several recent theoretical and
experimental studies revealed that the adsorption free energy
of O, and the ORR intermediates are changed by the local
electron density (charge distribution), the electronegativity of
adjacent dopants, the electron configuration of dopants, and
hybridization (sp? or sp*).[%>-%°] However, the exact reaction
mechanism and the active sites in metal-free electrocatalysts
toward the ORR are still under debate, and therefore, further
thorough investigation on both theoretical and experimental
is strongly required.

3 | CARBON-BASED 2D
ELECTROCATALYSTS FOR THE ORR

Carbon-based ORR catalysts started to gain attention after
the invention of N-doped carbon nanotubes as an alterna-
tive to Pt catalysts.[10’38’87] Since then, enormous progress
has been attained in metal-free 2D catalysts in the ORR
process. In this section, we discuss carbon-based 2D ORR
catalysts such as graphene, graphyne, and graphitic carbon
nitride.

3.1 | Graphene and graphyne

Graphene is composed of hexagonally arranged sp? carbon
atoms, which resemble a honeycomb structure (Figure 3A).
For electrocatalysis, the delocalized 7 bonding network
within graphene could induce the endothermic adsorption
of reaction intermediates.!*®] Therefore, the basal plane of
graphene is electrocatalytically inactive. Defect engineering,
heteroatom doping, and heterostructure formation can be
conveniently employed to fine-tune the electronic and sur-
face properties of graphene. High electrical conductivity and
large surface area are prerequisites for the successful electro-
catalytic applications. As N exhibits higher electron negativity
and one more valence electron than C, N has been the
favorable choice to tune the overall electronic structure of
graphene, to increase its conductivity, as well as to create
active sites toward the ORR.*”] As shown in Figure 3B, dop-
ing leads to the formation of different types of N doping
such as graphitic N, pyrrolic N, pyridinic N, amide N, and N
oxides.*’! The planar structure of graphene can be disrupted
by the inclusion of an sp>-bonded pyrrolic N atom. However,
pyridinic N and graphitic N do not significantly affect the
structure of graphene as the C—N bond length is very sim-
ilar to the C—C bond length.[°") Furthermore, pyridinic N
has demonstrated excellent stability when a single vacancy is
present. Interestingly, both Stone-Wales and vacancy defects
presented in graphitic N and pyridinic N promoted the ORR
performances.!%>%]

Scanning tunnelling microscopy (STM) analysis can reveal
the exact type of N doping in the graphene. Figure 3C,D show
the STM and simulated STM images, respectively.!”*) Inves-
tigating the authentic catalytic site within N-doped graphene
holds significance due to the ambiguity surrounding whether
the pyridinic N or graphitic N is the true active site. Ander-
son and co-workers discovered that the graphitic N, which is
far from the sheet edge, is more active than N atoms close
to the edge.[”°! Miyata and co-workers also reported that
graphene with graphitic N performs better ORR activity than
that with pyridinic N.I°” In another work, Miyata and co-
workers showed that graphitic N atoms adjacent to the zigzag
edge of graphene enhance the process of adsorption of O, and
subsequent ORR, resulting in the conversion of two molecules
of H,O with a low activation barrier of approximately 5 kcal
mol™.[%) However, they suggested that the graphitic N atoms
located on the inner side of the graphene sheet do not take part
in the ORR. The conductive properties of N-doped graphene
are also influenced by its configuration. Every N atom forms
three o bonds with neighboring carbon atoms in graphitic
N (N3) (Figure 3E).[99] Additionally, one of the nitrogen’s
valence electrons forms a 77 bond with the neighboring car-
bon atoms, while the fifth electron contributes in the 77* state
of the junction band. The 7 network of the graphene lattice
can receive 0.5 electrons from each N3. In contrast, pyridinic
N (N2), and nitrilic N (N1) have the opposite electronic effect.
They withdraw electrons from the 7 network of the graphene
lattice.

Lazaro and co-workers prepared N-doped graphene by
annealing graphene and urea at different temperatures rang-
ing from 500-800°C.[?°) Lower temperature synthesis (500°C
and 600°C) produced a small amount of carbon nitride (CN)
along with N-doped graphene, while higher temperatures led
to higher purity of N-doped graphene. It was observed that
CN does not show promising ORR performance as a catalyst.
A uniform 2D laminar structure was formed in all the cases.
The N-doped graphene synthesized at 800°C, which lacks
CN, showed the highest ORR performance among all samples,
with a halfwave potential (E;/,) of 0.76 V versus RHE, similar
to commercial Pt/C. Guo and co-workers adopted a pyrolysis
process to synthesize N-doped graphene, taking polyaniline as
a nitrogen source.['”’] A typical 2D graphene morphology was
generated with stacked and interlaced ultrathin nanosheets.
In addition, a large number of pores were observed, which
are believed to play a significant role in transporting the elec-
tron, thus improving the ORR activity. This N-rich graphene
showed an onset potential (E, ;) of 0.99 V versus RHE and
E;/, 0of 0.84 V versus RHE. Ruoff and co-workers investigated
the impact of N precursor and temperature on the perfor-
mance of the ORR.['!) Figure 4A shows a schematic for the
synthesis process for different N-doped reduced graphene
oxide (N-RG-O). The adoption of nitrogen atom-containing
aniline, pyrrole, and ammonia gas as precursors gave rise
to the N-doping of carbon materials. Aniline precursor
created pyridinic N-doped RGO, whereas pyrrole created
pyrrolic N-doped RGO. In the case of ammonia, the type of
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(A) Schematic molecular configuration of graphene. Reproduced with permission.!'! Copyright 2018, American Chemical Society. (B)

Different types of N impurities in graphene (1) substitutional or graphitic N, (2) pyridine-like N, (3) single N pyridinic vacancy, (4) triple N pyridinic vacancy,
(5) pyrrole-like, (6) interstitial N or adatom, (7) amine, (8) nitrile. Reproduced with permission.[9°] Copyright 2011, American Chemical Society. (C) STM
image of most common doping form observed on N-doped graphene, corresponding to a single graphitic N dopant. The inset showing the atomic corrugation
and apparent height of the dopant. (D) Simulated STM image of graphitic N dopant based on DFT calculations. Reproduced with permission.!®] Copyright
2011, Science. (E) Computed doping effect of N dopant. Reprinted with permission.!?’] Copyright 2012, American Chemical Society.

N-doping was determined by the annealing temperature. At
550°C, only pyridinic N-doped RGO was obtained, whereas
at 850°C, a small amount of graphitic N-doped RGO was
formed along with pyridinic N-doped RGO. In the case of
1000°C, mostly graphitic N-doped RGO was produced with
a small amount of pyridinic N-doped RGO. Graphitic N
containing RG-O prepared at 1000°C (N-RG-O 1000°C)
showed higher ORR performance than pyridinic N and
pyrrolic N species (Figure 4B,C). The 2D structure of both
N-RG-O 850°C and N-RG-O 1000°C have more exposed
edges compared to pristine G-O. It is observed that the total
percentage of N in the system does not affect the ORR per-
formance. Graphitic N controls the limiting diffusion current
(J1), whereas pyridinic N controls the E ... In all these cases,
graphitic N is believed to play a major role in enhancing ORR
performance.

Gupta and co-workers reported that solvent treatment
could alter the ORR performance of graphene oxide (GO).[??]
The solvent treatment was performed before the N doping
process. Different solvents, such as water, ethanol, toluene,
pyridine, and diethyl ether, were utilized for this treatment.
They prepared an N-doped GO catalyst in the presence of

ammonia at 850°C. The ORR activity was more significantly
affected in cyclic solvents such as toluene and pyridine than
in non-cyclic solvents like water, ethanol, and diethyl ether. In
the case of water, E;/, was 0.77 V versus RHE, which changed
to 0.81V in ethanol and diethyl ether. E;/, increased to 0.80 V
and 0.84 V versus RHE in the case of pyridine and toluene,
respectively. Samples treated with pyridine and diethyl ether
exhibited superior selectivity and performance in an alkaline
medium. Chen and co-workers prepared N-doped graphene
nanosheets (NGS4-900) by pyrolysis (900°C) of g-C;N,@GO
gel-like hybrid.'"*] First, the g-C;N,@GO was prepared via
a hydrothermal method by exfoliating g-C3N, sheets on GO
sheets, which resulted in the 3D hybrid film structure. Then
the g-C3N,@GO was annealed at the temperature range of
700-1000°C under vacuum for 1 h. During the thermal expan-
sion process, GOs are typically assembled into a flufty porous
3D structure. This design improved the ease of accessing exfo-
liated g-C5N, sheets and promoted more efficient interactions
between the two materials. During the annealing process of
the g-C3N,@GO composite, uniform distribution of nitrogen
atoms occurred within the graphene matrix. Figure 4D shows
a schematic diagram of the synthesis process. TEM images
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(A) Schematic representation of N-doped graphene synthesis with different N states. (B) Linear sweep voltammetry (LSV) plot of N-RG-O

1000°C, bare GC electrode, PANi/RG-O, Ppy/RG-O, BN-RG-O, bare Pt electrode, and 20% Pt/C in O, saturated 0.1 m KOH solution (scan rate: 10 mV s,
rotation rate: 2500 rpm). (C) LSV of N-RG-O 1000°C with a rotation rate from 500 to 3000 rpm. Reproduced with permission.!'"] Copyright 2012, Royal
Society of Chemistry. (D) Schematic representation of the synthesis process of NGS4—900. TEM images of (E) g-C3N,@GO and (F) NGS4—900. (G) LSV plots
of GO, g-C3Ny, g-C3N,@GO, hydrothermal GO, Pt/C, and NGS4—900 obtained on 1600 rpm RDE in O, saturated 0.1 m KOH with 10 mV s™'. (H) K-L plots of
NGS4—-900 at different potentials. Reproduced with permission.['”2] Copyright 2018, American Chemical Society.

of g-C3N,@GO and NGS4—-900 are shown in Figure 4E,F,
where ultra-thin 2D morphology of NGS4-900 is observed.
The NGS4—900 showed a higher ORR activity than pure GO,
g-C3Ny, and g-C3N, @GO due to the doping of N atoms in the
pyrolysis process, which forms abundant defect structure in
the edge of graphene skeleton (Figure 4G). NGS4—900 exhib-
ited Egpee; (0.984 V), Eyp (0.859 V), and J;, (5.98 mA cm™2),
which were higher than those of commercial Pt/C catalyst
(0.971V, 0.848 V, and 5.41 mA cm2), respectively. The calcu-
lated number of electrons per O, molecule was 3.9, suggesting
a four-electron reaction pathway (Figure 4H). However, it still
is difficult to conclude which, graphitic N or pyridinic N, is
more responsible for the enhanced ORR performance.

In addition to N, elements from the p-block like B, S, and P
can be incorporated into the graphene matrix to enhance the
ORR performance. This doping can be done either by chem-
ical or physical approaches. As with N, the difference in size

and electronegativity of these atoms to C can cause electron
modulation, resulting in changes in the electronic properties
of pristine graphene. The common precursors to dope these
elements are boric acid or boron oxide for B; CS,, phenyl
disulfide, or benzyl disulfide for S; triphenylphosphine for P.[']
Theoretical calculations indicated that among the potential
heteroatom dopants, B notably enhances the local spin density
on the basal plane of graphene. This results in enhanced oxy-
gen adsorption kinetics due to the presence of inherent acidic
B-C active sites, which promote hydroxyl adsorption.!'0410%]
Considerable electronegativity difference between B (2.04)
and C (2.55) is the main reason behind this phenomenon.
As a result, the paired covalent electrons of the B—C bonds
experience a slight polarization, resulting in the formation
of a localized positive charge density on the B atoms. These
sites behave as strong acidic defects, providing better adsorp-
tion sites for O, and its intermediates./’°! The efficiency of
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Copyright 2020, American Chemical Society.

electron transfer from the catalytic sites to the reaction inter-
mediates is a pivotal factor that impacts the electrocatalytic
activity of B-doped graphene. It has been reported that dur-
ing the ORR transfer process, the B sites behave as electron
donors, where p-electrons of graphene form a bonding p,
orbital that includes an unpaired electron.['°°-1%] Incorporat-
ing B atoms into the graphene lattice is a challenging process,
mainly because of the exceptional stability of the C—C bonds.
However, because of their comparable atomic dimensions, B
can replace C in the graphene lattice.['¢ 111!

Four different kinds of B doping are possible: substitu-
tional, boronic, borinic, and organo-borane (Figure 5A).!"%]
In the case of boronic doping, a carbon atom is attached
to the B(OH), group, while in the case of borinic doping,

two carbon atoms are connected to the B(OH) group. In the
case of organo-borane, the BH, group is attached to the car-
bon atom of the graphene layer. The substitutional B doping
has been predominantly attributed to electrocatalytic activity
in most cases.'”*"!l Sobrido and co-workers proposed the
increased B doping level by applying ultrasonication before
hydrothermal treatment, leading to a higher ORR activity.[""*]
They first sonicated GO solution for different time durations.
Then, they added H;BOj to the solution and heated the mix-
ture in an autoclave at 180°C for 12 h. It is observed that
the sample prepared with 90 min of ultrasonication showed
a large surface area (438 m? g!) compared to samples pre-
pared with 60 min (301 m? g'!) and 30 min (211 m? g') of
ultrasonication. It is also observed that the pore size of the
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B-doped reduced graphene oxide (rGO) decreases with the
ultrasonication time. B-doped rGO prepared with 90 min of
ultrasonication showed E, . of 0.833 V versus RHE, which
is 67 mV lower than the commercial Pt/C (Figure 5B). It also
exhibits J; of 41mA cm™2 (at 0.5V vs RHE) and E;, of 0.671V
versus RHE. B-doped rGO prepared in 90 min showed a cal-
culated electron transfer number (1) of 3.7 under 0.5 V versus
RHE, suggesting a four-electron pathway. The higher per-
formance of B-rGO was attributed to B-substitution doping,
defect concentration, and surface area. Wang and co-workers
improved the activity of B-doped graphene (BG) by deposit-
ing polynitrogen (Ng~, PN).[""*) NaBH, solution was added to
the colloidal GO solution, which was heated in a Teflon-lined
stainless steel autoclave. By controlling the amount of initial
boron precursor, three samples (BxG, X = 1, 2, 3) containing
different amounts of B were prepared in the first step using
a hydrothermal treatment method. Figure 5C,D shows the
FESEM and TEM images of the B;G sample, confirming the
2D structure. PN-BG was prepared using an electrochemical
deposition technique to deposit Ng™ on BG. A larger amount
of Ng~ were deposited on B;G compared to pure graphene. B
doping enhanced the charge transfer from BG to PN, forming
more PN on BG. PN-B; G, which had a boron content 0f 1.23%,
showed the highest J; compared to PN-B,G (2.01%), PN-B;G
(2.78%), and PN-G (0%) (Figure 5E,G). The calculated elec-
tron transfer number for PN-B,G was in the range of 3.8-4.0,
suggesting a 4-electron transfer process in ORR (Figure 5EH).
Larger amount of Ng~ species were observed on B;G, which
provided more active sites for ORR, leading to superior ORR
performance.

Two or three elements doping on graphene were also
studied to enhance the ORR activity compared to single-
element doped graphene. The DFT study suggested that
introducing two dopants can modify the electron-donor char-
acteristics of adjacent carbon atoms, enhancing adsorption of
intermediate.""*] Shin and co-workers synthesized a B and N
co-doped graphene (BNG) using a microwave hydrothermal
treatment using ammonium biborate as a precursor. (151 Later,
the BNG was reduced by hydrazine hydrate using hydrother-
mal treatment to remove the excess oxygen in the graphene
layer. A lowly reduced BN co-doped graphene (LRBNG) and
a highly reduced BN co-doped graphene (HRBNG) were pre-
pared at 393 and 423 K, respectively. Figure 6A shows the
HRTEM image of the HRBNG, showing different graphene
layers. It is observed that the morphology of the sample does
not alter after the reduction process. XPS analysis confirmed
the doping of 3.55% B and 4.43% N in the HRBNG. Figure 6B
shows the XPS survey spectra of GO, BNG, LRBNG, and
HRBNG. A deconvoluted N1s XPS peak showed four different
peaks for pyridinic, pyrrolic, quaternary, and oxidized nitro-
gen functionalities, as seen in Figure 6C. A Bls XPS peak
was deconvoluted into two peaks; one for B—N, BC; and
the other for BC,0, BCO, components (Figure 6D). CV's of
different samples in O, saturated 0.1 M KOH solutions con-
firmed the positive effect of B and N doping in graphene
for ORR (Figure 6E). Further, LSV curves demonstrated the

highly active nature of HRBNG with E,,..; of 0.93 V, which is
higher than LRBNG (0.84 V) and BNG (0.73 V) (Figure 6F).
HRBNG showed a constant E_ . and the J; increases with
increase in rotation speed (Figure 6G). K-L plot suggested
that HRBNG followed a 4-electron pathway for the ORR
process (Figure 6H).

Sun and co-workers prepared N and B co-doped graphene
using ultrasonication treatment.!''®) Ammonia solution and
boric acid solution were employed as precursors for N and B
doping. The doping amount of N and B can be tuned by ultra-
sonication and annealing temperatures. The co-doped sample,
which was ultrasonicated at 55°C and annealed at 700°C
(termed as NB/GO_55_700), exhibited a 2D layer morphology
as confirmed by the TEM analysis (Figure 6I). Scanning TEM
(STEM) and EDX analysis suggested that B and N are equally
distributed throughout GO (Figure 6J-M). NB/GO_55_700
exhibited higher ORR performance in 0.1 m KOH solu-
tion than B/GO_55_700 and N/GO_55_700 (Figure 6N).
NB/GO_55_700 showed E, . of 0.82 V versus RHE and J;.
of 2.43 mA cm2. Graphitic N, Pyridinic N, and BC; acted
as active ORR sites and followed a 4-electron transfer process
generating OH™ as the main product (Figure 60). The syner-
gistic interaction of B and N plays a crucial role in enhancing
ORR activity.

Surface defects can also play a role in increasing the cat-
alytic performance of carbon-based 2D materials. In the
case of graphene, some intrinsic or extrinsic defects can be
introduced during synthesis or post-treatment processes.!'”]
These defects help to adsorb the reactant during the cat-
alytic process. In graphene, defects are always associated
with heteroatom doping. However, it is very hard to iden-
tify the actual active site, even in the case of a well-studied
N-doped graphene system.!'"8] Theoretical studies suggested
that intrinsic defects in graphene play a huge role in electro-
catalytic activity, but it is a big challenge to distinguish the
individual defect types and associated roles and character-
ize experimentally.'!! Li and co-workers introduced defects
in N-doped carbon nanosheets (NCN) using a pyrolysis
method.["”) The material was synthesized by a simple one-
step carbonization of citric acid and NH,Cl. NH,Cl acted as a
nitrogen source by generating NH; during its thermal decom-
position. From TEM analysis, it is observed that the NCN
contains mesopores and micropores (Figure 7A). HRTEM
further confirmed that the NCN contained four graphitic lay-
ers (Figure 7B). The sample prepared at 1000°C possessed a
large surface area (1793 m? g!) and edge defects. Near edge
X-ray absorption fine structure (NEXAFS) study confirmed
that in the case of C K-edge spectra, the defects observed
at 284.0 eV were due to the low-coordination carbon atoms
located at the edges of NCNs (Figure 7C). N K-edge NEX-
AFS spectra confirmed the presence of graphitic N, pyrrolic N,
pyridinic N, C—N, and C—N—C (Figure 7D). DFT calculation
suggested that the carbon atoms positioned at the armchair
edge and next to the graphitic N dopants act as intrinsic active
sites for ORR. The as-synthesized sample showed E . of
0.95 V versus RHE, E;/, of 0.82 V versus RHE, and a high J;
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of 6.43 mA cm 2 (Figure 7E). The catalyst also showed a long-
term durability toward ORR (Figure 7F). Ultra-thin sheet-like
structure, high surface area, and rich in edge defects promoted
the ORR activity of NCN. Wang and co-workers established
a defect-activity relationship for ORR.'?*] A pyridinic-N-
doped defective graphene was synthesized via a pyrolysis
process. First, a black hydrogel was prepared by hydrother-
mal treatment of g-C3N, and GO mixture, which was then
dried and heated at a temperature range of 600-900°C under
N, flow. Thin layers of graphene were obtained along with
uniform N distribution confirmed from STEM and elemen-
tal mapping (Figure 7G). The sample synthesized at 800°C
(NDGs-800) displayed a maximum percentage of pyridinic
N content confirmed from the XPS analysis (Figure 7H). In
Raman spectra, the peaks at #1350 cm™ (D band) and ~1580
cm™! (G band) correspond to the disorder and the vibration
of sp?-bonded carbon atoms, respectively. All the samples
showed an Ip/I; ratio in a range of 1.09-1.23, confirming
highly defective structures (Figure 7I). NDGs-800 delivered
the highest ORR activity among all the catalyst exhibiting
Enset 0 0.98 V versus RHE, E;/, of 0.85 V versus RHE, and J;,
of 5.6 mA cm? (Figure 7]). NDGs-800 followed a 4-electron

ORR pathway confirmed from K-L plot (Figure 7K). DFT
study further confirmed the synergy between pyridinic N-
doped carbon site and a vacancy defect to lower the ORR
overpotential of the material.

Graphynes (GYs) represent a novel class of carbon
allotropes characterized by a 2D planar network structure that
combines sp- and sp-hybridized carbon atoms, achieved by
linking acetylene bonds with benzene rings. The graph-n-yne
(where n = 1, 2, 3, and so on) can be named based on the
number of acetylenic chains present between the neighbor-
ing benzene rings within a GYs unit.l'"”!} The typical structure
of GYs is shown in Figure 8A. The primary approach for
synthesizing 2D GYs involves bottom-up methods, like chem-
ical vapor deposition (CVD) and liquid/liquid or gas/liquid
processes taking hexaethynyl benzene as a precursor.[2>123]
It was suggested that certain GY allotropes, characterized by
non-hexagonal symmetry and the presence of two self-doped
non-equivalent distorted Dirac cones, might display superior
electronic properties compared to graphene.[!! Furthermore,
due to the presence of additional alkyne units between the
benzene rings in graphdiyne (GD, n value is 2), the network’s
pore size is enlarged to around 2.5 A. This enlargement enables
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and NCN-1000-5. (E) LSV of C-1000, NCN-800-5, NCN-900-5, NCN-1000-5, and Pt/C at a scan rate of 5mV s and electrode rotating rate of 1600 rpm. (F)

Durability tests of NCN-1000-5 and Pt/C at 0.67 V (1600 rpm). Reproduced with permission.["] Copyright 2019, Royal Society of Chemistry. (G) STEM and
corresponding elemental analysis of NDGs-800. (H) High-resolution N 1s XPS spectrum of the NDGs-800. (I) Raman spectra of NDGs prepared at different
temperatures. (J) LSV curves of NDGs prepared at different temperatures and Pt/C catalyst for ORR in 0.1 m KOH at a scan rate of 5 mV s’ (K) K-L plots of
NDGs-800 at different potential values. Reproduced with permission.[>’] Copyright 2018, American Chemical Society.

adsorption of air into the pores when the sample is introduced
in atmosphere.!'**]

Like graphene, the electronic structure of GYs can be tuned
via heteroatom doping, resulting in high positive charges on
carbon atoms that can enhance the electrocatalytic properties
of GYs.l'>*) Zhang and co-workers reported N-doped GD as a
metal-free catalyst for the first time.l'** To dope the N atom,
GD was heated at different temperatures under high-purity
NH; mixed with Ar. Figure 8B shows the SEM and corre-
sponding elemental mapping of the sample prepared at 550°C.
XPS analysis suggested that N atom have two different kinds
of bonding characteristics, imine 1 N and imine 2 N. Sam-
ple prepared at 550°C showed the best performance among
all the synthesized materials, having E, .. of 0.899 V versus
RHE (Figure 8C). From the K-L plot, the number of electrons
transferred per O, molecule was calculated to be about 3.8
(Figure 8D). The DFT calculation indicated that interaction
between O, and imine N-doped GD is a chemical adsorption,
with a significantly stronger binding energy than O, on pyri-
dinic N-doped GD, which can be categorized as a physical
adsorption. The significant elongation of O, molecule bond
length from 1.210 A in pristine O, molecules to 1.376 A upon
adsorption on imine N-doped GD suggested that parallel

diatomic adsorption can efficiently weaken the O—O bonding,
facilitating the ORR at the imine N-doped GD/GC electrodes.
Large pore size of the N-doped GD network also enhances
the oxygen adsorption and reduction process, making the
material more stable than Pt/C in ORR.

Li and co-workers doped elements such as B, N, S, and F in
GD, and found that N and F co-doped GD (NFGD) performed
similarly to Pt/C in half-cell and full-cell."*) The doping
was accomplished via a pyrolysis using ammonia, boron
oxide, thiourea, and ammonium fluoride as precursors for N,
B, S, and F, respectively. TEM, FESEM, and EDS elemental
analysis confirmed the uniform doping of N and F in the GD
layers (Figure 8E-K). Raman spectra revealed that the Ip/Ig
increases from 0.74 to 0.90 for N doping and further increases
to 1.22 for dual atom doping, suggesting the increase of defects
in the GD system (Figure 8L,M). NFGD exhibited an average
electron transfer number of 4.2 across the reaction, spanning
abroad potential range from 0 V to 0.8 V versus RHE, signify-
ing full selectivity toward total oxygen reduction (Figure 8N).
HO,™ yield for NFGD was about 10% in the potential range
of 0-0.85 V versus RHE, suggesting the potential of cell
application (Figure 80). DFT calculation suggested that
the pure GD does not have catalytic properties, but after
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doping, the number of active sites increases, promoting the
ORR performance. Considering all the examples discussed
in this section, it can be concluded that doping heteroatoms
and creating defects in the graphene and graphyne greatly
enhanced the ORR activity in alkaline media. The enhanced
ORR activity parameters of graphene and graphyne catalysts
are listed in Table 1.

3.2 | Graphitic carbon nitride (g-C;N,)

The g-C3N, is widely acknowledged for its exceptional stabil-
ity as a stable allotrope, making it a remarkable 2D material
with significant potential in energy-related applications. The
generation of a 2D framework with N heteroatoms substituted
into graphite occurs through the sp? hybridization of N and
C atoms.!**] Previous studies have identified tri-s-triazine as

[125

I Copyright 2016, Royal Society of Chemistry.

the fundamental unit of the g-C3N, network. Different types
of graphene nitride structures are shown in Figure 9A-C.
In theory, g-C3N, showed an abundance of pyridine-like N
atoms within the heptazine heteroring, offering an ample
supply of electron lone pairs, making them active sites for
ORR. However, the limited conductivity posed a significant
obstacle to its practical application in electrocatalysis. "]
Free energy calculation indicated that the restricted electron
transfer capacity of g-C;N, results in a build-up of OOH™
intermediates on the catalyst surface, primarily due to an
ineffective 2e™ reduction process (Figure 9D).[5%] In the
case of path I, oxygen reduction cannot occur naturally on
the g-C;N, surface in the absence of electron involvement
because of the presence of two high energy barriers in the
free energy plot corresponding to intermediate and final prod-
ucts (Figure 9E). Upon the introduction of electrons (via path
II), the free energy of the intermediate OOH@g-C;N, was
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TABLE 1 Summary of N-doped graphene catalysts for the ORR.
Electron
Eqgpset Ey transfer ~ Tafel slope  J; (mA
Catalyst Synthetic method Electrolyte  (vs RHE) (vs RHE) (n) (mVdec!) cm?) Ref.
NrGO800 Thermal annealing 0.lMNaOH 0.88V 0.76 V. 3.66 65.4 [99]
NrGO-900 Pyrolysis 0IMKOH 099V 0.84V 4 - [100]
NrGO Thermal annealing 0.1mNaOH 1.03V 0.84V 35 - [103]
NGS4-900 Pyrolysis 01MKOH 0984V 0.859 V 3.9 72 5.98 [102]
PCNs Thermal annealing 01MKOH  —0.02V (vs - 3.49-3.67 - 4.6 [127]
Ag/AgCl)
N-doped graphene Hydrothermal and microwave ~ 01MKOH  —0.056 V (vs - ~4 - 3.91 [128]
treatments Ag/AgCl)
1-NGF-9 Thermal annealing 01MKOH 0.89V - ~4 - 5.30 [129]
10N-G-800 Pyrolysis 0.1 M KOH 0930V - 3.99 60 513 [130]
N-G-1000 Pyrolysis 0.1 M KOH 0982V 0.862'V 3.92 72 5.48 [131]
B-rGO Hydrothermal 01MKOH 0.833V 0.671V 3.7 76 4.1 [112]
PN-BG Hydrothermal treatment and 01MKOH - - 3.8-4.0 - - [113]
electrochemical deposition
S-doped graphene Electrochemical exfoliation 01MNaOH 0.810 V - 3.93 —50.8 - [132]
nanosheet
F-doped graphene Thermal treatment 00MKOH  —0.28V (vs - 3.9-4.05 55 [133]
Ag/AgCl)
N, S co-doped Graphene Three-step pyrolysis 01MKOH 101V 0.870 V 3.975 - 5.99 [134]
B&N-rGO Pyrolysis 01MKOH 0.850V - 35 61.8 - [135]
B,N-Graphene Two-step pyrolysis 01MKOH  0.06V (vs - - - 13.87 [114]
Ag/AgCl)
HRBNG Microwave hydrothermal 01MKOH 093V - 3.84 - - [115]
NB/GO_55_700 Ultrasonication and thermal 01MKOH 0.82V - 3.98 43 2.43 [116]
annealing
NBC-1000 Thermal annealing 01mMKOH 097V 0.84V 3.93 - 5.4 [136]
P-N-Gr Two step thermal annealing 01MKOH 1005V 082V 3.95 67 5.98 [137]
NP-PrGO-1100 Pyrolysis 0.1 M KOH 0913V 0.819 V 4 78 5.48 [138]
NCN-1000-5 Pyrolysis 01MKOH 095V 082V 3.92 86 6.43 [119]
NDGs-800 Pyrolysis 01MKOH 098V 0.85V ~4 81 5.6 [120]
N-doped carbon Pyrolysis 01MKOH 099V 0.870 V 3.9 78 5.8 [139]
nanoribbon
N and S co-doped carbon ‘Wet chemical 50 mm PBS  0.769 V 0.613V 3.76-4.02 - 4.773 [140]
N and P co-doped porous  Pyrolysis 01MKOH 098V 0.870 V 3.93 - 6.24 [141]
carbon
N-doped carbon/graphene  Pyrolysis 01MKOH 0922V 0.524V - - 1.85 [142]
N-doped graphitic porous  Carbonization 01MKOH  —0.04V(vs —0.18V (vs 3.92 - 5.7 [143]
carbon Ag/AgCl) Ag/AgCl)
S, N dual-doped Pyrolysis 01MKOH  0.950V 0.830V 3.6-3.9 - 4.86 [144]
graphene-like carbon
nanosheets
N-doped graphdiyne Pyrolysis 01MKOH 0899V - 3.8 - —45 [124]
N, F co-doped graphdiyne  Pyrolysis 01MKOH 1.0V - 4.2 - - [125]
N-doped few-layer Pyrolysis 01MKOH - 0.87V 3.9 60 - [145]
graphdiyne
N-doped porous Pyrolysis 01MKOH 098V 0.83V 3.5 74 5.1 [146]
graphdiyne
N, P-co-doped graphdiyne ~ Thermal annealing 01MKOH - - 3.62-3.68 58 - [147]
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OH/ g-C:N:

g-CsN« with conductive support

Different structural motifs of (A) polyheptazine g-C5N,, (B) polytriazine g-C3N,, (C) polytriazine g-C4Nj. Reproduced with permission.[>*]

Copyright 2018, American Chemical Society. (D) Free energy plots of ORR and optimized configurations of adsorbed species on the g-C3N, surface with zero,
two, and four electron participation demonstrated as paths I, II, and III. Gray, blue, red, and white small spheres representing C, N, O, and H. Schematics of
ORR pathways on (E) pristine g-C3N, without electron participation, (F) pristine g-C3N, with 2e™ participation, and (G) g-C3N, and conductive support
composite with 4e” participation. Reproduced with permission.['*"] Copyright 2011, American Chemical Society.

reduced to a level comparable to that of the initial state of
0,@g-C5N,. This suggests that the initial 2e™ reaction can
proceed unhampered. However, an evident barrier remains
at the last state of OH™/g-C;Ny, preventing the progression
of the second 2e™ reaction (Figure 9F). Incorporating a con-
ducting material with g-C3N, increased the electron transfer

efficiency and facilitates a 4e™ transfer process (Figure 9G).
Various types of carbon materials have been incorporated to
increase the electron transfer efficiency and thus the ORR
efficiency of g-C5N.[1°1-154]

Qu and co-workers synthesized a heterostructure by com-
bining the basal plane of the graphene sheet with monolayer
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(A) Schematic of monoatomic-thick g-C3N, dots@graphene (MTCG) synthesis procedure. XPS spectra of MTCG (B) Cls and (C) Nls. (D)

CVs of MTCG and Pt/C catalysts at a scan rate of 10 mV s in O,-saturated (solid lines) or N,-saturated (dashed lines) 0.1 m KOH solution. (E) RRDE
polarization curves of MTCG and Pt/C catalysts with a scan rate of 10 mV s at 1200 rpm in O,-saturated 0.1 m KOH solution. Reproduced with
permission.!'*®) Copyright 2015, Royal Society of Chemistry. HRTEM images of (F) C;N; and (G) C3Ng. (H) C K- and (I) N K-edge NEXAFS spectra of C3N;
and C3;Ng with reference materials. (J) LSV of (i) C3N5, (ii) C3NG, (iii) C3N5, and (iv) g-C3Ny at 1600 rpm. (K) Tafel plots of C3N5, C3Ng, and C3Nj at

1600 rpm. (L) K-L plots at 0.6 V versus RHE, and (M) electron transfer number of the C;N;, C;Ng and C;Nj calculated by K-L plots at 0.6, 0.5, and 0.4 V

versus RHE. Reproduced with permission.['””] Copyright 2021, Wiley-VCH.

g-C3N, dots (MTCG).!>®) Figure 10A shows the schematic
of the synthesis process. The g-C;N, was oxidatively exfoli-
ated by a modified Hummers method and was then mixed
with GO. The overall solution was hydrothermally treated
to obtain MTCG. STEM elemental mappings showed that
the C and N elements are uniformly distributed all over the
material, confirming the even distribution of g-C3N, across
the graphene surface. XPS analysis further confirmed the for-
mation of MTCG (Figure 10B,C). In the case of Cl spectra, the
peak at 288 eV was assigned to sp? carbon atoms within the

triazine rings, which are connected to nitrogen atoms within
the aromatic structure group or the -NH, group arising from
g-C3Ny. On the other hand, the peak at 284.6 eV was des-
ignated to graphitic carbon originating from graphene. The
deconvoluted Nls spectra show two individual peaks, one for
s-triazine rings (C—N—C, 398.8 eV) and another for bridging
N atoms in N—(C); (400.1 eV). The ORR performance of
MTCG was carried out in 0.1 M KOH solution, and results
were compared with commercial Pt/C. MTCG showed an
oxygen reduction peak at —0.13 versus Ag/AgCl, close to the
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Pt/ C value (Figure 10D). MTCG showed E, s of —0.02 V
versus Ag/AgCl and E;;; of —0.09 V versus Ag/AgCl, both
lower than the commercial Pt/C (Figure 10E). Both MTCG
and Pt/C showed a two-stage feature in overall reaction kinet-
ics. In the lower potential, a small slope was observed, which
is controlled by the surface reaction rate. However, a steeper
curve was observed in the higher potential because the ORR
is more relied on oxygen diffusion. Tafel slopes of MTCG are
59 and 240 mV dec™!, which are close to 65 and 210 mV dec™!
values of Pt/C. Monolayer g-C3N, dots (MTC) exhibited a
reduced onset potential, half-wave potential, and limiting
current density when compared to MTCG, confirming the
beneficial impact of the 2D graphene layer structure on ORR.

Synthesis of carbon nitride with an N:C atomic ratio > 2
is challenging due to substituting C—N bonds with thermo-
dynamic less stable N—N bonds. A higher ratio is believed
to offer superior basicity and unique electronic properties.
Vinu and co-workers synthesized C3Ng and C;N; using a
low-temperature pyrolysis method.!">”] 5-amino-1H-tetrazole
and KIT-6 were mixed together and heated at 160°C for 6 h.
The resulting product was further calcined at 250 and 300°C
under N, atmosphere for 4 h to form mesoporous C;N; and
C;Ng, respectively. TEM analysis suggested that the materials
have highly ordered 2D porous structures (Figure 10E,G). The
N—N bonds were stabilized by forming tetrazine and/or tria-
zole moieties, confirmed by near-edge X-ray absorption fine
structure (NEXAFS) analysis (Figure 10H,I). C3N; and C;Ng
showed better ORR performance and lower Tafel slopes than
C;Nj5 and g-C3N, (Figure 10],K). The K-L plots of the mate-
rials implied that the material with higher N content showed
a higher n number, suggesting an effective reduction of O, to
40H™ (Figure 10L,M). According to DFT calculation, C3N,
contained a higher amount of cyclic N—N bonds, which effec-
tively absorb O, and OH species, making it more ORR active.
The enhanced ORR activity parameters of g-C;N, catalysts
are listed in Table 2. Therefore, a heterostructure of g-C;N,
is much more electrocatalytically active than pure g-C;N, in
ORR.

4 | NON-CARBON-BASED 2D
ELECTROCATALYSTS FOR THE ORR

As seen in the previous section, carbon-based materials,
mainly graphene, have been extensively studied for the ORR.
In this section, the advancements of other metal-free 2D
nanomaterials, such as hexagonal boron nitride (h-BN), boron
carbon nitride (BCN), and black phosphorus (BP) for the
ORR are discussed.

41 | h-BN

Recently, BN has gained significant attention for green energy
conversion due to its remarkable optoelectrical properties,
thermal stability, mechanical durability, and chemical inert-

ness. Four types of BN have been reported in the literature,
including amorphous BN (a-BN), h-BN, cubic BN (c-BN),
and wurtzite BN (w-BN).['**] h-BN exhibits a layered struc-
ture similar to graphene, composed of sp? hybridized B—N
bonds that are highly polarized and possess a strong covalent
character within the plane. However, unlike graphene, h-BN
displays significant polarization due to the electronegativity of
N atoms, leading to the potential for anisotropic properties.
Due to the huge gap in electronegativity between B and N,
h-BN behaves as an insulator, and the band gap depends on
the thickness of the material. Although h-BN has been used
in optical and electrical devices as a dielectric substrate, h-
BN remains inert toward electrocatalysis.["1°*19] Utilization
of pristine h-BN for the ORR in fuel cells is impractical due to
its inherent limitations in electronic conductivity and its ten-
dency to form H,0, through a two-electron process.!'®®! To
activate the h-BN, various methods have been adopted, such
as physical methods and chemical methods. There are reports
of adding non-metal nanostructures with h-BN to increase its
electrocatalytic activity. Doping carbon into the h-BN matrix
or forming a heterostructure between graphene and h-BN
might resolve this issue.!!71%]

Utilizing a CVD method, Kakade and co-workers pre-
pared a one-step carbon-doped h-BN (BNC).['°”) Figure 11A
represents the schematic of BNC for ORR. Boric acid and
hexamethylenetetramine were mixed in a solid-state condi-
tion and then heated for 2 h under an N, atmosphere. TEM
analysis of the sample prepared at 850°C confirmed that the
rice-shaped BNC nanocrystals were impregnated into the car-
bon matrix (Figure 11B,C). XPS region spectra of Bls and Nls
suggested the formation of B—N bond and a small amount
of B—C and N—C bonds (Figure 11D,E). Cls XPS spectrum
also indicated the formation of C—B, C—0O, and C—N bond
formation along with the C—C bond (Figure 11F). A strong
cathodic peak at 0.76 V versus RHE in the presence of O, was
observed, but absence in N,, confirms the potential of BCN
for ORR (Figure 11G). An E s of 0.83 V versus RHE and
Ji of 4.6 mA cm™? were observed at 1600 rpm (Figure 11H).
The number of electrons per O, molecule was x3.6, calcu-
lated from K-L plots at different potentials (Figure 11I). They
further confirmed that the carbon coating on BNC increases
the active sites, making it more ORR active compared to pure
h-BN. A similar kind of ORR enhancement was observed
when rGO was added to h-BN to make a composite.!*®]
Multiple contacts between rGO and h-BN act as an oxy-
gen adsorption site and enhance the performance. In another
work, Kakade and co-workers synthesized a heterostructure
combining rGO and h-BN using a single-step hydrothermal
method.[°”) Initially, GO was mechanically activated via a ball
milling process and later mixed with h-BN heated at 180°C
for 6 h in an autoclave. HAADF-STEM study suggested the
generation of a homogeneous composite (Figure 11J-N). The
amount of h-BN was varied to obtain different compositions
of heterostructures. Out of all the samples, the heterostruc-
ture containing 2% h-BN (GOBN2-BM) showed maximum
performance toward ORR (Figure 110). The average number
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TABLE 2  Summary of g-C3;N, for the ORR.

Ei Electron Tafel slope  J; (mA
Catalyst Synthetic method Electrolyte  E,¢ (vs RHE) (vs RHE) transfer (n)  (mV dec™) cm?) Ref.
Graphitic-C;N,@Carbon Template method 01MKOH  —0.10V versus - 3.8 —113 11.3 [150]
Ag/AgCl
G3N; Pyrolysis 01MKOH 081V - 3.9 53.8 8.2 [157]
g-C3N, dots@graphene Hydrothermal 01MKOH  —0.02V versus 0.09 Vversus  3.72 59, 240 - [156]
Ag/AgCl Ag/AgCl
g-C3N,@N-G Ball milling 01MKOH  —0.02'V versus —0.22V 4 - - [158]
SCE versus SCE
Graphene platelet decorated ~ Pyrolysis 00MKOH 0.87V - 3.8 63 5.1 [159]
carbon nitride
g-C3N,@rGO Semi-closed pyrolysis  0.1M KOH  —0.248 Vversus ~ —0.281 V 3.21 - 3.36 [160]
Ag/AgCl versus
Ag/AgCl
g-C3N, QD/g-C3Ny Ultrasonication 01MKOH —0.075Vversus —0.210V 3.9-4.2 - —0.491 [161]
sheet/rGO Ag/AgCl versus
Ag/AgCl
s-g-C3N,@GQDs Hydrothermal 01MKOH  —0.07 V versus - 35 - - [162]
Ag/AgCl
S-doped C;N,-mesoporous  Polycondensation 0.1MKOH  —0.11V versus - 4 - 30.9 [163]
carbon Ag/AgCl
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FIGURE 11  (A) Schematic illustration for ORR of carbon-doped h-BN (BNC) catalyst. (B) TEM and (C) HRTEM images of BNC catalyst. Deconvoluted
XPS spectra of (D) Bls, (E) Nls, and (F) Cls. (G) CVs of BNC catalyst, recorded in Ar- and O,-saturated 0.1 v KOH at a scan rate of 20 mV s™. (H) ORR
polarization curves of BNC catalyst under O,-saturated 0.1 m KOH recorded at various rotation speeds (I) K-L plot of BNC catalyst at different potentials.
Reproduced with permission.['"”] Copyright 2018, American Chemical Society. (J) HAADF-STEM image of the GOBN2-BM catalyst and (K-N)
corresponding elemental mapping of B, N, C, and O. (O) Comparison of the ORR LSV curves of electrocatalysts with varied h-BN amount in O,-saturated

0.1 M KOH at 1600 rpm with a scan rate of 10 mV s’\. (P) Extent of peroxide yield and number of electrons transferred (n) of the GOBN2-BM catalyst in the
potential range of 0.1 to 0.9 V versus RHE. Reproduced with permission.['®”] Copyright 2018, Royal Society of Chemistry.
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TABLE 3  Summary of h-BN for the ORR.
Egnset (VS Ey (vs Electron Tafel slope Ji (mA

Catalyst Synthetic method Electrolyte RHE) RHE) transfer (n) (mV dec-1) cm’) Ref.
C-doped h-BN CVD 0.1 M KOH 0.83V - 3.6 - 158 [167]
rGO/h-BN Hydrothermal and annealing 0.1 m KOH 0.798 V 0.64V 3.7 - - [168]
rGO/h-BN Hydrothermal 0.1 M KOH 098V 0.74 V 3.89 102 4.4 [169]
CNT/h-BN Hydrothermal and annealing 0.1 M KOH 0.86 V 072V 3.9 - 5.78 [170]
BN-Graphene EDC Coupling 0.1 M KOH - - 3.8 - —4.6 [171]
Graphene-hBN ball milling 0.1 M KOH 079V - 2.23 - - [172]

of electrons per O, molecule was 3.89, with a peroxide yield
below 10% (Figure 11P). The addition of h-BN decreased the
crystallite size of the GO, subsequently enhancing the active
surface area of the material, resulting in higher electrocatalytic
activity. The enhanced ORR activity parameters of h-BN cat-
alysts are listed in Table 3. From the above discussion and
results, it is clearly visible that the ORR performance of h-BN
is enhanced either by doping or by forming a heterostructure.

4.2 | BCN

Recently, BCN has been getting much attention due to its
diverse composition. BCN has a bandgap of 1.18 eV, much
lower than h-BN (5 eV), which is useful for optoelectronic
applications.[”?] BCN is a ternary 2D compound with the
advantages of graphene, BN nanosheets, and CN analogs.!'”*]
Figure 12A,B shows phase diagram and crystal structure of
BCN monolayer, respectively. Like graphene and h-BN, BCN
is also explored for electrocatalytic applications. Lei and co-
workers prepared porous BCN nanosheets using a polymer
sol-gel method.[”! Figure 12C shows the schematic of the
synthesis process. Initially, a polymeric gel was formed by
hydroxyl and amino group cross-linking between polyvinyl
alcohol (PVA), boric acid, and guanidine carbonate salt. The
polymeric precursor was subjected to additional curing after
the introduction of P123. Following heat treatment at 900°C
in an N, atmosphere, the architecture of the precursor gel
was gradually transformed into a 2D porous layered struc-
ture, resulting in the bonding of B, N, and C atoms. From
XRD and FT-IR spectra, it is noticed that the peak position
of BCN is different from the graphene and h-BN. Raman
analysis showed that BCN exhibits D and G bands at #1360
and 1600 cm™ (Figure 12D). Graphene generally shows a G
band at 1580 cm™}, which confirms the structural distortion of
BCN due to the existence of different bond lengths of B—N
and C—N. TEM and EDX showed that all the B, N, and C
atoms are uniformly distributed in the 2D BCN nanosheets
(Figure 12E). XPS results confirmed the presence of B—O and
B—N—C bonds in Bls region spectra, whereas sp? C=C bonds,
C=N bonds, C—O/C—N bonds were observed in Cls region
spectra (Figure 12E,G). N1s XPS region spectrum showed four
peaks corresponding to pyrrolic N, pyridinic N, quaternary
N, and C—N—B (Figure 12H). A higher amount of pyridinic

N presence in the material is believed to be an active site
for ORR. BCN showed E .. of 0.940 V versus RHE, which
is 13 mV less than commercial Pt/C (Figure 12I). K-L plots
suggested that the ORR process followed a four-electron path-
way (Figure 12]). In RRDE measurement, the calculated H,O,
yield is below 6%, confirming the 4e™ transfer process in
the alkaline ORR process. The BCN material also showed
excellent methanol tolerance and high durability compared
to commercial Pt/C. It is believed that the abundant B—N—C
bonding in the material is readily available to OH adsorption
and O protonation in the graphitic carbon edge area, resulting
in higher ORR activity.

Noveron and co-workers developed a BCN-based het-
erostructure catalysis for ORR.7”] BCN was prepared
through carbonization of the mixture of urea, boric acid, and
PEG-2000 precursors. Later, they added varied amounts of
fullerene to BCN to form the heterostructure in an ultrason-
ication method (Figure 12K). Pure BCN exhibited a smooth
2D structure (Figure 12L), whereas fullerene was uniformly
dispersed in the BCN sheet in the case of fullerene/BCN
composite (Figure 12M). Higher amount of pyridinic N and
C—N—B were detected in the 10% fullerene/BCN compos-
ite, implying a higher number of active ORR sites. 10%
fullerene/BCN composite showed E ... of 0.920 V versus
RHE in 0.5 M NaOH solution, which is higher compared to
other composites and pristine BCN (Figure 12N). DFT calcu-
lation predicted that the *O — *OH step is the rate-limiting
step for all the fullerene/BCN composite. The composite con-
taining 10% fullerene/BCN displayed the least rate-limiting
potential (0.81 eV), leading to a reduction in the energy
barrier for the rate-determining catalytic step, and subse-
quently, an enhancement in the reaction rate (Figure 120).
The enhanced ORR activity parameters of BCN catalysts are
listed in Table 4. Although pure BCN or heterostructure of
BCN showed promising results, further study is needed to
explore its full potential.

4.3 | Black phosphorus

The BP is a layered semiconductor material that is artifi-
cially synthesized, belonging to the class of monoatomic
2D van der Waals materials.'**'®!) The individual layers of
BP, known as phosphorene, exhibit a puckered honeycomb
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FIGURE 12

(A) Phase diagram of B-C-N showing possible stable intermediate phases. (B) Schematic illustration of boron carbon nitride crystal

structure. Reproduced with permission.[”°] Copyright 2020, The Electrochemical Society. (C) Schematic of porous BCN nanosheet synthesis. (D) Raman

spectra of porous BCN nanosheet. (E) TEM and corresponding elemental mapping of B, C, and N elements. XPS region spectra of (F) Bls, (G) Cls, and (H)
Nis. (I) LSVs of BCN and Pt/C in 0.1 m KOH at a rotation rate of 1600 rpm and a scan rate of 5 mV s™. The inset showing the higher magnified LSV curves
between 0.9 and 1.0 V versus RHE. (J) LSVs of BCN at different rotation rates. The inset showing the corresponding K-L plot. Reproduced with

permission.!'7>

I Copyright 2017 American Chemical Society. (K) Schematic representation of the synthesis of fullerene/BCN nanohybrids. TEM images of (L)

BCN nanosheets and (M) 10% Fullerene/BCN nanohybrids. (N) LSV curves of F, BCN, 5% fullerene/BCN, 10% fullerene/BCN, 20% fullerene/BCN, 30%
fullerene/BCN, and Pt/C for ORR at 2 mV s in 0.5 M NaOH. (O) Gibbs free energy diagram showing the differences of each elementary ORR catalytic step for
both BCN and fullerene/BCN nanohybrids. Reproduced with permission.!”””] Copyright 2021 American Chemical Society.

TABLE 4  Summary of BCN for the oxygen reduction reaction.

Onset Electron

potential Ey) (vs transfer Tafel slope Ji, (mA
Catalyst Synthetic method Electrolyte (vs RHE) RHE) (n) (mV dec™) cm™) Ref.
BCN Pyrolysis 0.1 m KOH 0.940 V 0.820 V 3.91 - - [175]
BCN/Cqg Pyrolysis 0.5 M NaOH 0.920 V 0.790 V 3.85 87 - [177]
BCN/C Pyrolysis and solvothermal 0.1m KOH 101V 0.860 V ~4 72.4 - [178]
NBC nanosheets Pyrolysis 0.1 KOH 0.87V - ~4 79 418 [179]
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Crystal structure of BP (A) side view and (B) top view. Reproduced with permission.['*°] Copyright 2015, National Academy of Sciences. (C)

Schematic representation of BP-CN-c synthesis. (D, E) TEM and HRETM images of BP-CN-c (F) P 2p region XPS spectrum (G) ORR polarization curves of

CN, BPC, BP-CN-p, BP-CN-c, and Pt/C at 5 mV st witha rotating speed of 1600 rpm. (H) Ring current densities and the calculated electron transfer numbers
(inset) for BP-CN-c and Pt/C. Reproduced with permission.['®"] Copyright 2021, Wiley-VCH.

structure and are attached together by a combination of van
der Waals and ionic forces.l'>!33] Monolayer phosphorene
has emerged as an exceptionally promising candidate among
various 2D electronic materials due to its bandgap compa-
rable to silicon and high hole mobility.['®*!5°] Phosphorene
has a bandgap of 2 eV, which can be adjusted by pre-
cisely regulating the thickness.['*°! BP exhibits three crystal

structures: orthorhombic, simple cubic, and rhombohedral.
Figure 13A,B shows the crystal lattice of orthorhombic BP. A
single layer of BP contains two different types of P—P bonds
and two different atomic layers. Until now, very few reports
have been reported on the electrocatalytic performance of
BP, which could be attributed to its inherent challenges,
such as poor electrical conductivity and low stability under
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electrocatalytic conditions. Theoretical study suggested that
pure phosphorene exhibits inferior ORR performances due to
the adsorption of O* on the phosphorene surface. However,
local oxidation can reduce the adsorption strength of O* on
the phosphorene and increase the ORR performance.l’®”] In
another work, Feng and co-workers reported that Te doping
in BP can enhance the ORR performance of BP.'®] Instead
of occurring as isolated Te defects, the doped Te atoms tend
to form clusters by bonding with each other. Through the
synergistic utilization of intrinsic defects and Te dopants, Te
cluster’s catalytic activity can be precisely adjusted across a
broad range. O* exhibit a moderate binding strength at Te
sites, further enhances the performance of Te clusters in ORR
compared to pristine phosphorene.

Feng and co-workers first reported a 2D BP-based metal-
free catalyst for ORR.!'”] BP was prepared by adopting an
electrochemical exfoliation method, whereas g-C;N,@CNT
(CN) was made by mixing g-C3N, and CNT and anneal-
ing at 550°C. A covalently bonded BP with g-C;N,@CNT
(BP-CN-c) was prepared by physically mixing both the mate-
rials and heating at 300°C for 2 h under N, atmosphere
(Figure 13C). TEM analysis suggested that the CN is uniformly
distributed on BP nanosheets, showing abundant heteroin-
terface (Figure 13D,E). Along with the P—P bond, N—P
and N—P=O0 bonds also formed, confirmed by XPS analy-
sis (Figure 13F). The as-synthesized BP-CN-c catalyst showed
a similar ORR performance to the commercial Pt/C catalyst
(Figure 13G). BP-CN-c catalyst showed Ej;, of 0.84 V versus
RHE and J; of 5.34 mA cm?, close to Pt/C (0.85 V vs RHE,
5.60 mA cm2). RRDE study revealed that the number of elec-
trons per O, molecule was 3.87-3.92 for BP-CN-c catalyst
(Figure 13H). The enhanced ORR performance of the BP-
CN-c catalyst can be ascribed to two main factors: the faster
electron transport facilitated by the P—N bonded BP/g-C;N,
hybrid and the lower energy barriers for ORR steps taking
place on the carbon atoms of g-C3N,.

Yu and co-workers prepared a composite of exfoliated BP
(EBP) and amine-functionalized EBP (N-EBP), both derived
from bulk BR®! The iso-type heterostructure (Iso-EBP)
was generated by ultrasonically mixing EBP and N-EBP in
a 1:1 ratio. Iso-EBP exhibited E, ., of 0.88 V versus RHE
and J;, of 3 mA cm2, higher compared to EBP and N-EBP.
The electron transfer number of Iso-EBP was 3.75, which is
much higher than EBP (2.92) and N-EBP (3.18). The amine-
functionalization serves two purposes. First, it accelerates
intramolecular electron transfer (P — N) within N-EBP, gen-
erating positively charged P atoms on N-EBP, which act
as efficient active sites for the ORR. Second, it lowers the
work function of N-EBP compared to EBP through chem-
ical modification. Additionally, creating a distinct Iso-type
heterostructure allows directional interfacial electron transfer
(N-EBP — EBP) due to the work function disparity between
EBP and N-EBP. To further improve the activity of iso-EBP,
poly acrylic acid (PAA) was added, which increases the active
surface area and shielding effect, increasing stability. Iso-
EBP/PAA exhibited Ej, of 0.80 V and J; of 51 mA cm2,
much higher than Iso-EBP, EBP, and N-EBP samples. Based

on these works, it is clear that a heterostructure formation
of BP can enhance the ORR performance of the overall cat-
alyst. Until now, very few studies have been reported on BP
as an ORR catalyst. Further study is needed to understand the
electrocatalytic properties of BP.

5 | CHALLENGES AND PERSPECTIVES

This review summarized the recent developments of 2D
metal-free electrocatalysts toward ORR. First, we discussed
the reaction mechanism of the ORR process. Since the
metal-free electrocatalysts are composed of carbon, the ORR
mechanism could not be explained by the d-band theory.
Instead, the outer sphere electron-transfer mechanism is sug-
gested, in which the adsorption of O, molecules and the
ORR intermediates is preferred on the hetero-atom doped
sites or defective sites. Later, we discussed the metal-free
2D materials electrocatalysts in two parts; carbon-based and
non-carbon-based 2D materials. For each material class, the
doping and defect introduction strategies were discussed in
detail. First, a systematic description of the ORR catalysts was
provided from the viewpoint of 2D material doped with het-
eroatoms, along with a comprehensive analysis and detailed
discussion of the impact of elemental doping on catalytic per-
formances. Then, heterostructure formation and vacancy gen-
eration were also discussed for the improvement of the ORR
performances.

Despite significant advances in this fledgling field, the study
of metal-free 2D materials has encountered numerous new
challenges. First, the production of ultrathin metal-free 2D
materials with high quality and quantity remains a challeng-
ing task. Although the strategies for introducing doping and
defects have been well-studied, syntheses that allow quanti-
tative control of the doping level or degree of defects, and
syntheses that generate active sites uniformly throughout the
2D materials are very difficult. In addition, existing synthe-
sis methods need to be optimized and scaled to meet the
commercial and industrial requirements.

Second, understanding the growth mechanism is vital for
the precise design of new 2D electrocatalysts and increasing
their intrinsic activity. For example, in the case of 2D car-
bon materials, the ORR activity depends largely on where
the doping elements are substituted. Therefore, understand-
ing the formation of these active sites and being able to
selectively generate only those that are favorable to the catal-
ysis would allow us to take synthesis strategies to the next
level. To facilitate this understanding, there is a significant
need to develop low cost, efficient, and advanced in situ
characterization techniques.

Third, most of the metal-free 2D materials showed sim-
ilar ORR performance to Pt/C, but were only tested in
alkaline solutions. PEMFCs operating in acidic media are a
more economical and mature technology.!'”!] Therefore, if the
development of acid-resistant metal-free 2D materials can be
achieved, ORR catalysts in acidic media are expected to be in
great demand.
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In conclusion, the key strategies for developing new cat-
alysts involve augmenting the number of active centers and
enhancing the intrinsic activity of the catalysts. The potential
to tailor specific properties for ORR electrocatalytic pro-
cesses makes developing 2D materials highly promising.
Future research will combine experimental electrochemi-
cal measurements, theoretical calculations, and advanced
spectral characterization as a vital approach for designing
and developing novel metal-free 2D electrocatalysts. The
pursuit is to forge 2D electrocatalysts exhibiting exceptional
performance and broad utility, aligned with the demands of
practical applications. As such, the rapid accomplishments
achieved in the realm of metal-free 2D materials are poised to
make substantive contributions to both fundamental research
and tangible real-world implementations in the foreseeable
future.
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