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Designing high-activity and durable bifunctional catalysts for the oxygen reduction reaction and oxygen
evolution reaction is crucial for advancing fuel cells. However, the development of electrocatalysts is usually
based on transition metal materials in previous literature. Herein, we explore a group of single boron atoms
doped on graphene with different N coordinations as promising bifunctional OER/ORR metal-free catalysts
by density functional theory calculations. By constructing a volcano-shaped relationship between the OER/

Received 8th April 2025, ORR activity and both AE.g and Bader charge (9), the B—C,N structure is identified as a superior catalyst, with

Accepted 15th May 2025 an overpotential of 0.38 V and 0.36 V for the OER and ORR, respectively. Although the thermodynamic bar-
rier of the ORR is lower than that of the ORR in the same catalyst, the reaction rate of the ORR is only one-

hundred-and-fiftieth that of the OER. Moreover, the catalytic activity is further enhanced in the presence of
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Introduction

Extensive efforts to develop renewable energy technologies such
as photovoltaics and wind turbines are driven by the ever-
increasing detrimental effects of traditional fossil fuel energy
on the environment.* As a result, to handle the intermittent
nature of renewable electricity, large-scale energy storage sys-
tems including fuel cells and electrolyzers must be developed
as they offer much higher theoretical specific energies than
state-of-the-art Li-ion batteries.>* The central reactions in these
types of energy storage systems are the electrocatalytic oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER).>” As such, the key to achieving high efficiency lies in
developing bifunctional electrocatalysts that can promote ORR
and OER activity.>® Although precious metals, such as Pt/C, Ir/
C, and RuO,, have been used as electrocatalysts, their high cost
and poor bifunctionality hamper the commercialization of
energy conversion and storage technologies.'®!" Tremendous
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tensile strain, which can be attributed to the shift of the p-band center and charge accumulation.

efforts have been devoted to developing cost-effective alterna-
tives with high electrocatalytic activity and stability."*"* Over
the years, various transition-metal-based (Fe, Co, Ni, etc.)
sulfides, selenides, nitrides, carbides, phosphides, borides,
oxides, hydro(oxy)oxides, and their alloys or complexes have
been employed to drive fuel cells; however, corrosion of the
metal is a major obstacle to electrolysis."**®

Carbon nanomaterials (e.g., carbon nanotubes and graphene)
doped with heteroatoms offer unique advantages for intended
catalysis due to their abundance and tunable properties."”*® The
accessible and tunable pore size with a high surface area of these
carbon-based materials enables rapid diffusion of the reactants to
active sites.'®*® Moreover, the introduction of suitable heteroa-
toms with different electronegativities into carbon materials can
alter their behavior toward higher ORR and OER activity.>"** The
variation in the electrocatalytic activity of heteroatom-doped car-
bon nanomaterials is believed to be due to the different electro-
negativities of these doped elements, which perturb the m-orbital
electrons in their graphitic domains.>"** The different types of
dopant elements in carbon nanomaterials result from varied sizes
and electronegativities.>* Then, a series of single-atom electroca-
talysts (SACs) with outstanding catalytic performance and durable
stability, especially Pt, Fe, and Co, were investigated and applied to
the ORR and OER.*>****” However, the poor selectivity and detri-
mental environmental impacts of the above SACs hindered their
promising industrial application in fuel cells.”**° A p-block ele-
ment, boron atom (B), has been applied to various electrochemical
reactions under ambient conditions, including the NRR,'”"°
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OER,*'* CRR,**?® HER,*® and ORR.*”*® We identified that the
boron-based material has a similar catalytic activity to transition
metal-based catalysts (TMs), but its activation mechanism is
different from that of TMs in our previous works."”?**¢ A t-back
bonding is formed during the catalytic process due to the B atom,
an electron-deficient element, containing an empty orbital."””*° In
addition, we reported that the coordination environment, espe-
cially the different N species, can tune the inert small molecule
activation ability of the catalytic site.*” The nitrogen coordination
plays a pivotal role in tuning the electronic properties of boron by
donating electron density. Particularly, the lower degree of nitro-
gen coordination may enhance the electron-donating ability of
boron by limiting charge delocalization and constructing an
electron-rich coordination site, which facilitates the adsorption
and activation of reaction intermediates on the boron site.*"

Herein, twelve promising structures were built by doping a
single B atom onto 2D graphene with different N coordinations
(B-N,-C), involving pyridinic and pyrrolic nitrogen (denoted as
“role”). For example, B-C;N;N,,, . indicates that one B atom is
concerted by one C atom, one pyridinic N atom, and two pyrrolic
N atoms. The OER and ORR catalytic performance on these
potential models was evaluated by density functional theory
(DFT) calculations. By comparing the thermodynamic barriers
and scaling relationship results, a single boron atom with one
pyridinic N and two carbon atoms (B-C,N) was selected as the
best bifunctional catalyst in this work. Interestingly, the catalytic
activity of pristine B-C,N was tuned by strain engineering, for
which the overpotential of the promising catalyst was only 0.35
eV under 1% tensile strain. This exploration not only provides
several descriptors for predicting the catalytic activity of metal-
free catalysts but also offers valuable strategies for designing a
new generation of materials with improved performance.

Results and discussion

Initially, the thermodynamic stability of the twelve potential
SAC structures was investigated through the difference between
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the adsorption energy (E.qs) of a single boron atom on the 2D N-
doped graphene and the cohesive energy (E..,) of the boron
atom, and the E.,, is 5.81 eV.**** The optimized structure and
adsorption energies are presented in Fig. 1 and Fig. S1 (ESIT),
respectively. The B atom is coordinated with three atoms in the
single vacancy (SV) of the structure, whereas the coordination
environment of double-vacancy (DV) presents a more compli-
cated state than the SV structure in Fig. 1. The results further
indicate that the adsorption ability of the coordination atoms
follows the order: pyrrolic nitrogen > carbon > pyridinic N
atom. In other words, the pyrrolic nitrogen provides the stron-
gest adsorption site for the B atom. The Bader charge transferred
to the boron atom from the substrate further supports the above
conclusion, as shown in Fig. S2 (ESIt). As we know, the differ-
ence between E,4s and Ep, is an important criterion for describ-
ing the thermodynamic stability of potential structures. Fig. S1
(ESIt) shows that the E,qs values of all structures are larger than
—6 eV, indicating a negative value difference. Then we can state
that all the above models can be easily synthesized by experi-
mental works. Indeed, Zettl identified that the experimental
reaction temperature has a significant influence on the number
and type of N-coordinated species.** Therefore, the potential
catalytic activities of the twelve promising structures are thor-
oughly investigated in the following section.

During the oxygen evolution reaction (OER) process, activa-
tion of H,O on the 12 promising models was initially consid-
ered in this work. The optimized structures reveal that H,O is
activated by the catalysts only via physical adsorption as shown
in Fig. S3 (ESIt). Compared with a free water molecule, the
bond angle of H,O is stretched from 104.50° to 105.58° to
107.32° after the adsorption process, indicating that H,O has
been clearly activated in the initial step. Regarding the ORR
procedure, the substrates also adsorb the oxygen molecule by
the end-on and side-on models, as shown in Fig. S4 (ESIt). The
substrate exhibits heavy distortion under the side-on config-
urations. The O-O bond lengths in this configuration range
from 1.25 to 1.30 A, which are significantly larger than the
experimental length (1.21 A), indicating that the substrates

\
B'CZNZrole

Fig.1 Optimized models of single B-doped 2D graphene with different nitrogen species. Black, blue, and green represent C, N, and B, respectively.

B'N4 B'N5
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form strong interactions with *O,. From the adsorbed struc-
ture, it can be confirmed that the B atom is the main catalytic
site for small molecule capture by chemisorption, rather than
C. To further analyze the catalytic properties in the first steps,
the charge density difference and Bader charge of two small
molecules are presented in Fig. S5 and S6 (ESIf). The bond
length change of H,O and O, shows the same trend as the
Bader charge vibration obtained by small molecules from
B-N,-C substrates. Interestingly, the activation degree of
adsorbed species strongly depends on the electrons transferred
from the catalytic site, and the results follow the order of
CoNarore (2.40 |e]) > C3N (1.39 |e|) > CN; (1.38 |e]) > Nj
(1.31 |e|) in the O, activation process. In other words, the B
atom, having a lower degree of N-coordination and a relatively
larger Bader charge value (Fig. S2, ESIt), provides more elec-
trons to the species. The magnitude of adsorption energy also
exhibits a powerful linear correlation with the N-coordination
environment: the value increases with the decreasing number of
N-coordinations in a similar substrate. Then the charge density
difference of the two molecules is also shown in Fig. S5 and S6
(ESIt). The adsorbed species receive several electrons from the
substrate, and the main catalytic site, the B atom, provides the
most electrons during the activation step. Moreover, the charge
density accumulation on O-B bonds and evident electron trans-
fer around the B atom display a strong interaction between the B
atom and the adsorbed species on B-N,~C substrates. Compared
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to the TM-based catalysts, the relatively small charge density
accumulation indicates that only the B-to-O n-back bonding is
formed during the activation process due to the sp® hybrid
orbital of the boron atom. From the above results and analyses,
it can be found that, with increasing N-coordination of the B
atom in a similar substrate, the number of transferred electrons
decreases during the catalytic process.

To systematically study and screen the promising bifunc-
tional OER/ORR catalysts based on boron-doped graphene
catalysts, two reactions with four consecutive elementary elec-
tronic steps were calculated, and the reaction intermediates
and energy profiles on these surfaces are summarized in Fig.
S7-518 (ESIT). The maximum consumed energy (AGmay) step of
each reaction was chosen as the criterion to evaluate the
catalytic activity, and the step was named the thermodynamic
rate-determining step (RDS) during the two processes. Norskov
et al. found that the adsorption energies of *OOH (A E-gon) and
*O (AE-o) have a linear scaling relationship with the energy of
*OH (AE«on).*” For example, the linear relationship between
the Gibbs free energies of *OOH and *OH is AG«oon = AGxon +
3.2 £+ 0.2 eV by the revised Perdew-Burke-Ernzerhof exchange-
correlation functional on metal-based materials.*®*” Then the
catalyst activity can be simply described by the adsorption free
energies, and the scaling relationships between (AE-oomn),
(AE«o), and (AE.on) on the 12 potential models were estab-
lished as shown in Fig. 2. As shown in Fig. 2a, the scaling
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Fig. 2 Scaling relationships of intermediate adsorption energies for (a) *O versus *OH and (b) *OOH versus *OH on the twelve potential structures.

Activity volcano plots of 7°%R (c) and %% (d) versus the free energies of *O (A Exo). Volcano plots of 7

(8, in units of e) of a single boron atom.
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relationship between AE«c and AE«oy is AE«oon = 1.71AE«oy +
1.17 eV with an R? value of 0.91 for all B-N,~C substrates. The
slope value (1.71) indicates that *OH and *O each have only one
bond to the substrate surface, and the *O species is more stable
than the *OH. In addition, the formal linear scaling relation-
ship between AE«gon and AE-oy is described by the equation:
AE«oon = 0.54A Exgy + 2.93 eV with an R? value of 0.68 as shown
in Fig. 2b. The intercept value (2.93 eV) has slightly different
from that of metal-based materials (3.2 €V), as reported in
Norskov’s work.*>*® This can be attributed to the PBE func-
tional and the corrections of zero-point energies and entropy
were considered in our work. The weaker correlation (0.68) can
be attributed to the wrinkled 2D substrate when the *OOH
adsorbed on the electron-deficient B site. A similar scaling
relationship exists between the *O and *OOH in Fig. S19 (ESIY).
These slopes further demonstrate that two adsorbed species
have a single bond between the B atom, the main catalytic site,
and the O atom. Moreover, the three constant intercepts
indicate that the three species usually prefer a similar type of
binding site.

From the above linear scaling relationships between inter-
mediates and the Sabatier principle, the adsorption energies
can be used to predict the OER/ORR overpotential (). Herein,
several OER/ORR volcano models with #°F® and #°%® on the y-
axis as a function of a series of descriptors, including AExq,
AE«on, AExoon, and AExo-AE«oou, were established, which
helps quickly identify the relationship between the catalytic
performance and adsorption strength of intermediates. Then,
eight volcano-shaped plots were constructed by using the as-
obtained scaling relationships, as shown in Fig. 2 and Fig. S20-
S22 (ESIt). These plots are intimately connected to the free
energy variations for each reaction step in the whole ORR and
OER. Comparison of the volcano plots versus the four descrip-
tors, AE«o, AE«on, AE«oon, and AE«o-AE«op, reveals a relatively
excellent linear relationship on both sides of the volcano.
Concerning the OER, the peak position of the volcano plots is
located at AGp.x = 1.61 eV (n°FF = 0.38 eV), corresponding to
the adsorption energies of AE«o, AE«on, AE+oon, and AExq-
AE«on, which are 2.15, 0.70, 3.64, and 1.45 eV, respectively. In
simple terms, B-C,N displays a remarkable OER performance
with #°FR = 0.38 eV, which is close to the overpotential of IrO,
(0.33 eV).*® In addition, the OER activity deteriorates when the
adsorption energy values change. Interestingly, the catalytic
performance correlates with the AE.«o on both sides of the OER
volcano plots. Under this condition, the stronger AE.o will
increase the difficulty of *O to form the *OOH intermediate.
Similar to the OER analysis, the B-C,N still provides the best
ORR activity with 1°%% = 0.36 eV, which is better than that of the
benchmark catalyst (Pt(111), 0.43 €V).>° The ORR activity has a
relatively linear scaling relationship with AE«o-AE«on on the
ascending side of Fig. S22b (ESIT), while AE. displays a good
linear relationship on the descending branch in Fig. 2d. In
other words, the adsorption strength increases with a decrease
of AE.o, but the strong adsorption will poison the catalytic site
by blocking the formation of second water. Therefore, the
promising adsorption energy of intermediates is very important

This journal is © the Owner Societies 2025
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for the design of bifunctional OER/ORR catalysts. From the
above as-obtained scaling relationships and the volcano plots,
we also need to understand the relationship between the boron
chemical environment and bifunctional OER/ORR activity. As
shown in Fig. S2, S5 and S300 (ESIt), the Bader charge (0) is
highly correlated with the intermediate adsorption. The #°%}%
and #°%® versus the § values are summarized in Fig. 2e and f.
The volcano plots display that the OER and ORR are activated
when 0 equals 0.51 |e|. The plot shows that optimal ¢ leads to a
minimal energy requirement for the ORR and OER. As B — O,
electron transfer plays a key role in O, adsorption and activa-
tion, more electrons in the boron site would increase the
possibility for such electron injection and subsequent
reduction. Combining the above analyses, the B-doped C,N
substrate is the best bifunctional OER/ORR catalyst.

To further investigate the OER/ORR intrinsic activity on B-
doped C,N, the full thermodynamic energy profiles of four
electron transfer steps with calculated transition states (TSs) are
summarized in Fig. 3a and b. For the OER process, the H,O is
adsorbed on the B atom site by physisorption (Fig. S5, ESIt), and
the slightly low Bader charge value also confirms the result. Two
large energy fluctuations appear in this process, and the third
evolution reaction (*O — *OOH, 0.38 eV) is the RDS based on
thermodynamic performance. Interestingly, the maximum kinetic
barrier (0.93 eV) also emerges in the same step. More importantly,
the reaction rate depends on the energetic span, which emerges
from the difference between the turnover frequency (TOF, s~
site ')-determining intermediate (TDI) and TOF-determining
transition state (TDTS).>“*> According to the energetic span
model, the TOF is calculated by TOF = k];—lTexp (%Bf) , where
8E = Grprs - Grps. Essentially, TOF = 2.28 x 107> s~ ' site™"
(1.04 eV) in the OER process, where the TDI and TDTS are *O
and TS4, respectively. Fig. 3b shows that *O and TS2 are
identified as the TDI and TDTS in the ORR process, respec-
tively, and the TOF is equal to 1.50 x 107 s~ " site " (1.18 eV).
Although the OER has a relatively larger kinetic barrier (0.93 eV,
TS3), it exhibits a higher reaction rate under ambient condi-
tions. In other words, the OER exhibits a narrower catalytic
cycle than the ORR in this work. The intrinsic electronic
properties of the B atom on all B-N,-C catalysts were deter-
mined to investigate the different catalytic performance
by using the projected density of states (PDOS), as shown in
Fig. S23 (ESIt). Moreover, the PDOS of *O, *OH, and *OOH was
calculated to investigate the electronic behavior of boron for
intermediates (Fig. S24, ESIT). The antibonding n*-orbital of the
O atom is well matched with the energy levels of the boron
p-orbitals of the B atom, benefiting the occupation of the
hybridized p-m*-orbitals for adsorption and activation of all
small molecules. In catalyzing the following reactions, the o5,
state appears near the Fermi level, indicating that the adsorbed
species can be further activated by the catalytic site. The AIMD
and phonon spectrum calculations were applied to evaluate the
stability of the B-C,N structure. Fig. 3c reveals that the geo-
metric structure has slight distortion under 300 K, offering
good structural stability. Moreover, no obvious vibration in the
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Fig. 3 OER (a) and ORR (b) free energy plots of the B-doped C,N substrate with four transition states. (c) Fluctuation of temperature and energy versus
time (10 ps) in AIMD simulations. (d) Phonon dispersion spectra of the B-doped C,N potential structure.

two plots further confirms that the B-C,N structure holds great
stability. Afterward, density functional perturbation theory-
based phonon calculations were employed to validate the
stability of the B-C,N catalyst due to phonon methods that
can predict variations in lattice thermal conductivity and
identify the phonon scattering phenomenon. The absence of
imaginary phonon frequencies in the profile shown in Fig. 3d
further supports the excellent thermodynamic stability.

It is known that strain engineering can improve the catalytic
activity by modulating the adsorption energy of intermediates
because it can influence the electron distribution of the
catalytic site.***>* The bifunctional OER/ORR activity of
B-C,N with biaxial strains from —5% to 5%, and the negative
and positive values imply compressive and tensile strains,
respectively. As shown in Fig. 4a and b, the adsorption energy
of all intermediates decreases with increasing compressive
strain. In other words, the adsorption capacity of the substrate
is enhanced by compressive strain engineering, and the three
adsorption energies of the three intermediates still maintain a
good linear scaling relationship with applied tensile strain.
Moreover, the bonding strength between *O and *OH and the B
atom of B-C,N is weakened under tensile strain, decreasing the
energy input to form the *OOH intermediate in the OER and
further accelerating the desorption of H,O from the surface

12186 | Phys. Chem. Chem. Phys., 2025, 27, 12182-12189

in the ORR. Interestingly, the balance is achieved under 1%
tensile strain, offering the best bifunctional activity with both
#%FR and #°FR values being 0.35 eV. In terms of electronic
structures, compressive strain leads to stronger out-of-plane ()
states, which can not only strengthen OH adsorption, but also
promote B-to-O m-back bonding, promoting subsequent elec-
tron transfer. Consequently, two contour plots of OER and ORR
overpotentials as a function of AE.oy and AEso, which are
closely connected to the Gibbs free energy variations for each
elementary reaction step in the OER and ORR, are shown in
Fig. 4c and d. It is important to note that the two fitted lines
pass through the triangular red-colored region, and excitingly
several points are located in this region. In other words, the
B-N,-C structures are a group of potential two-dimensional
materials with promising bifunctional OER/ORR catalytic activ-
ity. Furthermore, B-C,N with comprehensive strain is a group
of potential electrocatalysts with excellent bifunctional OER/
ORR activity.

Conclusions

In summary, the bifunctional OER/ORR catalytic activity of a
single boron atom doped on graphene with different N

This journal is © the Owner Societies 2025
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coordinations was systematically investigated by density func-
tional theory calculations in this work. Two outstanding cata-
lysts, B-C,N and B-N,;N,.., were screened using several
descriptors, including AE+o, AE«op, AE«o-AEsoy, and o. Parti-
cularly, the B-C,N structure offers outstanding catalytic activ-
ity, and the overpotentials are 0.38 V and 0.36 V for the OER and
ORR, respectively, and the promising catalyst exhibits remark-
able stability under experimental conditions. Interestingly,
the maximum TOF values of 2.28 x 107> s~ site”* and 1.50 x
107 s~ site " were achieved for the OER and ORR, respectively.
Although the thermodynamic barrier of the ORR is lower than
that of the OER in the same catalyst, the kinetic reaction rate of
the ORR is much slower than that of the OER. Moreover, the
OER/ORR activity is further tuned by the application of strain, as
the balance of intermediate adsorption energy is achieved by
regulating the electronic accumulation at the boron site. The
results indicate that the catalytic activity reaches its peak at 1%
tensile strain, and the performance decreases gradually with
further increase of tensile or compressive strain.

This journal is © the Owner Societies 2025

versus strain curves. Contour images of 7°FR (c) and y°RR (d) as a function of AE«oy and AE«o constructed by the linear
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