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The replacement of high-cost and scarce precious-metal
catalysts with commercially available alternatives has
attracted much attention from both industrial and academic
researchers in catalysis. Although extensive studies have been
conducted in the search for non-precious-metal catalysts, the
results are far from satisfactory owing to the limited
performance of the discovered catalysts and environmental
hazards. Meanwhile, both theoretical calculations and experi-
ments have demonstrated the considerable activity of cost-
effective metal-free materials with unique electronic and
nanostructural properties in a wide range of heterogeneous,
electrochemical, and photocatalytic processes.] A particu-
larly exciting example was the development of nitrogen-
doped carbon materials, which revealed competitive activity
and significantly enhanced stability as compared to commer-
cial Pt/C catalysts in the critical but sluggish oxygen reduction
reaction (ORR) in fuel cells and metal-air batteries.'*?
These promising features have generated interest in the
development of nanostructured metal-free catalysts with
analogous functions and comparable reactivity to those of
conventional noble metals.

Current state-of-the-art metal-free catalysts are sp*-
hybridized carbon and its derivatives, which are semimetals
with a small number of metallic electrons at the surface."?
Graphene, as the mother of all carbon allotropes, provides an
effective platform for fundamental investigations of the
nature of metal-like reactivity in all carbon-based materials.
For catalytic applications, the engineering of pristine gra-
phene by the substitution of some carbon atoms with
heteroatoms, such as N, B, P, I and S, is an effective way to
tailor its electron-donor properties and consequently to
enhance its catalytic activity.’! In particular, codoping with
two elements, one with higher and one with lower electro-
negativity than that of C () =2.55), for example, B (y =2.04)
and N (y =3.04), can create a unique electronic structure with
a synergistic coupling effect between heteroatoms. This effect
makes such dual-doped graphene catalysts much more
catalytically active than singly doped graphene catalysts.!
In this regard, the codoping of graphene with two or more
selected heteroatoms is becoming one of the main trends in
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the tailoring of its chemical and physical properties for
desired applications.*!

However, current approaches based on thermal chemical
vapor deposition (CVD) for the synthesis of dual-doped
graphene are too tedious and expensive for mass produc-
tion.**®1 Although a recently reported chemical method
involving the coannealing of solution-exfoliated graphene
oxide in the presence of boric acid and ammonia is facile,*” it
produced a covalent boron-carbon-nitride (BCN) but not
a B- and N-codoped graphene (B,N-graphene). Moreover,
almost all physical and chemical strategies inevitably lead to
undesired by-products, such as hexagonal boron nitride
(h-BN), which is chemically inert and results in poor activity
of the catalyst. Despite tremendous progress in the synthesis
of ternary BCN heteroring nanomaterials,” a high-phase-
purity B,N-graphene in which B and N replace C atoms in the
graphene framework at well-defined doping sites has not been
reported, which makes the theoretical identification of the
function of guest dopants impossible. Therefore, the nature of
proposed synergistic effects remains inconclusive.

In this study, a A~-BN-free B,N-graphene was prepared by
a two-step doping method. This new method not only enables
the incorporation of heteroatoms at selected sites of the
graphene framework to induce a synergistic enhancement of
the activity of the B,N-graphene, but it also prevents the
formation of inactive by-products. The new catalyst shows
excellent activity in the ORR and perfect (nearly 100%)
selectivity for the four-electron ORR pathway in an alkaline
medium. Its activity and four-electron pathway selectivity in
the ORR is much higher than that observed for singly B- or N-
doped graphenes. The B,N-graphene also shows complete
methanol tolerance and excellent long-term stability; these
properties are superior to those observed for the commercial
Pt/C catalyst. The newly identified B-C-N configuration at
the same time provides a platform for theoretical investiga-
tion of the nature of this significant enhancement in electro-
chemical performance. Density functional theory (DFT)
calculations indicated that the chemical coupling of B and N
is the origin of a synergistic effect that boosts the ORR
activity of the B,N-graphene through an alternative mecha-
nism to that observed for singly doped graphene with B or N.
Furthermore, the role of each heteroatom in this synergistic
catalysis was clarified fundamentally on the level of molecular
orbitals. The current study of the ORR on B,N-graphene may
provide new insight into the molecular design and feasible
synthesis of more advanced graphene-based catalysts for
potential applications in fuel cells and metal-air batteries.

B,N-graphene was synthesized from solution-exfoliated
graphene oxide (GO) by a two-step doping strategy: first, N
was incorporated by annealing with NH; at an intermediate
temperature (e.g. 500°C), and then B was introduced by
pyrolysis of the intermediate material (N-graphene) with
H;BO; at a higher temperature (e.g. 900°C; see the Support-
ing Information for the detailed procedure). The nanosheet
morphology was preserved after the two-step doping proce-
dure, as shown by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM; Figure 1; see also
Figure S2 in the Supporting Information). At the same time,
the electron energy loss spectrum (EELS) and elemental
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Figure 1. a—d) Elemental mapping and e) EELS spectrum of B,N-graphene (the scale bar is 100 nm). f) Low-
magnification TEM image of B,N-graphene. g) XPS survey and high-resolution spectra of N, C, and B 1s core

levels in B,N-graphene.

mapping confirmed the coexistence of B and N in the
graphene matrix in a homogeneous distribution (Figure 1a—
e).

The nature of doping was identified by X-ray photo-
electron spectroscopy (XPS) with peak deconvolution (Fig-
ure 1g). The analysis showed that conventional one-step
doping (i.e. the simultaneous introduction of B and N
heteroatoms) results in a low yield of B,N-graphene with
a large amount of the by-product #-BN with the formation of
a h-BN/graphene hybrid as the final product (see Figure S1
and Tables S1 and S2 in the Supporting Information). In
contrast, through the newly developed sequential incorpo-
ration of the heteroatoms, all N heteroatoms in the resulting
B,N-graphene are bonded to the surrounding C atoms in
pyridinic N (ca. 2.03atom%, BE (binding energy)=
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1.55 atom %; see Table S2)
and alternative B bonding
types (coexistence of BC;
and BC,0O, which may form
in the first step as a result of
the large amount of active
oxygen in GO). With the
normal doping sequence and the same second-step doping
procedure (e.g. 900°C for B incorporation), a higher anneal-
ing temperature in the first step (e.g. 900°C for N incorpo-
ration) can also reduce the heteroatom content in the final
product (not shown herein).

The typical Fourier transform IR (FTIR) spectra (Fig-
ure 2a) also suggest that B and N were each coupled to C
without a #-BN phase in B,N-graphene. In contrast, the IR
adsorption bands characteristic for #-BN or ternary BCN
were observed in the case of the A-BN/graphene hybrid
obtained in the one-step synthesis; the main peak centered at
approximately 1350 cm ' corresponds to the in-plane stretch-
ing vibrations within the fused BCN heterorings, and the
minor absorption band at 710-830 cm™' is ascribed to the
corresponding out-of-plane bending modes.* In the Raman
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Figure 2. a) FTIR and b) Raman spectra of N-graphene, B,N-graphene,
and h-BN/graphene (synthesized in one step).

spectra (Figure 2b), there are nonobvious shifts of the D and
G bands located at 1360 and 1590 cm ™, respectively. The I/l
intensity ratio, which relates to a series of defects, increases
from N-graphene to B,N-graphene. This increase can be
attributed to the different C—C and C—N/C—B bond distances
and provides further evidence for the existence of B and N in
the graphene domains. #-BN/graphene shows a wider D band
and higher I,/I; ratio than B,N-graphene as a result of the
large amount of hybrid #-BN in the composite; these features
support the aforementioned XPS and FTIR results.

The electrocatalytic oxygen reduction was used as a probe
reaction to assess the synergistically enhanced activity of B,N-
graphene. The influence of single/double dopants on the
ORR activity of various electrodes was first evaluated by
cyclic voltammetry (CV) in an O,-saturated 0.1M solution of
KOH. Pristine GO showed negligible ORR activity: the two
separate oxygen-reduction peaks observed in the testing
range of CV (see Figure S4a) indicate a weak and inefficient
two-electron ORR process. Single B or N doping can
significantly boost the activity of GO by generating additional
active sites (see Figure S4b,c); the performances of single-
element-doped catalysts can be further enhanced by the
incorporation of a second heteroatom (see Figure S4d). Of
the dual-doped catalysts, B,N-graphene showed a higher
cathodic current density, which indicates more efficient ORR
performance, than that observed for the h-BN/graphene
hybrid (Figure 3a). A series of linear sweep voltammograms
(LSVs) collected on a rotating disk electrode (RDE) further
revealed that B,N-graphene has an onset potential closer to
that of Pt/C than to that of home-made B- or N-graphene
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electrodes (see Figure S5 and Table S3); the more positive
onset potential of B,N-graphene indicates a more facile ORR
process. Additionally, the ORR current density of B,N-
graphene under a fuel-cell operating potential (e.g. —0.25V
vs. Ag/AgCl) is much higher and closer to that of Pt/C than
that observed for B- or N-graphene (Figure 3b); this result
clearly indicates the enhanced synergistic activity of B,N-
graphene. The wide current plateau observed for B,N-
graphene but not for singly doped graphene (Figure 3b) is
considered a strong limiting diffusion current and represents
a diffusion-controlled process corresponding to the efficient
four-electron-dominated ORR pathway that also occurs on
the commercial Pt/C catalyst. We also found that the reversed
doping sequence (first with B, then with N) could decrease the
electrocatalytic activity of the final product (B,N-graphene-2;
see Figure S4d) owing to the formation of a large amount of
unfavorable B—-C-O groups (see Table S2).

To explore the ORR mechanism and the key electro-
catalytic processes on the newly developed catalyst, we
carried out a more detailed study of the RDE experiments
at different rotating speeds (500-2500 rpm; see Figure S6). As
calculated from the slope of Koutecky-Levich (K-L) plots
(Figure 3c¢), the electron-transfer number (n) in one ORR
process is 3.97 for B,N-graphene, which shows its perfect
selectivity (98.5%) for the efficient four-electron-dominated
ORR pathway. This excellent electrocatalytic efficiency is
much higher than that of B- or N-graphene or the h-BN/
graphene hybrid and very close to that of the commercial Pt/C
catalyst (n=3.98). The technique of the rotating ring—disk
electrode (RRDE; see Figure S7) was used to further verify
the ORR pathway by monitoring the formation of inter-
mediate peroxide species (e.g. HO,™ in the alkaline solution)
during the ORR process. As shown in Figure 3d, the
measured HO,™ yields were below 10 and 30% for B,N-
graphene and h-BN/graphene, respectively, over the potential
range from —0.4 to —0.8 V. These yields correspond to an
electron-transfer number of about 3.8 and 3.5, respectively,
and are consistent with the RDE measurements. Both sets of
results suggest an enhanced electrocatalytic efficiency of the
h-BN-free B,N-graphene obtained by the newly developed
two-step doping strategy.

Methanol tolerance is an important issue for cathode
materials in low-temperature fuel cells and also an obvious
shortcoming of Pt-based catalysts. Remarkably, the B,N-
graphene catalyst shows perfect ORR selectivity in a meth-
anol-containing environment. Thus, poisoning cross-over
effects are avoided (see Figure S8), and B,N-graphene
exhibited ideal performance in direct methanol fuel cells.
Furthermore, the new catalyst shows higher stability than that
of Pt/C with only a small attenuation in its activity during an
85 h testing period (Figure 3 e). This result indicates negligible
leaching of the B and N dopants during long-term testing in
alkaline media. The stability of the catalyst can be ascribed to
the stable covalent C—N and C—B bonds in the framework of
B,N-graphene.

The synergistic coupling effect in B,N-graphene was
quantitatively evaluated in terms of the kinetic limiting
current (J,) on the basis of the RDE measurements. The J,
value obtained for B,N-graphene (13.87 mA cm ) surpasses
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Figure 3. a) Cyclic voltammograms of ORR on B,N-graphene and the h-BN/graphene hybrid in an O,-saturated 0.1 m solution of KOH (scan rate:
100 mVs™"). b) LSV of various electrocatalysts on a RDE (1500 rpm) in an O,-saturated 0.1 M solution of KOH (scan rate: 10 mVs™'). c) K-L plots
at —0.6 V for various catalysts on the basis of the RDE data in Figure S6 of the Supporting Information. d) Extent of HO,™ production and the
corresponding electron-transfer number of B,N-graphene and h-BN/graphene, as based on the RRDE data in Figure S7 of the Supporting
Information. e) Chronoamperometric response of B,N-graphene and Pt/C at —0.3 V in an O,-saturated 0.1 M solution of KOH. f) Summary of the
kinetic limiting current density and the electron-transfer number on the basis of the RDE data and the RRDE data (values in parentheses) on

various catalysts (G stands for graphene in the x-axis labels).

the summed values for singly doped B-graphene
(3.48 mAcm™) and N-graphene (5.54 mA cm™?; Figure 3 f).
Since B,N-graphene had a lower B or N content than the
corresponding B- or N-graphene (Figure 1g; see also Fig-
ure S3), these J, values indicate that the enhanced ORR
activity of B,N-graphene, which is close to that of the
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commercial Pt/C catalyst (Jy=14.64 mAcm™?), is not
a simple superposition of the contributions from B- and N-
containing active sites, but may be attributed to a more
complicated synergistic effect arising from the coupling
interactions between B and N heteroatoms to boost the
overall catalytic activity.
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We carried out DFT calculations to unveil the microscopic
scenario of the aforementioned synergistic effect and electro-
catalytic active centers on the newly developed B,N-graphene
catalyst (Figure 4; see the Supporting Information for the
molecular models and computational details). The energy of
HO, adsorption (E,), which is the rate-determining step of
the ORR process,”! on various catalyst models was used as the
criterion to evaluate the ORR activity of each catalyst.1%
The adsorption pattern on each model was obtained by
optimizing a set of tentative starting geometries identified by
the analysis of charge- and spin-density distribution. As
shown in Figure 4 a, the active sites for HO, adsorption in B-
graphene are B atoms, and those in N-graphene are C atoms
that are next to N atoms. Specifically in the case of N-
graphene, a twofold-coordinated pyridinic N dopant at the
edge of the cluster has a tendency to suppress the ORR
activity; only a graphitic N atom that is far from the graphene
edge can induce HO, adsorption at an adjacent C atom, in
agreement with previous experimental and theoretical stud-
ies.[wb’“]

For dual-doped B,N-graphene, a higher E, value than
those observed for singly doped B- and N-graphene (Fig-
ure 4a) was identified, which suggests its enhanced ORR
activity and thereby supports the experimental electrochem-
ical results. As in B-graphene, the ORR active sites of all B,N-
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graphene models are the threefold-coordinated B dopant
owing to its strong electron-donor ability (Figure 4b). Inter-
estingly, only the previously identified inactive pyridinic N
atom can boost HO, adsorption on the active B dopant,
whereas graphitic N decreases the activity of B, as shown by
the lower adsorption energies (Figure 4c). These results
indicate that the various N types that interact with B have
very different functions. Furthermore, the transition of the
pyridinic N group from “inactive” in N-graphene to “active”
after B incorporation can ensure a better activity of B,N-
graphene owing to its higher content than that of the graphitic
N group in the final product (2.03 atom % vs. 0.9 atom %, as
based on experimental data).

The DFT calculations can also provide new insight into
the coupling interaction between pyridinic N and B to reveal
the origin of the synergistic effect: in a B-C-N heteroring, the
2p orbital of the C atom that is located between the N and B
dopants is first polarized by N, which is then able to donate
extra electrons to an adjacent B atom. Consequently, the
electron occupancy of the 2p orbital of this “activated” B
atom is increased to facilitate its adsorption of and bonding
with HO,. Thus, this charge-transfer process induces a syner-
gistic coupling effect between N and B dopants, in which N
has the role of an electron-withdrawing group to indirectly
activate B and thus make the latter an active site to enhance

a N(g)-graphene B-graphene B,N-graphene b
N(p)-graphene (-0.94)
(-0.85)
< (-0.71)
o
WF /
(-0.10) B-01:153A 01-02:1.46A
v
-1.4
¢ 77 Pyridinic N
-1.21 I Graphitic N 12
-0.8 7 ’ -1.04
J 0.8
Lug-O.4- l.ug
0.6
ﬁl I II III v v VI single B
0.0' -04 ,/,/

ortho B meta B para B

Distance of B from N =————s—

Figure 4. a) Energies of HO, adsorption (E,4) on N- and/or B-doped graphene. N(p) and N(g) indicate pyridinic and graphitic N bonding,
respectively. b) Optimized configuration of HO, adsorbed on B,N-graphene. c) E,4 on various B,N-graphene models with pyridinic or graphitic N
groups. d) E,4 on various B,N-graphene models with B active sites as a function of the distance to a pyridinic N atom (sites I-VI as marked in
inset). B-graphene with a single B atom was considered as a reference with an infinitely large distance. Please refer to Figures S11-S14 in the
Supporting Information for detailed molecular structures and adsorption configurations.
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the ORR activity. Among various B-C-N functional config-
urations in a heteroring, a B atom meta to a pyridinic N atom
shows the highest E,, value, whereas an ortho B atom directly
bonded to N (both pyridinic and graphitic forms) as BN has
the lowest activity owing to the lack of the C bridge. This
result agrees well with the experimental data and theoret-
ically verifies the great effectiveness of the newly developed
two-step doping strategy. Furthermore, the strength of the
synergistic effect decreases gradually as the distance between
the B and pyridinic N dopants increases (Figure 4 d). Thus, the
latter dopant is a critical factor for this synergistic effect.

In summary, we have incorporated N and B sequentially
into selected sites of the graphene domain to induce an
enhanced synergistic coupling effect that facilitates the
electrocatalytic ORR. The resultant B,N-graphene exhibited
much improved electrochemical performance as compared to
that of singly doped graphene and the hybrid electrodes
synthesized in one step. Although the onset potential and
activity of B,N-graphene are still not as good as those of
commercial Pt/C, its good electrocatalytic efficiency, more
reliable stability, and relatively low cost make B,N-graphene
a promising candidate for the next generation of cost-
effective ORR electrocatalysts, particularly for direct meth-
anol fuel cells. Both experimental and theoretical results
suggest a feasible molecular design and synthesis strategy
towards the development of advanced graphene-based cata-
lysts for energy-conversion technologies.
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