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Abstract: The electrochemical oxygen reduction reaction
(ORR) provides a green route for decentralized H2O2
synthesis, where a structure–selectivity relationship is
pivotal for the control of a highly selective and active
two-electron pathway. Here, we report the fabrication
of a boron and nitrogen co-doped turbostratic carbon
catalyst with tunable B N C configurations (CNB-ZIL)
by the assistance of a zwitterionic liquid (ZIL) for
electrochemical hydrogen peroxide production. Combined spectroscopic analysis reveals a fine tailored B N
moiety in CNB-ZIL, where interfacial B N species in a
homogeneous distribution tend to segregate into hexagonal boron nitride domains at higher pyrolysis temperatures. Based on the experimental observations, a
correlation between the interfacial B N moieties and
HO2 selectivity is established. The CNB-ZIL electrocatalysts with optimal interfacial B N moieties exhibit a
high HO2 selectivity with small overpotentials in
alkaline
media,
giving
a
HO2
yield
of
� 1787 mmol gcatalyst 1 h 1 at 1.4 V in a flow-cell reactor.
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Introduction
Hydrogen peroxide (H2O2) as a versatile and environmentally safe oxidizing agent has garnered extensive market
attention, especially in light of the COVID-19 pandemic as a
disinfectant, reaching a market value of USD 1.6 billion in
2019 and is projected to increase further to around 2.1
billion by 2027.[1] Nevertheless, currently most of the H2O2
(> 95 %) is manufactured industrially using the anthraquinone method, which requires multistep oxidation and
reduction of organic precursors in an energy intensive
manner, making this process neither economic nor ecofriendly.[2] Besides, the H2O2 is generated in a highly
concentrated form through an additional distillation step
after the anthraquinone approach, which inevitably poses
safety concerns in the distribution and transportation of the
final product.[3] Further, most end-users demand only low
concentrations of peroxide agent, resulting in a mismatch
between on-site applications and centralized production of
H2O2.[4] In these regards, decentralized production of
peroxide agent close to the point of consumption in a safe
and energy efficient manner is highly sought after. Recently,
the electrochemical oxygen reduction reaction (ORR)
through a selective two-electron pathway has attracted
extensive research interest as it offers great opportunities
for on-site H2O2 generation to satisfy the above demands.[5]
Moreover, if this process is powered by renewable electricDr. F. Lai
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ity, the H2O2 produced electrochemically can also act as a
renewable oxidizing agent and contributes to decarbonization of the traditional chemical industry.[6, 7] To this end,
considerable efforts have been devoted to designing and
developing efficient H2O2 synthesis systems using electrochemical methods.
The successful implementation of electrochemical H2O2
synthesis relies largely on developing efficient electrocatalysts that catalyze the ORR along a highly selective and
active 2 e pathway.[8, 9] Previous reports suggest a high H2O2
selectivity with small overpotentials during the ORR can be
achieved on some noble metals and their amalgams, such as
Au, PtHg and PdHg.[10–12] However, the practical efficacy of
these catalysts is severely constrained by their scarcity and
possible toxicity, which far impairs them from large-scale,
near consumer applications. In contrast, carbon-based
materials (CMs) have recently appeared as promising
candidates for H2O2 production due to their abundance,
easily tunable catalytic properties and low cost, exhibiting
low overpotentials to expedite 2 e ORR while maintain a
high peroxide selectivity comparable or in many cases
superior to the noble-metal-based electrocatalysts.[9, 13–15] In
this regard, extensive research interest has been attracted
into the exploration of suitable CMs that can catalyze 2 e
ORR efficiently and selectively, including various carbon
structures with fine designed defects, oxygen functionalities,
tunable porosity, active edges and heteroatom dopants.[16–22]
Among them, introducing boron and nitrogen dual dopants
is of particular interest to modify the CMs with desirable
electrochemical properties due to the different electronegativity of B and N atoms, which conjugate into carbon
skeleton that in turn changes the electronic structure of
catalysts.[23] Moreover, the ternary boron carbon nitride
materials formed by B/N doping are likely to possess
striking performances by integrating the merits of both
graphene and hexagonal boron nitride (h-BN).[24] In these
regards, many attempts on the synthesis of B/N co-doped
CMs (CNB) were reported, using fabrication strategies such
as bottom-up chemical vapor deposition methods and topdown thermal annealing approaches.[25–28] However, despite
significant progress, the majority of these works have only
shown a 4 e -favored ORR process in alkaline media,[26, 29–31]
while that for a 2 e pathway is still poorly understood.
Although some theoretical simulations have indicated the
possible active sites for 4 e or 2 e ORR in CNB
materials,[32] direct experimental evidence is still missing to
support those claims due to the lack of accurate control on
the as-synthesized active moieties. Therefore, fine tailoring
the active B N configurations in CMs is still challenging but
of paramount significance to understand the structureselectivity relationship of CNB materials toward a twoelectron ORR pathway.
Typically, in a CM containing both B and N heteroatoms, three types of atomic configurations can be formed,
which are i) isolated h-BN domains, ii) separately located
B C and N C bonds and iii) interfacial B N C moieties
that are either generated on the edges of h-BN domains or
dispersed homogeneously in a carbon skeleton.[26] Notably,
due to the much higher bond energy of B N than that of
Angew. Chem. 2022, 134, e202206915 (2 of 8)
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B C and N C, the segregation of B N species (into h-BN)
is thermodynamically favored during the pyrolysis, thus
giving the challenges in controlling the distribution of
heteroatoms.[33] For example, boric acid and NH3 are
normally employed as B and N precursors, respectively, in a
post-annealing process to afford the production of CNB
nanostructures on large scale.[26] Nevertheless, the dominant
formation of B N bonds is still observed during doping via
this route. To achieve an increased homogeneity of B/N
dopants, ion-exchange strategies were also adopted to
minimize the appearance of boron nitride domains, where
BO3 and nitrogen resins were employed as B and N
sources.[34] However, metal-containing catalysts (such as
[Fe(CN)6]3 ) are required for the growth of carbon through
this route, which may introduce metal impurities that would
eventually affect the properties of final products.[23] To this
end, achieving a controlled homogeneity of B and N dopants
in carbon skeleton without metal impurities is highly
desired. In recent years, ionic liquids (ILs) with charged
nature have emerged as excellent precursors for doped
carbon nanostructures due to their negligible volatility,
molecular tunability and high thermal stability.[35–37] Besides,
ILs can spontaneously form films along complex surfaces,
giving opportunity to deliver a desirable homogeneity in the
presence of various templates. Hence, direct pyrolysis of B/
N-containing ILs shows great promise in fabricating the
heteroatom-doped carbon nanostructures for various energy
storage and conversion purposes. Nonetheless, despite some
progress, only a few expensive cyano/nitrile-containing ILs
were studied for yielding nanoporous CNB materials,
leaving the exploration of such kind of catalysts with welldesigned B/N active moieties behind, especially for a 2 e
ORR process.[37, 38]
Herein, we elaborately designed an IL-assisted doping
strategy to construct turbostratic two-dimensional (2D)
CNB nanosheets with tunable interfacial B N moieties for
efficient electrochemical hydrogen peroxide synthesis. Using
the zwitterionic liquid (ZIL), butyl-methyl-imidazol-2ylidene borane, as a novel precursor, the B N C configurations on as-designed CNB materials (CNB-ZIL) could be
tailored effectively by varying the pyrolysis temperatures.
Notably, the charged nature of ZIL and a soft template
generated by dicyandiamide precursor have led to a uniform
distribution of B and N heteroatoms within the carbon
skeleton, while the appearance of h-BN domains can be
deliberately controlled. X-ray absorption spectroscopy
(XAS) characterizations show the existence of homogeneously distributed B N pairs or h-BN domains in CNB
catalysts fabricated at different temperatures, which provides a clear chemical tool for investigating the origin of
peroxide selectivity. Interestingly, experimental observations
reveal a correlation between the interfacial B N moieties
and the HO2 selectivity. Benefited from the porous nature
and the abundant interfacial B N sites, the optimized CNBZIL catalyst exhibits an outstanding 2 e ORR performance
in alkaline media with selectivity up to 85 %, delivering a
HO2 productivity of 1787 mmol gcatalyst 1 h 1 in a flow-cell
reactor. This work provides opportunity to understand the
origin of hydrogen peroxide selectivity during ORR on
© 2022 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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heteroatom-doped carbon structures, which can be used for
the design of improved catalyst materials or extended
toward other reactions of interest.

Results and Discussion
As illustrated in Scheme 1, CNB-ZIL was typically synthesized through a two-step pyrolysis procedure of a mixture
containing both ZIL and dicyandiamide under flowing N2
atmosphere, where ZILs were employed as non-volatile
element precursors to effectively afford a uniform B and N
distribution. During the pyrolysis, it is worth noting that
dicyandiamide transfers to layered graphitic carbon nitride
(g-C3N4), which serves as a soft template for the final
products.[39] Moreover, the low viscosity of ZIL promotes a
uniform mixing with other ingredients throughout the high-

Scheme 1. Schematic illustration of synthesis procedure of CNB-ZIL
catalysts.
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temperature condensation, which in turn promotes the
homogeneity of heteroatom dopants in the carbon
framework.[40] Due to the different formation energy of
B N, B C and N C species, the B N C configurations
could be fine tailored by adjusting the pyrolysis temperatures, where samples obtained at 800, 900, 1000 °C are
labeled as CNB-ZIL 8, CNB-ZIL 9, and CNB-ZIL 10,
respectively. It must be underlined that CNB-ZIL 8 is
obtained in remarkable yield of about 44 wt %, which is
above the carbonization yield of other ILs-based carbons.[41]
To characterize the morphology of CNB-ZIL 8, scanning
electron microscopy (SEM) was employed first. As shown in
Figure S1, the CNB-ZIL exhibits an interconnected macroscopic network of nanosheets, which then forms a stacked
nanoflake structure in micrometer scale. Transmission
electron microscopy (TEM, Figure 1a and S2, Supporting
Information) measurements confirm a scrambled nanosheet
structure on CNB-ZIL 8 within numerous open pores, which
might be beneficial for the effective generation of peroxide
products during ORR due to a short resident time of HO2
in the catalysts.[42] The energy dispersive X-ray spectroscopy
(EDS) elemental mapping of a selected area on the CNBZIL 8 exhibits uniform distributions of B, C and N elements
across the nanosheet structure (Figure 1b), validating the
successful incorporation of B and N atoms into the carbon
matrix. To further identify the crystalline feature of B and N
co-doped carbon, high-resolution TEM characterization was
conducted. As shown in Figure 1c, a randomly oriented and
intertwined structure could be observed, indicating a turbostratic stacking of graphitic planes with less obvious crystal-

Figure 1. a) TEM image of CNB-ZIL 8. b) Scanning transmission electron microscopy (STEM) image and the corresponding EDS maps of CNB-ZIL
8 for B, C and N. c) HR-TEM image of the CNB-ZIL 8 catalysts, showing a patched turbostratic carbon structure. d) EELS point spectra of CNB-ZIL
8 catalysts. e) AFM image of CNB-ZIL 8 nanosheets and f) the height profile along the line shown in the AFM image.
Angew. Chem. 2022, 134, e202206915 (3 of 8)
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line features in the CNB-ZIL 8, as supported by the
selected-area reduced fast Fourier transform (FFT) pattern
(Figure S3, Supporting Information). The X-ray diffraction
(XRD, Figure S4, Supporting Information) further confirms
the lack of obvious crystalline phases in the CNB-ZIL 8,
showing no narrow Bragg reflections. Notably, the successful
incorporation of B and N elements into the carbon matrix
was further verified by electron energy loss spectroscopy
(EELS, Figure 1d), revealing strong π* and σ* transition
signals for B, N and C that indicate a highly conjugated
B N C network.[25] The atomic force microscopy (AFM)
image and corresponding height profiles of CNB-ZIL 8
(Figure 1e, f) highlight a layered 2D nanosheet structure of
CNB-ZIL with a uniform thickness of � 2 nm, corresponding
to � 4–6 structural layers of B/N co-doped graphene.[24, 43, 44]
Thus, the above spectroscopic characterizations suggest a
patched turbostratic carbon structure of CNB-ZIL 8 with a
constant thickness over large areas, which is similar to the
turbostratic stacking of a hybrid carbon structure as
reported previously.[45] To note, the Brunauer–Emmett–
Teller (BET) measurements (Figure 2a) indicate that all
CNB-ZIL catalysts possess a high specific surface area,
giving 525, 503 and 754 m2 g 1 for CNB-ZIL 8, CNB-ZIL 9
and CNB-ZIL 10, respectively. Calculated pore size distribution derived from the adsorption branch suggests surface
adsorption at the layers, combined with micro- and meso
slit-pores of the stacked nanosheets (Figure S5, Supporting
Information). The highly organized, straight transport pores
and the high specific surface area of CNB-ZIL are important
to run the ORR process effectively, which not only expose
more catalytically active sites but also improve the mass
transfer for a rapid adsorption/desorption of reactants/
products.
The chemical composition of CNB-ZIL 8 was then
investigated by X-ray photoelectron spectroscopy (XPS).
The corresponding XPS analyses of CNB-ZIL 9, CNB-ZIL
10 and pure boron nitride were also carried out for
comparison. As shown in Figure S6 (Supporting Informa-

Figure 2. a) BET surface area of CNB-ZIL catalysts. High-resolution XPS
b) B 1s, c) N 1s and d) C 1s spectra of CNB-ZIL 8, CNB-ZIL 9 and
CNB-ZIL 10.
Angew. Chem. 2022, 134, e202206915 (4 of 8)

Angewandte
Chemie

tion), the XPS survey spectrum reveals the co-presence of B,
C and N elements in the CNB-ZIL catalysts. The sum B
content in CNB-ZIL 8 is calculated to be 21.2 at%, and the
atomic ratio between B and N within the surface layers (less
than 10 nm) is determined as � 0.86 (Table S1, Supporting
Information). Notably, the deconvolution of high-resolution
XPS B 1s spectra of CNB-ZIL 8 (Figure 2b) identifies four
boron components, which are 1) BC (B1, 189.0 � 0.3 eV),
2) BNC2 (B2, 190.3 � 0.3 eV), 3) BN2C (B3, 190.8 � 0.3 eV),
and 4) sp2-BN3 (B4, 191.6 � 0.3 eV) species.[25, 46, 47] Compared
with CNB-ZIL 8, the CNB-ZIL 9 and CNB-ZIL 10
materials both exhibit a substantially decreased ratio of
BNC2, while that of BN2C and sp2-BN3 increases (Table S2,
Supporting Information). This indicates a possible conversion of highly isolated BN pairs in the carbon substrate into
more aggregated h-BN domains at elevated temperatures
(as illustrated in Figure S7, Supporting Information). In
addition, no obvious BC species can be detected in the B 1s
spectra of CNB-ZIL 9 and 10, suggesting the realignment of
B C bonds under high annealing temperatures that might in
turn lead to the formation of thermally more stable BN
species.[32, 43] This can be further confirmed by the highresolution XPS C 1s spectra (Figure 2d), revealing the
apparent disappearance of C B bonds at 283.4 � 0.3 eV in
CNB-ZIL 9 and 10. In N1s spectra of CNB-ZIL catalysts
(Figure 2c), five characteristic nitrogen peaks can be
detected, assigned to i) N B bond (N1, 397.5 � 0.3 eV),
ii) pyridinic N (N2, 398.5 � 0.3 eV), iii) pyrrolic N (N3,
399.4 � 0.3 eV), iv) graphitic (N4, 400.4 � 0.3 eV) and v) innhomogeneous oxygen intercalation in the h-BN layers (N5,
396.7 � 0.3 eV).[23, 48] The significantly increased ratio of NC
species (N2-3, Table S3, Supporting Information) in CNBZIL 9 and 10 clearly evidences the preferable formation of
N C bonds under high annealing temperatures, where
pyridinic N becomes dominant. Collectively, from the XPS
measurements, it is clear that B and N elements mainly form
homogeneous B N C species in the CNB-ZIL 8 catalyst,
which differs drastically from the dominance of highly
aggregated h-BN and NC species in the CNB-ZIL 9 and 10.
This is attributed to the larger bond energy of sp2-hybridized
BN and NC configurations, leading to segregated h-BN and
NC domains in carbon framework under high pyrolysis
temperatures.[33]
In order to give more in-depth understanding of the local
geometric structure of B N C moieties in the as-prepared
materials, near-edge X-ray absorption fine structure (NEXAFS) measurements were further performed. As shown in
Figure 3a, the B K-edge spectrum of pure boron nitride
features three characteristic peaks at 191.8, 192.5 and
193.1 eV, which can be attributed to the π* transitions of
B N bond in h-BN (A, e.g. BN3), N2BO (B) and NBO2 (C)
moieties.[48] Interestingly, the B K-edge spectra of CNB-ZIL
materials all exhibit a sharp peak at 193.8 eV, corresponding
to the BOx coordination structures that mainly originate
from the O2 adsorption or intercalation.[48, 49] This indicates
that the oxygen molecules tend to bind to boron atoms in a
BNC network due to the strong Lewis-acidity of B element,
which might in turn act as the active primary adsorption
sites of oxygen during the ORR catalysis. Further, the lack
© 2022 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 3. a) B and b) N K-edge near edge X-ray absorption fine
structure (NEXAFS) spectra of the CNB-ZIL catalysts and a boronnitride sample for comparison. c) Background-corrected FTIR spectra
of CNB-ZIL catalysts.

of a sp2-hybridized B N feature (peak A) in the B K-edge
of CNB-ZIL 8 suggests that the larger h-BN domains are
absent in the CNB-ZIL 8 catalyst, in good agreement with
the XPS measurements. In contrast, a signature h-BN
feature similar to that of pure boron nitride was verified in
the CNB-ZIL 9 and 10, giving an apparent peak A in the B
K-edge spectra. Compared with CNB-ZIL 8, it is worth
noting that the formation of BNO moieties (peak B and C)
in CNB-ZIL 9 and 10 is ascribed to the emergence of N
vacancies in a BNC substrate under high annealing temperatures. These are in the following substituted by in-plane
oxygen, as also previously reported.[48, 50]
Further insights were given by the N K-edge spectra of
CNB-ZIL catalysts (Figure 3b), revealing a blue shift of π*
transition feature at 399.0 eV for CNB-ZIL 9 and 10.
Notably, the NEXFAS characterization is a sensitive probe
of local bonding, thus a drastic change in the spectrum shape
Angew. Chem. 2022, 134, e202206915 (5 of 8)
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indicates a significant variation in the local coordination
environment. Compared with the pure boron nitride, CNBZIL 9 and 10 show a similar π* transition peak at 400.7 eV,
validating a typical h-BN structure with sp2-hybridized B N
bond in these catalysts. However, such a π* transition
feature downshifts to a lower photon energy side in CNBZIL 8, indicating the formation of a N bonding structure
that is weaker than N B in a BN3 moiety, such as B N C or
N C species. Previous computational simulations suggest
that a decreased BN domain size in carbon could lead to a
red shift of π* peak in spectra, which is ascribed to the
increased ratio of interfacial B N C species compared to
that of N in h-BN centers, echoing with our observations.[51]
Further performing the Fourier transform infrared spectroscopy (FTIR, Figure 3c) verifies a weak h-BN feature in
CNB-ZIL 8, showing a small and broad peak at 1390.6 cm 1,
assigned to B N stretching bands (νB-N).[24] Therefore, based
on the above spectroscopy measurements, it is evident that a
dominant B N C coordination structure (e.g. BN2C, BNC2)
has been obtained in CNB-ZIL 8, where huge h-BN
domains are absent, resulting in a weak sp2-BN3 feature.
The electrocatalytic ORR performances of CNB-ZIL
catalysts were firstly evaluated using a typical threeelectrode rotating ring-disk electrode (RRDE) system in O2saturated 0.1 M KOH at room temperature. The Pt ring
electrode was held at 1.2 V to quantify the amount of HO2
produced on the disk electrode, and a thin, uniform catalyst
layer was deposited onto the glassy carbon disk electrode
with a mass loading of 0.125 mg cm 2. Figure 4a shows the
polarization curves obtained on CNB-ZIL catalysts, with the
oxygen reduction current measured on the disk electrode
(solid line) and the HO2 oxidation current measured on the
Pt ring electrode (dash line). Among all the three CNB-ZIL
catalysts, CNB-ZIL 8 exhibits the highest ORR activity in
terms of both current density (j) and onset potential (Eonset,
defined as potential at a j of 0.1 mA cm 2), demonstrating an
advocating role of interfacial B N C moieties in catalyzing
ORR. To be specific, with an Eonset of 0.8 V, obvious ORR
and HO2 oxidation currents were detected on the disk (jdisk)
and ring (jring) electrodes, respectively, indicating a genuine
peroxide generation behavior. Moreover, along with an
increased overpotential (η), the jdisk increases accordingly,
reaching 3 mA cm 2 at 0 V, which is close to the theoretical
mass transport limit for the 2 e ORR process under
1600 rpm. Notably, the samples with obvious h-BN features
(CNB-ZIL 9 and 10) exhibit similar Eonset values ( � 0.76 V),
suggesting the presence of similar active sites within these
materials. Compared with CNB-ZIL 9 ad 10, CNB-ZIL 8
shows a much lower Tafel slope (Figure S8, Supporting
Information), validating faster ORR kinetics on CNB-ZIL 8
and further suggesting the superior role of interfacial
B N C species in reducing oxygen. Further insights into the
HO2 production behavior were given by the corresponding
molar selectivity based on RRDE measurements. As can be
seen from Figure 4b, the majority of electrons are used
along the 2-electron ORR pathway on the CNB-ZIL 8
material, giving a HO2 selectivity as high as 85 % with a
wide range of potential. In contrast, both CNB-ZIL 9 and 10
catalysts exhibit a much lower peroxide selectivity at any
© 2022 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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oxophilicity, thereby a high ORR activity can result.[24, 52, 53]
In this regard, to further rationalize the high 2 e ORR
activity on the CNB-ZIL 8, work function (WF) values of
CNB-ZIL catalysts were also characterized (Figure S10,
Supporting Information). As shown in Figure S10, compared
with CNB-ZIL 9 and 10, the CNB-ZIL 8 catalyst exhibits
the lowest WF of � 2.84 eV, indicating a lower energetic
barrier to donate electrons from its surface to the dioxygen
species (either adsorbed O2 at the inner Helmholtz plane or
O2/O2 redox couple at the outer Helmholtz plane), thereby
first facilitating the formation of the OOH species, which is
crucial for the subsequent generation of HO2 . Moreover,
previous theoretical studies demonstrate that the configurations of B heteroatoms have significant impact on the
ORR tendency of pyridinic N.[29] Isolated B N pairs would
have a relatively weak adsorption energy towards HO2 ,
which breaks the chain of further reduction of peroxide
intermediates within the undesirable 4 e pathway.[29] In
contrast, larger h-BN domains are not only inactive as ORR
catalysts but also electrical insulating which hinders the
rapid charge transfer during reaction.[24] Hence, it is the
rather homogeneous distribution of abundant interfacial
B N C moieties in CNB-ZIL 8 that leads to i) a lower WF
of catalysts that in turn establishes a lower energy barrier
for the reduction of O2 (as reflected by a slightly lower Eonset
recorded on CNB-ZIL 8 than that of the reference samples);
ii) a high peroxide selectivity that might originate from a
weak adsorption of HO2 species on those highly isolated
B N C configurations. This echoes well with the previous
observations over ORR process on CNB materials, where
paired B N species are not highly active towards a 4 e
pathway but might be responsible for the peroxide generation that has been long ignored.[27, 28, 31] To exclude the
possible role of carbon structural defects in catalyzing ORR,
in situ and ex situ Raman measurements were also
conducted on CNB-ZIL catalysts (Figure S11, Supporting
Information). No obvious structural defects can be identified
on CNB-ZIL 8 under any applied ORR potentials, suggesting no interference of carbon defects on the ORR activity.
It is worth noting that the practical bulk electrolysis
normally requires powdery catalysts loaded on the hydrophobic carbon fiber supports to enable continuous hydrogen
peroxide generation. Therefore, in addition to the RRDE
measurements, the HO2 performance of CNB-ZIL 8 was
further investigated in near-technical bulk electrolysis to
evaluate the Faradaic efficiency (FE) and stability of catalyst
in H-cell devices with continuous O2 bubbling. As shown in
Figure 4c, the HO2 selectivity on the CNB-ZIL 8 catalyst is
higher than 80 % within a wide range of potentials from
0.2 V to 0.6 V, echoing with the RRDE results. The slightly
higher FE values obtained from H-cell setups compared
with the molar selectivity (RRDE measurements) is attributed to the hydrophobic nature of the carbon support, which
enables a better wetting with O2. Further, the ORR current
on CNB-ZIL 8 remains almost unchanged within 12-h
chronoamperometric test (Figure 4d), indicating a good
catalytic durability of the catalyst. Notably, even after a 12-h
duration, the FE on CNB-ZIL 8 is still as high as 88 %
(Figure S12, Supporting Information), further validating
*

Figure 4. a) RRDE measurements of CNB-ZIL catalysts for ORR in O2saturated 0.1 M KOH solution under a rotating rate of 1600 rpm.
b) Calculated HO2 selectivity on CNB-ZIL samples in O2-saturated
0.1 M KOH based on the RRDE measurements. c) Faradaic efficiency
obtained from chemical titration for the CNB-ZIL 8 in an O2-saturated
0.1 M KOH electrolyte. d) Long-term electrochemical durability of CNBZIL 8 at 0.3 VRHE in O2-saturated 0.1 M KOH solution. e) Polarization
curve of CNB-ZIL 8 loaded CFP electrode in flow cell utilising O2 at a
scan rate of 5 mV s 1. f) The amount of HO2 produced (left) and the
corresponding faradaic efficiency (right) by CNB-ZIL 8 as a function of
electrolysis time under continuous O2 purging in flow cell.

given potential (Figure 4b), demonstrating the intrinsic
active nature of interfacial B N C moieties in selectively
reducing O2 to HO2 .
To further confirm the important role of highly isolated
B N C moieties in catalyzing ORR through a 2 e pathway,
samples with h-BN moiety only (pure boron nitride, BN)
and pure nitrogen-doped carbon with a similar N content
(NC) were also evaluated. As expected, the NC in the
absence of any BNC species exhibits a poor HO2 selectivity
in O2-saturated 0.1 M KOH (Figure S9, Supporting Information), where O2 was mainly reduced along a 4 e pathway
(O2 + 2 H2O + 4 e !4 OH ). Moreover, the selectivity of
pure BN catalyst is also much lower than that of CNB-ZIL
8, giving only 72 % and 67 % selectivity to peroxide species
at 0.6 V and 0.4 V, respectively, which is similar to that of
the control samples with a high h-BN content (e.g. CNBZIL 9). Thus, comparing the performances of the different
catalysts mentioned above, it can be concluded that the high
selectivity of CNB-ZIL 8 catalyst toward HO2 is mainly
attributed to the presence of abundant interfacial B N C
moieties rather than the h-BN species. Notably, previous
studies suggest that smaller work function on catalysts could
result in lower overpotentials derived from their optimized
Angew. Chem. 2022, 134, e202206915 (6 of 8)
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robustness in terms of catalytic current and selectivity on the
CNB-ZIL 8 material. Overall, the above RRDE and H-cell
electrolytic tests suggest a high catalytic activity, HO2
selectivity, and stability on the CNB-ZIL 8 catalyst, making
it an excellent 2e ORR electrode for practical chemical
synthesis.
However, the peroxide generation rate in a static H-cell
or RRDE configuration is severely limited by the poor mass
transport efficiency (e.g. low O2 diffusion efficiency and
HO2 desorption rate), thereby resulting in an unsatisfactory
apparent productivity.[54] To this end, the catalytic ORR
performance of CNB-ZIL 8 materials toward HO2 production was further evaluated in a modified commercial flowcell reactor (Figure S13, Supporting Information) for continuous bulk electrolysis. During the measurements, the
CNB-ZIL 8-loaded carbon fiber electrode and a
Ni1 xFexOH-loaded iron foam (see details in the Supporting
Information) were directly employed as the gas-diffusion
cathode and the anode in the flow cell, respectively. As
shown in Figure 4e, with an Eonset of 0.84 V, the overall cell
current increases rapidly along with the increased cell
voltage, reaching
200 mA at an uncompensated cell
voltage of 2.5 V. This spectacular performance can be
ascribed to a several orders of magnitude faster O2 supply in
flow cell than that in conventional H-cell setups. At a cell
voltage of 1.4 V, the peroxide species were produced
continuously
with
a
generation
rate
of
� 1787 mmol gcatalyst 1 h 1 under a j of � 40 mA cm 2 (Figure S14, Supporting Information). Moreover, a HO2 selectivity of above 80 % was maintained without significant drop
during the continuous 9-hour electrolysis session (Figure 4f),
demonstrating the intrinsically selective nature of CNB-ZIL
8 catalysts that can be even transferred to practical peroxide
generation.

Angewandte
Chemie

reactor
yields
a
peroxide
generation
rate
of
1787 mmol gcatalyst 1 h 1 at a cell voltage of 1.4 V, demonstrating the practical efficacy of CNB-ZIL 8 in bulk peroxide
synthesis. This work also provides insights into the design of
B and N co-doped CMs with well-controlled B N C
configurations, which could be of particular interest for
other electrochemical reactions.
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porous feature and well-defined B N active moieties, the asprepared CNB-ZIL 8 catalysts can catalyze ORR via a
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