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a b s t r a c t

Design of electrochemical active boron (B) site at solid materials to understand the relationships be-

tween the localized structure, charge state at the B site and electrocatalytic activity plays a crucial role

in boosting the green electrochemical synthesis of hydrogen peroxide (H2O2) via two-electron oxygen

reduction (2eORR) pathway. Herein, we demonstrate a carbon (C) and nitrogen (N) localized bonding mi-

croenvironment to modulate the charge state of B site at the boron-carbon nitride solid (BCNs) to realize

the efficient selective electrocatalytic H2O2 production. The localized chemical structure of N-B-N, N-B-C

and C-B-C bonds at B site can be regulated through solid-state reaction between boron nitride (BN) and

porous carbon (C) at variable temperatures. The optimized BCN-1100 achieves an outstanding H2O2 se-

lectivity of 89% and electron transfer number of 2.2 (at 0.55 V vs. RHE), with the production of 10.55

mmol/L during 2.5 h and the catalytic stability duration for 15000 cycles. Further first-principles calcula-

tions identified the dependency of localized bonding microenvironment on the OOH∗ adsorption energies

and relevant charge states at the boron site. The localized structure of B site with BNC2-Gr configuration

is predicted to be the highest 2eORR activity.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2) is one of most valuable chemicals

and widely used in surgical disinfection, pulp bleaching, water pu-

rification, chemical synthesis, etc. [1–5]. The Global Industry An-

alysts, Inc predicts that the global market consumption of H2O2

will be reach to 6.0 million tons in 2024 [6]. The current indus-

trial method for synthesis H2O2 is the multi-step anthraquinone

process, which is an indirect chemical, energy intensive and en-

vironmental pollution technique [7]. An alternative and attractive

route for H2O2 production is electrochemical oxygen reduction via

a two-electron (2e−) pathway, in which oxygen is adsorbed on the

electrode surface and converted to H2O2 [8–11]. However, two-

electron oxygen reduction reaction (2eORR) is always accompanied

by the competition of four-electron (4e−) oxygen reduction reac-

tion (4eORR). In order to trigger two-electron pathway and sup-

press of subsequent four-electron step for the efficient electrosyn-
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thesis of H2O2, the rational design of high active, selective and sta-

ble solid catalyst is necessary.

Although noble metals catalysts (NMCs) such as Pd, Au

[12–14] and single-atom catalysts (SACs) such as Co-SAC, Mn-SAC

[15–18] have been widely used as 2eORR catalysts, the high price

of NMCs with scarcity nature, and simultaneously the compli-

cated preparation techniques and poor stability of SACs hider their

large-scale applications. Recently, cost-effective metal-free carbon-

based materials emerge as alternative candidates for electrochem-

ical synthesis H2O2 from 2eORR [19–26]. With the aim of improv-

ing its intrinsic activity, two efficient strategies of surface oxidation

[22–24] and heteroatoms (B [27–29], N [30,31], F [32], S [30], etc.)

doping are widely explored. These doping atoms extremely change

the localized bonding microenvironment, charge state and elec-

tronic structures of active site at carbon solids. However, the pre-

cise regulation of localized microenvironment around the active

site at carbon solid to determine the structure-activity relationship

is a still great challenge for metal-free solid site at carbons towards

efficient H2O2 electrosynthesis.

https://doi.org/10.1016/j.cclet.2022.06.019

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Due to the property of metalloid and weak electronegativity,

boron (B) site can activate oxygen molecule to trigger the ORR.

Moreover, coordination structure of B site can be modulated by

C and N localized bonding microenvironment, owing to the fact

that B and C can form a homogeneous solid solution with the

coexistence of N. In our previous study [33], coordination unsat-

urated B has been proven to exhibit a better electrochemical ni-

trogen reduction reaction capability in comparison to the coordi-

nation saturated one. And, the different nitrogen activation ability

is attributed to the local electron density of B sites. According to

the sabatier principle [34–37], an optimum B sites at solid catalyst

should bind OOH neither too strongly nor too weakly. Considering

the dependency of H2O2 selectivity on the binding energy of re-

action intermediate OOH∗ (�GOOH∗ ) reported by previous studies

[38,39], we deduce that the fine-tuning of charge state on B site is

the key to optimize the �GOOH∗ to thus promote the 2eORR cat-

alytic activity, selectivity and stability duration.

Herein, we focus on the relationship between microenviron-

ment modulation of B site and the electrocatalytic performance of

2eORR. We demonstrate a one-step solid-state reaction between

BN and porous C to construct boron-carbon nitrides (BCNs) with

abundant chemical bondings of N-B-N, N-B-C and C-B-C. The ef-

fects of reaction temperature on the localized bonding microen-

vironment of B sites and their H2O2 electrosynthesis properties

have also been investigated. A selected temperature of 1100 °C re-

sult in a completely conjunction between BN and C in BCN-1100,

and it exhibits an excellent 2eORR performance both in H2O2 se-

lectivity and electrocatalytic stability. The density functional the-

ory (DFT) calculations have also been used to identify the reac-

tion energetics of H2O2 production on different localized structure

and charge state of B sites. The BNC2-Gr configuration exhibits a

suitable B charge state of 1.89 |e| and optimal OOH∗ adsorption

energy (�GOOH∗ ) of 4.24 eV. Therefore, oxygen reduction will un-

dergo two-electron route instead of four-electron one.

Scheme 1 illustrates vividly the modulation of localized bonding

microenvironment on boron (B) site through controlling the tem-

perature of solid-state reaction between the boron nitride (BN) and

porous carbon (C). Three temperatures at 1000, 1100 and 1200 °C
are selected to obtain three boron-carbon nitrides (BCN-1000, BCN-

1100 and BCN-1200) with different localized bonding microenvi-

ronment at B site. BCN-1000 represents two separate phases of BN

Scheme 1. Schematic illustration for the modulation of localized bonding microen-

vironment on boron site by carbon and nitrogen at variable temperatures. BCN-1000

representing two phases of BN and C, BCN-1100 and BCN-1200 denoting the B site

with chemical bonding of N-B-C and C-B-C.

and C. BCN-1100 and BCN-1200 indicate the chemical bonding of

N-B-C and C-B-C at B site, where the atomic ratio of B and N in

BCN-1100 is larger than the one in BCN-1200.

To probe the valid chemical conjunction between BN and C

during the solid-state reaction process, we firstly characterized

the morphology of BCN-1100 using scanning electron microscopy

(SEM) and transmission electron microscopy (TEM). Different from

the lamellar morphology of BN (Fig. S1a in Supporting informa-

tion), BCN-1100 and C show similar nanoparticles microstructure

(Figs. 1a and b, Fig. S1b in Supporting information). No appear-

ance of lamellar structure in BCN-1100 demonstrates the sufficient

solid-state reaction between the crystalline BN lamellar and amor-

phous C particle. High-resolution transmission electron microscopy

(HRTEM) image in Fig. 1c shows the clear lattice diffraction fringes

of BCN-1100 in comparison to C-1100 (Fig. S2 in Supporting infor-

mation), the space of the lattice fringe is 0.33 nm, attributed to the

(002) plane of BN where the BN may be covered by the graphite

shell. High angle annular dark field (HAADF) and energy disper-

sive spectroscopy (EDS) mappings (Figs. 1d-f) demonstrate homo-

geneous elemental distributions of B, C, N and O in BCN-1100.

Then, we used the X-ray diffraction (XRD), X-ray photoelec-

tron spectroscopy (XPS), near edge X-ray absorption fine struc-

ture spectroscopy (NEXAFS) and Raman spectra to explore the lo-

calized structure of B site at the BCN-1100. XRD patterns reveal

that the hexagonal BN-like lattice for BCN-1100, distinct from the

amorphous graphite-like C (Fig. 1g). XPS survey (Fig. S3 and Ta-

ble S1 in Supporting information) gives the elemental composition

in BCN-1100 surface with the element contents of B, C, N and O

of 10.78, 78.91, 8.38 and 1.93 at%, respectively. In order to obtain

more information on chemical bonds of B site at the BCN-1100, the

Ar+ plasma sputtered surface was performed to examine the high-

resolution B 1s spectrum. The B 1s spectrum (Fig. 1h and Table S2

in Supporting information) reveal that B-N (191 eV) and B-O (192

eV) existing on the surface. And, the B-C (189.2 eV) emerging in

the depth of BCN-1100, with the contents of B-C increasing from

9.7% to 19.1% with the sputtered time from 3 min to 5 min. The

same phenomenon can be observed in N 1s spectrum (Fig. S4 and

Table S3 in Supporting information), where the peaks located at

398.5 and 399.4 eV are corresponding to N-B and N-C, respectively.

The content of N-C increases from 9.2% to 21.4% after Ar+ sput-

tered 3 min and 24.7% after 5 min. Therefore, the localized bond-

ing microenvironment on B site transforms from pure B-N bonds

in BN into B-C and N-C bonds in BCN-1100 with C and N coor-

dination to form variable BN3, BN2C, BNC2 and BC3 sites. NEXAFS

analysis of B K-edge shows a sharp B 1s π ∗ resonance at 192.4

eV and three σ ∗ ones at 198.6, 200 and 204.6 eV for BCN-1100,

similar to the ones of BN (Fig. 1i). However, compared with BN,

BCN-1100 exhibits a significant phenomenon of π ∗ weakening and

σ ∗ strengthening, which may be caused by the insertion of B-C

into the B-C-N skeleton disordering the symmetry of coordination

structure around the B sites. Raman spectra presents the typical

defect (D) band and graphite (G) band attributing to the C in BCN-

1100, without representative Raman shift for BN. The ID/IG (inten-

sity ratio of D and G) in BCN-1100 is 1.03, which is higher than that

of C (0.91), indicating that the N-B-C and C-B-C bonds would in-

crease the defects and disorder structure (Fig. S6 in Supporting in-

formation). The Brunauer–Emmett–Teller (BET) analysis determines

that the specific surface area of BCN-1100 is 860.8 m2/g, 89.7 times

larger than the one of BN (9.6 m2/g) and smaller than that of C

(1415.9 m2/g) (Fig. S7 in Supporting information). BCN-1100 shows

a mesoporous structure with the pore size distributions between

15 and 25 nm, similar to the one of porous C control (Fig. S8 in

Supporting information).

The electrocatalytic two-electron oxygen reduction (2eORR) per-

formances of boron (B) site at BCN-1100 were examined in O2 sat-

urated electrolyte (a solution of 0.1 mol/L KOH) using the rotat-
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Fig. 1. Structural characterizations of boron site at BCN-1100. (a) SEM image, scale bar 200 nm. (b) TEM image, scale bar 100 nm. (c) High-resolution TEM image, scale

bar 10 nm, inset scale bar 2 nm. (d) HADDF-STEM image, scale bar 20 nm. (e) Elemental mappings for B, C, N and O (merged). (f) Elemental mappings for B, C, N and O

(individual). (g) XRD patterns of C, BN and BCN-1100. (h) High resolution B 1s XPS spectra with sputtered ones by argon ion (Ar+) etching at 3 min and 5 min. (i) NEXAFS

spectra of B K-edge for BCN-1100 and BN.

Fig. 2. Electrocatalytic two-electron oxygen reduction (2eORR) performances of

boron site at BCN-1100. (a) RRDE voltammograms at 1600 rpm in O2-saturated 0.1

mol/L KOH electrolyte. (b) Disk and ring current densities at 0.55 V vs. RHE. (c)

H2O2 selectivity. (d) Electron transfer numbers at different potentials.

ing ring-disk electrode (RRDE) setup at 1600 rpm. Fig. 2a shows

electrochemical polarization results, where the disk electrode

(Disk) represents the oxygen reduction current and the ring elec-

trode (Ring) represents the H2O2 oxidation current (collection ef-

ficiency is 0.37). The polarization curves show that the BCN-1100

exhibits a higher oxygen reduction current density and an onset

potential (defined as the potential achieves disk current density of

0.25 mA/cm2) of 0.74 V vs. reversible hydrogen electrode (RHE),

very close to the thermodynamic equilibrium potential for 2eORR

(O2 +H2O+2e− � HO2
− +OH−, 0.75 vs. RHE). The ring current

density of BCN-1100 is significantly higher than that of C and BN,

indicating that more H2O2 generation could be detected on the

disk electrode. To clear depict the effects of B site on the disk cur-

rents (JDisk) and ring currents (JRing), we compared the BCN-1100

with two control sample of BN and C in Fig. 2b, where BCN-1100

shows a current density both in JDisk of 2.38 mA/cm2 and JRing
of 1.86 mA/cm2, higher than the one of C (2.1 mA/cm2 and 0.92

mA/cm2) and of BN (0.56 mA/cm2 and 0.24 mA/cm2). The B site

at BCN-1100 presents a H2O2 selectivity of 89% under potential of

0.55 V vs. RHE (Fig. 2c), one of the highest performance relative to

the recently reported non-metal electrocatalysts for 2eORR (Table

S4 in Supporting information). And, it also gives an electron trans-

fer number (nRRDE) of 2.2 in Fig. 2d, close to the theoretical ideal

2 electrons required for the reduction from O2 to H2O2. Further-

more, the rotating disk electrode (RDE) voltammograms at differ-

ent rotation rates were tested to further verify the H2O2 selectivity,

an electron transfer number (nRDE) of 2.29 was obtained for BCN-

1100, calculated from the Koutechy-Levich equation (K-L equation),

very close to nRRDE (Fig. S9 in Supporting information).

In order to understand the modulation of localized bonding mi-

croenvironment at boron site by solid-state reaction temperature,

and to clarify the relationships between B site and its electrocat-

alytic 2eORR performance, we further explored the composition

of B sites at BCN-1000 and BCN-1200 and their electrocatalytic

properties. No obvious difference in XRD patterns of BCN-1000

and BCN-1200 was observed in comparison to that of BCN-1100

(Fig. S10 in Supporting information). However, the SEM, HADDF

and elemental mapping analysis in Figs. 3a-c provide evidences

that the BCN-1000 containing BN nanosheets and C nanoparticles,

indicating that two phase separation between lamellar BN and par-

ticle morphological C remains at 1000 °C. Raman spectra of BCN-

1000 (Fig. 3d) show a sharp BN peak at 1348 cm−1 and two broad

C peaks between 1200 cm−1 and 1800 cm−1, which further reveals

3
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Fig. 3. Effects of the localized bonding microenvironment at boron site on electrocatalytic 2eORR performances. (a) SEM image of BCN-1000, scale bar 200 nm. (b) HADDF-

STEM image of BCN-1000, scale bar 20 nm. (c) Corresponding elemental mappings of B, C and N. (d) Raman spectra. (e) Atomic compositions determined by XPS and (f)

N2 adsorption/desorption isotherms. (g) Comparison of RRDE voltammograms at 1600 rpm in O2-saturated 0.1 mol/L KOH electrolyte and (h) H2O2 selectivity at different

potentials. (i) Electrochemical stability of BCN-1100.

the mixture of BN and C to constitute the BCN-1000. After the

solid-state reaction temperature rising to 1200 °C, the morphology

of BCN-1200 shows no obvious differences in SEM image (Fig. S11

in Supporting information). Raman analysis shows the ID/IG of 0.99

for BCN-1200, slight lower than the one of BCN-1100 indicating

that the temperature rising could increase the graphitized carbon

in boron-carbon nitride (Fig. 3d). As uptrend of the solid-state re-

action temperature, the ratio of C increases 2.61% accompanied by

the descending ratios of 1.38% for B and 1.20% for N (no obvious

change for O) for BCN-1200 in comparison to that for BCN-1100

(Fig. 3e, Fig. S12 and Table S5 in Supporting information). The spe-

cific surface area of 844.6 m2/g for BCN-1000 and of 591.6 m2/g for

BCN-1200 are obtained (Fig. 3f). The collapse of pore during high

temperature reaction may lead to the decrease of specific surface

area of boron-carbon nitride solid, resulting in the decrease of con-

tact area between the catalyst, electrolyte and oxygen molecules.

The 2eORR performances of BCN-1000 and BCN-1200 were in-

vestigated in Fig. 3g, where JD is the disk current density, JR (JH2O2
)

is the ring current density and JH2O
is the current density for O2

reduction to H2O: JH2O
= JD – JR. BCN-1000 and BCN-1200 exhibit

an onset potential of 0.81 V and of 0.78 V (vs. RHE), higher than

BCN-1100 demonstrating the competitive four-electron oxygen re-

duction (4eORR) route occurring in BCN-1000 and BCN-1200 and

lower H2O2 selectivity. Moreover, the higher JH2O
represents the

more four-electron pathway for BCN-1000 and BCN-1200. Then,

the ORR currents were normalized by their electrochemical surface

area (ECSA), BCN-1100 shows the highest intrinsic activity for elec-

trochemical oxygen reduction (Figs. S13 and S14 in Supporting in-

formation). As shown in Fig. 3h, we have plotted the H2O2 selectiv-

ity at the potentials between 0.4 V and 0.6 V (vs. RHE) to show the

effects of localized bonding microenvironment at boron site. Obvi-

ously, BCN-1100 shows a higher H2O2 selectivity than BCN-1000

and BCN-1200 at each potentials, which may due to the higher

content of B site with C and N coordination structure in BCN-1100.

In addition, BCN-1100 keeps an excellent catalytic stability after a

15000 cycles during CVs test. At the potential of 0.5 V (vs. RHE),

the disk electrode only produces a current density drop of 0.12

mA/cm2 (Fig. 3i). The SEM (Fig. S15 in Supporting information) and

B 1s XPS spectra (Fig. S16 in Supporting information) of recycled

BCN-1100 show no differences with initial fresh BCN-1100. Finally,

the H2O2 production and faradaic efficiency (FEH2O2
) of BCN-1100

was measured using an H-type cell with chronoamperometry op-

eration and shown in Fig. S18 (Supporting information), where the

H2O2 concentration in electrolyte goes up to 10.55 mmol/L and the

FEH2O2
is maintained up to 80% after 2.5 h. Therefore, the solid-

state reaction of BN and C at 1100 °C could achieve a balance be-

tween high B content and coordinate microstructures at B site in

boron-carbon nitride, resulting in an excellent 2eORR activity, se-

lectivity and cycle duration stability.

With the aim of exploring the structure-activity relationship

and the 2eORR catalytic process and mechanism at B site, the

DFT calculations were performed over several simplified structural

models with different B coordination environment based on single-

layer carbon structure (Fig. S19 in Supporting information). In ad-

dition, the configuration of NC3-Gr (Fig. S20 in Supporting infor-

mation) was also analyzed for comparison. The BN3-Gr, BN2C-Gr,

BNC2-Gr and BC3-Gr structures were used to model the 2eORR re-

action pathway:

O2 + ∗ + (H+ + e−)→OOH∗ (1)

OOH∗ + (H+ + e−)→H2O2 + ∗ (2)

In which, ∗ represents the active sites. The binding energies of

the reaction intermediates to the active sites (the B atom in BN3-

Gr, BN2C-Gr, BNC2-Gr and BC3-Gr, N atom in NC3-Gr) are calcu-

lated and demonstrated in Figs. S19 and S20. Obviously, the over-

potential is determined by either the hydrogenation of oxygen or
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Fig. 4. Theoretical analysis of the structure and charge state for the localized bond-

ing microenvironment at boron site. (a) Calculated relationship between structure

and catalytic activity for the production to H2O2 via 2eORR. The limiting poten-

tial is plotted as a function of �GOOH∗ , and the equilibrium potential is shown as

the dashed black line. (b) Influences of localized bonding microenvironment on the

OOH∗ adsorption energies and relevant charge states at the boron site. (c) Differ-

ential charge densities of the BNC2-Gr model with highest 2eORR activity. Cyan

and yellow isosurfaces (±0.002Bohr−3) donating electron losing and gaining, re-

spectively.

the reduction of OOH∗ to form H2O2. We then adopted the ad-

sorption energy of OOH∗ (�GOOH∗ ) as a descriptor and plotted the

volcano between activity and �GOOH∗ to underline the 2eORR ac-

tivities of the model structures. The calculated limiting potential

(UL), which can be considered as an indicator of activity, is de-

fined as the maximum potential at which the two reaction steps

are downhill in free energy. And the theoretical overpotential is de-

fined as the difference between the limiting potential and the equi-

librium potential (U=0.7 V vs. RHE) [23]. In theory, an ideal cata-

lyst should have a �GOOH∗ near 4.22 eV, which provides the high-

est activity. Fig. 4a shows the calculated dependency relationship

of UL and �GOOH∗ for the 2eORR. Among the model B sites, BNC2-

Gr has the highest activity for 2eORR with overpotential of 0.02 V

and �GOOH∗ of 4.24 eV. While the BN3-Gr is absent in the volcano

plot due to the large overpotential (1.27 V) and low �GOOH∗ (2.95

eV). Moreover, the catalytic activity of N site in NC3-Gr is not ideal,

yielding an overpotential of 0.32 eV.

Interestingly, Figs. 4a and b show that �GOOH∗ can be adjusted

by regulating the coordination microenvironment of B site, and the

2eORR catalytic performance will be subsequently obtained. With

the increase of coordinated N atoms and the decline of coordinated

C atoms at B site, �GOOH∗ shows a rising tendency and gets very

close to the optimal value of H2O2 production in the microenviron-

ment of BNC2. Further microenvironment modulation to BC3 will

result in the increasing of �GOOH∗ to 4.54 eV, and yielding the re-

duced 2eORR performance with an overpotential of 0.32 V. These

effects of coordination bonding microenvironment on the �GOOH∗
can be demonstrated by the charge state of B site. Owing to the

lower electronegativity of B (2.55), the charge state becomes posi-

tive when it is coordinated to the N and C atoms (Figs. 4b and c).

Notably, the charge state of B decreases almost linearly when the

coordination microenvironment is regulated by increasing the co-

ordinated N atom and declining the coordinated C atom, owing to

the higher electronegativity of N (3.04) with respect to C (2.55).

With the charge state at B site declines, the �GOOH∗ shows an in-

creasing tendency. Only if the adsorption energy of OOH∗ is suit-

able (i.e., neither too high nor too low), the excellent 2eORR perfor-

mance can be achieved. This can also be demonstrated by the crys-

tal orbital Hamilton population (COHP) analyses. The theoretical

value of ICOHP can express the bonding strength based on count-

ing the energy-weighted population of wave functions between

two atomic orbitals [40]. Values of ICOHP corresponding to BN3-

Gr, BN2C-Gr, BNC2-Gr and BC3-Gr configurations are listed in the

order of −8.29, −7.62, −7.35 and −6.56. The larger absolute value

of ICOHP means a stronger binding. It is shown that the B site in

BN3-Gr present strong binding toward OOH∗, and Eq. 2 is the rate-

determining step. As for the BC3-Gr configuration with weak bond-

ing strength, it locates at the right side of the volcano plot, hence,

Eq. 1 is the rate-determining one [41]. The BNC2-Gr configuration

with optimal binding strength appears closed to the top of the vol-

cano and thus exhibiting the outstanding 2eORR performance. In

these models we investigated here, the BNC2-Gr model with the

highest activity exhibits the B charge state of 1.89 |e|, which could

be considered as the optimum B charge state for 2eORR. There-

fore, the modulated charge state of B site through the coordination

microenvironment regulating is the underlying origin of the var-

ied 2eORR performance here, and it would be a rational strategy

for obtaining metal-free electrocatalysts with B site towards high

2eORR activity.

In summary, we provide a metal-free solid boron site to realize

an efficient selective electrocatalytic H2O2 production. The C and N

localized bonding microenvironment at boron-carbon nitride solid

can be modulated through solid-state reaction at different temper-

atures. The chemical bonding of N-B-C and C-B-C in configurations

of BN3, BN2, BNC and BC coordination bonding microenvironment

affects the charge state at B site and corresponding adsorption en-

ergy of OOH∗ (�GOOH∗ ) in rate-determining step and its electro-

catalytic 2eORR activity for H2O2 production. This work paves the

pathway for rational design of metal-free solid site by charge state

modulation in boosting the green electrochemical synthesis of hy-

drogen peroxide (H2O2) via two-electron oxygen reduction.
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