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Abstract 

Dual heteroatom-doped carbons have attracted widespread research attention as catalysts in the field of 

energy storage and conversion due to their unique electronic structures and chemical tunability. In 

particular, boron and nitrogen co-doped carbon (B,N@C) has been shown great potential for 

photo/electrocatalytic applications. However, more needs to be done to rationally design and regulate the 

structure of these materials to improve their catalytic performance. Herein, hierarchical porous B,N@C 

was fabricated by pyrolyzing Zeolite imidazole framework (ZIF) which was treated with ammonia borane 

or boric acid via an integrated double-solvent impregnation and confined-etching method. The treated 

ZIF-8 provides an essential structural template to achieve B, N co-doped hierarchical structures with 

micro/meso/macro multimodal pore size distributions. The resultant B,N@C frameworks displayed high 

catalytic activities for electrochemical oxygen reduction reaction (ORR) in alkaline media, outperforming 

most carbon-based catalysts, particularly from the perspective of the half-wave potentials. Such high 

catalytic performance is due to the enhanced activity by the coexistence of B and N and the mass transfer 

promoted by the unique hierarchical porous structure. 
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1. Introduction 

  Metal-organic frameworks (MOFs), which consist of metal nodes and organic ligands, are desirable 

precursors and templates for metal/carbon-based nanostructures used in diverse applications including 

energy storage and conversion [1-3].  Zeolite imidazole frameworks (ZIFs) are a subclass of MOFs, 

featuring high N content, large surface areas, and ordered porous textures [4]. Because of these special 



features, ZIFs can act as ideal sacrificial templates and precursors to generate porous nitrogen-doped 

carbons (N@Cs) used in electrochemical energy storage and conversion [5-7]. However, the direct 

pyrolysis of ZIFs under a high temperature often leads to micropore-dominated structures with poor 

conductivity, which limits their performance [8-10]. The structures and functions of ZIFs-derived N@Cs 

could be tuned by controlling the precursor composition via introducing templates, pore-forming agents, 

and dopants [11, 12].  

  Dual, ternary, and quaternary heteroatom-doping (N/B, N/P, N/S, N/O, N/B/P, N/S/P, N/B/S/P, etc.) can 

dramatically improve the performance of carbon in many applications [13-17]. Among these heteroatoms, 

N and B are of particular interest as co-dopant, since they are next to carbon (C) in the periodic table, and 

are of similar atomic sizes. The electronegativity of B (2.04) and N (3.04) is lower and higher than that of 

C (2.55), respectively. B can further substitute C in N@C lattice and lead to the synergistic effect induced 

by the pairing and/or long-range coupling, which alters the electronic and charges density and 

consequently chemical properties [18-21]. B, N co-doped carbons (B,N@Cs), as metal-free ternary 

materials, have shown great potential for energy storage and conversion devices [18, 21-32]. 

  There have been reports on synthesizing MOF-derived B-containing carbon nanostructures by directly 

pyrolyzing B-containing MOF (e.g. BIF-82 [33] and BIF-1S [34]) and the mixture of MOFs with B-

containing substances [17, 35-43]. However, most of these B-containing carbon nanomaterials displayed 

collapsed structure of MOFs, because to get the reasonably homogeneous distribution of B elements, 

aqueous solutions were employed to mix MOFs with B-containing precursors, and MOFs are sensitive to 

water. As such, B-containing carbon nanomaterials obtained after pyrolysis exhibited irregular 

morphologies [37-43]. Furthermore, most of these resulted B-containing carbon nanomaterials possessed 

predominantly microporous structures [17, 36-41]. The efficiency of mass transport and reactant diffusion 

is quite restricted by the micropores. Typically, micropores (<2 nm) lead to high surface area, and large 

numbers of active sites; mesopores (2-50 nm) contribute to local accessibility through a shortened 

diffusion length; macropores (>50 nm) provide an interconnected and stable framework with superior 



 

 

mass long-range transfer [12, 44]. Therefore, it is desired to have structures with micro-, meso-, and 

macropores. Moreover, the doping amounts of B in the reported ZIF-8 derived B,N@C are rather low 

(usually <6 at%) [17, 33-37, 39, 40, 42]. 

  Herein, we employed a host-guest chemical strategy to immobilize boron species into the cavities of a 

ZIF and achieved a high doping content of B (15 at%). It is known that small organic and inorganic 

compounds (e.g. CH4 [45], N2 [45], FeCl3 [46], PdCl2 [47], CuCl2 [47], and thiourea [48, 49] can be 

absorbed or introduced into ZIF-8s through their channels. Occasionally, even a guest molecule 

(Rhodamine 6G) larger than both aperture and pore sizes of ZIF-8 can be successfully incorporated into 

ZIF-8 when ligand dissociation occurred during the incorporating process [50]. In our study, during the 

integrated process of double-solvent impregnation (DSI) and confined-etching (Fig. 1), guest molecules 

such as ammonia borane (AB) and boric acid (BA) dispersed into the pores of the ZIF-8 act as B source 

and also as an etching agent to in-situ enlarge the pores of ZIF-8 hosts. The trapped AB or BA was then 

thermally decomposed and anchored in the N@C frameworks, forming B,N@C containing micro-, meso-

, and macro multimodal porosities. The combination of the unique hierarchical structure and the 

synergetic effect between the heteroatoms renders the resulting B,N@C an ideal catalyst for 

electrochemical oxygen reduction reaction (ORR) in alkaline electrolytes (half-wave potentials as high as 

895 mV). This work reveals a novel strategy to achieve hierarchical porous B,N@C catalysts which can 

be used in various energy conversion and storage applications. 



 

Fig. 1. Schematic diagram of the fabrication of B,N@C nanomaterials. 

2. Experiment 

2.1 Chemicals 

  Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), 2-methylimidazole (2-MIM), boric acid (B(OH)3), 

cyclohexane, methanol, and ethanol were purchased from Chinese Medicine Group. Ammonia borane 

(AB) was purchased from Macklin Co., Ltd. Commercial 20 wt% Pt/C was purchased from Alfa Aesar 

Chemical Reagent Co., Ltd. Nafion (5 wt %) was purchased from Sigma-Aldrich. All chemicals were of 

analytical grade and used without further purification. Deionized water was used for all experiments. 

2.2 Synthesis of ZIF-8 

  Zn(NO3)2·6H2O (0.89 g) and 2-MIM (1.970 g) were first dissolved in methanol, respectively. Then 

methanol of 2-MIM was added to methanol of Zn(NO3)2·6H2O. The solution was stirred for 24 hours. 

The resultant white precipitate was obtained, washed, and dried for further use. 

2.3 Synthesis of AB@ZIF-8 and BA@ZIF-8 composites 

  100 mg of the as-prepared ZIF-8 powders were dispersed in 20 mL of cyclohexane assisted by 

ultrasonication. Then a 100 μL of ammonia borane aqueous solution (100 mg/mL) was added into ZIF-8 

dispersion dropwise. The AB@ZIF-8 composite was collected by centrifugation after impregnation for 



 

 

3h. Similarly, 100 μL boric acid aqueous solution (51 mg/mL) was used to prepare BA@ZIF-8. To 

introduce the same amount of B into ZIF-8 host, the impregnation of AB was repeated 4 times. 

2.4 Synthesis of N@C, B,N@C-AB, and B,N@C-BA 

  To obtain N@C and B,N@C, 300 mg of the ZIF-8, BA@ZIF-8, and AB@ZIF-8 were heated at 1000 °C 

for 2 h with a ramping rate of 2 °C min−1 under N2 atmosphere, respectively. 

2.5 Characterization 

  Transmission electron microscope (TEM) observations were carried out on a Hitachi HT7700 TEM 

system operated at 100 kV. The aberration-corrected high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) measurements were performed on the JOEL’s JEM-ARM200F, 

which was also used to collect energy-dispersive X-ray spectra (EDS). The morphologies were observed 

by a JSM-7900F field emission scanning electron microscope (SEM) at an accelerating voltage of 2 kV. 

Wide-angle powder X-ray diffraction (PXRD) patterns were obtained on a Rigaku SmartLab 

diffractometer with Cu Kα radiation (λ = 1.5418 Å) at a scanning rate of 20°/min. Nitrogen adsorption-

desorption data were obtained at -196 °C (Micromeritcs ASAP 2460). X-ray photoelectron spectroscopy 

(XPS) was conducted on Thermo Scientific K-Alpha apparatus with monochrome Al Kα as the excitation 

light source. All the binding energies were referenced to C 1s standard peak at 284.8 eV. 

2.6 Electrochemical measurements 

  All the electrochemical measurements were carried out using an electrochemical workstation 

(PARSTAT 3000A-DX) with a three-electrode system. An Ag/AgCl electrode (saturated KCl), a Pt wire, 

and a rotating ring-disk electrode (RRDE) coated with catalysts were used as the reference electrode, 

counter electrode, and working electrode, respectively. The RRDE assembly consists of a glassy carbon 

rotation disk electrode (disk area: 0.247 cm2) and a Pt ring (ring area: 0.186 cm2), with a theoretical 

collection efficiency (N) of 37%. The working electrode was fabricated by dispersing 5 mg as-prepared 

materials in 175 μL of ethanol and 47.5 μL of 5 wt% Nafion. 7 μL of the catalyst ink was dropped onto 



the disk electrode for the RRDE measurement. The transferred electron numbers (n) and H2O2 (H2O2%) 

selectivity were calculated based on the disk current (Id) and ring current (Ir) from RRDE as the following 

equation. 

    n= 4Id
Id+Ir N⁄

                           1 

    H2O2%=200 Ir N⁄
Id+Ir N⁄

                      2 

3. Results and Discussion 

  Following the schematic in Fig.1, B,N@C catalysts were obtained from boron species@ZIF-8 (B@ZIF-

8) composites. Similar to N@C, B,N@C-AB and B,N@C-BA display only two XRD (Fig. S1) peaks but 

with much higher intensity at 25.1° and 43.3°, which can be assigned to (002) and (100) of the graphitic 

carbon.  The higher intensity demonstrates that B doping significantly improves crystallinity. Raman 

spectra (Fig. S2) can be deconvoluted into four types of carbon configurations at 1336 (D1), 1186 (D2), 

1501 (D3), and 1592 (G) cm−1, respectively. The D1 band is ascribed to the defects and disorders in the 

carbon while the G band corresponds to the ordered sp2 bonded graphite carbon. The lower ID1/IG value 

(1.97 and 1.91) of B,N@C than N@C (2.12), as shown in Fig. S3, indicates a higher degree of structural 

graphitization, which is in agreement with the XRD results. 

  Fig. 2a and Fig. S4 present TEM and SEM images of the ZIF-8 host, respectively. The rhombic 

dodecahedral host has an average particle size of 150 nm, with a PXRD pattern matching the simulated 

pattern of ZIF-8 single-crystal (Fig. S5). To prepare B@ZIF-8 hybrids, AB or BA was applied as guest 

molecules to embed boron species into ZIFs by a DSI method. Given the spherical pore size of the ZIF-8 

host (cavity diameter ≈11.6 Å and window (channel) diameter ≈ 3.4 Å) [51, 52], both AB (size ≤ 3.2 

Å) and BA (size ≤ 3.3 Å) can be confined within the pores of ZIF-8 (Fig. S6). BA (B(OH)3) is one of the 

most used molecules for B doping [53-57]. However, it has limited solubility in water (0.9 mol/L), which 

results in limited loading efficiency [58, 59]. In comparison, AB (NH3BH3), the simplest B-N compound 



 

 

has a high solubility in many solvents [60]. The solubility limit of AB in water is 11.4 mol/L [61], nearly 

13 times that of BA. Therefore, to introduce 0.32 mmol of B into ZIF-8 hosts in this study, the 

impregnation process using BA aqueous solution (0.8 mol/L) was repeated four times, while one 

impregnation was sufficient using AB aqueous solution (3.2 mol/L). 

 

 

Fig. 2. Characterization of ZIF-8 and B@ZIF-8 composites. TEM images of (a) ZIF-8, (b) AB@ZIF-8, 

and (c) BA@ZIF-8. All scale bars are 100 nm. (d) N2 sorption isotherms at -196 °C, and (e) their 

corresponding pore volume. 

 

  When the AB or BA aqueous solution was added dropwise into cyclohexane suspension of ZIF-8, the 

dispersed aqueous droplets containing the guest molecules could completely diffuse into the hydrophilic 

pores in ZIF, rather than deposit on the out surface of ZIF-8 hosts, which is based on the immiscibility 

between water and cyclohexane. As a result, the morphologies of B@ZIF-8 composites stay similar to 

that of ZIF-8, as shown by SEM images (Fig. S7, 8). AB@ZIF-8 and BA@ZIF-8 composites also display 

PXRD patterns similar to that of the parent ZIF-8 (Fig. S9). This indicates that there are no appreciable 



structural changes in ZIF-8 upon encapsulation of guest molecules in the pores of the host. No 

diffractions were detected for AB and BA in B@ZIF-8 composite, indicating that B species are 

distributed in a disordered way. Nevertheless, because of its sensitivity to the aqueous solution, especially 

acidic solution, the host ZIF-8, which is predominantly microporous, was etched and converted into 

structures with larger pores after impregnation, confirmed by TEM images of AB@ZIF-8 and BA@ZIF-8 

composites (Fig. 2b, c).  

  AB hydrolyzes slowly in a water-based solution upon the following equation: NH3BH3 + 4 H2O → 

NH4
+ +B(OH)4

- +3 H2. After three hours in water, AB remained quite stable without obvious hydrolysis 

when checked using solution 11B nuclear magnetic resonance (NMR) (Fig. S10). Fourier transform 

infrared (FTIR) spectroscopy (Fig. S11, S12) also show that AB and BA were loaded into ZIF-8 because 

the FTIR spectra of AB@ZIF-8 and BA@ZF-8 exhibit multiple bonds which are combinations of those 

observed in the ZIF-8 and the AB or BA spectra. Notably, some new bands of AB@ZIF-8 at around 3307 

and 2323 cm-1 could be attributed to the N-H stretch and B-H stretch modes, respectively [62]. So it is 

believed that AB and BA have diffused into the pores of ZIF-8. 

  The etching inside the ZIF-8 host is due to the protons produced by hydrolysis of impregnated AB and 

BA. We collected solid-state 11B NMR spectra (Fig. S13) to identify the B species presented in the 

AB@ZIF-8 and BA@ZIF-8 composites. The signal at 15.7 ppm for BA@ZIF-8 composite can be 

ascribed to BO3 group [63, 64], while the one at 1.8 ppm is related to BO4 [63, 65], produced by the 

equilibrium B(OH)3 + H2O ⇌ B(OH)4
- + H+. The spectrum of the AB@ZIF-8 composite is similar to that 

of BA@ZIF-8 but features a much weaker peak at −20 ppm, suggesting that AB hydrolyzes 

predominately to B(OH)4
-. The overall reaction can be written as NH3BH3 + 4 H2O → NH4

+ +B(OH)4
- +3 

H2, instead of NH3BH3 + 3 H2O → NH3 + B(OH)3 + 3 H2 [61]. Therefore, the fewer protons in the 

case of AB@ZIF-8 resulted in a milder etching of the pores inside ZIF-8. This is corroborated by the 

change in surface area as can be seen in the N2 adsorption-desorption isotherms (Fig. 2d). Compared with 

the ZIF-8 hosts, both AB@ZIF-8 and BA@ZIF-8 exhibit a decreased surface area. BA@ZIF-8 has the 



 

 

smallest one, which is due to the enlargement of the pores and channels within the ZIF-8 host by BA 

etching. All three samples showed a steep increase in nitrogen uptake at lower p/p0 indicating a high ratio 

of micropores. AB@ZIF-8 and BA@ZIF-8 composites showed a slight increase in N2 uptake at a higher 

p/p0 ratio (p/p0 > 0.95) with a hysteresis loop indicating the presence of more mesopores and macropores 

than in ZIF-8. The corresponding decrease in the nitrogen uptake (p/p0 < 0.1) for AB@ZIF-8 and 

BA@ZIF-8 indicated that the adsorption occurred mainly into the micropores [66, 67]. Pore size 

distribution was analyzed based upon non-local density functional theory (NL-DFT) calculations (Fig. 

S14). Consistent with the decreased nitrogen uptake (p/p0 < 0.1), the micropore size decreased from 1.17 

nm for ZIF-8 to 1.09 nm for AB@ZIF-8 and 1.00 nm for BA@ZIF-8. The microporous volume (Fig. 2e) 

decreased from 0.69 cm3g−1 for ZIF-8 to 0.55 cm3g−1 for AB@ZIF-8 and 0.33cm3g−1 for BA@ZIF-8. 

AB@ZIF-8 and BA@ZIF-8 have larger meso- and macroporous volumes (0.13 cm3g−1 and 0.14 cm3g−1, 

respectively) than ZIF-8 (0.12 cm3g−1). The decrease in microporous volume, increase in mesoporous 

volume and the corresponding increase in the ratio of meso/macropore to micropore volume (0.18 for 

ZIF-8, 0.25 for AB@ZIF-8 and 0.43 for BA@ZIF-8) are all due to the etching of the ZIF-8 host. 

  The change in microstructure after impregnation has a direct impact on the microstructure of B,N@C 

obtained by pyrolyzing these ZIF-8 precursors. After pyrolysis in N2, AB@ZIF-8 and BA@ZIF-8 

composite were converted into hierarchical porous carbon frameworks with uniform B and N co-doping, 

denoted as B,N@C-AB and B,N@C-BA, respectively. SEM characterizations reveal that the resultant 

materials inherit the morphology of N@C precursors with a mean diameter of 80 nm (Fig. S15, S16, 

S17). TEM and AC HAADF-STEM images reveal that compared with N@C (Fig. 3a), B,N@C-AB 

features larger pores in its hierarchical porous structures (Fig. 3b, d) while B,N@C-BA displays hollow 

space inside (Fig. 3c). These observations clearly indicate a correlation in structure between the B doped 

ZIF-8 and the resultant B,N@C. The elemental mapping analysis of B,N@C-AB demonstrates that B and 

N are uniformly distributed in the entire carbon matrix (Fig. 3e).  



 

Fig. 3. Characterization of N@C and B,N@Cs. TEM images of (a) N@C, (b) B,N@C-AB, and (c) 

B,N@C-BA. All scale bars are 50 nm. (d) Aberration corrected HAADF-STEM, and (e) EDS mapping of 

B,N@C-AB, with the scale bar being 100 nm. 

 

  XPS analyses were carried out to expound the bonding contributions. B contents in B,N@C-AB and 

B,N@C-BA are 15.0 and 16.9 at %, respectively (Fig. S18). The contents of N in B,N@C (14.4 at% for 

B,N@C-AB and 13.2 at% for B,N@C-BA) are much higher than 9.4 at% in N@C (Fig. S18). These 

results demonstrate that B is beneficial in preventing N loss during the heat treatment due to the formation 

of B-N (Fig. 4a) [68]. High-resolution XPS spectra reveal the existence of multiple types of B dopants in 

the materials. The B 1s peaks can be deconvoluted into three peaks at 190.6, 191.9, and 192.5 eV, which 

can be assigned to B-C, B-N, and B-O, respectively (Fig. 4a). B-B peaks (at 187.8 and 189.1 eV [69] ) are 

invisible for all the B,N@C samples, indicating B atoms embedded in the carbon skeleton as single 

atoms. Similarly, the N 1s peak can be deconvoluted into peaks at 397.8, 398.4, 399.5, 400.7, and 402.4 

eV, which are associated with N-B, pyridinic (N6), pyrrolic (N5), quaternary N (NQ), and oxidic N 

atoms, respectively (Fig. 4b) [39, 40]. C 1s spectra display four peaks centered at ca. 284.4, 284.8, 285.9, 



 

 

and 288.5 eV after deconvolution, which can be assigned to C-B, C-C, C-N, and C=O, respectively (Fig. 

S19) [27, 56]. Peak fitting was performed to determine the composition of each type of dopant (Fig. 4c). 

For B,N@C-AB, approximately 4.7 at% B is in the form of B-C, and 4.9 at% B is in the form of B-N. In 

comparison, there are slightly more B-C (5.3 at%) and less B-N (4.1 at%) in B,N@C-BA. Consistently, 

about 2.2 at% and 1.8 at% N in B,N@C-AB and B,N@C-BA are in the form of N-B, respectively. These 

results indicate that there is about twice as many B as N in the B-N motif, meaning a B:N ratio of 2:1. 

The introduction of B helps with the retainment of N by forming B-N during pyrolysis. The co-existence 

of B and N breaks the electroneutrality of the carbon matrix due to the electronegativity difference 

between B, N and C, producing not only C+ but also B+ for O2 adsorption that improves the ORR activity 

[25, 70, 71]. 

 

 



 

Fig. 4. Characterization of N@C and B,N@Cs. The high-resolution XPS spectra of (a) B 1 s, (b) N 1 s of 

N@C and B,N@C samples. (c) The contents of B and N determined by fitting the XPS spectra. (d) N2 

sorption isotherms at -196 °C, and (e) their corresponding pore size distributions (PSD) calculated using 

NL-DFT method, and (f) BET surface areas and pore volumes.  

 

  Samples derived from ZIF-8 and B@ZIF-8s exhibited different N2 sorption isotherms (Fig. 4d), 

indicating different porous structures (Fig. 4e). N@C shows a reversible type I isotherm which is typical 

for microporous samples. B,N@C-BA shows a type IV isotherm featuring a broad hysteresis loop and a 

steep increase of the N2 uptake at p/p0 close to 1, suggesting meso/macropores-dominated structure. 

B,N@C-AB exhibited combined characteristics of type I and IV isotherms, which is due to the existence 

of pore sizes spanning from micro- to macropores (Fig. 4e). As a result, B,N@C-AB has a larger BET 



 

 

surface area of 523.0 m2g−1 but a smaller pore volume of 0.69 m3g−1 than B,N@C-BA (295.3 m2g−1 and 

1.29 m3g−1). Furthermore, the proportion of meso/macroporous surface areas and volumes of B,N@C-AB 

and B,N@C-BA are all higher than those of N@C (Fig. 4f). The relatively high surface of B,N@Cs and 

their hierarchical porous structure with considerable amounts of meso/macropores, would be favorable for 

the accessibility of electrolytes and exposing more active sites for oxygen reduction.  

  To examine the influence of boron on catalytic performance, the ORR activities of the N@C and 

B,N@C catalysts were first evaluated by cyclic voltammogram (CV) tests in N2- and O2-saturated 

electrolyte (0.1 M KOH) at a scan rate of 10 mV s−1 (Fig. 5a). All the samples showed no redox peaks in 

the N2-saturated medium, but distinct cathodic peaks appeared in all the cases with the O2-saturated 

electrolyte, which can be ascribed to oxygen reduction. The B,N@C-AB showed a peak at 900 mV, 

which is higher than N@C (786 mV) and B,N@C-BA (841 mV), demonstrating the best oxygen 

reduction activity. As shown in Fig. 4c, all the samples have similar amounts of N6 (3.7 at% for N@C, 

4.0 at% for B,N@C-AB, and 4.0 at% for B,N@C-BA), which are known to lower the overpotential in 

ORR [72, 73]. Therefore, other factors such as boron doping and structures cause the difference in ORR 

performance. Rotating ring-disc electrode (RRDE) measurements were carried out to compare the 

electrocatalytic ORR activities and determine the electron transfer numbers over different catalysts in 

alkaline (0.1M KOH) solution. The ORR linear sweep voltammogram (LSV) polarization curves of 

different catalysts in RRDE were recorded in O2-saturated 0.1 M KOH solution at a rotation rate of 1600 

rpm, with commercial Pt/C catalyst as a comparison (Fig. 5b) and with the H2O2 currents detected by the 

Pt ring (Fig. S20). 



 

Fig. 5. Electrocatalytic performance for ORR in 0.1 M KOH electrolyte. (a) CV curves in N2-saturated 

(dotted lines) and O2-saturated (solid lines) alkaline electrolytes. (b) LSV curves with a fixed rotation rate 

of 1600 rpm at 10 mV s−1. (c) Tafel plots and (d) electron transfer number and H2O2 selectivity derived 

from LSV curves. 

 

  In agreement with the CV observations, B,N@C-AB shows an exceedingly high ORR activity with the 

most positive half-wave potential (E1/2) of 887 mV, which is much better than that of the N@C (E1/2 = 

767 mV) and also comparable to that of commercial Pt/C (E1/2 = 859 mV). B,N@C-BA also exhibits a 

relatively high E1/2 of 840 mV. Both B,N@C samples show larger diffusion-limited current density 

(DLCD = 4.79 mA·cm−2 for B,N@C-AB, 5.55 mA·cm−2 for B,N@C-BA) than N@C ( 3.61 mA·cm−2), 

which indicates that meso- and macropores are beneficial for mass transfer [12, 74]. The performance of 

B,N@C frameworks is on par or even better than reported metal-free BCN catalysts (Table S1). 

  Tafel plots of N@C, B,N@C-AB, B,N@C-BA and commercial Pt/C are displayed in Fig. 5c. The 

B,N@C-AB displays a lower Tafel slope than those of N@C and B,N@C-BA, further manifesting that 

the B,N@C-AB catalyst exhibits the fastest kinetics toward ORR. The H2O2 molar yields and electron 

transfer numbers calculated based on the corresponding disk and ring currents are both plotted in Fig. 5d. 



 

 

The H2O2 yields of B,N@C-AB and B,N@C-BA are below 12% from 0.2 V to 0.7 V with electron 

transfer numbers larger than 3.75, indicating a strong catalytic effect in converting O2 to O2- via a four-

electron pathway. Much higher H2O2 yield and smaller electron transfer number were observed on N@C, 

indicating its lower-efficiency 4e− pathway in ORR. The high ORR activities of B,N@C are likely due to 

two key factors: (1) the electronic structure of the catalysts is optimized by high boron doping, which 

promotes the adsorption of the *OH and *OOH intermediates at the B sites [70]; (2) the etching caused 

by boron species in ZIF-8  generates meso- and macroporous structure which exposes more active sites 

and contributes to better mass transfer.  

4. Conclusions 

  In summary, we have developed an effective method for the fabrication of B and N co-doped hierarchical 

porous carbon frameworks. The key step in the fabrication is the introduction of boron species into ZIF 

precursors via an integrated double-solvent impregnation and confined-etching. The encapsulation of 

boron-containing guests in the ZIF-8 pores plays an important role in achieving a uniform and dense doping 

of B atoms in the N@C frameworks and inducing the hierarchical micro/meso/macro multimodal 

porosities. The excellent electrochemical ORR performance of B,N@Cs could be associated with their 

hierarchical porous structures that contribute to mass transfer and exposure of active sites, as well as 

abundant reactive sites due to the high level of boron doping. This integrated method of impregnation and 

confined etching is applicable to fabricate complex nanoarchitectures with desired pore sizes and pore 

volume, which will be beneficial for various catalytic reactions. 
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Fig. 1. Schematic diagram of the fabrication of B,N@C nanomaterials. 

 



Fig. 2. Characterization of ZIF-8 and B@ZIF-8 composites. TEM images of (a) ZIF-8, (b) AB@ZIF-8, 

and (c) BA@ZIF-8. All scale bars are 100 nm. (d) N2 sorption isotherms at -196 °C, and (e) their 

corresponding pore volume. 

 

Fig. 3. Characterization of N@C and B,N@Cs. TEM images of (a) N@C, (b) B,N@C-AB, and (c) 

B,N@C-BA. All scale bars are 50 nm. (d) Aberration corrected HAADF-STEM, and (e) EDS mapping of 

B,N@C-AB, with the scale bar being 100 nm. 



 

 

 

Fig. 4. Characterization of N@C and B,N@Cs. The high-resolution XPS spectra of (a) B 1 s, (b) N 1 s of 

N@C and B,N@C samples. (c) The contents of B and N determined by fitting the XPS spectra. (d) N2 

sorption isotherms at -196 °C, and (e) their corresponding pore size distributions (PSD) calculated using 

NL-DFT method, and (f) BET surface areas and pore volumes.  



 

Fig. 5. Electrocatalytic performance for ORR in 0.1 M KOH electrolyte. (a) CV curves in N2-saturated 

(dotted lines) and O2-saturated (solid lines) alkaline electrolytes. (b) LSV curves with a fixed rotation rate 

of 1600 rpm at 10 mV s−1. (c) Tafel plots and (d) Electron transfer number and H2O2 selectivity derived 

from LSV curves. 

 

 


