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Mechanochemical Approach Assisted Synthesis of Boron, 

Nitrogen co-doped Porous Carbons as Metal-Free Catalysts 

Li-Yuan Zhao, Xiao-Ling Dong, Jun-Yue Chen and An-Hui Lu*[a] 

 

Abstract: A green and convenient solid-state method assisted by 

mechanical energy is employed for the synthesis of boron (B) and 

nitrogen (N) co-doped porous carbons (B,N-Cs). Glutamic acid (Glu) 

and boric acid (H3BO3) are used as the N-containing carbon precursor 

and boron source, respectively. This method is easy to conduct and 

proved to be efficient towards co-doping B and N into the carbon 

matrix with high contents of B (7 atom %) and N (10 atom %). By 

adjusting the molar ratio of H3BO3 to Glu, the surface chemical states 

of B and N could be readily modulated. When increasing H3BO3 

dosage, the pore size of B,N-Cs could be tuned ranging from 

micropores to mesopores with BET surface area up to 940 m2/g. 

Finally, the B,N-Cs were applied as metal-free catalysts for the 

cycloaddition of CO2 to epoxides, which outperform the N doped 

carbon catalyst (NC-900) and the physically mixed catalyst of NC-

900/B4C. The enhanced activity is attributed to the cooperative effect 

between B and N sites. XPS analysis reveals that BN3 in the B,N-Cs 

serves as a critical active site for the cooperative catalysis. 

Introduction 

Over the past few decades, carbon materials have been 

extensively studied and found to be promising catalyst supports 

or metal-free catalysts.[1],[2] It is well known that doping 

heteroatoms into carbon frameworks is an accessible route to 

readily modulate the physicochemical properties such as band 

gap and acid-base surface property of carbon,[3],[4] which thereby 

provide an opportunity to improve their catalytic performance. For 

example, graphitic nitrogen-rich (N-rich) porous carbon stabilized 

copper nanocatalyst was highly active in catalyzing 

dehydrogenation of alcohol to aldehyde, showing high selectivity 

up to 98 %.[5] Graphitic N sites doped in the carbon support play 

a key role in stabilizing the active copper phase. Another typical 

application for N-doped carbons is the catalytic oxygen reduction 

reaction. The reaction can proceed smoothly, driven by N-doped 

carbons alone without noble metals such as Pt or Pd.[6] 

Recently, the co-doping of two or more heteroatoms into carbon 

materials has appeared as one of the major trends in adjusting 

their physical and chemical properties to match with the desired 

application.[7] Among these studies, boron (B) and nitrogen (N) 

co-doped carbon catalysts have displayed unique electronic 

features due to a synergistic effect between the two dopants.[7a,b] 

Wang and co-workers reported a type of B, N co-doped-carbon 

supported cobalt (Co-B-N-C) catalysts.[8] The Co-B-N-C 

nanostructure outperformed Co-N-C toward the selective 

oxidation of ethylbenzene, because of the promoting charge 

transfer driven by the interaction between B and N atoms. In 

addition, B and N-substituted graphene was found to possess an 

excellent electrocatalytic property due to its abundant edges of 

BN structures.[9] Generally, carbon networks containing B and N 

heteroatoms can be fabricated following two strategies, namely 

ex situ doping and in situ doping. The ex situ doping achieves the 

insertion of B and N via a post-treatment of carbon matrix with B, 

N sources.[7a],[9],[10] A thermal annealing is often needed in the ex 

situ process for compositing carbon-based supports with the 

heteroatom-containing precursors.[11] During the in-situ doping 

process, the deposition of B, N atoms proceeds simultaneously 

with the formation of carbon networks through the direct 

conversion of B- and N-containing sources. Solvothermal 

synthesis with subsequent pyrolysis and CVD are usually 

employed for the in situ route.[12] Although the direct conversion 

method is convenient, low carbon residue and limited doping level 

of the heteroatom are always annoying problems. For many 

applications, a high surface area with micropores or mesopores 

is required in heteroatom-doped carbons,[13] so various templates 

have always to be used to fabricate the nanopores. In this regard, 

selecting rational precursors and finding an effective method are 

highly important to achieve the desired carbon materials with 

controllable B, N co-doped nanostructures. 

Mechanochemical solid-state synthesis is an efficient method 

to synthesize various inorganic materials and organic materials, 

for it comprises fewer synthesis steps and can be implemented 

with low amounts of solvents or even under solvent-free 

conditions.[14] Mechanical energy generated from grinding or 

shearing can increase the contact area and enhance the 

interaction between the precursors.[14g] In the reported studies, 

ordered mesoporous carbons can be produced from the ball 

milling of carbon precursors and templates.[13],[14g] Ball milling is 

considered as a suitable method as it can not only afford higher 

mechanical energy with repeatability than those by hand-grinding 

but also avoid the waste of solvents and thus meets the 

requirements of green industrial production. Nevertheless, there 

has been little exploration into fabricating B, N co-doped carbons 

assisted by this method. 
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Scheme 1. Scheme for the mechanochemical method assisted synthesis of the porous B,N-Cs.

Herein, we have developed a one-pot green method for 

fabricating B and N co-doped porous carbons (B,N-Cs) through 

ball milling combined with pyrolysis, as schematized in Scheme 1. 

Glutamic acid (Glu), which is industrially produced on the largest 

scale of any amino acid, was used as a N-containing carbon 

precursor, and boric acid (H3BO3) was used as the boron source. 

Ball milling is employed to prepare Glu/H3BO3 composites in solid 

state. This mechanical technique promotes adequate contact 

between Glu and H3BO3 and even enhances the interaction 

between them, which is favorable for the formation of B-N 

structure distributed in the carbon framework uniformly. The 

method is capable of fabricating porous carbons with high B and 

N contents up to 7 atom % and 10 atom %, respectively. B, N-

doping level and their surface chemical states could be readily 

modulated by changing the molar ratio of H3BO3 to Glu. 

Interestingly, H3BO3 used here is also served as a pore directing 

agent since it could be decomposed into B2O3 during the 

thermolysis process. Removal of the B2O3 nanoparticles leads to 

the formation of micropores or mesopores, and the pore size can 

be tuned by changing dosage ratio of H3BO3 to Glu. No 

crosslinkers or catalysts are used in this synthetic process, which 

makes it simply practical and environmentally benign. The as-

designed co-doped samples could catalyze the cycloaddition of 

CO2 to epoxides, in which the doped B and N sites act as a Lewis 

acid site and a base site, respectively, to facilitate the ring-

opening process of epoxides. The synergistic effect of B-N 

structure is identified as a positive factor for the B,N-Cs catalysts 

in the cycloaddition reaction. 

Results and Discussion 

Synthesis of B,N-Cs and structural characterizations 

In a typical synthesis, at first, the Glu/H3BO3 mixture with a molar 

ratio of 1:1 was ball-milled at 400 rpm. Structural changes in the 

mixtures of Glu and H3BO3 were found during the ball-milling 

process. As shown in the FTIR spectra of Glu/H3BO3 composite 

(Figure 1a), the intensity of B-OH band at 1197 cm-1 [16] decreases 

as the milling time increases from 0.5 h to 4 h, which implies the 

partial dehydration of H3BO3 driven by the mechanical energy. 

Accordingly, the signal at 1260 cm-1 attributed to the C-N 

stretching vibration of Glu shifts to 1274 cm-1, and this change is 

probably caused by B-O stretching of the dehydrated intermediate 

from H3BO3 (Figure 1a).[17]
 In agreement with the dehydration of 

H3BO3, the hydrogen bonding of H3BO3 itself is found to be 

weakened after ball-milling, for the band at ～ 3221 cm-1 related 

to BO-H stretching becomes narrow and its intensity decreases 

(Figure 1b). This finding suggests that the aggregation of H3BO3 

decreases accompanied with the adequate dispersion of H3BO3 

into Glu (acted as another solid phase). As shown in the IR 

spectra (Figure 1a, b), there is little difference in the structure of 

Glu/H3BO3 composites with extending ball-milling time over 2 h, 

therefore, the ball-milling time was set as 2 h for preparing other 

samples. Subsequently, a series of B, N co-doped carbons (B,N-

Cs) were prepared via pyrolysis at different temperature to 

investigate the effect of temperature on their structural formation. 

These samples are named as GB-1-x, and x is referred to the 

pyrolysis temperature (x= 400, 600, 800, 900, 1000 oC). 

First, the structural transformation in GB-1-x materials were 

recorded in FTIR spectra (Figure 1c). The spectrum of GB-1-400 

presents a broad band at ～ 1600 cm-1 which is ascribed to carbon 

skeleton (C=C) and C=N stretching. Two bands at 1390 cm-1 and 

780 cm-1 are assigned to in-plane B-N stretching and out-of-plane 

bending vibrations of B-N-B,[18] which indicate that B-N structure 

has been generated in the GB-1-400 sample. Possibly due to the 

interference from nearby signals, the characteristic vibrations of 

B-N at 1390 cm-1 and 780 cm-1, generated from GB-1-600～900, 

are not apparently observed in the FTIR spectra. Peaks appearing 

at ～ 1170 cm-1 imply the formation of C-B bonds in the 

samples.[11] However, the intensity of this peak decreases for the 

GB-1-1000 sample, probably caused by the cleavage of C-B bond 

and loss of boron in the carbon matrix at higher temperature. 

From the X-ray diffraction (XRD) patterns of the GB-1-x samples 

(Figure S1), two broad peaks of (002) and (100) diffractions can  
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Figure 1. The FTIR spectra of Glu/H3BO3 complexes with molar ratio of 1:1 by ball milling for 0.5 h (green), 1 h (blue), 2 h (red) and 4 h (black) in the wavenumbers 
ranging from 1830 cm-1 to 1000 cm-1 (a) and ranging from 3750 cm-1 to 2800 cm-1(b). The data were normalized with respect to the peak at 1690 cm-1 related to 
C=O stretching vibration; The FTIR spectra (c), N2 adsorption-desorption isotherms (d) and pore size distributions (PSDs) (e) of GB-1-x samples. The PSDs are 
determined by NLDFT method assuming a slit pore model. 

be observed, which are typical of the disordered carbon. The 

(002) peaks shift to higher diffraction angle with carbonization 

temperature arising (Table S1), revealing that the average 

interlayer d-spacing decreases due to the increased relative 

ordering of the carbon structure.[19] 

Nitrogen adsorption-desorption experiments at 77.4 K were 

carried out to elucidate the pore structure of GB-1-x and the 

results are summarized in Table S2. GB-1-400 has few 

nanopores and low BET surface area, due to the incomplete 

pyrolysis and little release of volatiles at low temperature (400 oC). 

The samples pyrolyzed over 600 oC present type I isotherms 

(Figure 1d), typical of microporous materials, which have narrow 

pore size distributions mainly centered at 1.1 nm (Figure 1e). 

Obviously, when the carbonization temperature increased up to 

800 oC, the BET surface area and pore volume of the sample 

increase to the maximum value of 956 m2/g and 0.41 cm3/g, 

respectively. But the BET surface area decreases from 821 m2/g 

to 410 m2/g with further raising temperature from 900 oC to 1000 
oC, which results from the collapse of micropores caused by 

higher temperature. Interestingly, the control material (NC-900) 

prepared by the pyrolysis of Glu without H3BO3 at 900 oC, has 

extremely low specific surface area and pore volume (Table S2). 

The significant difference in the pore structures between NC-900 

and GB-1-900 suggests that H3BO3 dispersed in the Glu/H3BO3 

composite, besides as the boron source, also act as a pore 

directing agent since it would gradually decompose into nano 

B2O3 during thermolysis process.[17b] As B2O3 has a low melting 

point (723 K), the generated B2O3 nanoparticles may be partially 

volatilized at higher carbonization temperature beyond the 

melting point.[20] In addition, the rest of B2O3 in the final carbonized 

sample can be removed after washing treatment.[21] The 

volatilization and leaching of nano B2O3 lead to the formation of a 

large number of micropores. Scanning electron microscope 

(SEM) images of GB-1-900 (Figure 2a, b) illustrates a morphology 

similar to carbon nanosheet with a smooth surface. Transmission 

electron microscope (TEM) observations also show a sheet-like 

structure for GB-1-900, and abundant micropores can be 

observed (Figure 2c, d). In the high-resolution TEM (HRTEM) 

image (Figure 2d), a disordered structure with no long-range 

crystalline order is exhibited in GB-1-900, and it coincides with the 

XRD result (Figure S1). 
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Figure 2. SEM images of GB-1-900 (a) and (b); TEM images of GB-1-900 (c) and (d). 

X-ray photoelectron spectroscopy (XPS) was applied to identify 

the surface chemical state of B and N dopants in GB-1-x. For 

these samples, C as the main surface element along with B, N 

and O heteroatoms are shown in the full survey scan X-ray 

photoelectron spectra (Figure S2). The surface content of doped 

B and N atoms and their binding energy (BE) values are displayed 

in Table S3. By raising the carbonization temperature up to 900 
oC, B is gradually fixed into the carbon matrix as the B content 

increases from 2.56 atom % to 4.08 atom %. However, an 

excessive temperature (1000 oC) leads to a relatively low B-

doping level (0.99 atom %). This result is a little strange, but it can 

be explained that the C-B-N moieties in the carbon matrix possibly 

suffer from the thermal decomposition at 1000 oC,[22] thus resulting 

in the decrease of boron content. The surface content of N 

remains higher than that of B in the samples, because N and C 

atoms have similar atomic size, resulting in the easier doping. GB-

1-x have surface N contents ranging from ～7 to ～ 10 atom % 

(Table S3) , indicating that the incorporation of B improves the 

doping level of N because of the formation of B-N bonds (that has 

been discussed below), since the bond energy of B-N (εB-N) is 

much larger than εC-N and εC-B.[23] Interestingly, the sample 

pyrolyzed at 1000 oC even has 9.43 atom % of surface N contents. 

The slight increase of surface N content in GB-1-1000 is attributed 

to the decrease of its surface B and O contents. However, NC-

900 (prepared by the pyrolysis of Glu at 900 oC) only has 4.42 

atom % surface content of N (in Table S5), and it also indirectly 

conforms that the presence of B improves the doping level of N in 

the carbon matrix.  

The B 1s spectra could be divided into four subpeaks (Figure 

3a): the peaks at 191.4～191.7 eV are assigned to BN3 species 

which is similar to the trigonal units of boron nitride; [17a],[24] the two 

peaks at lower BE of 190.4～190.8 eV and 189.4～189.9 eV are 

mainly related to the C-B-N2 and C2-B-N structures,[25] since C 

atoms have a lower electronegativity than that of N; the peak in 

the region of 189.4～189.9 eV may include partial contribution 

from BC3;[24] another signal at 192.2～192.8 eV indicates the 

existence of BCO2 species,[26,24b] and that implies no B2O3 existed 

in the samples, since the B species of B2O3 shows its signal at ～

193.7 eV.[27] It is noteworthy that the C2-B-N structure tends to 

transform into C-B-N2, and then into BN3 with carbonization 

temperature elevating from 400 oC to 1000 oC (Figure 3a). The 

structure transformation is attributed to the higher bond energy of 

B-N rather than that of C-B.  

The N 1s spectra of the samples carbonized at different 

temperature are composed of three or four peaks calibration 

(Figure 3b). The peak at 400.6 eV in the spectrum of GB-1-400 is 

mainly assigned to the uncondensed primary nitrogen groups,[28] 

which may be partially related to the small amounts of quaternary 

nitrogen (NQ).[29] The peaks at 397.9～398.4 eV and 399.3～399.6 

eV, are related to pyridinic nitrogen (N6), pyrrolic nitrogen (N5), 

respectively.[28] The signals derived from NB3 may be involved in 

the former.[9,17a,24c] With the pyrolysis temperature above 400 oC, 

the intensity of the peak at ～ 398.0 eV increases, betraying an 

increase in the relative amounts of NB3 species. This result is 

consistent with that of BN3 analyzed in B 1s (Figure 3a). In 

addition, there should exist N-B-C species contributing to the 

signals at 399.3～399.6 eV.[9] Based on the above XPS analysis, 

this strategy demonstrates to be effective to incorporate B and N 

into the carbon matrix. Slight shifts of binding energies for the 

same B and N species are found in the spectra of the GB-1-x 

samples, which might be due to the changes of chemical 

environment of B, N species in the proceeding graphitization. 
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Figure 3. High-resolution XPS spectra of B 1s (a) and N 1s (b) from the GB-1-x samples pyrolyzed at different temperature.

Table 1. Cycloaddition of CO2 to PO over different catalysts [a]. 

 

Entry Catalyst PC yield (%) [b] 

1 n-NBu4Br 28 

2 NC-900[c] + n-NBu4Br 34 

3 B4C[d]+ n-NBu4Br 30 

4 B4C/NC-900+ n-NBu4Br 39 

5 GB-1-400+ n-NBu4Br 40 

6 GB-1-600+ n-NBu4Br 43 

7 GB-1-800+ n-NBu4Br 60 

8 GB-1-900+ n-NBu4Br 65 

9 GB-1-1000+ n-NBu4Br 40 

[a] Reaction conditions unless specified otherwise: propylene oxide (2.9 g, 

50.0 mmol), n-Bu4NBr (1 mol %), catalyst (40 mg), an initial pressure of CO2 

is 2 MPa, 100 oC, 5 h. [b] Yields determined by GC analysis. The selectivity 

of PC was > 99 %. [c] NC-900 used as a control catalyst (64 mg), was 

obtained from glutamic acid pyrolyzed at 900 oC. [d] The dosage of B4C is 

2.0 mg, in which the amount of B is equal to that of GB-1-900. 

Investigation on catalytic performance 

After identifying the structure and B, N co-doped state of the GB-

1-x materials, the cycloaddition of CO2 to propylene oxide (PO) 

was chosen as a probe reaction to investigate the catalytic activity 

of their B, N-doped sites. The results are listed in Table 1. First, 

n-NBu4Br only afforded 28 % yield of propylene carbonate (PC) in 

the absence of GB-1-x catalysts under the conditions of 100 oC 

and 20 bar pressure of CO2 (Table 1, entry 1). By the co-catalysis 

of N-doped carbon (NC-900) and n-NBu4Br, 34 % yield of PC is 

obtained (Table 1, entry 2), which implies the catalytic effect of N-

doped sites in this reaction, and the basic N sites are generally 

recognized as favorable sites for CO2 activation. B4C, a B-rich 

material, has little effect as a cocatalyst with n-NBu4Br (Table 1, 

entry 3), suggesting that the B-C species is not the active site. 

Encouragingly, GB-1-x catalysts accompanied with n-NBu4Br 

achieve PC yield from 40 % to 65 % (Table 1, entry 5 to 9), which 

outperform the n-NBu4Br (Table 1, entry 1, 28 % yield),  NC-

900/n-NBu4Br (Table 1, entry 2, 34 % yield) and B4C/n-NBu4Br 

catalyst (Table 1, entry 3, 30 % yield) catalysts. The above 

experimental results indicate that GB-1-x with B and N co-doped 

sites function together to promote the ring opening of PO and 

subsequent CO2 fixation, due to the Lewis acidity of B sites and 

the Lewis base property of N sites. 

With the increase of carbonization temperature, the catalytic 

activities of GB-1-x exhibit a trend of increasing at first and then 

decreasing. Among them, GB-1-900 performs the best, giving 

65 % yield of PC (Table 1, entry 8). In contrast, the mixed catalyst 

of B4C and NC-900 containing the same content of B and N as 

GB-1-900, only provided 39 % yield of PC (Table 1, entry 4). The 

better results from the GB-1-x samples could probably be related 

to their B-N structures with cooperative effect. By combining the 

reaction results with the XPS analysis of B species, interestingly, 

it is discovered that when the content of BN3 increases from 

0.40 % (in GB-1-400) to 2.17 % (in GB-1-900), the yield of PC is 

enhanced from 40 % to 65 % (Table 2).  It seems that BN3 species  

with more N atoms around B than those of C2-B-N and C-B-N2 

plays a pivotal role in promoting the cycloaddition of CO2 to PO.  
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Table 2. Contents of B species based on XPS analysis and the PC yields 

afforded by GB-1-x. 

GB-1-x 

(x, oC) 

Contents (%)[a] 
Yield of PC 

(%) 
C2-B-N C-B-N2 BN3 BCO2 

400 0.97 0.98 0.40 0.20 40 

600 1.05 1.20 0.49 0.21 43 

800 0.37 0.77 1.47 0.48 60 

900 0.42 0.94 2.17 0.55 65 

1000 0.09 0.30 0.35 0.23 40 

[a] The compositions of B species are the product of total B contents 

(atom %) and the area ratio of the corresponding B species. 

Synthesis of B,N-Cs with increasing H3BO3 dosage and the 

cooperative effect of B-N structure 

Based on the above catalytic results, it is rational to deduce that 

BN3 is a critical active site targeting the chemical fixation of CO2 

with PO. Therefore, another series of samples (GB-y-900) with 

different H3BO3/Glu molar ratios (y is referred to the molar ratio of 

H3BO3 to Glu, y = 2, 6, 10) were prepared at 900 oC to modulate 

the B, N co-doped nanostructure. The N2 physical sorption 

isotherms reveal some differences in specific surface area and 

pore structures for the GB-y-900 samples (Figure 4a, b). When 

the H3BO3/Glu molar ratio increasing from 1 to 10, mesopores 

gradually generate in the samples, as the isotherms change from 

the type I to the type IV (Figure 4a). Particularly, the GB-6-900 

sample present a type IV isotherm with H1 loop, which gives the 

maximum BET surface area (940 m2/g), pore volume (1.32 cm3/g) 

and well-defined mesopores centered at 7 nm (Figure 4b, Table 

S2). Accordingly, two typical SEM images of GB-6-900 reflects 

the structural change caused by the increase of H3BO3 dosage 

(Figure 4c, d). Different from GB-1-900, the GB-6-900 sample 

features a sponge-like morphology with rough surface formed by 

the etching of B2O3 nanoparticles. The TEM image also confirms 

the mesoporous structure existed in the GB-6-900 sample (Figure 

4e). Figure 4f shows the elemental mapping of GB-6-900, where 

N and O elements are uniformly distributed throughout the carbon 

matrix. But B element could not be identified by this analysis, and 

its surface chemical state can be detected by XPS, which is 

discussed in the later section.  

Moreover, XRD was employed to investigate the impact of 

H3BO3 dosage on pore structure of the BN-Cs materials. The XRD  

 

 

pattern of GB-6-900-nw (before washing treatment) in Figure S3 

(a) shows two clear diffraction peaks of B2O3 located at 14.6o and 

27.9o (JCPDS No. 00-013-0570), demonstrating the formation of 

B2O3 through the dehydration of H3BO3 during pyrolysis. After 

washing treatment, the diffraction peaks of B2O3 disappears in the 

XRD pattern of GB-6-900, and the (002) diffraction peak of carbon 

at 22.4o shifts to 24.6o (Figure S3 a). It indicates the removal of 

B2O3 particles from the carbon matrix. In contrast, there is almost 

no difference between the XRD patterns of GB-1-900-nw and GB-

1-900 (Figure S3 b), since the diffraction peaks of B2O3 in GB-1-

900-nw is too weak to be observed. Because of low H3BO3 

dosage for GB-1-900, the generated B2O3 nanoparticles highly 

dispersed in GB-1-900-nw have smaller size than those in GB-6-

900-nw, hence the former produces only micropores (Figure 1d, 

e). The above results reveal the role of H3BO3 as a pore-directing 

agent and imply that the more H3BO3 is used, the more and bigger 

B2O3 nanoparticles are generated during pyrolysis, which thus 

facilitate the formation of mesopores. However, an excess of 

H3BO3 leads to a decline of BET surface area (680 m2/g) and pore 

volume (0.80 cm3/g) in GB-10-900 (Table S2). The low Glu 

dosage for GB-10-900 may lead to thin carbon walls to confine 

B2O3 particles and further results in the collapse of mesopores 

when B2O3 is removed by washing.   

As expected, the surface content of B gradually reaches to a 

maximum level (7.16 atom %) as the molar ratio of H3BO3 to Glu 

increases from 1 to 6 (Table S5). However, further multiplying 

H3BO3 dosage leads to a low B content of 2.73 atom % in the GB-

10-900 sample. An explanation for this phenomenon is that too 

low dosage of Glu is not enough to disperse H3BO3 sufficiently 

into Glu and that may lead to the easier conversion of most boron 

into B2O3 instead of its doping into the carbon matrix during 

carbonization; the formed B2O3 would then leach out from the 

sample after washing treatment. In the B 1s spectra of GB-y-900 

(Figure 5a), BN3 species whose signal located at ～191.4 eV 

show an obvious increasing trend in the GB-y-900 samples  (y, 1, 

2, 6). Accordingly, N 1s spectra also illustrate an increasing 

tendency in NB3 species (Figure 5b), as the intensity of the peaks 

around ～398 eV increases with raising H3BO3/Glu molar ratios 

from 1 to 6 in the samples. However, the decrease of BN3 in GB-

10-900 is observed in Figure 5a. This result is caused by low 

dosage of Glu which cannot provide enough N to bond with B and 

thus leads to less BN3 species. In the N 1s spectrum of GB-10-

900, the graphitic N (NQ) peak is larger than those of other GB-y-

900 samples (Figure 5b), and that is attributed to the reduced 

doping content of B in GB-10-900 and the nitrogen dopants are 

easily incorporated into the carbon matrix to form the graphitic N 

species. 

 

10.1002/chem.201904381

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



FULL PAPER    

 

 

 

 

 

 

Figure 4. N2 adsorption-desorption isotherms of GB-y-900 samples (a). Pore size distributions (PSDs) of GB-y-900 samples determined by QSDFT equilibrium 
model assuming slit pores (b). SEM images of GB-6-900 (c) and (d). TEM image of GB-6-900 (e). STEM ADF image of GB-6-900 and the corresponding elemental 
mapping of carbon, nitrogen, and oxygen (f). 

Subsequently, all the GB-y-900 materials were tested for their 

catalytic activities over the cycloaddition of CO2 to PO. The 

reaction results show a positive correlation between the high B 

content and the yield of PC (Table 3). Among these samples, GB-

6-900 presents the optimal activity, providing 71 % yield of PC 

due to its higher B content (7.16 atom %) with more BN3 active 

sites (4.4 %). To further verify the key role of BN3 in catalysing the 

cycloaddition of CO2 to PO, GB-1-400, 600 and GB-10-900 with 

nearly the same B and N contents are selected to investigate the 

correlation between their catalytic performance and the B-N 

structure. When the content of BN3 increasing from 0.40 % in GB-

1-400 to 0.61 % in GB-10-900, the yield of PC is improved from 

40 % to 53 %, however, C2-B-N and C-B-N2 show non-significant 

effect on the reaction (Figure 6a). The above reaction results 

combined with the changes of the B-N structure indicate that BN3 

performs more efficient than the other two B-N structures (C2-B-

N and C-B-N2), serving as one of the important active sites for 

promoting the coupling reaction of CO2 and PO. The prominent 

activity of BN3 is readily intelligible, for N has a higher 

electronegativity than that of C, which could more easily attract 

the electrons from B and makes it electron-deficient, thus 

enhance Lewis acidity of B. Strong Lewis acid sites are very 

favourable for ring opening of epoxides.[30] Considering the effect  
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Figure 5. High-resolution XPS spectra of B 1s (a) and N 1s (b) from the GB-y-900 samples (y refers to the molar ratio of H3BO3 to Glu).

of specific surface areas on the catalytic activity, the yields of PC 

afforded by the B,N-Cs were normalized by the surface areas and 

then were correlated with the surface density of BN3 (Figure S9). 

Encouragingly, the yields of PC normalized by the surface areas 

show a positive correlation with the surface density of BN3, which 

further evidences the above analysis that BN3 serves as a critical 

role in dominating the catalytic performance of the B,N-C samples. 

Although GB-6-900 has lower normalized PC yield (4.57×10-2 % / 

m2) than that of GB-2-900 (7.23×10-2 %/m2), it provides a higher 

total yield of PC than that of the latter. This can be attributed to 

the more available active sites in GB-6-900 due to its higher 

surface areas (940 m2/g).  

Table 3. Contents of B species based on XPS analysis and the PC yields 

afforded by GB-y-900 (y is referred to the molar ratio of H3BO3 to Glu). 

GB-y-900 

B 

atom 

% 

Contents (%) [a] 
Yield of 

PC (%) [b] 
C2-B-N C-B-N2 BN3 BCO2 

1 4.08 0.42 0.94 2.17 0.55 65 

2 5.51 0.58 1.17 2.97 0.79 67 

6 7.16 0.69 1.24 4.40 0.82 71 

10 2.73 0.59 1.11 0.61 0.41 53 

[a] The content of B species are the product of total B contents (atom %) 

and the area ratio of the corresponding B species; [b] Reaction conditions 

unless specified otherwise: PO (2.9 g, 50.0 mmol), n-Bu4NBr (1 mol %), 

catalyst (40 mg), an initial pressure of CO2 is 2 MPa, 100 oC, 5 h. 

 

Investigation on the reaction conditions and the substrate 

scope 

Among all the catalysts in this work, GB-6-900 is the best one with 

a PC yield up to 71 % under the conditions of 100 oC and 20 bar 

pressure of CO2. To further improve the yield of cycloaddition of 

CO2 with PO, the reaction temperature and time were investigated 

by using the GB-6-900/n-NBu4Br catalyst. When increasing 

temperature to 120 oC, the reaction rate is enhanced with 84 % 

yield of PC. The kinetics of cycloaddition of CO2 with PO was then 

studied over the GB-6-900/n-Bu4NBr catalyst at 120 oC. It shows 

that 91 % yield of PC is achieved in 6 h and then the yield steps 

into plateau region (Figure 6b). Catalyst recycling is very 

important in catalysis,[31] to examine the stability of B,N-Cs 

catalyst, the recycling tests were conducted by the conversion of 

CO2 with PO over GB-6-900/ n-NBu4Br under the condition of 120 
oC, 2 MPa of CO2 for 4 h. GB-6-900 could be easily recovered by 

centrifugation, and then put into the next run. After five cycles, 

little decrease is observed in the yield of PC (Figure 6c), implying 

a good stability of the active sites fixed in GB-6-900.   

Next, substrate scope in other epoxides was investigated to 

further evaluate the efficiency of GB-6-900/n-Bu4NBr. The 

terminal epoxides with chloromethyl, phenyl and phenoxymethyl 

substituents could be converted into their cyclic carbonates with 

over 90 % high yields (Figure 7, 1, 2 and 3). Allyl glycidyl ether as 

a typical epoxide with alkene chain is proved to be a well- 
tolerated substrate, and a high yield of 97 % for its product is 

obtained (Figure 7, 4). Owing to the negative steric hindrance and 

electron- donating effect of the two methyl groups, isobutylene 

oxide can be transformed to its carbonate with a medium yield of 

51 % (Figure 7, 5). The scope examination indicates that the B, N 

co-doped carbon material (GB-6-900) is qualified as an effective 

nonmetallic catalyst for chemical fixation of CO2 into cyclic 

carbonates due to B, N co-doped sites with the cooperitive effect. 
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Figure 6. The yield of PC and the contents of C2-B-N, C-B-N2 and BN3 resulted from the GB-1-400, 600 and GB-6-900 samples (a); The kinetics of cycloaddition of 

CO2 with PO over GB-6-900. Reaction conditions: PO (50 mmol), n-Bu4NBr (1 mol %), at 120 °C and under 2 MPa of CO2 (b)；Recovery test of GB-6-900. Reaction 

conditions: propylene oxide (100 mmol), 40 mg GB-6-900, 1 mol % n-Bu4NBr, 120 °C, 2 MPa, 4 h (c). 

 

Figure 7. Scope investigation over GB-6-900/n-Bu4NBr (20 mg/1.0mol %) as a 
binary catalyst at 120 °C, 2 MPa initial pressure of CO2, and 50.0mmol substrate. 

 

 

 

According to the above discussion, BN3 is identified as a critical 

active site of the B-N structure in B,N-Cs synthesized in this work, 

therefore a possible reaction mechanism over BN3 sites together 

with together with n-Bu4NBr is proposed in Figure 8. Oxygen atom 

from the epoxide could be absorbed on the Lewis acidic boron 

site via a B-O coordination bond, resulting in an active mode of 

the epoxide. In the meanwhile, CO2 could also be absorbed on 

the neighboring basic N sites by electrophilic attack. Then, the 

nucleophilic counter anion Br- from n-NBu4Br attacks the less 

hindered carbon atom of epoxide to form the ring-opening 

intermediate. Subsequently, the neighboring CO2 is inserted into 

B-O bond to form an acyclic carbonate via another nucleophilic 

attack from the ring-opening intermediate toward CO2. Finally, the 

acyclic carbonate transforms into the cyclic carbonate through an 

intramolecular ring closure step with release of the catalyst. 

 

Figure 8. The possible mechanism for the chemical fixation of CO2 with epoxides over the nonmetallic B,N-Cs/ n-NBu4Br catalyst. 
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Conclusions 

A series of B, N co-doped carbon materials (B,N-Cs) using 

glutamic acid (Glu) and boric acid (H3BO3) as precursors are 

successfully prepared through solid-state synthesis method 

assisted by mechanical energy. This method is proved to be an 

easy and efficient strategy towards co-doping B and N into the 

carbon matrix with high B and N contents up to 7 atom % and 10 

atom %, respectively. By adjusting the molar ratio of H3BO3 to Glu, 

the surface chemical states of B, N and the pore textures in the 

materials could be flexibly modulated. Compared with the pure N 

doped carbon catalyst (NC-900) and the physically mixed catalyst 

of NC-900 and B4C, the B,N-Cs catalysts exhibit much better 

catalytic activities in the cycloaddition of CO2 with epoxides, and 

this enhancement of activity could be attributed to the positive 

cooperative effect between B and N sites. Combined the reaction 

results with the B-N structure in B,N-Cs based on XPS analysis, 

BN3 is identified as a critical active site to facilitate the ring 

opening of epoxides as well as the subsequent CO2 insertion. 

B,N-Cs materials synthesized in this work are promising to be an 

efficient heterogeneous catalyst and their more performances are 

being explored in our laboratory. The generalized method 

provides a convenient strategy for the large-scale synthesis of 

B,N-doped carbon with the tunable heteroatom content and 

nanostructure. 

Experimental Section 

Materials and methods  

Unless otherwise noted, chemicals and reagents were purchased from 

commercial suppliers. Fourier transform infrared spectroscopy (Nicolet 

6700 FTIR) was employed to get structure information on the B, N-Cs 

samples under transmittance mode with a resolution of 4 cm−1 and 64 

scans for each sample. Powder X-ray diffraction (XRD) measurements 

performed with PANalytical X’Pert3 Powder diffractometer using Cu Kα 

radiation (λ = 0.15406 nm). X-ray photoelectron spectroscopy (XPS) 

analysis was carried out with an Omicron Sphera II hemispherical electron 

energy analyzer. Monochromatic Al K X-ray source (1486.6 eV, anode 

operating at 15 kV and 300 W) was used as incident radiation. The binding 

energy of the element was calibrated using an C 1s photoelectron peak at 

284.6 eV. N2 sorption isotherms of the GB-1-x samples were measured at 

77.4 K using ASAP 3000 and ASAP 2020 (Micromeritics) adsorption 

analyzers. N2 sorption isotherms of the GB-y-900 samples were obtained 

with Autosorb-iQ-MP. The specific surface area was calculated by the 

Brunauer-Emmett-Teller (BET) method. The pore-size distributions 

(PSDs) from the adsorption isotherms were analyzed by density functional 

theory (DFT) method assuming a slit pore model. Scanning electron 

microscope (SEM) investigations of the samples were carried out with a 

Hitachi S-4800 instrument. Transmission electron microscopy (TEM) 

images were obtained with a FEI Tecnai G220STwin instrument operating 

at 200 kV and 300 kV for the high-resolution observation. The yields of 

products were determined by a gas chromatograph (GC 7890F) equipped 

with a packed column (OV-1701 column, 50 m × 0.5 μm diameter) and a 

flame ionization detector (FID). 1H NMR spectra of all the COCs products  

 

were recorded on a Bruker Avance II 500 MHz with chemical shifts 

reported as ppm (in CDCl3, TMS as internal standard). 

Synthesis of B, N co-doped carbon materials (B,N-Cs) 

Firstly, 5 g Glu/H3BO3 mixture which are composed of glutamic acid (Glu) 

and boric acid (H3BO3) with the certain molar ratios were milled by using 

ZrO2 ball-milling jars in a planetary ball mill for 2 h. Subsequently, the 

resulting white composites were pyrolyzed at 150 oC for 3 h and then at 

900 oC for 1h in a tubular furnace under argon atmosphere. Finally, the 

B,N-Cs products were washed in water at 80 oC for 1, then filtered and 

dried. The GB-1-x samples were obtained from Glu/H3BO3 composites with 

a molar ratio of 1:1 pyrolyzed at 400, 600, 800, 900 and 1000 oC, 

respectively (x is referred to the carbonization temperature). The GB-y-900 

samples were obtained from Glu/H3BO3 composites with molar ratios of 

1:2, 1:6, 1:10 pyrolyzed at 900 oC, respectively (y is referred the relative 

proportion of H3BO3). In addition, NC-900 as a control material was 

prepared with Glu as a precursor via the same pyrolysis procedure at 900 
oC. The final yields of all the B,N-C samples are ranging from 30 % to 40 % 

(as shown in Table S8), which indicate that Glu as the carbon precursor 

can still remain relatively high carbon residue after pyrolysis. 

General procedure for the performance evaluation of the B,N-Cs 

catalysts over cycloaddition of CO2 with epoxides. 

Typically, for the optimal catalyst GB-6-900 as an example, 50 mmol of PO 

and 40 mg GB-6-900 together with 1 mol % n-NBu4Br were put in a 100 

mL stainless steel autoclave. After purging with CO2 three times, the 

reactor was filled with CO2 to 2.0 MPa as an initial pressure and then 

heated to the target temperature in the oil bath. When the reaction was 

finished, the autoclave was cooled down to room temperature and deflated 

residual CO2. The product was separated from the solid catalyst via 

centrifugation, and its yield and selectivity were quantified with mesitylene 

as an internal standard on GC 7890F. The scope investigation and the 

control tests over other catalysts were carried out following the same 

procedures. For the recycling experiments, the recycled GB-6-900 was 

washed with acetone for three times and then dried. Subsequently, it was 

reused with newly added n-Bu4NBr in the next run. 
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