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A B S T R A C T   

Herein, we proposed a conceptual and experimental breakthrough in overcoming the high energy barriers for N2 
absorption and activation by tuning the center positions of pz orbital of boron in S and B co-doped carbon 
nanofibers (S-B/CNFs). We theoretically and experimentally investigated the influences of nonmetallic elements 
of B as electron acceptor, and S and P as electron donor on tuning NRR activity. We revealed that the heteroatom- 
doping of S atoms induced changing of center position of the pz orbital of B facilitates the adsorption of N2 on S-C- 
B sites and reduces the energy barriers for rate-determining steps. The S6.23-B8.09/CNFs exhibits the highest NRR 
activity with high Faradaic efficiency of 22.4 % and NH3 yield of 0.223 μmol h− 1 cm-2 at − 0.7 V versus reversible 
hydrogen electrode. The combined computational and experimental works uncover the relationship between the 
p-band center of heteroatom doped carbon catalysts and NRR activity.   

1. Introduction 

As important fertilizers, ammonia is one of the most fundamental 
chemicals for sustaining human life [1]. The conversion of 
earth-abundant N2 into NH3 remains a challenge due to its chemical 
inertness nature with high bond energy and permanent dipole in the 
N–––N triple bond [2]. The industrial-scale ammonia synthesis is domi
nantly operated by the Haber–Bosch process, which should rely on an 
iron-based catalyst and harsh conditions (high temperature and pres
sure) [3]. In addition, such process requires tremendous energy con
sumption and generates massive amounts of greenhouse gases [4–6]. 
Developing sustainable technology to produce NH3 under milder con
ditions remains an elusive scientific and technological aim [7–9]. 

Currently, the electrochemical nitrogen reduction reaction (NRR) 
has attracted growing interests as a potential green alternative tech
nology for ammonia production at ambient temperature and pressure 
[10]. The enormous difference in energy between the highest occupied 
and lowest unoccupied molecular orbitals of N–––N triple bond strongly 
hinders electron transfer reactions, leading to sluggish reaction kinetics 
[11]. Thus, the NRR process requires the advanced electrocatalysts to 

catalyze the complex six-electron reduction of nitrogen and simulta
neously impede the competitive hydrogen evolution reaction (HER) 
[12]. Up to now, the development of NRR electrocatalysts has mainly 
centered on noble metal, transition metal and their compounds [13–15]. 
However, the dinitrogen activation is still limited by transition metals 
owing to the weak nitrogen adsorption [16]. Meanwhile, the d orbital in 
transition metals also involves in the competing HER, resulting in a 
compromising Faradaic efficiency of NRR [17]. Therefore, developing 
and constructing high-performance NRR electrocatalysts are highly 
desirable due to the unsatisfactory conversion efficiency and poor pro
duction rate [18]. 

The design of metal-free catalysts, such as carbon-based materials, is 
a promising strategy to promote the NRR efficiency due to their low cost, 
excellent stability, mechanical flexibility and good electrical conduc
tivity [19]. Moreover, endowing carbon-based catalysts with sufficient 
catalytic centers still remains a grand challenge [20]. Introducing het
eroatoms into carbon matrix has drawn significant attention due to the 
increased positive charge density on adjacent carbon atoms by structural 
distortion [21]. For example, the Boron in B-doped carbon with strong 
electronic affinity can be served as Lewis acid sites to capture the lone 
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pair electrons of nitrogen and activate the inert dinitrogen [22]. In 
addition, the calculated electronic structure analysis indicates that the 
p-orbital of boron matches well with the π*-orbital of N2 and the pz 
orbital of B sites with half full is beneficial to the activation of N2 [23]. 
However, the relationship between NRR activity and the center position 
of pz orbital of boron lacks of exploration and few reported literature has 
centered on the regulation of the center position of pz orbital of B [24]. 

Herein, we proposed a conceptual and experimental breakthrough in 
overcoming the high energy barriers for N2 absorption and activation by 
tuning the pz orbital center positions of boron in S and B co-doped car
bon nanofibers (S-B/CNFs). The CNFs were served as host and reactor 
for the controlled adjusting of B, S and P contents, and we theoretically 
and experimentally investigated the influences of nonmetallic elements 
of B as electron acceptor, and S and P as electron donor on tuning NRR 
activity. We revealed that the heteroatom-doping of S atoms induced 
changing of center position of the pz orbital of B facilitates the adsorp
tion of N2 on S-C-B sites and reduces the energy barriers for rate- 
determining steps of the first protonation to form *NNH. The S6.23- 
B8.09/CNFs (S and B contents of 6.23 and 8.09 at%) exhibits the highest 
NRR activity with high Faradaic efficiency of 22.4 % and NH3 yield of 
0.223 μmol h− 1 cm-2 at − 0.7 V versus reversible hydrogen electrode. 
The combined computational and experimental work uncovers the 
relationship between the p-band center of heteroatom doped carbon 
catalysts and NRR activity and paves a way for their future application. 

2. Experimental section 

2.1. Materials 

Polyacrylonitrile (PAN, Mw =1.49 × 105) was acquired from Sinopec 
Shanghai Petrochemical Co., Ltd. N, N’-dimethylformamide (DMF), 
boric acid (H3BO3), sodium hypophosphite monohydrate 
(Na3PO2⋅H2O), sulfur powder (S), potassium sulfate (K2SO4), salicylic 
acid (C7H6O3), sodium citrate dihydrate (C6H5Na3O7⋅2H2O), sodium 
nitroferricyanide dehydrate (C5FeN6Na2O⋅2H2O), sodium hypochlorite 
solution (NaClO), and hydrazine monohydrate (N2H4⋅H2O) were pur
chased from Sinopharm Chemical Reagent Co., Ltd. Nafion 212 mem
brane was obtained from Dupont. Nitrogen (N2, 99.999 %) and argon 
(Ar, 99.999 %) were bought from Xinxiyi Technology Co., Ltd. (Jiangsu, 
China). Deionized water (resistivity: ca.18.2 MΩ cm) was used to pre
pare the electrolyte solutions. All chemicals were analytical grades. 

2.2. Synthesis of B/CNFs 

PAN and boric acid were added in 15 mL DMF to form uniform so
lution after continuous stirring at room temperature for 15 h. Then, the 
solution was transferred to 10 mL plastic syringe with needle (a diameter 
of 0.7 mm) and the electrospinning was conducted at 16 kV with an 
injecting rate of 0.4 mL h− 1 at 40 ◦C. The collector was a rolling Al foil 
roller with a distance of 17 cm to the metal needle. The PAN nanofiber 
mat with boric acid was obtained after 15 h. The as-spun membrane was 
heated to 230 ◦C for 3 h in air atmosphere at a heating rate of 5 ◦C min− 1. 
Next, the furnace was heated to different temperatures (800 ◦C, 900 ◦C, 
and 1000 ◦C) under argon protection for 3 h at a heating rate of 5 ◦C 
min− 1. 

2.3. Synthesis of S-B/CNFs 

PAN and boric acid were added in 15 mL DMF to form uniform so
lution after continuous stirring at room temperature for 15 h. Then, the 
solution was transferred to 10 mL plastic syringe with needle (a diameter 
of 0.7 mm) and the electrospinning was conducted at 16 kV with an 
injecting rate of 0.4 mL h− 1 at 40 ◦C. The collector was a rolling Al foil 
roller with a distance of 17 cm to the metal needle. The PAN nanofiber 
mat with boric acid was obtained after 15 h. The as-spun membrane was 
heated to 230 ◦C for 3 h in air atmosphere at a heating rate of 5 ◦C min− 1. 

And the furnace was heated to 400 ◦C while another boat located at the 
front end of the Ar flow with S powder was heated to 250 ◦C and 
maintained for 2 h. Finally, the furnace was heated to 900 ◦C under Ar 
protection for 3 h at a heating rate of 5 ◦C min− 1. 

2.4. Synthesis of P-B/CNFs 

PAN and boric acid were added in 15 mL DMF to form uniform so
lution after continuous stirring at room temperature for 15 h. Then, the 
solution was transferred to 10 mL plastic syringe with needle (a diameter 
of 0.7 mm) and the electrospinning was conducted at 16 kV with an 
injecting rate of 0.4 mL h− 1 at 40 ◦C. The collector was a rolling Al foil 
roller with a distance of 17 cm to the metal needle. The PAN nanofiber 
mat with boric acid was obtained after 15 h. The as-spun membrane was 
heated to 230 ◦C for 3 h in air atmosphere at a heating rate of 5 ◦C min− 1. 
And the furnace was heated to 400 ◦C while another boat located at the 
front end of the Ar flow with Na3PO2⋅H2O powder was heated to 420 ◦C 
and maintained for 2 h. Next, the furnace was heated to 900 ◦C under Ar 
protection for 3 h at a heating rate of 5 ◦C min− 1. 

2.5. Material characterization 

The morphologies of samples were measured with field-emission 
scanning electron microscopy (FE-SEM, Hitachi S-4800), transmission 
electron microscopy (TEM, JEM-2100 plus), and high-resolution TEM 
(HRTEM, FEI titan themis 200 TEM, Bruker super-X EDS, 977 Enfinium- 
ER EELS). The phase and element composition of samples were char
acterized by X-ray diffraction (XRD, Bruker AXS D8) with Cu Kα radia
tion and X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD) 
using Al Kα radiation. The contact angle was tested by video optical 
contact angle measuring instrument (OCA15EC, Dataphysics). The 
Raman spectra were collected on a Renishaw Raman spectrometer using 
532 nm laser. 1H NMR spectra were recorded on a Bruker 400 with 
Probe TXI using a 5 mm tube. Temperature-programmed desorption 
curves (N2-TPD) were obtained by a MicrotracBEL BELCAT-IIautomatic 
chemical adsorption instrument. These three samples were first pre- 
treated at 400 ◦C for 50 min with a 30 sccm Ar stream and then it 
cooled down to 50 ◦C under Ar atmosphere. Then, these samples were 
adsorbed by N2 for 30 min, and the remaining N2 was purged by Ar for 
30 min. Finally, the N2 desorption was carried out by heating from 50 ◦C 
to 700 ◦C at a rate of 10 ◦C min− 1. 

2.6. Electrochemical measurements 

All the electrochemical measurements were performed on a CHI660E 
electrochemical station in an H-type electrochemical cell. All tests were 
conducted by using a three electrode system at the room temperature. 
The Ag/AgCl saturated KCl solution and the Pt wire were used as the 
reference electrode and the counter electrode. The membrane after 
calcination in the tube vacuum furnace was cut into square thin pieces, 
which were fixed on the Teflon motor clip as the working electrode. The 
two electrolytic cells were connected by 211 Nafion membrane. The 
purities of all gases (N2, Ar) used in the experiments were 99.999 %. The 
potentials in all tests were calibrated by the following equation, E (V vs. 
RHE) = E (V vs. Ag/AgCl) + 0.197 + 0.059 × pH. In the nitrogen 
reduction reaction chronoamperometry experiment, 25 mL of the elec
trolyte solution was first saturated with N2 for at least 40 min, and then 
tested in N2 saturated 0.5 M K2SO4 electrolyte. In every cycling test, the 
operating condition and environmental condition remain unchanged. 

2.7. Determination of ammonia 

The concentration of ammonia gas produced by all samples in the 
experiment was determined by the indophenol blue method [25]. First, 
2 mL of the electrolyte solution after two hours of electrolysis in the 
cathode chamber was taken out, and then added 400 μL of 1 M NaOH 
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solution with sodium citrate (5 wt%) and salicylic acid (5 wt%). Next, 
200 μL of sodium hypochlorite solution (0.05 M) and 200 μL of sodium 
nitroprusside solution (1 wt%) were added to the above-mentioned 
mixed solution, and place in a dark place to stand for two hours. The 
absorption spectrum of the solution was obtained by an UV–vis spec
trophotometer under the wavelength range of 500− 800 nm. To estimate 
the NH4

+ concentration, the calibration curves were constructed using 
concentrations of 6.25, 12.5, 25, 50, 100 and 200 μmol L− 1 NH4Cl 
solutions. 

2.8. Determination of hydrazine 

The concentrations of N2H4 produced by all samples in the experi
ment were assessed by the Watt and Chrisp methods [26]. First, 5.99 g of 
p-(dimethylamino) benzaldehyde, 30 mL of concentrated HCl and 300 
mL of ethanol were mixed together as a color reagent. Next, 2 mL of the 
electrolyte solution and 2 mL of color reagent were mixed and stirred for 
15 min under room temperature. The absorption spectrum of the solu
tion was obtained by an UV–vis spectrophotometer under the wave
length range of 400− 600 nm. To quantify the N2H4 concentration, a 
calibration curve was obtained using concentrations of 0, 0.125, 0.25, 
0.5, 0.1 μg mL− 1 N2H4 solutions. 

2.9. Calculation of NH3 yield and Faradaic efficiency 

The Faradaic efficiency was estimated from the charge consumed for 
NH3 production and the total charge passed through the electrode:  

Faradaic efficiency = 3 F × c(NH4
+) × V/(17 × Q)                                    

Where F is the Faraday constant (96,485 C mol− 1), c(NH4
+) is the 

measured concentration of NH4
+, V is the electrolyte volume, Q is the 

quantity of applied electricity. 
The yield of NH3 can be calculated as follows:  

NH3 yeild = c(NH4
+) × V/(t × S)                                                            

Where c(NH4
+) is the measured concentration of NH4

+, V is the electrolyte 
volume, t is the reaction time, and S is the electrode geometric area. 

2.10. DFT calculations 

The present first principle DFT calculations were performed by 
Vienna Ab initio Simulation Package (VASP) with the projector 
augmented wave (PAW) method [27,28]. The exchange-functional was 
treated using the generalized gradient approximation (GGA) of 
Perdew-Burke-Ernzerhof (PBE) functional [29]. DFT-D3 correction 
method was applied to calculate the van der Waals (vdW) interactions. 
The energy cutoff for the plane wave basis expansion was set to 450 eV 
and the force on each atom less than 0.02 eV/Å was set for convergence 
criterion of geometry relaxation. 6 × 6 supercell of graphene was con
structed. A 15 Å vacuum along z direction was employed for each model 
in order to avoid the interaction between periodic structures. The Bril
louin zone integration was performed using 2 × 2×1 k-point sampling 
through all the computational process. The self-consistent calculations 
applied a convergence energy threshold of 10− 4 eV. 

The free energies of the N2 reduction steps were calculated by the 
equation: ΔG = ΔEDFT + ΔEZPE − TΔS, where ΔEDFT is the DFT elec
tronic energy difference of each step, ΔEZPE and ΔS are the correction of 
zero-point energy and the variation of entropy, respectively, which are 
obtained by vibration analysis, T is the temperature (T =300 K) [30]. 

3. Results and discussion 

3.1. The fabrication of B/CNFs, P-B/CNFs and S-B/CNFs 

As proof-of-concept experiments, a series of boron, sulphur and 

phosphorus doped/co-doped carbon nanofibers with different boron/ 
sulphur/phosphorus contents were successfully designed and synthe
sized. The typical synthesis procedure of the as-synthesized materials is 
schematic illustrated in Fig. 1. The H3BO3 was firstly dissolved in 
polymer polyacrylonitrile solution to get homogeneous precursor solu
tion. Then, the PAN/H3BO3 nanofiber membrane was obtained through 
the electrospinning process. Through the graphitization process associ
ated with sulfur vapor or phosphorus vapor treatment, the PAN/H3BO3 
nanofibers membrane was converted to B-doped carbon nanofibers (B/ 
CNFs), S and B co-doped CNFs (S-B/CNFs), P and B co-doped CNFs (P-B/ 
CNFs), respectively. 

3.2. Structural characterization of B/CNFs, P-B/CNFs and S-B/CNFs 

The structure and morphology of the as-prepared materials were 
explored by field emission scanning electron microscope (FE-SEM) and 
transmission electron microscope (TEM). Fig. S1a shows the FE-SEM 
image of the as-synthesized B-doped CNFs with B contents of 8.09 at% 
and the chemical formula of B/CNFs can be inferred as B8.09/CNFs. The 
graphitization temperature is 900 ◦C. The B8.09/CNFs membrane ex
hibits a three-dimensional network consisted of randomly assembled 
nanofibers with average diameter of about 200 nm. The inset in Fig. S1a 
indicates that the contact angle of B8.09/CNFs is about 120◦, suggesting 
the hydrophilic surface. High magnification FE-SEM image (Fig. 2a) and 
TEM image (Fig. 2b) show that the sulphur and boron co-doped CNFs 
with S and B contents of 6.23 at% and 8.09 at% (S6.23-B8.09/CNFs) 
possesses a certain amount of small pores caused by the surface sulphur 
doping. High resolution TEM image of S6.23-B8.09/CNFs (inset in Fig. 2b) 
indicates the distinct graphitized carbon layers and the d spacing dis
tance of visible lattice fringe is 3.6 Å, corresponding to the (002) planes 
of carbon [31]. The morphology and structure of phosphorus and boron 
co-doped CNFs with P and B contents of 4.12 at% and 8.09 at% 
(P4.12-B8.09/CNFs) were shown in Fig. S1b. The P4.12-B8.09/CNFs also 
exhibits the 3D nanofiber networks, and the inset in Fig. S1b demon
strates the hydrophobic surface of P4.12-B8.09/CNFs with contact angle of 
112◦. Interestingly, after the S vapor treatment, the as-synthesized 
S6.23-B8.09/CNFs (Fig. S1c) exhibits hydrophilic surface, indicating the 
surface property transformation from hydrophobicity to hydrophilicity 
triggered by S doping. The results indicate that different doping ele
ments can change the surface property of B/CNFs. The hydrophilicity of 
S6.23-B8.09/CNFs is very important for the electrochemical nitrogen 
reduction reaction (NRR). During the NRR in 0.5 M K2SO4 electrolyte, 
compared with the hydrophobic surface, more potassium ions would 
absorb and aggregate on the hydrophilic electrode surface. The rela
tively high concentration of potassium ions on the electrode would 
strongly retard the migration of protons from the solution to the elec
trode surface, and therefore, suppress the competitive HER [32]. 

The high-angle annular dark field scanning transmission electron 
microscopy (HAADF-STEM) (Fig. 2c) and scanning transmission elec
tron microscopy energy dispersive X-ray spectroscopy (STEM-EDX) 
mapping (Fig. 2d–f) images of the S6.23-B8.09/CNFs hybrid demonstrate 
that the C, B and S elements are uniformly distributed throughout the 
whole CNFs, suggesting that the S and B were uniformly doped into the 
CNFs. Fig. 2g displays the electron energy loss spectrum (EELS) of S6.23- 
B8.09/CNFs. The fine structure characteristics of π* and σ* are clearly 
defined by the K edge, suggesting the well-graphitized sp2 bonded 
hexagonal network of CNFs [33]. The characteristics of π* for S-K and 
B-K have confirmed the S and B co-doping in CNFs. Through a systematic 
quantitative analysis of the chemical composition of the EELS spectrum, 
it was found that the doping content of B in CNFs was 8.09 at%, while 
the doping content of S was 6.23 at%. 

In order to reveal the composition and crystal structure of the pre
pared materials, X-Ray diffraction (XRD) patterns were obtained 
(Fig. 2h). Typical broad diffraction peaks are observed about 22◦ and 
44◦ for all samples, which are assigned to the (002) and (101) planes of 
graphitic carbon [34]. Compared with the B8.09/CNFs, the (002) 
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diffraction peaks of S6.23-B8.09/CNFs and P4.12-B8.09/CNFs have slight 
shifts to higher 2θ and the (101) diffraction peak of S6.23-B8.09/CNFs and 
P4.12-B8.09/CNFs display stronger intensities, indicating the relatively 
higher graphitization degree due to S, B or P, B co-doping [35]. 

X-ray photoelectron spectroscopy (XPS) was used to further char
acterize the chemical states and valence structures of B, S and P atoms in 
CNFs. All the binding energies (BEs) were calibrated by the C 1s peak at 
284.6 eV as reference. The high-resolution B 1s peaks of B8.09/CNFs, 
P4.12-B8.09/CNFs and S6.23-B8.09/CNFs are fitted into three peaks 
(Fig. 3a–c). The BE at 189.9 eV corresponds to the BC3 bonds, and the 
formation of BC3 structures represent the replacement of carbon atoms 
by boron atoms in the CNF framework [36]. The BEs at 191.2 and 192.3 
eV are ascribed to the BC2O and BCO2 bonds [37]. The formation of BC3, 
BC2O and BCO2 structures strongly demonstrate the substitution of B for 

C atoms at the edges or defects of graphitic carbon [38]. It has been 
reported that the BC3 structure in B doped carbon are the active sites for 
the electrocatalytic NRR [39]. Fig. S2 displays the proportions of BC3 
structures in S6.23-B8.09/CNFs, P4.12-B8.09/CNFs and B8.09/CNFs hybrids. 
The S6.23-B8.09/CNFs exhibits the highest proportion of BC3 structures 
(20 %) as compared to those of B8.09/CNFs (11 %) and P4.12-B8.09/CNFs 
(13 %), indicating that the S doping could induce the formation of BC3 
structures. High-resolution S 2p spectra of the S6.23-B8.09/CNFs are 
shown in Fig. 3d. The BEs of three characteristic peaks are located at 
163.6 eV, 164.9 eV and 168.0 eV, respectively. The two dominant peaks 
at 163.6 and 164.9 eV can be assigned to 2p3/2 and S 2p1/2 of S orbitals, 
suggesting that the S atoms only form double bond with C atoms (S––C 
bonds) [40]. The results strongly confirm the successful doping of S 
atoms into the carbon framework. 

Fig. 1. Schematic illustration of the S-B/CNFs hybrid material synthesis process.  

Fig. 2. (a) FE-SEM and (b) TEM image of S6.23-B8.09/CNFs hybrid and the inset shows the HRTEM image of S6.23-B8.09/CNFs hybrid. (c-f) HAADF-STEM and STEM- 
EDX mapping images of S6.23-B8.09/CNFs hybrid. (g) A typical STEM-EELS spectrum taken from S6.23-B8.09/CNFs hybrid. (h) XRD patterns of B8.09/CNFs, P4.12-B8.09/ 
CNFs and S6.23-B8.09/CNFs hybrids. 
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Raman spectroscopy was also used to investigate the chemical 
structures of the samples (Fig. 3e). The characteristic peaks at 1350 and 
1590 cm− 1 correspond to the D and G peaks of the hybrid material, 
respectively. The ratios of ID and IG of P4.12-B8.09/CNFs, B8.09/CNFs and 
S6.23-B8.09/CNFs were calculated as 1.0, 1.1 and 0.9 respectively, sug
gesting that the S6.23-B8.09/CNFs displays more defect carbon structures 
due to the substitution of S and B atoms into carbon matrix. Besides the 
BC3 structures, these defects in S6.23-B8.09/CNFs hybrid could also 
become the new active sites, thereby enhancing the NRR intrinsic ac
tivity. The temperature-programmed desorption (TPD) test was used to 
investigate the ability of as-prepared samples to adsorb N2 molecule. As 
shown in Fig. 3f, the peaks at about 140 ◦C correspond to the physical 
adsorption of N2 molecule, and the peaks at about 510 ◦C attribute to the 
chemical adsorption of N2 molecule [41]. It can be seen that the N2 
absorbed on B8.09/CNFs are mainly physical adsorption. After the S, B 
and P, B co-doping, the P4.12-B8.09/CNFs and S6.23-B8.09/CNFs hybrids 
display the significantly enhanced chemical adsorption of N2 molecule, 
indicating that the secondary doping by S and P could improve the 
chemical absorption ability for N2 on B/CNFs surfaces. The TPD results 
indicate that the S6.23-B8.09/CNFs has the strongest chemisorption abil
ity of N2 molecule, suggesting the highest activity for NRR. 

3.3. Electrochemical evaluation of B/CNFs, P-B/CNFs and S-B/CNFs for 
NRR 

The electrochemical NRR activity of all the as-prepared samples was 
performed in N2-saturated 0.5 M K2SO4 solution using an H-type elec
trochemical cell (Fig. 4a). The photograph of H-type electrochemical 
setup was shown in Fig. S3. The Ag/AgCl reference electrode was placed 
in the cathode chamber. The platinum wire used as counter electrode 
was placed in the anode chamber. Before the performance test, the N2 
pretreated with acid solution was blown into the cathode chamber. The 
Faraday efficiency (FE) and ammonia yield were calculated from the 
ultraviolet-visible spectrum. The polarization curves of B8.09/CNFs, 
P4.12-B8.09/CNFs and S6.23-B8.09/CNFs hybrids were obtained in N2 
saturated electrolytes (Fig. S4). The as synthesized samples exhibit 
different current densities with potential ranged from -0.6 V ~ -0.8 V vs 
RHE, indicative of a N2 reduction event. In addition, the potential below 
-0.8 V vs RHE is a favorable area for HER. Among all the samples, the 
S6.23-B8.09/CNFs exhibits the best NRR activity than the B8.09/CNFs and 
P4.12-B8.09/CNFs hybrids. 

In order to investigate the effects of B, S, and P doping in CNFs on the 
NRR activity, we firstly designed a series of B/CNFs with different B 

Fig. 3. B 1 s XPS spectra of (a) B8.09/CNFs, (b) P4.12-B8.09/CNFs and (c) S6.23-B8.09/CNFs hybrids. (d) S 2p XPS spectra of S6.23-B8.09/CNFs hybrid. (e) Raman spectra 
of B8.09/CNFs, P4.12-B8.09/CNFs and S6.23-B8.09/CNFs hybrids. (f) N2 TPD curves of B8.09/CNFs, P4.12-B8.09/CNFs and S6.23-B8.09/CNFs hybrids. 
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contents and the surface atomic ratios were measured by the energy 
dispersive X-ray spectra (EDS). The atomic ratios of B in CNFs are 3.10, 
4.84, 6.87, 8.09 and 9.09 at%, respectively and the chemical formula 
can be inferred as B3.10/CNFs, B4.84/CNFs, B6.87/CNFs, B8.09/CNFs and 
B9.09/CNFs, respectively. In addition, the pure CNFs exhibit negligible 
NRR activity, indicating that the carbon did not have the intrinsic ac
tivity for NRR without B doping (Fig. S5). Fig. S6a shows the UV–vis 
absorption spectra of different B/CNFs with various B contents in CNFs. 
Under increased work potentials and current density outputs, the B8.09/ 
CNFs obtains the highest Faradaic efficiency (FE) for NH3 of 9.7 % and 
NH3 yields of 0.097 μmol h− 1 cm-2 at -0.7 V vs RHE in 0.5 M K2SO4 
electrolyte, respectively (Fig. S6b). Interestingly, the FE and NH3 yield 
change with the different B contents in CNFs. The FE and NH3 yield 
increase with the increased B contents from 3.10 to 8.09 at%. However, 
the B9.09/CNFs with highest B content of 9.09 at% exhibits a significant 
decrease in FE and NH3 yield when compared with B8.09/CNFs. It is 
because that the NRR is surface reaction and the BC3 structures on the 
surfaces of B/CNFs are mainly the active sites, involving in the NRR. 
Meanwhile, the B elements are uniformly distributed throughout the 
whole CNFs and BC3 in the inner of CNFs cannot be the active sites for 
NRR. Therefore, the 8.09 at% is the ideal B contents in B8.09/CNFs for 
NRR. 

The influences of graphitization temperature on the NRR activity 
were also investigated. The UV–vis absorption spectra of B/CNFs pre
pared at different graphitization temperatures from 800 to 1000 ◦C were 
shown in the Fig. S7a. The B8.09/CNFs prepared at 800, 900 and 1000 ◦C 
display quite different absorption spectra. As shown in Fig. S7b, after the 
continuous NRR electrolysis for 2 h, the B8.09/CNFs-900 obtains the 
highest FE of 9.7 % for NH3 and the NH3 yield of 0.097 μmol h− 1 cm-2 at 
-0.7 V vs RHE in 0.5 M K2SO4 electrolyte. The B contents of the B/CNFs 
prepared at 800, 900 and 1000 ◦C are 5.04, 8.09 and 6.52 at%, 
respectively. The variation trends of B content change caused by the 
graphitization temperature are according with the trends of NRR ac
tivity. The various graphitization temperatures lead to the changing of B 
contents in B/CNFs and meanwhile influence the NRR activity. The 
preparations of P-B/CNFs and S-B/CNFs hybrids were performed at the 
optimal graphitization temperature of 900 ◦C to insure the ideal B 

content. 
In order to show the effects of doping with secondary elements on the 

NRR activity of B/CNFs, we have designed a series of P-B/CNFs and S-B/ 
CNFs hybrids prepared at 900 ◦C. The UV–vis spectra of a series of P-B/ 
CNFs with different P contents are shown in Fig. S8a. The P4.12-B8.09/ 
CNFs obtains the strongest absorption intensity. After the continuous 
NRR electrolysis for 2 h, Fig. S8b shows that the P4.12-B8.09/CNFs ac
quires the highest FE of 13.2 % for NH3 and ammonia yield of 0.132 
μmol h− 1 cm-2 at -0.7 V vs RHE in 0.5 M K2SO4 electrolyte. The results 
indicate that the P-B/CNFs with P contents of 4.12 at% and B content of 
8.09 at% exhibit the highest NRR activity. 

Similarly, the S contents of S-B/CNFs hybrids also influence the NRR 
activity. The UV–vis spectra of S-B/CNFs prepared at different S contents 
are shown in Fig. S9a. The S6.23-B8.09/CNFs exhibits the highest FE of 
22.4 % for NH3 and ammonia yield of 0.223 μmol h− 1 cm-2 at -0.7 V vs 
RHE in 0.5 M K2SO4 electrolyte (Fig. S9b). The results indicate that with 
the ideal B content in CNFs, the contents of the secondary P or S ele
ments have significant influences on the NRR activity. In comparison, 
the S6.23-B8.09/CNFs exhibits the higher FE and ammonia yield than 
P4.12-B8.09/CNFs. 

The chronoamperometry curves of S6.23-B8.09/CNFs obtained at 
various potentials are shown in Fig. 4b. The current density keeps stable 
in 2 h and high potentials lead to the increasing in the current densities. 
The electrolyte after continuous electrolysis for 2 h was characterized via 
the UV–vis spectroscopy by colorimetry. The UV–vis absorbance curve 
spectra of S6.23-B8.09/CNFs performed at various potentials are shown in 
Fig. 4c. Under increased work potential, the S6.23-B8.09/CNFs obtains the 
highest FE of about 22.4 % and ammonia yield of about 0.223 μmol h− 1 

cm-2 at -0.7 V vs RHE in 0.5 M K2SO4 electrolyte (Fig. 4d), which is 
highly comparable to that of reported state-of-the-art NRR electro
catalysts (Table S1, Supporting Information). The contents of by-product 
N2H4 were determined by the Watt-Christo method. Fig. S10 shows the 
UV–vis absorption spectra of the electrolyte mixed with p-C9H11NO in
dicator after NRR electrolysis at various potentials. Figs. S11-12 shows 
the UV-vis absorption spectra of the various NH4

+ions and various N2H4 
concentration. The absence of N2H4 indicates that the NRR reaction on 
S6.23-B8.09/CNFs shows a good selectivity for NH3 synthesis. 

Fig. 4. (a) Schematic diagram of the electrochemical cell used for NRR. (b) Chronoamperometry curves of of S6.23-B8.09/CNFs at various potentials for 2 h in N2- 
saturated 0.5 M K2SO4. (c) The UV–vis absorbance spectra of ammonia production for S6.23-B8.09/CNFs at various potentials in N2-saturated 0.5 M K2SO4. (d) The 
Faradaic efficiency and the corresponding NH3 yield for S6.23-B8.09/CNFs at various potentials in N2-saturated 0.5 M K2SO4. 
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Furthermore, the stability is vital for practical application. Fig. 5a 
displays the continuous 10-time cycles of S6.23-B8.09/CNFs for NRR 
performed at -0.7 V vs RHE in 0.5 M K2SO4 electrolyte. The FE for NH3 
and the NH3 yield both keep stable during the continuous 10-time cy
cles. There was no obvious reduction in the FE and NH3 yield, which 
indicate the excellent repeatability of S6.23-B8.09/CNFs. To further 
confirm the durability of S6.23-B8.09/CNFs hybrid, the long-term time 
dependent current density curves for continuous NRR electrolysis was 
obtained (Fig. 5b). There is negligible decrease in the current density 
during the continuous NRR electrolysis for 10 h. Fig. S13a and b showed 
the FE-SEM, TEM and HRTEM images of the S6.23-B8.09/CNFs after 10 h 
electrochemical stability test, suggesting that the morphology of the 
one-dimensional fibers remained the same when compared with the 
pristine catalyst. In addition, there were no obvious changes in the B 1 s 
XPS spectra after the NRR (Fig. S13c). The BC3 structure still existed in 
the S6.23-B8.09/CNFs. High-resolution S 2p spectrum of the S6.23-B8.09/ 
CNFs was shown in Fig. S13d after 10 h electrochemical stability test, 
and the results suggested that the S atoms were firmly embedded in the 
carbon framework. Therefore, the excellent morphology and chemical 
states of S6.23-B8.09/CNFs after long-term NRR tests demonstrated the 
superior stability. Meanwhile, to reveal the importance of nitrogen 
molecules evolved in the NRR process, the electrochemical NRR tests 
were performed at -0.7 V vs RHE by alternating the N2-saturated and Ar- 
saturated electrolytes (Fig. 5c). It is shown that the NH3 only produced 
when the N2 involved in the electrolyte. Otherwise, under the Ar con
dition, there is almost no NH3 produced and detected in the electrolyte. 
In order to confirm the N source of NH3 production, the UV–vis spec
troscopies of the original K2SO4 solution, the N2-saturated and Ar- 
saturated K2SO4 solutions were collected at -0.7 V, and the UV–vis 

spectroscopies of N2-saturated K2SO4 solution was collected at open 
circuit potential. As shown in Fig. 5e, NH3 is only obviously generated at 
-0.7 V vs RHE in N2-saturated K2SO4 solution. The FE and NH3 yield of 
S6.23-B8.09/CNFs are 22.4 % and 0.023 μmol h− 1 cm-2 (Fig. 5d), 
respectively. The Ar-saturated K2SO4 solution performed at a -0.7 V and 
the N2-saturated electrolyte performed at open circuit voltage both 
display negligible NH3 yields. In addition, to further confirm the source 
of ammonia, 15N isotope labelling experiments were used to exhibit that 
the ammonia product in the electrolyte was completely originated from 
the feeding N2. As shown in Fig. 5f, the 14N2-saturated K2SO4 solution 
performed at -0.7 V vs RHE exhibits a triplet coupling (52 Hz) for 14NH4

+. 
After NRR electrolysis using 15N2 as feeding gas, a doublet pattern with 
the coupling constant of JN-H =72 Hz was detected, corresponded to 
15NH4

+ in the acidic solution. The above results indicate that the detected 
NH3 products are originated from the N2 through the NRR process 
catalyzed by S6.23-B8.09/CNFs hybrid. 

The electrochemical NRR results indicate that with the secondary 
element co-doping, the S-B/CNFs and P-B/CNFs both exhibit enhanced 
NRR activity. In addition, the doping contents of S, P and B in CNFs play 
an important role in improving the FE and NH3 yield. Among the series 
of designed electrocatalysts, the S6.23-B8.09/CNFs with S and B contens of 
6.23 and 8.09 at% shows the highest NRR activity with a NH3 yield of 
0.223 μmol h− 1 cm-2 and a Faradaic efficiency of 22.4 %, suggesting that 
the NRR activity can be easily adjusted. 

3.4. Theory-guided calculations 

In order to investigate the reaction pathways and the mechanism of 
the excellent NRR activity on S6.23-B8.09/CNFs hybrid, the density 

Fig. 5. (a) The NH3 yield and the correspond
ing FE for NH3 of S6.23-B8.09/CNFs obtained at 
-0.7 V vs RHE during 10-time cycles for NRR in 
N2-saturated 0.5 M K2SO4. (b) Time-dependent 
current density curve of S6.23-B8.09/CNFs per
formed at -0.7 V vs RHE for 10 h in N2-saturated 
0.5 M K2SO4. (c) The FE and the corresponding 
NH3 yield of S6.23-B8.09/CNFs performed at -0.7 
V vs RHE by alternating Ar-saturated and N2- 
saturated 0.5 M K2SO4. (d) The FE and the 
corresponding NH3 yield of S6.23-B8.09/CNFs 
obtained at -0.7 V vs RHE in N2-saturated 0.5 M 
K2SO4, 0.5 M K2SO4 (BE) and Ar-saturated 0.5 
M K2SO4, and at open circuit (OC) in N2-satu
rated 0.5 M K2SO4. (e) UV–vis absorption 
spectra of under N2-saturated 0.5 M K2SO4, 0.5 
M K2SO4 (BE) and Ar-saturated 0.5 M K2SO4, 
and at open circuit (OC) in N2-saturated 0.5 M 
K2SO4 of S6.23-B8.09/CNFs hybrid. (f) The 1H 
NMR spectra of obtained at -0.7 V vs RHE in 0.5 
M K2SO4 of S6.23-B8.09/CNFs hybrid using 14N2 
or 15N2 as the nitrogen source.   
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functional theory (DFT) calculations were used to explore the p-band 
center of B and map out the energy profile of NRR on S6.23-B8.09/CNFs. 
The above XPS results in Fig. 2 demonstrate that in the chemical 
structures of S6.23-B8.09/CNFs, the S can only form double bond with C, 
and therefore, the S atom can be only formed at the edge of carbon 
framework. According to the literatures, the BC3 structures in B-doped 
carbon materials are the main active sites for NRR. In this work, the 
introduce of S atoms into B doped carbon structures would lead to the 
localized electron distribution and charge transformation, which are the 
key factors in determining the NRR activity [42]. As shown in Fig. 6a, 
based on the experimental data, we constructed three kinds of S, B 
co-doping carbon framework with different B atom positions for calcu
lation and simulation. Due to the different position of B atoms, the ob
tained models are correspondingly named as B/CNFs, 1-S-B/CNFs, 
2-S-B/CNFs and 3-S-B/CNFs (Figs. S14− 17). 

The B-based metal-free catalysts usually follow the proton-electron 
coupling remote association pathway [43]. The adsorption of N2 on 
the active center is a vital step and the first step of hydrogenation is 
considered to be the rate-determining step in this pathway [44]. 
Therefore, We propose an associative pathway of S-B/CNFs, in which 
N2→*NN and *NN→*NNH are the two main rate-determining steps. We 
firstly compared the adsorption energies of N2 molecule on these four 
models. As shown in Fig. 6b, the strong N2 fixation capacity makes the 
2-S-B/CNFs easily tended to activate N2 into *N2 intermediates with 
energy barrier as low as 0.18 eV. In comparison, as shown in 
Figs. S18− 20, the B/CNFs, 1-S-B/CNFs and 3-S-B/CNFs require higher 
N2 adsorption energy barriers of 0.41, 0.30 and 0.41 eV, respectively, 
suggesting the weaker adsorptions of N2 molecules. The results indicate 
that introduce of S atoms into BC3 structures make parts of the BC3 more 
active for absorbing N2 molecules with a lower energy barrier (0.18 eV) 
when compared with the pure BC3 sites (0.41 eV). In addition, due to the 
higher electronegativity (2.58) than C (2.55) and B (2.04), the S atoms 
can be used as electron donors source to enhance the adsorption of N2 on 
S-C-B sites, leading to more stable B-N2 interactions and enhanced NRR 
intrinsic activity [45]. 

In addition, the formation energy of the adsorbed intermediate 
*NNH is the central rate-determining step in NRR [46]. The formation 
energy for *NNH on 2-S-B/CNFs is 2.07 eV (Fig. 6b). Figs. S18− 20 

indicate that the formation energy for *NNH on B/CNFs, 1-S-B/CNFs 
and 3-S-B/CNFs are 2.30, 2.31 and 2.35 eV, respectively, suggesting 
that 2-S-B/CNFs shows the lowest energy barrier for the generation of 
*NNH intermediates. Herein, comparing the free energy of each inter
mediate products (*NNH2, *N, *NH, *NH2 and *NH3) in the NRR 
pathway, the relatively low energy barrier in the rate-determining steps 
on the S-C-B active sites predicts that S6.23-B8.09/CNFs is an excellent 
catalyst toward NRR. Moreover, according to the p-band center theory, 
the catalytic active of non-metal elements are related to the central 
position of the pz orbital [47]. Therefore, as shown in the Fig. 6c, we 
have also plotted the proposed partial density of states of B atoms in 
2-S-B/CNFs model. The pz orbital center position of B in 2-S-B/CNFs 
located at -4.36 eV. Figs. S21− 23 show the pz orbital center positions 
of B in B/CNFs (-3.22 eV), 1-S-B/CNFs (-4.26 eV) and 3-S-B/CNFs (-4.21 
eV). The results demonstrate that the pz orbital center position of B in 
2-S-B/CNFs (-4.36 eV) moves to high energy which is far from the Fermi 
level (0 eV). In addition, to understand the effects of S, B dopants in 
CNFs on the HER activity, the Gibbs free energy of hydrogen adsorption 
were also calculated (Fig. S24). It reveals that the B active sites of 
B/CNFs and 2-S-B/CNFs models have similar hydrogen adsorption 
capability (1.14 vs 1.13 eV). However, the S active sites of 2-S-B/CNFs 
model possess weaker hydrogen adsorption capability (1.95 eV). 
Therefore, the introduction of S sites in 2-S-B/CNFs models would 
inhibit the HER, suggesting that the S, B co-doped CNFs exhibit 
enhanced NRR performance. Through the above reaction pathways and 
free energy analysis, the 2-S-B/CNFs model possesses the ideal NRR 
performance. The DFT simulation results match well with the experi
mental data. The doping of S atoms into BC3 structures not only reduce 
the energy barriers for rate-determining steps for NRR, but also make the 
center of the pz orbital of B moved to high energy and are far away from 
the Fermi level, leading to the superior NRR intrinsic activity. 

4. Conclusion 

In summary, we employed CNFs as host and nanoreactor to synthe
size a series of boron, sulphur or boron, sulphur co-doped carbon ma
terials and the B, S and P contents in CNFs can be controlled well. The 
well-defined S6.23-B8.09/CNFs displayed outstanding NRR performance 

Fig. 6. (a) The model of S, B co-doped CNFs 
with different B atom positions. (b) Calculated 
free energy profiles (ΔG) for NRR reaction 
pathway on 2-S-B/CNFs structure. The struc
tures of reaction intermediates are shown next 
to their energy segments. (c) Local Density of 
states (LDOS) plots of B atoms in 2-S-B/CNFs 
hybrid system. The colored solid lines show 
the projected DOS from s, px, py and pz orbitals, 
respectively. The red dashed lines and the 
numbers next to them indicate the B pz band 
centers for system.   
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with high NH3 yield of 0.223 μmol h− 1 cm-2 and Faradaic efficiency of 
22.4 % at − 0.7 V versus reversible hydrogen electrode in 0.5 M K2SO4, 
which is superior to those of B8.09/CNFs and P4.12-B8.09/CNFs hybrids. 
We revealed that the heteroatom-doping of S atoms induced changing of 
center position of the pz orbital of B facilitates the adsorption of N2 on S- 
C-B sites and reduces the energy barriers for rate-determining step of the 
first protonation to form *NNH. The combined computational and 
experimental work uncovers the relationship between the p-band center 
of heteroatom doped carbon catalysts and NRR activity and paves a way 
for their future application. 
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