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A B S T R A C T   

Photoelectrochemical (PEC) nitrogen reduction reaction (NRR), which produces ammonia under ambient con-
ditions by combining the merits of electrocatalysis and photocatalysis, represents an attractive prospect for ni-
trogen fixation. Limited by the choice of suitable p-type semiconductor, PEC nitrogen fixation should be 
preferentially achieved by cathodic NRR integrated with photoanode rather than direct photocathodic NRR. 
Even in such an approach, it still remains elusive how to design catalytically active sites on the dark cathode 
toward high activity and selectivity in PEC NRR. Herein, we report a new strategy for tailoring cathodic bismuth 
(Bi) sites with boron (B) doping and rolling curvature. The B doping in Bi matrix greatly reduces the energy 
barrier of the potential-determining step of N2 → *NNH in NRR while the high curvature surface on nanorolls 
facilitates the adsorption of N2. The integration of B doping and rolling curvature in a single cathodic catalyst 
boosts PEC NRR performance when combined with TiO2 nanorods array as photoanode to harvest light and 
provide photo-generated electrons. Such a PEC system offers an ammonia yield rate of 29.2 mgNH3 gcat.

− 1 h− 1 and 
Faradaic efficiency of 8.3 % at a bias of 0.48 V versus RHE in nitrogen fixation. This work provides a guideline for 
the rational design of highly active and selective metallic catalyst in PEC NRR.   

1. Introduction 

Chemical reduction of molecular nitrogen (N2) to produce ammonia 
(NH3) represents an extremely important industrial catalytic process as 
NH3 is the raw material for chemical fertilizer and N-containing chem-
icals [1–3]. NH3 is also regarded as the promising liquid hydrogen 
storage carrier which contains 17.6 wt.% hydrogen [4]. Traditional in-
dustrial ammonia synthesis is accomplished through the Haber-Bosch 
process that usually employs iron-based catalysts to transform N2 and 
H2 into NH3 under harsh conditions (i.e., 10− 30 MPa and 400− 600 ◦C) 
[5]. Due to huge consumption of fertilizer in agriculture and N-con-
taining intermediates in medicine and polymer materials, nitrogen fix-
ation reaction consumes 1–2 % of global energy supply as well as leads 
to severe CO2 emission [6,7]. Alternatively, photocatalytic and/or 

electrochemical nitrogen fixation appear to be an environmentally 
friendly process. More importantly, H atoms are directly extracted from 
proton-containing solvent (e.g., H2O) to avoid the use of molecule 
hydrogen, greatly reducing energy input and improving safety. 

Photocatalytic NRR can directly couple solar energy into ammonia 
synthesis; however, it suffers from the low energy density of solar energy 
and awful recombination of photo-generated electrons/holes pairs, 
resulting in low ammonia yield rate [8–10]. In contrast to photocatalytic 
nitrogen fixation, electrochemical NRR usually demonstrates higher 
NH3 production rate but the driving force is electricity – a kind of sec-
ondary energy [11–13]. Photoelectrochemical system that combines the 
advantages of electrocatalysis and photocatalysis seems to be an ideal 
way to achieve nitrogen fixation in terms of energy and activity. How-
ever, lack of suitable p-type semiconductor as well as its fair stability 
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largely limit the application of direct photocathodic NRR [14,15]. A 
promising substitution to direct photocathodic reaction system is to 
employ an efficient catalyst as cathode for electrochemical NRR com-
bined with a photoanode for light harvesting and providing 
photo-generated electrons. Even so, it still remains a key bottleneck in 
developing highly active and selective nitrogen fixation catalysts. 
Various strategies have been put forward in the design of nitrogen fix-
ation catalysts, among which doping heteroatoms is an effective 
approach. Typically, the dopants act as active centers to strengthen the 
adsorption and activation of N2 [16,17]. Beyond that, the heteroatoms 
can also tune the electronic structure of the host matrix to boost NRR 
performance [18,19]. Leveraging the findings, we anticipate that the 
NRR performance can be further enhanced by adding another tuning 
knob – curvature surface. As demonstrated in reduction reactions of 
other small molecules (e.g., CO2), the construction of high curvature 
surface can enhance the local electromagnetic field and alter the 
adsorption of ionic species [20,21]. 

Herein, we put forward an efficient approach that integrates B 
doping with high curvature structure on Bi catalyst toward enhanced 
PEC NRR. In our synthesis, layered BiOBr nanosheets were converted to 
Bi nanorolls through a reduction process using sodium borohydride 
(NaBH4) as reductant while boron doping was simultaneously accom-
plished in Bi matrix. The B-doped Bi nanorolls (BDB NR) catalyst was 
employed as cathode in PEC NRR, and in the meantime, TiO2 nanorods 
array grown on fluorine-doped tin oxide (FTO) plate was used as pho-
toanode for harvesting light and providing photo-generated electrons. In 
such a PEC system, the BDB NR catalyst displays excellent NRR per-
formance with NH3 yield rate of 29.2 mgNH3 gcat.

− 1 h− 1 and Faradaic ef-
ficiency of 8.3 % at a bias of 0.48 V (V vs. RHE), well exceeding pure Bi 
nanotubes (10.6 mgNH3 gcat.

− 1 h− 1) and nanosheets (9.1 mgNH3 gcat.
− 1 h− 1). A 

combination of various characterization techniques and theoretical 
simulations reveal that B doping and high curvature can really enhance 
the key steps in NRR. This work provides a promising approach to 
boosting nitrogen fixation performance from the angle of tailoring 
catalytically active sites. 

2. Experimental section 

2.1. Synthesis of B-doped Bi nanorolls 

0.1 g BiOBr nanosheet powder was dispersed in 40 mL ice water and 
ultrasonic treatment for 10 min. Then NaBH4 (2.6 mL, 1 M) solution was 
dropwise added into the above solution and maintained with ultrasound 
for 30 min. Subsequently, the product was separated with centrifugation 
and washed one time with water. The black solid was redispersed in 
cetyltrimethyl ammonium bromide (CTAB) solution (2 wt.%) with ul-
trasound for 5 min. The final product was separated by centrifugation 
and washed with water and ethanol five times, respectively, and dried at 
60 ◦C under vacuum. 

2.2. Photoelectrochemical measurements 

The catalysts were thoroughly washed with water and ethanol ten 
times, respectively. 1 mg Bi nanocrystals and 4 mg carbon black were 
dispersed in 1 mL water/isopropanol (V/V = 3:1) mixture with 50 μL 
Nafion. Then the catalyst ink was dispersed onto a glassy carbon (GC) 
electrode as the cathode. The diameter of the GC is 5 mm, and a geo-
metric area is 0.19625 cm2. Before the deposition of catalysts, the 
electrode was polished with emery paper of decreasing grades and then 
with Al2O3 powders. Subsequently, the electrode was thoroughly rinsed 
with deionized water and ethanol three times, respectively. To prepare 
the cathode, 10 μL catalyst ink was transferred to the glassy carbon 
electrode. The loading amount of Bi was kept as 10 μg for all samples. A 
Hg/Hg2SO4 electrode and TiO2 nanorods array with 1 × 2.5 cm were 
used as the reference electrode and photoanode, respectively. 

For the PEC NRR measurement, fresh 0.05 M H2SO4 solution was 

prepared by bubbling with N2 gas flow for 30 min. The PEC NRR 
reduction was triggered by irradiating TiO2 nanorods array with a 300 
W Xe lamp under full spectrum with light intensity of 100 mW cm− 2 and 
a bias of +0.48 V (V vs. RHE) under a continuous N2 flow for 5 h. All 
electrochemical tests were performed on a CHI 660E electrochemical 
station (Shanghai Chenhua, China) at 25 ◦C. The concentration of 
product was detected using ion chromatograph (IC, ICS-5000+, CS17, 
Dionex). 

2.3. Theoretical calculations 

In this work, all the computations were employed by the spin- 
polarized DFT, using Vienna Ab-initio Simulation Package (VASP) 
with projector augmented wave (PAW) pseudopotential [22,23]. The 
electronic exchange-correlation functional was adopted in the revised 
Perdew-Burke-Ernzerhof (RPBE) generalized gradient approximation 
(GGA). GGA + D3 corrections were also considered about the adsorption 
of intermediates in the electrochemical nitrogen reduction reaction 
(ENRR) [24,25]. The kinetic energy cutoff with plane wave basis set was 
400 eV. Bi (012) surface was built with 2 × 2 four-layer supercell which 
the bottom layer was fixed in the bulk. The vacuum layer thickness was 
about 15 Å. First Brillouin Zone integration was used 5 × 5×1 and 7 ×
7×1 k-point sampling grid for the geometrical optimizations and static 
computations, respectively. Each structure was relaxed until the total 
energy and residual force convergence criterion was less than 10− 5 eV 
and 0.02 eV/Å, respectively. Bader charge analysis was further simu-
lated the charge transfer between Bi and B, and Bi and adsorbed NNH 
(*NNH) [26]. Bonding analysis was implemented with the LOBSTER 
program (Local Orbitals Basis Suite Towards Electronic-Structure 
Reconstruction) [27–29]. 

According to the previous work on the Bi-based materials [30], the 
elementary steps of ENRR was in the light of associative distal pathway 
as follows:  

N2 + H+ + e− + * → *NNH                                                            (1)  

*NNH + H+ + e− + * → *NNH2                                                     (2)  

*NNH2 + H+ + e- + * → *N + NH3                                                (3)  

*N + H+ + e− + * → *NH                                                              (4)  

*NH + H+ + e− + * → *NH2                                                          (5)  

*NH2 + H+ + e− + * → NH3 + *                                                    (6) 

The Gibbs free energy changes of elementary steps were calculated 
by computational hydrogen electrode (CHE) model proposed by 
Nørskov et al. [31]. For each step, the Gibbs free energy change 
ΔG=ΔE+ΔH+ΔZPE-TΔS, where ΔE is the total energy change by DFT 
calculation, ΔH, ΔZPE and ΔS are the integrated heat capacity change, 
zero point vibrational energy change, and entropy change, respectively 
[32]. The corresponding values of gas species, such as, H2, N2, and NH3 
molecule, were taken from NIST databases. For adsorbed intermediates, 
the above values were calculated using vibrational frequencies on the 
strength of harmonic approximation. 

3. Results and discussion 

3.1. Theoretical prediction 

Previous reports have revealed that B doping in host matrix can 
facilitate the reduction reactions of small molecules such as CO2 and N2 
[16,19,33–35]. In order to predict the impact of B doping in Bi matrix on 
the activation of N2, density functional theory (DFT) studies were 
employed. The most thermodynamically stable configurations for Bi-1B 
(012), Bi-2B (012), Bi-3B (012) slab were first established to simulate 
different amounts of B doping (Figs. S1-S3, Tables S1-S3). Theoretical 
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simulation results show that all B dopants are mainly located on the 
subsurface of Bi (012) slab [36]. Typically, there are two main pathways 
for the associative nitrogen reduction mechanisms (i.e., the distal and 
alternative pathways), among which the distal pathway in NRR is more 
favorable on Bi catalyst [31,37]. The Gibbs free energy change (ΔG) for 
the potential-determining step (PDS) of N2 → *NNH determines the 
entire NRR performance, where the * indicates an active site on the 
catalyst surface. We then investigated energy variations of PDS on the 
most stable Bi-xB (012) (x = 0, 1, 2, 3). As shown in Fig. 1A, the PDS on 
Bi-2B (012) requires minimum energy input to overcome the energy 
barrier, indicating that 2B dopant may be optimal for NRR. This 
conclusion can be further confirmed by the shortest Bi-N and longest 
N–N bond lengths for *NNH on Bi-2B (012) facet (Fig. 1A, Table S4). 
The result implies that NRR performance may be boosted with the in-
crease of B dopants in Bi catalyst. 

To elucidate the role of B dopants, we employed Bader charge 
analysis to examine the system. It reveals that the implanting of B atom 
further augments the polarization effect of Bi (012) surface as Bi donates 
electrons to the adjacent B, generating positively charged Bi oxidation 
state (Biδ+), as shown in Table S5 [38,39]. The involvement of B dopant 
in the subsurface not only acquires the changes in the oxidation state of 
Bi by virtue of the interaction between Bi and B atoms, but also leads to 

surface geometrical changes by extruding Bi atom. Moreover, partial 
charge density plot (Figs. 1B, S4) substantiates obvious orbital distri-
butions on Bi atom adjacent to B dopant relative to that in pure Bi (012). 
It suggests that the Bi atom close to the B dopant can act as an active 
center of NRR, and in the meantime, the electron accumulation on Bi 
may also facilitate more electrons entering the anti-bonding orbital of 
*NNH and promote the elongation of N–N bond length of *NNH species 
[40]. This conclusion is further verified by Bader charges for *NNH 
species. As revealed in Table S6, electrons are transferred from Bi atom 
to *NNH species for all Bi-xB (x = 1, 2, 3) facets in contrast to pure Bi 
(012) facet. Notably, the Bader charges on B sites are almost unchanged, 
suggesting that the transferred electrons mainly come from Bi atoms 
(Table S6). 

We further queried the projected density of states (pDOS) of Bi 6p 
and N 2p to investigate the electronic properties of B-doped Bi. When 
boron is doped into bismuth matrix, Bi 6p and N 2p exhibit more obvious 
overlap around the Fermi level, compared with pure bismuth slab 
(Fig. 1C, D). As the amount of boron dopant is promoted from 1B to 2B 
and 3B, the overlap among the binding states also increase and reach the 
maximum at Bi-2B (012) site (Fig. S5). The pDOS results indicate that 
NRR performance for B-doped Bi catalyst is closely related to the con-
centration of B dopant. The stronger bonding between *NNH and Bi can 

Fig. 1. (A) The changes of bond length (LBi-N, LN-N) and the formation Gibbs free energy (*NNH) with the amount of boron dopant. (B) Partial charge density around 
Fermi level 0.1 eV of Bi-2B (012) facet. The isosurface value of yellow contour is 0.0005 e/bohr3. Bi and B atoms are represented by purple and pink balls, 
respectively. Projected density of states (pDOS) and projected crystal orbital Hamilton populations (pCOHP) for the N atoms of *NNH directly bonded to Bi atom on 
pure Bi (012) (C) and Bi-2B (012) (D) facts, respectively. The horizontal dashed line represents the Fermi level. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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be further revealed by projected crystal orbital Hamilton populations 
(pCOHP) analyses. As shown in Fig. S5, the integrated pCOHP values up 
to the Fermi level for Bi–xB–Nads are -0.21, -0.93, -1.43 and -1.30 for 
Bi–0B, Bi–1B, Bi–2B and Bi–3B sites, respectively. The more negative 
value of integrated pCOHP indicates stronger bonding between Bi and 
*NNH, suggesting lower free-energy change of PDS. From the foregoing 
calculation results, we can draw two important conclusions: i) boron 
doping in bismuth can really tune the electronic structure of Bi matrix 
and reduce the ΔG of PDS; ii) an appropriate amount of boron dopant is 
critical for the final NRR performance. 

3.2. Catalyst design, synthesis, and characterization 

The calculation results revealed that B dopant should be mainly 
located on the subsurface of Bi nanocrystals. Under the guidance of 
calculation, we aim to synthesize B-doped Bi catalyst by selecting 
layered BiOBr nanosheets as the precursor. We expect to obtain ultrathin 
Bi nanosheets and thus achieve more boron doping (Fig. S6). Strong 
reductant of sodium borohydride (NaBH4) was employed for the 
reduction of BiOBr to Bi nanocrystals and boron doping simultaneously 
(Fig. 2A). As expected, layered BiOBr was reduced to metallic Bi nano-
structures as confirmed by powder X-ray diffraction (XRD) pattern. 
Fig. 2B shows that all the diffraction peaks are well indexed to hexagonal 
Bi (JCPDS no. 44-1246), suggesting that the layered BiOBr was suc-
cessfully converted to metallic Bi nanocrystals. In order to further 
examine the morphology, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) were employed to characterize 
the product. Surprisingly, SEM image (Fig. 2C) shows high-quality one- 
dimensional Bi nanostructures rather than Bi nanosheets. The unex-
pected one-dimensional structure indicates that the layered BiOBr 

nanosheets may have undergone a complex transformation process. 
Low-resolution TEM image (Fig. 2D) further reveals the one- 
dimensional structure possesses obvious hollow feature instead of the 
usual multilayer nanotube [41]. The enlarged TEM image (Fig. 2E) 
shows clear paralleled ridges along the long axis of the one-dimensional 
structure. It should be noted that the distances of the two adjacent ridges 
are almost the same, ranging from 4.8 to 5.7 nm, suggesting that the 
final product may be Bi nanorolls formed by curling each single nano-
sheet [42]. To further reveal the pore structure of the nanorolls, N2 
adsorption and desorption isotherm (Fig. S7) was performed. The sam-
ple displays a specific surface area of 5.8 m2 g− 1. More importantly, pore 
size distribution (Fig. 2F) indicates an obvious peak located at 5.0 nm, 
ascribed to the distance of the two adjacent ridges, consistent with the 
TEM results (Fig. 2C, D). 

The microscopic crystal structure was further characterized by high- 
resolution TEM (HRTEM). HRTEM image (Fig. 2G) shows the contin-
uous lattice fringes with a spacing of 3.2 Å, which can be assigned to 
(012) planes of metallic Bi. HRTEM image combined with XRD results 
verifies the successful reduction of layered BiOBr to metallic Bi. 
Furthermore, the selected area electron diffraction (SAED) for a single 
nanoroll (inset of Fig. 2G) displays obvious diffraction spots, suggesting 
the single-crystal feature of the nanoroll. Although the TEM image 
cannot exclude the possibility of tube-in-tube structure, the multishell 
tube-in-tube structure does not exhibit only one group of diffraction 
spots as each shell cannot possess identical crystal orientation [43]. 
Therefore, SAED result also rules out the possibility of tube-in-tube 
structure, further confirming the rolling structure. To find intuitive ev-
idence, we carefully inspected the nanoroll and trailing nanosheet was 
observed at the edge of the nanoroll (Fig. S8A), verifying the rolling 
structure. In order to resolve the elemental distribution of nanoroll, we 

Fig. 2. (A) Schematic illustration for the synthesis of BDB NR using layered BiOBr as precursor. (B) XRD pattern, (C) SEM and (D,E) TEM images of BDB NR. (F) Pore 
size distribution of BDB NR. (G) HRTEM image and (H) B 1 s spectrum of BDB NR. The inset in panel G is the SAED pattern of a single nanoroll. 
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collected energy-dispersive X-ray spectroscopy (EDS) mapping profiles 
(Fig. S9). Clearly, Bi (green), B (yellow) and O (red) are uniformly 
distributed through the nanoroll. This demonstrates that B dopant 
rooted in NaBH4 can be introduced into Bi lattice during the reduction of 
BiOBr, consistent with the case of B doping in Cu catalyst [19]. As Bi is 
very sensitive to oxygen, oxygen may originate from surface oxidation of 
bismuth [44]. B 1 s spectrum (Fig. 2H) confirms the successful doping of 
negative charged boron in the metallic Bi matrix with mole percent of 
3.75 % (Fig. S10) [45]. Therefore, we can conclude that layered BiOBr 
nanosheet was successfully converted to boron-doped Bi nanorolls 
(denoted as BDB NR). 

3.3. Formation mechanism of rolling structure 

Then a question naturally arises why the layered BiOBr nanosheet is 
converted to Bi nanoroll in the reduction reaction dominated by NaBH4. 
To figure out the exact formation mechanism for BDB NR, a series of 
control experiments were conducted. Firstly, when hexadecyl ammo-
nium bromide (CTAB) was removed from the protocol, Bi nanorolls with 
similar diameter and reduced length (about 150~300 nm) were also 
obtained, indicating that CTAB is not the determining factor for the 
formation of nanorolls. Furthermore, no nanoroll can be formed as more 
or less amounts of NaBH4 were introduced into the synthesis, mani-
festing the crucial role of NaBH4 (Fig. S11). Generally, the formation of 
rolling structure is governed by surface free energy so that surface 
capping plays the vital role [46,47]. To look into this possibility, we also 
employed layered BiOBr nanosheets with PVP capping as the precursor, 
and as a result, porous Bi nanosheets were obtained (Fig. S8D). This 
indicates that clean surface instead of surface capping is vital to the 
formation of nanorolls. Taken together, the control experiments lead to 
a reasonable formation mechanism for nanorolls as follows: NaBH4 in 
the aqueous solution is firstly decomposed to form a certain amount of 

H− which will strip Br− from the layered BiOBr [48]. As a result, the 
BiOBr layers connected by Van der Waals force become repulsive to each 
other due to the positive charges of remaining BilOm

δ+. To minimize the 
repulsion force between layers, the positively charged BilOm

δ+ layer tends 
to curl and be exfoliated from parent BiOBr slice by slice (Fig. S12). 
Finally, BilOm

δ+ layers are subsequently reduced to metallic Bi and B 
dopant is simultaneously introduced into Bi lattice [49]. It should be 
noted that layered BiOBr will not undergo delamination and then curl to 
nanoroll. This conclusion can be confirmed by the fact that only Bi 
nanosheets are obtained and no rolling structure are observed when 
reducing the NaBH4 amount. To further support our mechanism, we first 
calculated the length when unfolding the nanoroll according to math-
ematical model. The length is estimated to be 336.8 nm, approaching the 
side length of the pristine BiOBr nanosheet (Fig. S13). In parallel, we 
also employed layered BiOCl nanosheets with similar crystalline struc-
ture as the precursor. As expected, some Bi nanorolls were also obtained, 
suggesting the universality of NaBH4 reduction (Fig. S14). 

3.4. Catalytic performance 

Considering the unique rolling structure and B doping, BDB NR 
catalyst should be an ideal catalyst for nitrogen fixation. We assessed the 
PEC NRR performance of BDB NR using a typical three-electrode system 
in 0.05 M H2SO4 solution under continuous N2 flow. TiO2 nanorods 
array grown on FTO plate is selected as photoanode to absorb light and 
provide photo-generated electrons while BDB NR is employed as cath-
ode to catalyze NRR (Figs. S15, S16), respectively. In the PEC setup, 
cathodic and anodic chambers are separated by commercial Nafion 117 
membrane [50], with Hg/Hg2SO4 as reference electrode. In order to 
promote photocurrent response, back illumination of FTO was employed 
for all PEC tests (Fig. S17). Fig. 3A shows the photocurrent responses of 
BDB NR sample under Ar or N2 atmosphere at a bias of 0.48 V versus 

Fig. 3. (A) Photocurrent responses under N2 and Ar atmosphere employing BDB NR as cathode and TiO2 nanorods array as photoanode in 0.05 M H2SO4 at a bias of 
0.48 V, respectively. (B) I-t curves, (C) ammonia yield rate and Faradaic efficiency of BDB NR as cathode at the fixed potentials. (D) 1H-NMR (600 MHz) spectra of 
solution after photoelectrochemical N2 fixation using BDB NR as cathode catalyst under 14N2 or 15N2 atmosphere. 
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reversible hydrogen electrode (RHE), where photocurrent under Ar at-
mosphere is larger than that of N2 (Fig. S18). Under Ar atmosphere, only 
HER takes place whose fast kinetics ensures that the photo-generated 
electrons can be consumed quickly, yielding larger photocurrent. 
However, as HER and NRR are all proceeded under N2 atmosphere, the 
consumption rate of photo-generated electrons is reduced due to the 
slow kinetics of NRR. Therefore, the larger discrepancy of photocurrent 
under Ar and N2 atmosphere indicates more electrons participate in the 
NRR by BDB NR [51]. Specifically, photocurrent drops to approach zero 
when light was cut off, manifesting that the current is provided by 
photo-generated electrons. Fig. 3B shows the I-t curves at a fixed bias 
(0.44, 0.46, 0.48, 0.50 and 0.52 V). The current density is promoted as 
the bias increases as larger bias facilitates the separation of 
photo-generated electrons/holes pairs of photoanode TiO2 nanorods 
array [52]. The produced amount of NH4

+ was detected by ion chro-
matography (IC) using a standard calibration curve (Fig. S19). NH3 yield 
rate of BDB NR sample is calculated to be 2.9, 11.1, 29.2, 12.6 and 7.7 
mgNH3 gcat.

− 1 h− 1 at the bias of 0.44, 0.46, 0.48, 0.50 and 0.52 V, 
respectively (Fig. 3C). It should be noted that carbon black has no 
intrinsic NRR activity. The absolute generated NH3 is 0.085 μmol at a 
bias of 0.48 V after 5 h electrolysis. 

Faradaic efficiency is another important parameter for assessing ni-
trogen reduction performance which refers to the proportion of the 
electrons used to produce ammonia. Similar to NH3 production rate, 
Faradaic efficiency also exhibits volcano plot shape, and the optimal 
Faradaic efficiency is estimated to be 8.3 % at a bias of 0.48 V. We also 
measured ammonia production under Ar atmosphere at 0.48 V. It turned 
out that very little NH3 was detected (0.2 mgNH3 gcat.

− 1 h− 1), which pre-
liminarily verifies that the produced NH3 came from NRR rather than 
the dissolution of nitrogenous contaminants. To further confirm the 
origin of produced NH3, the isotope labeling experiments were carried 

out by replacing 14N2 flow with 15N2 gas. The 1H-NMR spectrum of so-
lution recorded (Fig. 3D, 600 M) in 14N2 atmosphere shows a nearly 
1:1:1 triplet pattern with the coupling constant of JN-H=52 Hz, consis-
tent with previous reported data of standard NH4Cl solution [53]. When 
15N2 was introduced into PEC NRR, a doublet pattern with the coupling 
constant of JN-H =72 Hz was detected, ascribed to 15NH4

+ in the acidic 
solution [54]. IC and 1H-NMR results verify that the produced NH3 is 
totally derived from PEC NRR, rather than NO3- in the solution and 
gaseous nitrogen oxides contaminants from N2 supply [55]. To examine 
the future potential for application, we also assessed the stability of BDB 
NR in PEC NRR. The nanorolls can sustain the original morphology after 
5 h reaction, indicating the excellent stability of our catalyst (Fig. S20). 
Notably, no hydrazine hydrate was detected in PEC NRR, which also 
illustrates that the NRR on Bi catalyst may undergo the distal pathway. 

3.5. Mechanistic study 

Upon accessing the PEC NRR performance for BDB NR, we are now in 
a position to verify B doping in Bi matrix can really facilitate NRR. We 
employed Raman spectroscopy to detect the reduction of BiOx in real 
PEC operation condition. It turns out that the surface oxidation of BDB 
NR was reduced to metallic Bi, revealing that the real NRR site is Bi 
(Fig. S21). As we cannot directly tune B dopant concentration in BDB NR 
by simply altering the introduced amount of NaBH4, we employed B- 
doped Bi nanoparticles on commercial carbon black as a model catalyst 
and tune B doping by increasing NaBH4 amounts (Figs. S22, S23). 
Fig. 4A shows the NH3 yield rate and Faradaic efficiency of B-doped Bi 
nanoparticle catalysts using varied ratios of n(Bi(NO3)3)/n(NaBH4). NH3 
yield rate and Faradaic efficiency are promoted as NaBH4 amount in-
creases, and reach the maximum with n(Bi(NO3)3)/n(NaBH4) = 1:8. We 
also inspected the B doping by XPS, and found that B dopant content 

Fig. 4. (A) The relationship of NH3 production performance and the amount of NaBH4. (B) DFT-calculated NRR reaction cycle through distal pathway on Bi-2B (012) 
surface. The inset shows energy profiles of each elementary step in NRR catalyzed by Bi-2B (012) and pure Bi (012) facts, respectively. Bi, B, N and H atoms are 
represented by purple, green, blue and white balls, respectively. (C) Comparison of PEC NH3 production performance of BDB NR, Bi NT and Bi NS. (D) Apparent 
activation energy of BDB NR, Bi NS and Bi NT in NRR. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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increases with the introduced NaBH4 (Table S7). This reveals that B 
doping in Bi catalyst can really promote NRR. Fig. 4A also indicates that 
appropriate B doping content is vital for enhanced NRR performance, 
consistent with the calculation results (Fig. 1). As a matter of fact, the B 
dopant in BDB NR sample approaches the optimal boron doping content 
(Table S7). 

To further understand the promotion effect of B doping on NRR 
performance, we derived the ΔG reaction profile for each elementary 
step in NRR (Figs. 4B, S24, S25, Table S8). As shown in Fig. 4B, the step 
of N2 → *NNH is a typical endothermic reaction that requires the largest 
energy input and can be regarded as PDS [56]. After B doping, the en-
ergy barrier of the PDS is reduced from 2.61 to 2.00 eV, suggesting the 
promotion effect of B doping on NRR. Although the step of *N → *NH 
turns from exothermic to endothermic reaction on Bi-2B (012) slab, the 
energy barrier (1.62 eV) is still lower than the PDS. Furthermore, huge 
energy release (-2.92 eV) on the front step of *NNH2 → *N also com-
pensates the following step of *N → *NH and alleviates the large energy 
barrier. 

Then, we come to the next question whether the rolling structure can 
promote the NRR performance. To further verify the possibility, we 
employed Bi nanosheets (Bi NSs) and nanotubes (Bi NTs) as controlled 
catalysts. As shown in Fig. 4C, Bi NTs and Bi NSs catalysts display NH3 
yield rates of 10.6 and 9.1 mgNH3 gcat.

− 1 h− 1, and Faradaic efficiencies of 
1.43 and 1.20 %, respectively (Figs. S26-S28). Previous reports have 
revealed that Bi nanostructures with high curvature would weaken the 
adsorption of *H on Bi surface – the rate-determining step of the 
competing reaction (i.e., HER) [57]. Therefore, Bi nanorolls improve the 
energy barrier for the step of H+ → *H, and intensify the adsorption of 
N2 which finally boost the ammonia production and Faradaic efficiency 
for BDB NR. The promotion effect of rolling structure is further sup-
ported by apparent activation energy measurement. The yield rates of 
NH3 at different temperatures for Bi catalysts were obtained so that the 
apparent activation energies are estimated to be 2.94, 3.65 and 4.37 kJ 
mol− 1 for BDB NRs, Bi NTs and Bi NSs, respectively. 

4. Conclusions 

In summary, a novel bismuth nanostructure (B-doped Bi nanoroll) 
was successfully synthesized by employing layered BiOBr nanosheet as 
precursor and NaBH4 as reducing agent. NaBH4 not only reduces BiOBr 
to metallic Bi and triggers the formation of Bi nanorolls, but also ach-
ieves B doping in Bi matrix simultaneously. B dopant induces charge 
polarization of adjacent Bi atom, and reduces the energy barrier of the 
potential-determining step of N2 → *NNH in NRR. Beyond that, nano-
rolls provide high curvature surface which weakens the adsorption of *H 
and benefits the adsorption of N2. Enabled by the above promotion ef-
fects, BDB NR exhibits an ammonia yield rate of 29.2 mgNH3 gcat.

− 1 h− 1 and 
Faradaic efficiency of 8.3 % when used as cathode in PEC NRR, well 
exceeding transition metal-base catalysts. This work provides insights 
into the design of highly efficient and selective cathodic catalyst for PEC 
NRR from the angle of tailoring catalytically active sites. 
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