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Abstract

Recent studies identified Bi as one of the most promising non-noble metal elements that 
can promote the electrochemical N2 reduction reaction (ENRR) to produce NH3. The electronic 
features that make Bi a promising ENRR catalyst may also be owned by Sb that belongs to the 
same group as Bi. Thus, the ENRR properties of Bi, Sb, and a BiSb alloy were investigated 
comparatively to identify common characteristics that facilitate the ENRR. These catalysts were 
prepared as uniform coating layers on high surface area carbon felt electrodes, which could serve 
as both regular electrodes and pseudo-gas diffusion electrodes. The experimental results 
demonstrated that while Bi and Sb show comparable ENRR performances, the formation of a BiSb 
alloy distinctively increases the Faradic efficiency for NH3 production. The X-ray photoelectron 
spectroscopy results revealed that Bi in BiSb possesses a partial positive charge while Sb in BiSb 
possesses a partial negative charge, which can impact the way the catalyst surface interacts with 
the reactants and reaction intermediates of the ENRR and hydrogen evolution reaction (HER), the 
major competing reaction with the ENRR. Computational investigations including the Bader 
charge analysis and Gibbs free energy calculations for the elemental steps of the ENRR and HER 
provided an explanation of how the formation of a BiSb alloy can change the selectivity for the 
ENRR. The combined experimental and theoretical results and discussion contained in this study 
lead to a new strategy for designing efficient metal catalysts for the ENRR. Additionally, this study 
investigated how the use of gas phase and dissolved N2 affected the ENRR performances of the 
Bi, Sb, and BiSb catalysts. 
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1. Introduction

Recently, the electrochemical nitrogen reduction reaction (ENRR) has greatly attracted 
research interest as a way to produce ammonia (NH3) owing to the reduced cost of electricity 
generated using renewable energy. NH3 is a key fertilizer, an important feedstock in industry, and 
a carbon-free energy source.1-3 Unlike the traditional Haber-Bosch process, the ENRR produces 
NH3 under ambient temperatures and pressures, using water as the hydrogen source4. Thus, it can 
offer an environmentally benign and sustainable route to produce NH3. Furthermore, the ENRR 
can allow for the decentralized production of NH3 in various capacities to suit the needs of those 
in remote areas, leading to reduced transportation and investment costs.5

The ENRR is currently impeded by the extremely low faradaic efficiency (FE) for the 
conversion of N2 to NH3. This low FE stems from two reasons. First, the standard reduction 
potential of N2 to NH3 (N2(g) + 8H+ + 6e- ⇌ 2NH4

+(aq), E = 0.275 V vs. SHE) is very close to 
the standard reduction potential of the hydrogen evolution reaction (HER) (2H+ + 2e- ⇌ H2(g), E 
= 0 V vs. SHE).8 Second, N2 reduction to NH3 is a much more kinetically complex process than 
the HER. As a result, the HER dominates under the applied potentials required for the ENRR. 
Thus, the discovery of new catalysts and strategies that can promote the ENRR is critically needed. 
The development of catalysts that do not contain noble metal elements are of particular interest as 
it can enable the production of ENRR catalysts on a practical scale. 

Recent studies showed that Bi is one of the most promising non-noble metal elements that 
can promote the ENRR.6-9 These observations may be related to a few features of Bi that can serve 
favorably for the ENRR. First, Bi has weak proton binding affinity and is poor at performing the 
HER.10 Second, Bi is a semimetal and its conductivity is lower than typical metals.11 It has been 
proposed that the rate of the HER is approximately first order with respect to the electron 
concentration, while the ENRR is zeroth order.12 This means that as the availability of electrons 
decreases, the ENRR rate will not be strongly affected while the HER rate will decrease 
exponentially. Thus, the low conductivity of Bi may favorably act to increase the FE for NH3 
production. Third, it has also been demonstrated through density functional theory (DFT) 
calculations that the energy level of Bi 6p orbitals is advantageously positioned to interact with 
the N 2p orbitals, allowing for a stronger interaction between the Bi surface and a N2 molecule and 
weakening the N2 triple bond.6  

The advantageous features of Bi for the ENRR motivated us to investigate the ENRR 
performance of Sb, another semi-metal directly above Bi in the periodic table, in comparison with 
that of Bi. Compared to Bi, Sb has received little attention as a possible ENRR catalyst, and there 
have been only a handful of studies of ENRR catalysts containing Sb.13-15 The Sb-based catalysts 
used in these studies were composed of rather complex compositions and interfaces (e.g. antimony 
sulfide/tin oxide, antimony/antimony oxide, antimony phosphate/carbon). The ENRR property of 
pure Sb metal has not been investigated to date. Thus, comparing the ENRR performance of pure 
Sb metal in comparison with that of Bi can provide interesting new insights to understand the 
features of metals that can promote the ENRR. 

The goal of the current study is two-fold. First, we aimed to prepare Bi, Sb, and a solid 
solution alloy BiSb with a 1:1 atomic ratio of Bi:Sb to comparatively study their ENRR 
performances. To obtain an accurate comparison, it is critical to prepare these catalysts with 
comparable morphologies and surface areas under similar synthesis conditions so that any 
difference observed in their ENRR performances is solely due to the difference in their 
compositions. Thus, we prepared Bi, Sb, and BiSb as uniform coating layers on a high surface area 
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carbon felt substrate by electrodeposition and investigated their ENRR performances. Our 
experimental results show that the solid solution of BiSb shows a considerably enhanced ENRR 
performance compared with pure Bi and Sb. We conducted thorough computational investigations 
to elucidate the reason, which in turn provided a novel insight and general strategy that can be used 
to design efficient metal catalysts for the ENRR. The second goal is to examine if the performance 
of any of these catalysts can be improved if they can use N2 gas directly instead of N2 gas dissolved 
in the electrolyte for the ENRR. This allows us to study whether the low solubility of N2 in the 
aqueous electrolyte (ca. 1 mM at 20 °C and 1 bar)16 is one of the major limiting factors for the low 
FE for NH3 production. For this purpose, we developed a simple method to use the same Bi, Sb, 
and BiSb electrodes on carbon felt both as a regular electrode and as a pseudo-gas diffusion 
electrode (GDE) so that the effect of using N2 gas for the ENRR can be unambiguously identified. 

We note that in this study, isotopically labeled 15N2 was used as the N2 source and only 
15NH3 was quantified to calculate the FE for NH3 production. Thus, the effect of any environmental 
14NH3 contamination, which could result in the overestimation of the FE for NH3 production, was 
completely eliminated.

2. Methods 

Materials. Potassium antimony tartrate (K2Sb2(C4H2O6)2·H2O, 99%), bismuth(III) nitrate 
(Bi(NO3)3·5H2O, ≥98.0%), sodium hydroxide (NaOH, ≥97.0%), ethylenediaminetetraacetic acid 
(EDTA, 99.4-100.6%), boric acid (H3BO3, ≥99.5%), potassium pyrophosphate (K4P2O7, 97%), 
tartaric acid (C4H6O6, ≥99.5%), hydrochloric acid (HCl, 37%), 4-(dimethylamino)benzaldehyde 
(C9H11NO, 99%), hydrazine hydrate (N2H4 x H2O, 50-60%), phosphoric acid (H3PO4, 85%), 
deuterated water (D2O, 99.9%) and ammonium chloride (15NH4Cl, 99%) were all purchased from 
Millipore-Sigma. All chemicals were used as received and without further purification. Carbon 
felt (AvCarb C100) was purchased from Fuel Cell Store for use as the working electrode. 
Deionized (DI) water with a resistivity of >18.0 MΩ·cm was used to prepare all solutions.

Synthesis of Bi, Sb, and BiSb. Electrodeposition was carried out in an undivided three 
electrode cell composed of a carbon felt working electrode, a Ag/AgCl (4 M KCl) reference 
electrode and a carbon rod counter electrode using a VMP2 multichannel potentiostat (Princeton 
Applied Research). The working electrode was prepared by first cutting carbon felt into 5 cm x 1 
cm x 0.3 cm strips. Then, the top portion of the carbon felt electrodes was tightly wrapped with 
teflon tape (J.V. Converting Company) to prevent solution from traveling up the carbon felt and 
making direct contact with the conducting alligator clip, which connects the carbon felt to the lead 
from the potentiostat. The size of the carbon felt electrode exposed to the solution was 2 cm x 1 
cm x 0.3 cm. All current densities reported in this study are the currents divided by the largest 
lateral area (2 cm x 1 cm) of the carbon felt substrate. 

For Bi deposition, the aqueous plating solution contained 20 mM Bi(NO3)3·5H2O and 1 M 
tartaric acid with the pH adjusted to 6 with NaOH. The films were deposited using a pulsed 
deposition where a short pulse of potential is applied followed by a resting time at the open circuit 
potential. Each cycle was composed of applying a potential of -0.9 V vs AgCl for five seconds 
followed by a resting time of ten seconds, and the cycle was repeated for 24 times to pass 
approximately 1.6 C of charge. The pulsed deposition was critical for the deposition of Bi as a 
uniform layer. For Sb deposition, the aqueous plating solution contained 10 mM 
K2Sb2(C4H2O6)2·H2O and 1 M tartaric acid with the pH adjusted to 7.5 with NaOH. The films 
were deposited onto carbon felt by applying -1.4 V vs Ag/AgCl for 20 seconds, passing 
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approximately 1.6 C of charge. For the deposition of BiSb, an aqueous plating solution containing 
20 mM Bi(NO3)3·5H2O, 30 mM K2Sb2(C4H2O6)2·H2O, and 1 M tartaric acid with the pH adjusted 
to 6 with NaOH was used. The films were deposited by applying -1.5 V vs Ag/AgCl for 20 seconds 
to pass approximately 1.6 C of charge. Before deposition of any species onto the carbon felt 
substrate, the carbon felt working electrode was immersed in a tartate solution (pH ~7) that did not 
contain Bi or Sb, and the potential was swept from the OCP to -1.7 V vs Ag/AgCl. This process 
ensured sufficient wetting of the surface of the carbon felt substrate before electrodeposition, 
allowing for more uniform coverage of the deposits on the substrate. 

Characterization. Powder x-ray diffraction (PXRD, D8 Discover, Bruker, Ni-filtered Cu Kα 
radiation, λ = 1.5418 Å) was used to examine the crystal structure of the electrodes. Scanning 
electron microscopy with an accelerating voltage of 2 keV (SEM; LEO Supra55 VP) and energy 
dispersive spectroscopy with an accelerating voltage of 22 keV (EDS; Noran System Seven, 
Thermo-Fisher, ultra-dry silicon drift detector) were used to investigate the morphology and bulk 
elemental ratios respectively. X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific 
K-α X-ray photoelectron spectrometer equipped with an Al Kα excitation source was used to 
determine surface elemental compositions.

Electrochemical characterization. All electrochemical measurements were performed in an 
undivided three electrode cell. Either Sb, Bi or BiSb on carbon felt was used as the working 
electrode, with a Ag/AgCl (3 M KCl) reference electrode and a carbon rod counter electrode. The 
stainless-steel cell used in this study has a cover with a gas inlet and an outlet to allow for gas 
purging. Before any electrochemical measurement, the solution was saturated with Ar (99.999%) 
or 15N2 and during the measurement the gas was purged constantly. When the catalyst electrode 
was used as a regular electrode, 15N2 was purged through a needle inserted into the electrolyte. The 
purging needle was approximately 1 cm apart from the catalyst electrode, and the rate of gas flow 
was 100 mL/min. When the catalyst electrode was used as a pseudo-GDE, the purging needle was 
inserted into the middle of the carbon felt substrate as illustrated in Scheme 1. The needle had 
multiple holes on the side to purge N2 to all directions within the substrate. The rate of gas flow 
was varied from 50 mL/min to 200 mL/min to find an optimal rate. 

In this study, all ENRR experiments were performed with isotopically labeled 15N2 as the 
N2 source and only 15NH3 (not 14NH3) was quantified to calculate the FE for NH3 production.17 
This was to eliminate any concern from a possible environmental 14NH3 contaminant falsely 
affecting the FE for NH3 production. The purity of the isotopically labelled 15N2 gas is 98% 15N 
and ≥ 99.0% N2 (15N2 +14N2) with the remaining <1% impurities identified by the manufacturer 
(Sigma-Aldrich) as Ar, O2, CO2, N2O, and C2H6. To remove any nitrogen-containing impurities in 
the N2 gas flow, the 15N2 gas was first passed through a Cu/SAPO trap as recommended in the 
literature.17 

The linear sweep voltammograms (LSVs) were obtained in 0.5 M borate (pH 9.3) by 
sweeping the potential from the OCP to the negative direction with the scan rate of 25 mV/s. 
Constant potential ENRR was performed in the same solution by applying a desired potential and 
passing 10 C. All constant potential ENRRs were repeated with Ar instead of 15N2 to confirm the 
produced 15NH3 came from the reduction of 15N2 gas. Before any measurements, a potential of -
0.6 V vs RHE for 1 minute was applied to reduce the naturally formed oxide passivation layer on 
the metal surfaces. 
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Proton nuclear magnetic resonance (1H-NMR) was used to quantify the produced 15NH3 
on a Bruker Advance III HD 600 MHz spectrometer (Bruker Biospin Corp., Billerica, MA) 
equipped with a TCI-F cryoprobe with z-gradient. After the J-t measurement, the electrolyte was 
collected and acidified to pH ~3 using H3PO4 and then condensed to 6 mL using reduced pressure 
distillation. After this, 5 v% D2O with trimethylsilylpropanoic acid (TSP) was mixed with the 
solution to act as the internal reference for locking. The 1H signal from the water was removed 
using water suppression with excitation sculpting. The quantification of 15NH3 was not affected by 
water suppression because the 15NH4

+ signal appears at 7 ppm. Spectra were acquired using 1024 
scans, a relaxation delay of 1.5 s and an acquisition time of 3 s. A calibration curve was prepared 
using solutions of a known concentration of 15NH4Cl in the same electrolyte used for the J-t 
measurements followed by the above acidification and mixing with D2O containing TSP for 
locking and integrating the observed 15NH4

+ signal for each.
The ENRR can also produce N2H4, therefore the Watt and Crisp method was used to 

determine if any N2H4 formed during the ENRR.18 After the ENRR, 2 mL of the electrolyte was 
collected in a centrifuge tube and 2 mL of ethanol solution containing 0.7 M HCl and 0.12 M 4-
(dimethylamino)benzaldehyde was added. The solution was left to react for 1 hour at room 
temperature and then the absorbance was measured at 455 nm using a UV-VIS spectrophotometer. 
The concentration of N2H4 was determined by comparing the measured absorbance to a calibration 
curve generated using standard solutions of N2H4 prepared by adding N2H4 x H2O into the 
electrolyte used in J-t measurements. No N2H4 was detected for any of the J-t measurements. The 
FE for NH3 was determined using the following equation where F is Faraday’s constant (96485.33 
C/mol):

(eq. 1)FE (%) =
3 x nNH3(mol) x F (C mol -1)

Total charged passed  (C)  x 100

While a Ag/AgCl reference was used in each experiment performed, all results within this report 
are presented against the reversible hydrogen electrode (RHE) for direct comparison to other 
reports in aqueous solution but that contain different pH values. The conversion between Ag/AgCl 
and RHE reference electrode values can be done via the following equation:

E(vs RHE) = E(vs Ag/AgCl) + E(Ag/AgCl)(reference) + 0.0591 V x pH(at 25 °C) (eq. 2)
EAg/AgCl(reference, 4 M KCl) = 0.1976 V vs NHE at 25 °C
EAg/AgCl(reference, 3 M KCl) = 0.209 V vs NHE at 25 °C

Computational Methods. In order to understand the key factors that make BiSb a better ENRR 
catalyst than Bi and Sb, Density Functional Theory (DFT) calculations were performed using the 
Vienna ab Initio Simulation Package (VASP).19-21 Spin-polarized DFT22-23 calculations were 
performed using the generalized gradient approximation of Perdew, Burke, and Ernzerhof (PBE).24 
The utility of the PBE functional for modeling the nitrogen reduction reaction (NRR) on the current 
system has been already well established.25-28 The frozen core electrons of Bi 
1s2s2p3s3p3d4s4p4d5s5p4f, Sb 1s2s2p3s3p3d4s4p4d and N 1s are presented by the projected 
augmented wave (PAW) method.20

For the initial bulk system, we have taken a rhombohedral structure with a R3m space 
group for all three systems (Bi, Sb and BiSb).29-30 After the initial convergence test for energy cut 
off and K-POINT, we have obtained an energy cut off value of 450 eV for the Bi and BiSb systems 
and 300 eV for the Sb system for a converged energy of 1 meV/atom (Figure S1). The converged 
K-POINT for the bulk systems is 16 x 16 x 6 gamma points. From the optimized bulk (Table S1) 
we have obtained the (012) surface of Bi, Sb, and BiSb to study for the ENRR (Figure S2). The 
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(012) plane was chosen because it is the most densely packed plane and is mentioned to be more 
catalytic for the ENRR than other low indexing planes.26,28,31 Due to these reasons, the (012) plane 
has been most intensively investigated for the ENRR on Bi.28,31-32 For the slab optimization we 
have taken 5x5x1 gamma K-POINTS with the vacuum of 15  in the z direction. The energy and  Å
force convergence criteria of 1E-05 eV and -0.02 eV are employed respectively in all the 
calculations. 

The Gibbs free energy ( ) of each elemental step is calculated using the following ∆𝐺
equation (Tables S2-S3).33

(eq. 3)∆𝐺 =  ∆𝐸 + ∆𝐸𝑍𝑃𝐸 ―𝑇∆𝑆

where ,  and  denote the change of total energy, zero-point energy, and entropy at ∆𝐸 ∆𝐸𝑍𝑃𝐸 ∆𝑆
298.15K, respectively. The computational hydrogen electrode (CHE)33-34 was employed in this 
ENRR study. In the CHE method the chemical potential of the proton-electron pair is equal to one-
half of the chemical potential of gaseous H2. This potential value of the proton-electron pair is 
used to calculate the Gibbs free energy of the intermediates involved in the ENRR, as the 
intermediates are formed by H+ addition to a N2 molecule. Apart from , we have also calculated ∆𝐺
Bader charges35 of the surfaces to describe the catalytic properties. The configurations of N2 and 
other intermediate species on the catalyst surfaces determined by these calculations are shown in 
Figures S3-S6.

3. Results and Discussion

Synthesis of Bi, Sb, and BiSb electrodes. Bi, Sb and BiSb were deposited on the carbon felt 
substrate to investigate their ENRR performances. The carbon felt substrate not only provided a 
high surface area to deposit Bi, Sb and BiSb but also allowed the resulting Bi, Sb and BiSb 
electrodes to be tested both as regular electrodes and as pseudo-GDEs, as explained in detail below. 

Figure 1. SEM images of (a) Bi, (b) Sb, and (c) BiSb deposited on the carbon felt substrate. The 
bottom panels show corresponding higher-magnification images of Bi, Sb, and BiSb deposits on 
a single carbon fiber. 
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In order to accurately compare the ENRR performances of Bi, Sb and BiSb, they must be 
prepared with comparable morphologies and surface areas so that the difference in their ENRR 
performances solely originates from the difference in their compositions, and is not affected by 
any difference in their morphologies. Thus, we aimed to deposit Bi, Sb and BiSb as featureless 
conformal coating layers on the carbon felt substrate using plating solutions whose compositions 
are comparable with each other. We discovered that tartrate solutions (pH 6 - 7.5) can solubilize 
both Bi3+ and Sb3+ ions and allow Bi, Sb, and BiSb to be deposited as uniform coating layers on 
the carbon felt substrate (Figure 1). The same amount of charge was passed to deposit each of 
these layers to ensure that the thicknesses of all catalyst layers are comparable (150 nm - 200 nm) 
(Figure S7).

Figure 2. XRD patterns of as-deposited (a) Bi, (b) Sb, and (c) BiSb on carbon felt. The (hkl) 
indices are assigned from the PDF cards for Bi (44-1246) and Sb (35-0732). The broad peaks 
corresponding to the carbon felt are denoted by an asterisk.  Bi (R -3 m, a = 0.454650 nm and c = 
1.186294 nm), Sb (R -3 m, a = 0.430777 nm and c = 1.127662 nm) and BiSb (R -3 m, a = 0.442680 
nm and c = 1.160351 nm).36

The XRD patterns of Bi, Sb, and BiSb deposited on carbon felt are shown in Figure 2. In 
the XRD patterns, broad peaks originating from the carbon felt were commonly observed. The Bi 
and Sb electrodes show Bi peaks and Sb peaks, respectively, indicating that the as-deposited Bi 
and Sb layers are crystalline, although the crystallinity of the Sb layer appears to be significantly 
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lower than that of the Bi layer. We note that Bi and Sb have the same crystal structure, and the 
only difference is that Sb has smaller cell parameters,36 which shift the Sb peaks to higher two 
theta values. BiSb also has the same crystal structure, and its (hkl) peaks appear exactly at the 
positions expected for a solid solution alloy of Bi and Sb with the Bi:Sb ratio of 1:1, whose unit 
cell parameters are the averages of the unit cell parameters of Bi and Sb.36 

The XRD of the BiSb electrode also shows peaks from Bi, meaning Bi is present as an 
impurity phase in the BiSb electrode. The EDS analysis, which analyzes the bulk composition of 
the sample, showed that the Bi:Sb ratio in the BiSb electrode is 2:1. However, the XPS analysis, 
which analyzes the surface composition of the sample, showed that the Bi:Sb ratio in the BiSb 
electrode is 1:1, which agrees with the Bi:Sb ratio in the BiSb alloy. Combining the results from 
XRD, EDS, and XPS, the BiSb sample appeared to contain a pure Bi layer as the bottom layer and 
a 1:1 BiSb alloy layer as the top layer with the amount of Bi in the Bi layer and that in the BiSb 
layer to be approximately 1:1. The formation of a Bi layer as the bottom layer could not be avoided 
because the onset potential for the reduction of Bi3+ to Bi0 is significantly more positive than that 
of Sb3+ to Sb0 in the tartrate solutions used in this study (Figure S8). This means that when the 
deposition of BiSb was accomplished using a deposition potential that is negative enough to reduce 
both Bi3+ and Sb3+, the overpotential applied for Bi deposition is significantly larger than that for 
Sb deposition. Thus, Bi was deposited first before Bi and Sb are co-deposited with the 1:1 ratio. 
Since XPS confirmed that the top layer is a pure 1:1 BiSb alloy, the fact that the BiSb electrode 
contains Bi as the bottom layer did not affect our goal of comparing the ENRR performances of 
Bi, Sb, and BiSb. 

ENRR performance of Bi, Sb, and BiSb as regular electrodes and pseudo-GDEs. As we 
mentioned earlier, one of the major goals of the current study is to examine whether the low 
solubility of N2 gas in aqueous electrolytes (e.g. 1.4 mM N2 at 20 °C)16 is one of the main reasons 
for low FEs for NH3 production and whether the use of a GDE, which can directly utilize the gas 
phase N2 as the reactant, can enhance the FE for NH3 production. Our Bi, Sb, and BiSb electrodes 
deposited on the carbon felt substrate allow us to use the same electrodes as a regular electrode 
and as a pseudo-GDE as explained in Scheme 1. 

Scheme 1. An illustration of how our Bi, Sb, and BiSb electrodes can be used as (a) a regular 
electrode and (b) a pseudo-GDE. 
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Scheme 1a shows the case where these electrodes are used as regular electrodes. In this 
set-up, 15N2 is provided by a 15N2-purging needle immersed in the electrolyte. The solution is pre-
saturated with 15N2 and 15N2 is also constantly purged during the reaction with a gas flow rate of 
100 mL/min. The catalyst coating on the carbon felt form the catalyst/electrolyte interface and the 
catalysts will utilize dissolved 15N2 for the ENRR. Scheme 1b shows the case where these 
electrodes are used as a pseudo-GDE. In this case, the 15N2-purging needle is placed in the middle 
of the carbon felt electrode. The 15N2 gas comes out from the multiple side openings of the needle, 
expelling the solution to create a gas pocket within the carbon felt electrode. By adjusting the rate 
of 15N2 gas coming out from the openings of the needle (50 - 200 mL/min), an optimal three-phase 
interface among the 15N2 gas pocket, solid catalyst on the carbon fibers, and liquid electrolyte that 
contains water as the hydrogen source can be created. 

The pseudo-GDE used in this study is the same as a true GDE in that it allows the catalyst 
to directly utilize gas phase N2 for the ENRR by creating the three-phase interface.37 However, 
unlike the preparation of a true GDE,37 no alteration for the substrate structure, catalyst preparation, 
and cell configuration was necessary for the conversion of a regular electrode to a pseudo-GDE in 
our study. Thus, its use in comparison with the use of the same electrode as a regular electrode 
allowed us to directly assess the change in the ENRR performances caused only by the use of gas 
phase N2 versus dissolved N2. 

The ENRR performance of the Bi electrode as a regular electrode was first investigated by 
comparing LSVs obtained in 0.5 M borate (pH 9.3) saturated with either Ar or 15N2 (Figure 3a, 
top). When the electrolyte was saturated with Ar, the hydrogen evolution reaction (HER) was the 
only reduction reaction that could occur. The reason why the LSV showed cathodic current even 
before the potential reaches the thermodynamic onset potential for the HER (0 V vs. RHE) is due 
to the high surface area carbon felt electrode creating high charging current when sweeping the 
potential. Since the charging current profile is not completely flat, it is rather difficult to know the 
exact onset potential for the HER. When the electrolyte is saturated with 15N2, little change in 
current density was observed in the LSV. This does not necessarily mean that Bi cannot conduct 
the ENRR because if Bi performs the ENRR using a fraction of electrons that would otherwise be 
used for the HER, the total current density would not change. Thus, in order to examine whether 
or not the ENRR occurs on the Bi electrode, a constant potential reduction and product analysis 
was necessary.

When the ENRR was performed at a constant potential of -0.6 V vs. RHE, a FE of 0.4 % 
for NH3 production was observed (Figure 3b, top). The Bi electrode shows a negligible ENRR 
activity at potentials more positive than -0.6 vs. RHE (Table S4). 

Next, the ENRR performance of the Bi electrode as a pseudo-GDE was investigated using 
the setup shown in Scheme 1b. The LSVs obtained with a gas flowing rate of 100 mL/min is 
shown in Figure 3a, top. The LSV of Bi as a pseudo-GDE obtained with Ar shows a slight 
decrease in the current density compared with that of Bi as a regular electrode. This is because 
purging Ar within the carbon felt electrode created a gas pocket inside the carbon felt electrode, 
decreasing the electrode surface area that is in contact with the electrolyte. This decreases the 
electrode area that can perform the HER. 

When 15N2 was purged instead of Ar in the pseudo-GDE, a similar decrease in the current 
density was observed in the LSV due to the same reason. Since the major reaction that occurs on 
the electrode is the HER, the decrease in the electrode/electrolyte area resulted in the decrease in 
the total current density even if the FE for the ENRR may increase. The LSVs obtained with 
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various flow rates of 15N2 (50 - 200 mL/min) can be found in Figure S9, where a gradual decrease 
in the total current density is shown with an increase in the N2 flow rate. 

Figure 3. (a) LSVs of Bi (top) and Sb (bottom) as a regular electrode (black) and as a pseudo-
GDE (blue) in 0.5 M borate (pH 9.3) with Ar (dotted) or 15N2 (solid) (scan rate, 25 mV/s). The gas 
flow rate was 100 mL/min for all cases. (b) FEs for 15NH3 of Bi (top) and Sb (bottom) as a regular 
electrode and as a pseudo-GDE with various 15N2 flow rates at -0.6 V vs RHE. 

We performed the ENRR at a constant potential of -0.6 V vs. RHE using Bi as a pseudo-
GDE with various flow rates of N2 and quantified the produced NH3 (Figure 3b, top). The highest 
FE for NH3 production (1.3 %) was obtained with the 15N2 flow rate of 100 mL/min, and this FE 
is approximately three times higher than that obtained with Bi as a regular electrode. When the 
flow rate is lower than 100 mL/min, it appeared that not a sufficient 15N2 pocket was developed to 
convert the Bi electrode to an effective pseudo-GDE. On the other hand, when the flow rate is 
higher than the optimal rate, the supply of 15N2 is no longer a limiting factor for the ENRR. It 
appears that an unnecessarily high flow rate can disrupt the formation of an optimal three-phase 
interfacial structure in our pseudo-GDE system. 

Our result demonstrated that the use of a pseudo-GDE can certainly enhance the FE for 
NH3 production. However, the FE for NH3 is still low, suggesting that the low solubility of N2 is 
not the most critical limiting factor for the low FE for NH3 production when a Bi metal layer with 
an intrinsically limiting ENRR catalytic property is used as the electrode.  

The Sb electrodes were investigated using the same procedures (Figure 3, bottom and 
Figure S9b). Again, the LSVs obtained with Ar and 15N2 look comparable and the LSV obtained 
using Sb as a pseudo-GDE shows a slight decrease in the current density compared with that 
obtained with Sb as a regular electrode (Figure 3a, bottom). When the ENRR was performed at 
a constant potential of -0.6 V vs RHE, the FE for 15NH3 production was 0.4 % as a regular electrode 
and 1.1 % as a pseudo-GDE with the N2 flow rate of 100 mL/min (Figure 3b, bottom), showing 
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that the use of a GDE can enhance the ENRR performance of Sb by approximately three times. 
When the Sb electrode was used as a pseudo-GDE with various 15N2 flow rate, the FE obtained 
with the flow rate of 100 mL/min was the highest as in the case of Bi. The catalytic behaviors of 
Sb are comparable to those of Bi. However, Sb appears to be slightly inferior to Bi in terms of FE 
for NH3 production. 

There may be a concern that the carbon felt used as the substrate may contain nitrogen 
species, which can be reduced to NH3 during the ENRR, and falsely increase the FE for NH3. We 
examined that the N1s region of the XPS spectrum of the carbon felt and confirmed the absence of 
nitrogen on the carbon felt surface (Figure S10). More importantly, we note that our FEs for NH3 
were calculated based only on the amount of 15NH3 detected, and 14NH3 was not counted as the N2 
reduction product. Thus, even if the nitrogen species in the carbon felt were reduced to 14NH3, it 
would not affect our FE results. We also performed the ENRR with 15N2 using a bare carbon felt 
electrode at -0.6 V vs. RHE and detected no 15NH3. This confirms that all 15NH3 detected in our 
experiments was truly from the reduction of 15N2 by Bi or Sb. 

The ENRR performance of BiSb was examined using the same procedures (Figure 4a and 
Figure S9c). Figure 4a shows the LSVs of the BiSb electrode as a regular electrode and as a 
pseudo-GDE obtained in 0.5 borate (pH 9.3). As in the case of Bi and Sb, no noticeable difference 
in the LSVs was observed when the solution was purged with Ar or 15N2. Also, as in the case of 
Bi and Sb, the current density obtained using the BiSb electrode as a pseudo-GDE was slightly 
lower than the current density obtained using BiSb as a regular electrode. 

Figure 4. (a) LSVs of BiSb as a regular electrode (black) and as a pseudo-GDE (blue) in 0.5 M 
borate (pH 9.3) with Ar (dotted) or 15N2 (solid) (scan rate, 25 mV/s). The gas flow rate was 100 
mL/min. (b) FEs for 15NH3 of BiSb as a regular electrode and as a pseudo-GDE with various 15N2 
flow rates at -0.6 V vs RHE. (c) FEs for 15NH3 of BiSb as a pseudo-GDE with the N2 flow rate of 
100 mL/min at -0.6 V vs RHE for five consecutive experiments.

When a constant potential ENRR was performed at -0.6 V vs. RHE, the BiSb electrode 
showed a considerably higher FE for 15NH3 production (Figure 4b) than those obtained with the 
Bi and Sb electrodes. When used as a regular electrode, the FE for 15NH3 production by BiSb was 
1.1%, which is more than a two-fold increase from those by Bi and Sb electrodes. When used as a 
pseudo-GDE, the FE for NH3 reaches 5.0% at a 15N2 flow rate of 100 mL/min, which is more than 
a four-fold increase from those of Bi or Sb alone. (As in the case of Bi and Sb, the highest FE was 
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obtained when the N2 flow rate was 100 mL/min.) We also note that the enhancement in FE 
observed by the use of a pseudo-GDE is the greatest for BiSb; the supply of 15N2 can be a more 
limiting factor for a better ENRR catalyst. We conducted the constant potential ENRR four more 
times using the same BiSb pseudo-GDE (Figure 4c) and obtained the same level of FE for NH3, 
which confirms the stability of the BiSb electrode. 

Figure 5. (a) FEs for NH3, (b) total current densities, and (c) partial current densities associated 
with 15NH3 production by Bi, Sb, and BiSb pseudo-GDE electrodes with the N2 flow rate of 100 
mL/min in 0.5 M borate (pH 9.3).

Table 1. Production rates of 15NH3 by Bi, Sb, and BiSb pseudo-GDE electrodes with the 15N2 flow 
rate of 100 mL/min in 0.5 M borate (pH 9.3). 

Production Rate (g cm-2 h-1)Potential
V vs RHE Bi Sb BiSb

-0.3 0.73 1.21 3.31
-0.4 4.26 2.80 14.00
-0.5 6.88 6.23 43.05
-0.6 6.40 12.42 66.90
-0.7 5.64 13.16 56.66  

In Figure 5a, the FEs for NH3 production by Bi, Sb, and BiSb as pseudo-GDEs are 
compared at various potentials when the 15N2 flow rate is fixed as 100 mL/min. The FEs for NH3 
production by BiSb are significantly higher than those by Bi and Sb at all potentials and is at a 
maximum at -0.6 V vs RHE. We also compared the total current densities of the three pseudo-
GDEs obtained at various constant potentials. We note that the current density is as important as 
the FE as the rate of NH3 production is governed by both factors. If the increase in FE is 
accompanied by a decrease in current density, no net gain may be obtained in terms of the 
production rate and yield of NH3. Our results show that the total current densities generated by the 
BiSb electrode during the constant potential ENRR at all potentials are also higher than those by 
Bi and Sb (Figure 5b). Owing to the combination of enhanced FEs for NH3 production and 
enhanced current densities, the partial current densities for NH3 production by BiSb, which directly 
affect the production rate of NH3, are much higher than those of Bi and Sb (Figure 5c). The 
production rates of NH3 by Bi, Sb and BiSb used as a pseudo-GDE are summarized in Table 1. 
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The original J-t plots of Bi, Sb and BiSb obtained from the constant potential ENRR at various 
potentials are shown in Figure S11.  

It is worth mentioning that while the FE values for NH3 production reported in this study 
may seem low compared with FE values reported in a few recent studies,6-9 the partial current 
density achieved by BiSb for NH3 production is considerable (Figure 5c) because the total current 
density generated by BiSb is high (e.g., ~6 mA/cm2 at 0.6 V vs. RHE) (Figure 5b). The robustness 
of the BiSb alloy catalyst, which makes it possible to electrodeposit the catalyst with no delicate 
nanoscale morphology control or defect control, can be a practical advantage of BiSb.

Our result that BiSb exhibits a considerably better ENRR performance for the ENRR is 
intriguing considering that BiSb is a solid solution of Bi and Sb, which at first does not seem to 
possess any unique features not owned by Bi or Sb. In order to investigate the reason for the 
enhanced ENRR of BiSb, we examined the XPS spectra of Bi, Sb, BiSb, which revealed surprising 
results. Figure 6a shows the Bi 4f peaks of Bi and BiSb. Since Bi is not a noble metal, its surface 
is oxidized to Bi2O3. Thus, the Bi 4f region of the Bi electrode shows Bi peaks from Bi metal and 
also from a surface Bi2O3 layer.38-39 We note that the ENRR results we obtained were not affected 
by the presence of the Bi2O3 layer because the surface oxide layer was electrochemically pre-
reduced to Bi prior to the ENRR (see the Methods section). The Bi2O3 detected by XPS was formed 
after the ENRR experiment when Bi was exposed to the air before the XPS measurements, which 
was unavoidable. The Bi 4f region of BiSb also shows Bi peaks from Bi metal and Bi2O3. However, 
the positions of the Bi peaks of BiSb are shifted to a higher binding energy compared with the 
positions of the Bi peaks of Bi, suggesting that Bi in BiSb bears a partial positive charge. The 
Bi2O3 peaks of BiSb do not show the same shift compared with the Bi2O3 peaks of Bi, meaning 
that the shifts of the Bi peaks of BiSb are not due to any systematic error but truly due to an intrinsic 
difference in the charge of Bi in Bi and BiSb.  

Figure 6b shows the Sb 3d peaks of Sb and BiSb. Since Sb is not a noble metal, its surface 
is also oxidized. Thus, the Sb 3d region of the Sb electrode shows peaks from Sb metal and a 
surface Sb2O4 layer.39-42 Again, since we pre-reduced the catalyst surface before the ENRR, our 
ENRR results were not affected by the surface oxide layer, and the Sb2O4 layer formed in the air 
after the ENRR is irrelevant to the ENRR performance. The Sb 3d region of the BiSb electrode 
also shows peaks from Sb and Sb2O4. This time, while the positions of the Sb2O4 remain the same, 
the Sb peaks of BiSb are clearly shifted to lower binding energy, meaning that Sb in BiSb possess 
a partial negative charge.  

The XPS results indicate that Bi in BiSb bears a slightly positive charge and Sb in BiSb 
bears a slightly negative charge. The polarity between Bi and Sb in BiSb is unexpected as the 
electronegativities of Bi and Sb are very similar (2.02 for Bi and 2.05 for Sb).43 Nonetheless, the 
partial positive charge on Bi and the partial negative charge on Sb created by the formation of a 
BiSb alloy is most likely the key to explain the enhanced ENRR performances of BiSb compared 
with Bi and Sb metals that bear no charges. Thus, we turned to computational studies to confirm 
the charge distribution in BiSb and compare the surface properties and thermodynamics of Bi, Sb, 
and BiSb relevant to the ENRR.
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Figure 6. XPS spectra of the (a) Bi 4f region of Bi (top) and BiSb (bottom) and (b) Sb 3d region 
of Sb (top) and BiSb (bottom) (black squares: experimental data, blue line: Bi metal peak, light 
blue line: Bi2O3 peak, red line: Sb metal peak, pink line: Sb2O4 peak, gray line: oxygen 1s peak).

Computational Results. The charge of atoms on the catalyst surface can affect the binding 
strength and charge transfer between the catalyst surface and reactant species. Thus, we first 
performed Bader charge analysis on the (012) planes of Bi, Sb, and BiSb to examine whether the 
alloy formation can affect the charge distribution on Bi and Sb atoms. The reason for selecting the 
(012) plane is described in the method section, and the analysis results are summarized in Figure 
7. Figure 7(i) shows that all atoms on the Bi and Sb surfaces contain slightly negative charges. 
However, when Bi and Sb form a 1:1 alloy, Bi atoms develop distinctive positive charges while 
Sb atoms develop distinctive negative charges. These results agree well with the experimental 
results obtained from the XPS analysis.

Next, we examined how the charges on the Bi, Sb and BiSb surfaces affect the adsorption 
of H, which is the critical step for the HER, the major competing reaction with the ENRR. Figure 
7(ii) shows the charges on Bi, Sb, Bi in BiSb, and Sb in BiSb after the adsorption of H. A greater 
change in charge at the binding site before and after H adsorption means a greater amount of charge 
transferred from the metal site to H and a stronger adsorption of H. The results show that adsorption 
strength of H is in the order of Sb in BiSb > Sb > Bi > Bi in BiSb. When we examined the changes 
of the charges on the catalyst surfaces after N2 adsorption, an opposite trend was observed. Figure 
7(iii) shows that change in the charge before and after N2 adsorption, which is equivalent to the 
adsorption strength of N2, is in the order of Bi in BiSb > Bi > Sb > Sb in BiSb. 

The greatest amount of charge transferred from Bi in BiSb to N2 can be explained by 
considering the interaction of both the lone pair orbital and  * orbital of N2 with the metal atoms. 
Unlike H, N2 has lone pair electrons that can be donated to the metal binding site to form a sigma 
bond. Thus, Bi in BiSb that bears positive charges and can act as a Lewis acid, forms a stronger 
sigma bond with N2 compared with Bi, Sb, or Sb in BiSb that possess negative charges. The 
stronger sigma bond between Bi in BiSb and N2 in turn allows for a stronger  back bonding 
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between them so that a greater amount of charge can be transferred from Bi in BiSb to the  * 
orbital of N2, which will more effectively activate the triple bond in N2. The Sb in BiSb shows 
negligible change in the charge before and after N2 adsorption. However, it is worth noting that 
the Bi atoms next to Sb show a noticeable increase in positive charge after N2 adsorption on Sb 
(blue circles in Figure 7d-iii), meaning that charge transfer occurs from neighboring Bi atoms to 
N2 adsorbed on Sb via the orbital interaction between Bi and Sb. In this case, the adsorption 
strength of N2 on Sb in BiSb may be stronger than that predicted by considering the change in 
charge only on the Sb binding site. In fact,  for N2 adsorption discussed below suggests that N2 ∆𝐺
adsorption on Sb in BiSb is as favorable as that on Bi in BiSb. After N2 adsorption on Sb, the 
positive charges accumulated on the neighboring Bi atoms may further promote the adsorption of 
N2 on these Bi atoms.

Figure 7. Bader charge analysis of (a) Bi, (b) Sb, (c) Bi in BiSb, and (d) Sb in BiSb on their (012) 
planes; (i) the pristine surface, (ii) the surface when H is adsorbed and (iii) the surface when N2 is 
adsorbed (Bi: violet, Sb: golden, N: gray, and H: beige). The atomic charges are indicated on the 
corresponding atoms. q represents the change in charge at the binding site after H or N2 
adsorption. In (d-iii), the blue circles represent charges on Bi atoms that changed considerably by 
N2 adsorption on Sb.  
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The results obtained from the Bader charge analysis indicates that between Bi and Sb in 
BiSb, Bi is the more active site for the ENRR; the positive charges on Bi developed by the 
formation of a BiSb alloy makes the Bi sites more favorable for N2 adsorption but less favorable 
for H adsorption than Bi or Sb alone. Thus, it appears that the Bi site in BiSb is responsible for 
BiSb achieving a higher FE for NH3 production than Bi or Sb alone.

To further analyze the catalytic difference caused by the formation of a BiSb alloy, we 
calculated the Gibbs free energy of each elemental step involved with the ENRR. According to a 
literature survey there are two mechanisms: dissociative and associative (Figure S12).44-45 In the 
dissociative pathway, the triple bond in N2 is broken first, and the resulting two N atoms adsorb 
on two different catalytic sites (Figure S12a). Since N2 adsorbs very weakly on Bi, Sb, and BiSb, 
it is highly improbable that the triple bond in N2 is cleaved during the initial adsorption step. Hence, 
the energetically unfavorable dissociative pathway was not considered in our calculations. In the 
associative mechanism there are also two pathways, the alternate pathway and the distal pathway 
(Figure S12b-c).26,44-46 The Gibbs free energy for the elemental steps of alternate and distal 
pathways are provided in Table S5-S6. The configurations of N2 and other intermediate species 
on the catalyst surfaces are shown in Figures S3-S6. Our results show that the alternate pathway 
is thermodynamically more favored than the distal pathway for all catalysts investigated in this 
study and that the formation of the intermediate species NNH, which is the common step for both 
pathways, is the potential determining step (PDS) for the ENRR for all catalysts (Table S5 and 
S6). Table 2 summarizes the  for N2 adsorption,  for the PDS of the ENRR ( ), and ∆𝐺 ∆𝐺 ∆𝐺𝐸𝑁𝑅𝑅

𝑃𝐷𝑆
 for the PDS of the HER ( ), which is the adsorption of H, for all catalysts. The rest of the ∆𝐺 ∆𝐺𝐻𝐸𝑅

𝑃𝐷𝑆
ENRR steps are thermodynamically more favorable than the N2 adsorption and the formation of 
NNH.  

Table 2.  values for N2 adsorption, , and  (in eV) for various metal sites. The PDS  ∆𝐺 ∆𝐺𝐸𝑁𝑅𝑅
𝑃𝐷𝑆 ∆𝐺𝐻𝐸𝑅

𝑃𝐷𝑆
for the ENRR is the formation of adsorbed NNH, and the PDS for the HER is the formation of 
adsorbed H. 

Site  for N2 adsorption∆𝑮 ∆𝑮𝑬𝑵𝑹𝑹
𝑷𝑫𝑺 ∆𝑮𝑯𝑬𝑹

𝑷𝑫𝑺
Bi 0.098 1.912 0.627

Bi in BiSb 0.020 2.020 0.680
Sb in BiSb 0.021 1.968 0.460

Sb 0.111 1.964 0.521

The results in Table 2 revealed that the formation of BiSb does not result in a decrease in 
. Instead, the formation of BiSb makes the N2 adsorption on BiSb more favorable than that ∆𝐺𝐸𝑁𝑅𝑅

𝑃𝐷𝑆
on Bi or Sb. This makes N2 adsorption more facile and increases the N2 coverage on BiSb, 
enhancing the FE for the ENRR. The comparison of  values revealed another effect of ∆𝐺𝐻𝐸𝑅

𝑃𝐷𝑆
forming BiSb; the HER becomes less favorable on Bi in BiSb than on Bi alone while the HER 
becomes more favorable on Sb in BiSb than on Sb alone, which agrees well with the results 
obtained from the Bader charge analysis. Combining all results, it can be concluded that the 
formation of BiSb facilitates N2 adsorption on the Bi site and also makes the HER less favorable 
on the Bi site, thus enhancing the ENRR on the Bi site in BiSb. This also means that Bi in BiSb is 
the active site for ENRR and is what makes BiSb a better ENRR catalyst than Bi or Sb. On the 
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other hand, by forming BiSb, the Sb site becomes more effective for the HER. However, since 
HER is the dominant reaction anyway on Bi or Sb alone, the formation of a BiSb alloy, which 
makes 50% of its surface (i.e., Bi sites) more catalytic for the ENRR can increase the FE for the 
ENRR. 

4. Conclusions

In summary, we prepared Bi, Sb, and a BiSb alloy as uniform coating layers on a high 
surface area carbon felt electrode so that any difference observed in their ENRR performances 
could solely be due to the difference in their compositions. The resulting electrodes served as both 
regular electrodes and pseudo-GDEs for us to investigate the difference in using dissolved N2 and 
gas phase N2 as the reactant. Our experimental results showed that the formation of a BiSb alloy 
can considerably enhance the ENRR performance in terms of both FE and the rate for NH3 
production compared with pure Bi or Sb. Also, the enhancement in the FE for NH3 production 
caused by using the electrode as a pseudo-GDE was greatest for BiSb. Computational 
investigations revealed that the formation of a BiSb alloy resulted in the development of a partial 
positive charge on Bi in BiSb and a partial negative charge on Sb in BiSb, which was 
experimentally confirmed by XPS results. The Bader charge analysis showed that the partial 
charges developed in BiSb allowed for stronger N2 adsorption on the BiSb surface than the surface 
of Bi or Sb. Also, from the Gibbs free energy calculations for the elemental steps involved with 
the ENRR and HER, it was demonstrated that Bi in BiSb makes the PDS of the HER (i.e. the 
adsorption of H) more difficult than pure Bi or Sb, thus enhancing the ENRR. In other words, Bi 
in BiSb is the more active site for the ENRR and makes BiSb a better ENRR catalyst than Bi or 
Sb. 

Our combined experimental and computational study suggests that producing an alloy 
where one metal type develops a partial positive and the other develops a partial negative charge 
can be an effective general strategy to increase the strength of N2 adsorption on a metal catalyst 
surface. We have recently demonstrated that maintaining positively charged Bi3+ on a Bi metal 
catalyst during the ENRR by the formation of surface layers (e.g. BiPO4, Bi(PO4)1-x(VO4)x) that 
are more difficult to reduce than Bi2O3 is an effective strategy to enhance the FE for the ENRR.9 
However, Bi3+ in any compound must be eventually reduced to Bi0 when a more reductive bias is 
applied to increase the rate of NH3 production. However, BiSb is an alloy composed of Bi and Sb 
metal atoms that cannot be further reduced. Thus, the partial positive charge developed on Bi in 
BiSb cannot be further reduced under the reductive bias conditions and can promote N2 adsorption 
even in the high overpotential region. In the same manner, other metal ENRR catalysts can perform 
better when forming alloys if the formation of alloys results in the development of partial charges 
that can enhance N2 adsorption or formation of ENRR intermediates. 
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