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Abstract

The electrocatalytic nitrogen reduction reaction (NRR) for NH3 synthesis is still far from

being practical and competitive with the common Haber–Bosch process. The rational

design of highly selective NRR electrocatalyst is therefore urgently needed, which

requires a deep understanding of both the electrode–electrolyte interface and the mass

transport of reactants. Here, we develop a theoretical framework that includes electric

double layer (EDL), mass transport, and the NRR kinetics. This allows us to evaluate the

roles of near-electrode environment and N2 diffusion on the NRR selectivity and activity.

The EDL, as the immediate reaction environment, remarkably impedes the diffusion of

N2 to the cathode surface at high electrode potentials, which explains experimental

observations. This article also gives microscopic insights into the interplay between N2

diffusion and reaction activity under the nano-confinement, providing theoretical guid-

ance for future design of advanced NRR electrocatalytic systems.
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1 | INTRODUCTION

Due to the rapid growth of the world's population, the concomitant

increase of the energy consumption as well as the disastrous impedi-

ments caused by climate change, the development of sustainable and

fossil-free pathways for the production of fuels and chemicals is particu-

larly vital to effectively reduce the global CO2 emission.1 Ammonia (NH3)

is not only an important chemical to produce fertilizers, dyes, explosives,

and resins,2–4 but it is also an ideal energy carrier and storage intermedi-

ate for renewable energy sources.5 However, industrial-scale Haber–

Bosch synthesis of ammonia (N2 + 3H2 ! 2NH3) requires such high

temperatures (400–500�C) and pressures (10–30 MPa) that this process

is responsible for more than 1% of the global energy consumption and

utilization of half of the global hydrogen production with serious green-

house gas emission.6,7

In the search for alternatives, electrocatalytic reduction of nitrogen

has shown promising potential as an environmentally benign and highly

sustainable alternative for NH3 synthesis at ambient conditions.8–10Haolan Tao and Cheng Lian contributed equally to this study.
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Despite significant efforts to improve the nitrogen reduction reaction

(NRR) N2 + 6e� + 6H+ ! 2NH3 in an electrochemical fashion, for

instance by designing novel nanostructured electrodes, cell configurations,

catalysts and electrolytes to enhance the faradaic efficiency, the reported

performances are still far away from those of the Haber–Bosch pro-

cess.11,12 One challenge for the improvement of the electrochemical NRR

is the strong competition of the hydrogen evolution reaction (HER) 2H+ +

2e� ! H2 that reduces the proton into H2 at the cathode.13–17 To

address this issue, one primary strategy is the design of the electrocatalyst

itself to suppress HER while supporting an optimized NRR to ammonia.18

Currently, noble metal-containing electrocatalysts (Au,19,20 Ru,21,22 etc.) as

well as nonnoble metal-based electrocatalysts (Bi,23 Ti,24 etc.) are emerging

more widely. They are designed with well-known strategies, such as mor-

phological control of size or shape, bimetallic composition, and heteroatom

doping, and they are generally supported by carbon-based materials. Due

to the low coordination environment and the high atom-utilization, single

atom catalysts (SACs) show great potential for the suppression of the

undesirable HER,25 which are prepared by bonding the transition metal

atoms (Fe, Ru, Mo, etc.) to the appropriate supports with N-coordination

or O-coordination.26,27 Recently, the Cu SACs also exhibit an outstanding

performance with high NH3 yield rate and faradaic efficiency, arising from

the Cu � N2 sites and the rich active sites anchored in porous N-doped

carbon.28 The introduction of Cu into single-atom Pd sites can form

diatomic Pd-Cu sites, leading to activated protonation of N2 and

suppressed hydrogen evolution.29 Also, a Mott–Schottky interface contact

has been designed between the electron-deficient Cu nanoparticles and a

semi-conductive polyimide support, which retards the HER process in

basic electrolytes.30 Furthermore, another promising strategy that can miti-

gate the competing H2 evolution is to limit the proton accessibility,31

which can be achieved by modulating the electrolyte pH, adding alkali

metal cations into electrolytes, and building a hydrophobic protection layer

on the surface of electrocatalysts.23,32 More recently, the proton-filtering

covalent organic frameworks on the catalyst surface are designed to

obtain a suppressed proton supply and a greatly enhanced nitrogen flux,

and thus realizing a high Faradaic efficiency in an acidic aqueous solution

under ambient conditions.33 The adoption of a nonaqueous electrolyte,

which avoids the large availability of protons, is also expected to overcome

the obstacle.34 Meanwhile, the lithium-mediated strategy can be

implemented to reach high Faradaic efficiency, which requires a further

improvement of stability and energy efficiency.35 Moreover, the quite low

solubility of N2 in aqueous electrolytes limits the reactive and diffusive

adsorption on the catalyst surface,36 which further challenges the possibil-

ity of a high NRR performance. Recent progress, however, includes the

development of a gas diffusion electrode based on a stainless steel cloth

to overcome gas transport limitations for high-current ammonia electro-

synthesis in nonaqueous solvents.34 In addition, due to the extremely low

yield of ammonia as observed in many experiments,37 the ammonia con-

tamination in the experimental environment and materials cannot be

ignored. Therefore, rigorous control protocols and confirmatory experi-

mental methods are required to reliably detect and quantify the ammonia

from nitrogen reduction.37–39

The combination of theoretical guidance and experimental studies has

proven to be an effective strategy to partially overcome the above

obstacles.1 According to calculations within electronic Density Functional

Theory (DFT), active elemental metal catalysts perform optimally when

they bind reaction intermediates such as *N2H and *NH2 (where the aster-

isk * denotes an adsorption site on the catalyst surface) neither too

strongly nor too weakly.17,40 The high-performance transition metal SACs,

which require a suitable matching of the support and the metal center, can

be screened by evaluating their intrinsic activity through extensive DFT

computations.41 More recently, a combination of a constant electrode

potential model and microkinetic modeling is used to investigate the

potential-dependent competition between NRR and HER, providing a the-

oretical understanding on the challenge of low selectivity at high poten-

tials.42 However, to keep pace with the experimental strategies,

theoretical studies should not only focus on screening and improving the

potential catalysts for their electrochemical properties, but also pay atten-

tion to optimize the reaction environment and the (thermo-)dynamic con-

ditions, involving the nature of the electrolyte, the structure of the

electrolyte–electrode interface, and, very importantly, the mass transport

of the reactants.1,11 For instance, recent research demonstrated that the

addition of potassium ions in electrolyte not only stabilizes key nitrogen-

reduction intermediates to enhance NRR, but also significantly suppresses

HER by slowing down proton transport from the bulk solution to the elec-

trode surface.23 The electric double layer (EDL), as the local reaction envi-

ronment, plays a significant role in determining the NRR activity and

selectivity,43 which can be optimized by varying electrolyte pH, cation

type, dissolved N2 concentration, and boundary layer thickness.32 There-

fore, to further improve the NRR performance, a deep theoretical under-

standing of EDL formation and its effect on the NRR process are urgently

required, which require the development of new theoretical methods.

Recently, a continuum model for electrochemical N2 reduction that

includes both the NRR and the HER kinetics coupled to diffusive mass

transport of solution species has been reported,44 but without accounting

for the steric hindrance of the ions and the effect of EDLs. Compared to

the Poisson–Nernst–Planck (PNP) equations, the modified PNP (MPNP)

equations include the effect of volume exclusion due to the solvated size

of solution species, thus, providing a better description of EDLs in concen-

trated electrocatalytic systems.45

In this article, we develop a theoretical framework to study the

reaction-transport process of the NRR system in an acidic aqueous elec-

trolyte. The calculation is implemented by combining MPNP equations

with a microkinetic model that features both the electrochemical NRR

and HER kinetics.44 The MPNP equations solve the migration, diffusion,

and reaction processes self-consistently by accounting for steric effects

which are ignored in PNP equations.46 The comparison of MPNP and

PNP calculations highlights the necessity of involving the steric effects in

our study for the reaction-transport process. By implementing our

approach, we describe the EDL structure near the cathode surface and

then calculate the NRR performance under different applied electrode

potential (Ep). The obtained data are based on input parameters typical for

Au-based catalysts that are promising candidates for the electrosynthesis

of NH3 from N2,
19,20 and compared to experimental results.47 Moreover,

the resistance of N2 diffusion to the catalyst surface through the EDL is

expected as an important factor in the activation mechanism of NRR.

Therefore, we further study the influence of bulk electrolyte

2 of 12 TAO ET AL.
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concentration on the EDL structure and subsequently NRR performance.

Finally, we analyze the interplay between N2 diffusion and reaction activ-

ity under the nano-confinement.

2 | MODEL AND METHODS

2.1 | Model description

Figure 1A illustrates the NRR system in an acidic aqueous electrolyte. An

individual nanopore of the porous cathode is considered to study the role

of confinement (Figure 1B). As shown in Figure 1C, we focus on studying

the influence of N2 diffusion toward the cathode–electrolyte interface,

including the roles of densely packed cations in the EDL, the kinetics of

proton–electron transfer (ET; including the HER-competition) as well as the

pore geometry. We consider an acidic aqueous electrolyte (pH = 1) under

1 atm N2 partial pressure at room temperature (293.15 K), such that c0
Hþ

=0.1 M and c0N2
=7.14�10�4 M (which corresponds to 19.98mgN2

per kg of water as measured by Morrison and Billet) in the bulk solu-

tion.48 Upon applying a voltage Ep at the cathode with respect to the

electrolyte reservoir, mass transport of H+, Cl�, and N2 takes place in

the pore driven by the combined NRR and HER at the cathode.

2.2 | MPNP equations

A classical description of EDL formation is given by the PNP equations for

diffusive and conductive transport of dissolved species in a viscous dielec-

tric continuum in contact with a charged solid wall.49,50 The PNP equations

implicitly assume all dissolved species to be point particles, an approxima-

tion that breaks down at high concentrations, for instance at concentrated

bulk solutions or close to charged surfaces at overpotentials (far) beyond

the thermal voltage of 25 mV where steric effects become quantitatively

as well as qualitatively important.46,51 Excluding steric effects can, for

instance, lead to an unphysically high ionic concentration and an exces-

sively high capacitance of the EDL.46 For this reason in this article we use

the MPNP equations to solve the dynamics of the mass transport of solu-

tion species including the effects of diffusion, packing, migration, as well as

reaction, which incorporate a mean-field continuum description of steric

effects to the PNP system. The modified Nernst–Planck equations used to

the mass transport of solution species are given by45,46,51:

∂ci
∂t

¼�r� J!i, ð1Þ

J
!

i ¼�Dirci�DiziFci
RT

rϕ�Dici

NA
P3
i¼1

a3rci

1�NA
P3
i¼1

a3ci

0
BBB@

1
CCCA: ð2Þ

Here, ci, Di, and zi are the concentration, the diffusion coefficient (see

Table S1), and the charge valency (z1 = +1, z2 = �1, and z3 = 0) of

species i (1 for H+, 2 for Cl� and 3 for N2), respectively. In addition,

F, R, and T represent the Faraday constant, gas constant, and absolute

temperature (T = 293.15 K), respectively, a is the effective diameter

of the dissolved particles, and ϕ is the electrostatic potential that sat-

isfies the Poisson equation:

r� ε0εrrϕð Þ¼�F
Xn
i¼1

zici, ð3Þ

where ε0 is the permittivity of vacuum and εr is the relative permittiv-

ity of water (εr = 78). Here we set a = 0.6 nm and a�3 = 7.7 M

throughout, which mimics the size of solvated H+,52 however for sim-

plicity it is considered to be the effectively solvated diameter of all

dissolved species.

Although this approach is less accurate than more advanced nonlocal

approaches based on classical density functional theories for the hard-

sphere fluid,53–55 it does contain the essential physics of ionic packing

while its computational efficiency allows for the required coupling to mass

transport and chemical reactions in the nonplanar geometry of interest

which will be discussed in the forthcoming sections. The MPNP equations

actually only involve the introduction of a finite particle diameter a and a

maximum local concentration a�3, and it is well known from studies in

planar geometries, for instance, that the MPNP equations give a more

realistic account of the EDL properties at high potentials than their

unmodified PNP counterparts.51 The detailed derivation of MPNP equa-

tions for our system can be found in the Appendix S1.

As shown in Figure 2, our MPNP equations also involve the so-

called outer-Helmholtz plane (OHP), which is the plane of closest

approach for the dissolved ions of diameter a. The OHP, which we

use as the cathode surface located at z = 0 in our coordinate system

where jd/2�zj (z ≤ d/2) is the radial distance from the symmetry axis

of the nanopore, is therefore not only the boundary of mass transport

for solution species but also the reaction plane where we assume the

NRR and the HER to take place. Moreover, the OHP also separates

the EDL at the electrolyte side (z > 0) from the Stern layer of λS = a/2

(�a/2 < z < 0) toward the bulk electrode side. We also include the

Stern capacitance by assuming the Stern layer to be uncharged with

the imposed electrode potential Ep at z ≤ �a/2 rather than at z = 0,

such that a potential drop takes place between the OHP and the elec-

trode. Figure S2A shows the steady-state potential profile ϕ (z) in the

nm-vicinity of the cathode for several electrode potentials Ep, where

we note that Ep is not identical to the potential at the OHP ϕ0 (z = 0)

because of the Stern layer capacitance that we consider; in fact, we

impose the boundary condition ϕe (z = �0.3 nm) = Ep.

2.3 | Reaction kinetics of HER and NRR

The significant ingredient of our MPNP equations involves the cou-

pling of charge, potential, diffusion, and migration to the catalytic

reactions at the surfaces of the porous cathode, for which we charac-

terize both the NRR and the HER in terms of their corresponding

rate-determining steps (RDSs). The HER is a typical two-ET reaction

with one catalytic intermediate, as shown in Figure S3A. The possible

TAO ET AL. 3 of 12
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pathway for HER can be considered as Volmer–Heyrovský mecha-

nism or Volmer–Tafel mechanism, which depends on the catalyst

material.56 The rate of the overall reaction is largely determined by

the hydrogen adsorption free energy. It is demonstrated that the Vol-

mer step (H+ + e� ! *H) determines the rate of the overall reaction

at Au catalyst surfaces,57 in which hydrogen binds to the surface too

weakly, and the HER can be described by Butler–Volmer

equation58,59:

iloc,HER ¼ i0,HER exp �αcfηHð Þ�exp 1�αcð ÞfηH½ �f g, ð4Þ

with cathodic charge transfer coefficient αc =0.5, f = F/RT and

exchange current density i0,HER. Experimental results for i0,HER vary

from 10�5 to 100mA/cm2 for different metal surfaces; however, in

this study we fix i0,HER = 0.007mA/cm2 as is typical for Au cata-

lysts.57 Of course the analysis can be extended to other catalysts. The

electrochemical overpotential is ηH = Ep, calculated as the difference

between applied electrode potential (Ep) and standard HER redox

potential (0 V vs. reversible hydrogen electrode, RHE).60

The possible mechanisms for the NRR are illustrated in the Figure

S3A. For the associative pathways, it has been demonstrated that the

F IGURE 2 Schematic of the cathode–electrolyte interface
involving the electric double layer region during nitrogen reduction
reaction in an aqueous HCl electrolyte with dissolved N2. The purple
dotted curve in the electrolyte is a typical potential profile with ϕe and
ϕ0 being the potential of the metal cathode and at the outer
Helmholtz plane (OHP)

F IGURE 1 (A) Schematics of
the setup for nitrogen reduction
reaction (NRR) system.
(B) Schematic diagram of the
interface between a porous
cathode and an aqueous HCl
electrolyte with dissolved N2.
(C) Schematic illustration of the
mass transport of N2, hydrated H+

and Cl� in a single pore driven by
the combined NRR and hydrogen
evolution reaction at the cathode
surface. The outer Helmholtz plane
(OHP) is the closest approach for
the dissolved ions, which is
considered as the cathode surface
(z = 0) here

4 of 12 TAO ET AL.
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RDS of the NRR at the Au catalyst surface is the first proton-coupled

electron transfer (PCET) step, N2(g) + H+ + e� ! *N2H, in which an

adsorbed N2 molecule not only captures an electron from the cathode

but also a proton from solution.15,17,40 We therefore divide the PCET into

two elemental steps: the ET step, N2(g) + e� ! �N�
2 , and the proton

transfer (PT) step, �N�
2 + H+! *N2H.44 The detailed derivations of

the theoretical treatment of the two chemical reactions (ET and PT)

are presented in Appendix S1, where we also introduce a phenomeno-

logical parameter for each of the two reactions to characterize the

(quantum-) chemistry of the process, and thus yielding the local

kinetic rate of the NRR process per unit surface area as:

iloc,NRR ¼
i0,1,NRR

cN2

c0N2

exp �αcfηNð Þ

1þ i0,1,NRRc0Hþ
i0,2,NRRcHþ exp αcfηNð Þ

: ð5Þ

Accordingly, the two parameters can also be cast in the form of so-called

exchange current densities, which we denote by i0,1,NRR (for ET), and

i0,2,NRR (for PT). The nitrogen electrochemical overpotential is ηN = Ep –

0.27 V, calculated as the difference between Ep and standard NRR redox

potential (0.27 V vs. RHE). In order to select the two NRR parameters for

Au-based catalyst, we study the influence of the i0,1,NRR and i0,2,NRR on

the NRR performance by solving Equations (1)–(5) with a parametric

sweep of the i0,1,NRR varying from 10�6 to 10�2 mA/cm2 and i0,2,NRR

varying from 10�10 to 10�2 mA/cm2. Figure 3 displays the two-

dimensional (2D) contour plot of (A–C) Faradaic efficiency (FE) and (D-F)

NRR current density (iNRR) as a function of i0,1,NRR and i0,2,NRR when

Ep = �0.1 to �0.3 V vs. RHE, indicating that i0,1,NRR is the key parameter

determining the NRR reaction rate. Then, comparing to the experimental

results of FE and iNRR for Au catalysts,47,61 which is nearly equal to the

values at the left bottom of Figure 3, we thus set i0,1,NRR = 7

� 10�6 mA/cm2 that is three orders of magnitudes lower than the

corresponding HER case. Moreover, we cannot ignore the role of proton

transfer (PT) process in the overall reaction,44 and thus, a small value of

i0,2,NRR (10
�10 mA/cm2) with respect to the i0,1,NRR is considered.

In addition to construct a database of {FE, iNRR} with different

combinations of {i0,1,NRR and i0,2,NRR} for selecting the reasonable NRR

parameters with regard to a specific system, the Tafel analysis can be

also implemented to obtain corresponding NRR parameters. Empiri-

cally, the following Tafel relation has been well confirmed62:

ηN ¼ aþblog iNRRð Þ, ð6Þ

where b is Tafel slope. According to the Tafel relation and the Butler–

Volmer equation, the following equation can be derived:

ηN ¼ ln i0,1,NRRð Þ
αcf

� ln iNRRð Þ
αcf

: ð7Þ

Then, fitting with the experimental data of ηN and iNRR, the parameters

i0,1,NRR and αc can be determined. Therefore, according to the NRR

current density at �0.1 to �0.2 V in experiment,47 the i0,1,

NRR = 1.12�10�5 mA/cm2 and αc =0.43 is obtained. However, the

simulation results calculated using the parameters do not fit well with

the experimental profile, as shown in Figure S4, which has a lower

current density and faradaic efficiency at high potentials. It indicates

that the experimental data of the NRR performance cannot reflect the

intrinsic activity of the electrocatalysts, and may include the effect of

mass transport. Therefore, to obtain reliable kinetic parameters from

this approach, the experimental data of ηN and iNRR for the specific

system need to be carefully selected by excluding the effect of solu-

tion environment and mass transport.

To characterize the performance of NRR, the mean current

density of NRR for the whole nanochannel is calculated as:

iNRR ¼ 1
A

ð
iloc,NRRdA, ð8Þ

where A is surface area of the channel. The Faradaic efficiency FE,

defined as the percentage of partial current density of NRR (iNRR)

within the total current density (itotal = iNRR + iHER) that passes

through the electrode surface, is expressed as:

FE¼ iNRR

itotal
¼ iNRR

iNRRþ iHER
¼

Ð
iloc,NRRdAÐ

iloc,NRRdAþ Ð
iloc,HERdA

: ð9Þ

2.4 | Simulation details

As shown in Figure S1, a 2D axisymmetric model was constructed for

an electrochemical N2 reduction system using COMSOL Multiphysics,

a software package for finite element method (https:/www.comsol.

com/). Equations (1)–(5) are solved simultaneously with the following

initial and boundary conditions to obtain the species concentration

and potential profiles at steady state. Dirichlet boundary conditions

are used to fix the concentrations of species and potential in the bulk

(AB boundary), including c0Hþ ¼ c0Cl� ¼0:1M, c0N2
=7.14 � 10�4 M, and

potential ϕ =0. The initial conditions in the electrolyte for the con-

centrations and potential are assumed to be at bulk values. Zero-

flux conditions are applied to the boundaries of BC, CD, and FG. A

mixed boundary condition applies for the electrolyte potential ϕ0

at the boundaries of DE and EF, which are considered as the

OHP (z = 0):

ϕ0þ λS n �rϕð Þ¼ Ep, ð10Þ

where λs = a/2 = 0.3 nm is considered as the thickness of the Stern

layer.52 The condition can be reformulated as a surface charge

condition that depends on the potential difference, ϕΔ ¼ Ep�ϕ0,

between the electrode potential Ep and the electrolyte potential ϕ0 at

the OHP:

n � �ε0εrrϕð Þ¼�ε0εrϕΔ

λs
: ð11Þ

Meanwhile, based on the Equations (4) and (5) the flux conditions J
!
i

are applied to the cathode surface (DE and EF boundaries) to describe

TAO ET AL. 5 of 12
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the heterogeneous reactions (NRR and HER) occurring at the OHP,

and the overall NRR reaction in acidic solution is:

N2 aqð Þþ6e�þ8Hþ !2NHþ
4 aqð Þ, ð12Þ

and the overall HER reaction in acidic solution is:

2Hþ aqð Þþ2e� !H2 aqð Þ: ð13Þ

The normal component of the flux of species i (H+ and N2) at the cata-

lytic surfaces can be expressed as:

n � J!i ¼Ri,NRRþRi,HER ¼ νi,NRRiloc,NRR

nNRRF
þνi,HERiloc,HER

nHERF
, ð14Þ

where Ri,NRR, Ri,HER, νi,NRR, and νi,HER are the rate of production and

the stoichiometric coefficient of species i for the NRR and HER,

respectively, and nNRR =6, nHER =2, iloc,NRR and iloc,HER are the number

of transfer electrons and the local current density for the overall reac-

tion of the NRR and HER, respectively. Note that J
!

i = 0 for species

(Cl�) that are not involved in the reactions, that is, the electrodes are

blocking in that case. Here, to simplify the calculations, the products

including NH3, NHþ
4 and H2 are not considered in our simulations,

which we checked to have no significant influence on our main

results.

3 | RESULTS AND DISCUSSION

3.1 | Comparison of MPNP and PNP equations

Based on the microkinetic data of Au-based catalyst, we investigate

the potential and ionic concentration profiles in a relatively large pore

(diameter d = 50 nm and length Lpore = 500 nm) when Ep = �0.3 V.

Figure 4A–C presents the sectional distributions of potential, H+ and

N2 concentrations inside this nanopore. We can see from Figure 4A

that the potential at the cathode surface (ϕ0) is screened by the EDL

region which extends a few nanometers into the electrolyte. In that

region, as shown in Figure 4B,C, a densely packed layer of cation ions

is formed, and simultaneously a depletion of N2 appears. Therefore,

the condensed layer of cation ions in the EDL region is expected as

the main origin of the resistance of N2 diffusion to the catalyst sur-

face. By contrast, the nanochannel is wide enough for the present

case of slow surface reactions to replenish N2 throughout the channel

all the way to its dead end at x = Lpore = 500 nm. Therefore, as illus-

trated in these inset figures, the potential and ion concentrations

within a few nanometers away from cathode surface are thus inde-

pendent of the location along the axial x-direction.

To illustrate the dramatic effect on the N2 diffusion by the steric hin-

drance of the cations in the EDL, we present in Figure 4D,E a comparison

of MPNP and PNP calculations of the steady-state concentration profiles

of H+ and N2 near the surface where the NRR and HER occur. One can

F IGURE 3 The role of different exchange current density (i0,1,NRR, i0,2,NRR) on the Nitrogen reduction reaction (NRR) reaction
(i0,HER = 7 � 10�3 mA/cm2, a = 0.6 nm, d = 50 nm at bulk concentrations 0.1 M HCl and 7.14 � 10�4 M N2). The two-dimensional contour plots
of (A–C) Faradaic efficiency (FE) and (D–F) NRR current density (iNRR) as a function of i0,1,NRR and i0,2,NRR with different electrode potentials
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see from Figure 4D that the H+ concentration at the cathode surface

reaches unphysically high values in the PNP calculations, whereas the vol-

ume exclusion of the MPNP calculations restricts the maximum concen-

tration to a�3 = 7.7 M. Furthermore, Figure 4E shows that the N2

concentration from the MPNP theory tends to vanish almost completely

in the nm-vicinity of the cathode surface, which is due to the close-

packed monolayer of hydrated protons that are attracted to the cathode.

By contrast, the N2 concentration from the PNP calculations for point-

particles does not lead to any exclusion of N2 from the EDL region. Con-

sequently, according to the plots (Figure S3C) of the logarithm of iNRR as

a function of the overpotential η = Ep � E0, where Ep is the imposed elec-

trode potential and E0 is the equilibrium potential at which the electric

current vanishes, the difference of the NRR current between PNP and

MPNP is explicit at high absolute overpotentials jηj. These results high-

light the importance of the steric effects in studying the influence of N2

diffusion on the electrocatalytic N2 reduction.

3.2 | Influence of EDL on NRR performance:
theory vs. experiments

Then, the effect of the electrode potential on the EDL structure

near cathode surface is further studied. Figure 5A–C illustrates the

steady-state profiles of potential, H+ and N2 concentrations near the

cathode surface and the pore mouth at different Ep. We can see from

Figure 5A and Figure S2 that the Ep-dependent EDL structures screen the

surface potential. In Figure 5B,C, one can find that for increasingly nega-

tive electrode potentials, more H+ ions are electrostatically attracted to

the cathode surface, which leads to a lower N2 concentration near the

cathode surface. The enhanced H+ concentration and the reduced N2

concentration at the cathode surface upon decreasing Ep toward �0.4 V

are further quantified in Figure 5D. The pore-averaged concentrations

<cHþ (z = 0)> and <cN2 (z = 0)> at the cathode surface reveals that

<cHþ (z = 0)> approaches the steric limit a�3 and <cN2 (z = 0)>

approaches zero for Ep as negative as �0.4 V. Indeed, due to the steric

hindrance of the adsorbed H+ ions, it is increasingly difficult for N2 mole-

cules to diffuse toward the cathode surface at deeply negative Ep.

On the basis of Equations (8) and (9), the current density of the

NRR (iNRR) and the Faradaic efficiency (FE) are calculated, and plotted

together with experimental data for electrocatalytic NRR over the cat-

alyst Au/TiO2 in Figure 5E,F.47 The iNRR is a measure for the reaction

rate of nitrogen reduction. Interestingly, Figure 5E reveals that our

theoretical iNRR (black curve) accurately reproduces the experimentally

observed non-monotonic behavior with the electrode potential (red

curve), although the peak in our calculations seems to be somewhat

broader and shifted to Ep = �0.3 V compared to Ep = �0.2 V in the

F IGURE 4 The sectional distributions of the potential (A), H+ (B) and N2 (C) concentrations inside the individual pore (diameter d = 50 nm
and length Lpore = 500 nm) when applied electrode potential Ep = �0.3 V. The inset figures are the local distributions near the cathode surfaces.
Comparison of the steady-state concentration profiles of H+ (D, cHþ ) and N2 (E, cN2 ) in the 5 nm-vicinity of the electric double layer region at the
pore entrance (x = 0) as obtained from modified Poisson–Nernst–Planck (PNP) (finite particle size a = 0.6 nm) and PNP (point particles) for pore
diameter d = 50nm, voltage Ep = �0.3 V, electrolyte 0.1 M HCl, and saturated bulk nitrogen concentration 7.14�10�4 M
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experiment. In fact, the phenomenon that the NRR rate decreases

when the electrode potential becomes more negative than about

�0.2 to �0.3 V was observed in several experiments,47,61,63 which

was speculated to be caused by the competitive adsorption of N2 and

hydrogen species on the electrode surface.64,65 This speculation is

now fully confirmed by our results as discussed above. Furthermore,

both the predicted and the measured FE of the NRR system with the

Au-based catalyst rise to about 8% at low potentials, as shown in

Figure 5F, and then decrease significantly with high negative poten-

tials. At high electrode potentials, the HER becomes the primary pro-

cess, resulting in the FE reduction. Therefore, good catalysts for NRR

should be highly active for nitrogen reduction at low electrode poten-

tial in order to improve the N2 diffusion as well as suppress the

HER.66

3.3 | Influence of H+ concentration on NRR
performance

We have seen that the build-up of the EDL has a negative influence on

the diffusion of N2 towards the catalyst surface, which limits the NRR

performance, especially at deeply negative applied electrode potentials.

We therefore expect that a reduction of the steric hindrance of accumu-

lated cations in the EDL can improve the NRR performance. A key factor

that determines the structure of the EDL is the bulk ion concentration

cbulk, which determines the Debye length λD /1=
ffiffiffiffiffiffiffiffiffi
cbulk

p
that sets the

characteristic EDL thickness. In Figure 6A–C (Ep = �0.2 V), we pre-

sent the potential, H+ and N2 concentration profiles in the nm-vicinity

of the electrode surface for a fixed saturated N2 concentration and a

set of bulk HCl concentrations cbulk =10�3, 10�2, 10�1, 100M. The

potential distributions (Figure 6A) between the central axis

(at z= 25nm) and the cathode surface (at z = 0) illustrate that the

EDL region is narrowed with concentrating the electrolyte solution,

which is consistent with the description of the Debye length. How-

ever, as indicated in Figure 6B,C, a higher bulk H+ concentration leads

to an increased H+ concentration and a reduced N2 concentration

close to the electrode surface. In addition, Figure 6D quantifies the

pore-averaged concentrations <cHþ (z = 0)> and <cN2 (z = 0)> at the

cathode surface, which illustrates that the adsorption of N2 on the

catalyst surface is largely limited at high bulk H+ concentration. The

variation of the bulk H+ concentration would also affect the NRR per-

formance as characterized by the iNRR and FE (Figure 6E,F). At low

bulk H+ concentrations (10�4, 10�5 M), the rate of the NRR is limited

by limited transfer of protons for the protonation of nitrogen species.

F IGURE 5 Nitrogen reduction reaction (NRR) performance for Au catalyst in nitrogen-saturated electrolyte (0.1 M HCl and
7.14 � 10�4 M N2). The steady-state profiles of potential (A), H+ (B), and N2 (C) concentrations in a 2.5 nm � 2.5 nm region near the cathode
surface (z = 0) and the pore mouth (x = 0) at different Ep. (D) The dependence on the electrode potential of the pore-averaged concentrations of
H+ (<cHþ>) and N2 (<cN2>) at the cathode surface. Comparison between simulation and experimental results of the NRR current density (E, iNRR)
and Faradaic efficiency (F, FE) as a function of the Ep
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At high bulk H+ concentration (10�1, 100M), the NRR is also

suppressed by the strong competition of the HER. Consequently, an

enhanced NRR performance can be obtained with a 100-fold dilution

of the 0.1 M HCl used above down to 10�3 M (pH = 3). Interestingly,

these theoretical findings can be verified by an experimental investi-

gation that selects an optimized pH value of 3.5 by testing the NRR

performance in N2-saturated electrolytes with different pH values.23

Furthermore, Figure S5 illustrates that this H+ dilution effect depends

on the electrode potentials. For instance, at low electrode potential

(Ep = �0.1 V), the concentration of H+ ions accumulated near the

cathode surface is low, and hence the EDL has little influence on the

N2 diffusion. By contrast, the proton transfer process is limited by

the reduced proton concentration, which results in the decrease of

the NRR rate and Faradaic efficiency upon proton dilution.

3.4 | Promoting NRR performance by enhancing
N2 diffusion

As discussed above, at deeply negative electrode potentials the NRR rate

is limited by the reduced diffusion of N2 through the EDL to the cathode

surface, which can be partially mitigated by diluting the electrolyte. Also,

several additional strategies can be implemented to improve the NRR

rate of an electrocatalyst system, for instance by engineering the channel

dimensions of the nanostructured electrode (here modeled by d and

Lpore) or the intrinsic activity of active sites (here represented by the

exchange current density i0,1,NRR that characterize the ET step for the

NRR).67 We consider here the dependence of the NRR efficiency on the

pore size by comparing the cases d = 50 nm and d = 10 nm, as well as

on the i0,1,NRR, which is the parameter that essentially determines the

catalyst activity as we show in Figure 3. Firstly, Figure 7A,B display the

concentration distributions of N2 in the two channels of diameter 10 and

50 nm at four different NRR reactivity parameters i0,1,NRR from 10�6 to

10�3 mA/cm2, where an experimental realization of the high-end of i0,1,

NRR requires the development of new catalysts to accelerate the NRR.

Due to the low solubility of N2 in the aqueous electrolyte, increasing the

NRR rate leads to a significant depletion of N2 deep in the channel, the

more so for narrower channels. This reveals that the steric hindrance of

the solution species on the diffusion of N2 from bulk reservoir to the

smaller channel interior is a key feature of these systems. Furthermore,

we present a comparison between the N2 concentrations on the cathode

surface of the two different channels along x-direction for

i0,1,NRR = 10�5 and 10�3 mA/cm2 in Figure 7C. When the NRR rate is

fast, the surface N2 concentration is significantly reduced beyond

x = 10–100 nm away from the inlet at x = 0, however less so for the

larger pore diameters. The increase of the pore size is therefore favorable

F IGURE 6 Nitrogen reduction reaction (NRR) performance for Au catalyst with different bulk H+ concentrations (Ep = �0.2 V and
7.14�10�4 M N2). (A) The potential distributions (25 nm � 25 nm) as well as the concentration distributions (2.5 nm � 2.5 nm) of H+ (B) and N2

(C) in the region near the cathode surface. (D) The pore-averaged concentrations of H+ (<cHþ>) and N2 (<cN2>) at the cathode surface as a function
of the bulk H+ concentration. (E) The NRR current density (iNRR) and (F) Faradaic efficiency (FE) at each given bulk H+ concentration
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for the adsorption of N2 on the cathode surface and hence improves the

iNRR and FE, the more so for the faster NRR reaction rate as can be seen

in Figure 7D,E. As shown in Figure 7F, an increase of i0,1,NRR up to 10�4

or 10�3 mA/cm2 can increase the FE up to 11% or even 38%, the more

so for larger pore diameters. The calculation results for more pore sizes

are summarized in Figure S6, which indicates that comparing to the H+

transport, the N2 diffusion in the highly active electrocatalytic system is

more sensitive to the pore size.

Consequently, analyzing the effect of electrode microstructure

needs to consider the activity of the catalyst: if the intrinsic activity of

each active site or the loading of the catalyst materials is low, which is

the case for most of presently available catalysts, a pore size of 10 or

50 nm has little influence on the NRR performance. However, if the

activity of the electrocatalyst is improved, the limited N2 diffusion in

smaller pores cannot be ignored and causes, as we show, a depletion of

N2 deep in the channel. In this case it is therefore beneficial to increase

the pore size (for the present choice of parameters) beyond 10 nm to

enhance the N2 diffusion. Interestingly, recent research has shown that

some single-atom catalysts (Fe, Ru, and Mo) exhibit superior NRR

performance,22,27,68 and hence these catalysts are more likely to suffer

from diffusion limitations when loaded onto porous electrodes. There-

fore, for practical design of nanostructured electrodes, a balance needs

to be found between small pores with large catalytic surfaces and larger

pores with optimal transport properties.

4 | CONCLUSIONS

In this article, we have investigated the coupled reaction-transport

processes in an electrocatalytic NRR system and evaluated the

NRR performance under different experimental conditions using an

effective continuum model. We find that the potential- and

concentration-dependent EDL as well as the reaction-induced N2

concentration gradients play vital roles on the NRR activity and

selectivity. At deeply negative electrode potentials, the aggregated

cations in the EDL near the cathode surface will hinder N2 diffusion

from the electrolyte in the channel to the cathode surface, thereby

reducing adsorption on active sites, thus limiting the reaction rate

of NRR. As practical electrodes for NRR have ambiguous and irreg-

ular microstructures, which can increase the number of active sites

on the electrode, nanochannels with different sizes are considered

here to study how the nano-confinement influences the reaction

environment and the performance of the catalyst. The effect of

pore size on the NRR performance becomes significant if the NRR

rate is high, which leads to a depletion of N2 in the smallest internal

nanochannels. Based on our discussion above on the effect of the

EDL and the interplay between N2 diffusion and surface reduction

reaction, we hope our research can provide theoretical guidance to

the understanding and design of advanced electrocatalytic systems

for nitrogen reduction.

F IGURE 7 Nitrogen reduction reaction (NRR) performance for different catalyst activities in a small or large pore (Ep = �0.3 V, 0.1 HCl and
7.14 � 10�4 M N2). The concentration distributions of N2 in the two different nanochannels (A, d = 10 nm, and B, d = 50 nm) with the i0,1,NRR

increasing from 10�6 to 10�3 mA/cm2. (C) Surface concentration of N2 (csurf,N2
) along the x direction with pore sizes of 10 and 50nm for

i0,1,NRR = 10�5 and 10�3 mA/cm2. The NRR current density (iNRR) vs. electrode potential for pore diameter d= 10 and 50nm when i0,1,
NRR = 10�5 mA/cm2 (D) and i0,1,NRR = 10�3 mA/cm2 (E). (F) Faradaic efficiency (FE) of the whole nanochannel with pore diameter of 10 and
50nm for i0,1,NRR = 10�6–10�3 mA/cm2
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