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How the electric double layer impacts nitrate
reduction to ammoniaf
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Electrochemical nitrate reduction (ENR) is an appealing method for remediating nitrate contamination in
wastewater and producing ammonia using renewable electricity. However, a mechanistic understanding
of coupled mass transfer and electrocatalysis at the electrode—electrolyte interface, which dictates ENR
efficiency, is limited. In this study, we develop an experimentally-validated multiphysics model of the
Stern, diffuse, and diffusion layers near the surface of a polycrystalline titanium catalyst to investigate the
effect of the electric double layer on ENR. The developed model couples the generalized-modified-
Nernst—Planck equation with Frumkin—Butler—Volmer kinetics and numerical optimization to quantify
the effect of applied potential and bulk electrolyte concentration on the ammonia formation rate. Our
results reveal how dynamic driving forces at the polarized interface give rise to experimentally observed
trends in ENR. Guided by this insight, we show that a more negative potential-of-zero-charge increases
the limiting current density for ammonia synthesis by enabling faster migration of nitrate towards the
cathode surface. The results motivate the development of multi-scale models that link transport
phenomena with molecular-scale modelling to design and tailor interfaces for efficient ENR.

Ammonia is a key chemical precursor for fertilizer synthesis and is essential to global food production. However, its manufacture via the Haber-Bosch process

contributes up to 2% of global greenhouse gas emissions due to its reliance on fossil fuels. Moreover, nitrate—a common byproduct of fertilizer use—pollutes
water systems and poses environmental and health risks. Electrochemical nitrate reduction is a promising strategy to address these two challenges by

converting waste nitrate into ammonia using renewable electricity and water. However, the viability of this approach is limited by inefficient catalysts and poor
mass transport of the nitrate reactant to the catalyst surface. In this study, we combine multiphysics modelling and numerical optimization to simulate the

electric double layer and resolve the coupled effects of mass transport and reaction kinetics of nitrate reduction over a polycrystalline titanium electrode. Our
results demonstrate how the potential-of-zero-charge (PZC) governs the local electric field, and in turn, the driving force for nitrate reduction and the mass

transport of nitrate to the catalyst surface. These results provide mechanistic insight into interfacial phenomena and design principles for catalysts and reactor
architectures that enable efficient and sustainable ammonia synthesis.
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Introduction

Approximately 40% of the human population relies on synthetic
ammonia (NH3) from the Haber-Bosch process to produce ferti-
lizers that enable crop growth.! However, this process is carbon

b Department of Chemical and Biomolecular Engineering, University of California
Berkeley, Berkeley, CA 94720, USA

¢ Department of Chemical Engineering, Stanford University, Stanford, CA 94305,
USA. E-mail: wtarpeh@stanford.edu

 Department of Chemical and Biomolecular Engineering, New York University,
Tandon School of Engineering, Brooklyn, NY 11201, USA

¢ Department of Chemical Engineering, California Institute of Technology,
Pasadena, CA 91125, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5ey00217f

1272 | EES Catal.,, 2025, 3,1272-1284

intensive (1.4% of global CO, emissions)** because it uses hydro-
gen from steam-methane reforming and heat to drive the conver-
sion of dinitrogen gas into NH;. Electrochemical nitrate (NO;™)
reduction (ENR) is an alternative method for producing NH; that
operates at ambient temperature and uses renewable electricity
instead of heat to drive the reaction.*> Moreover, the NO;~ used as
the N-atom source in this reaction is a ubiquitous pollutant in
wastewater (e.g., agricultural runoff) and is toxic to humans,®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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which makes ENR especially appealing for simultaneously treating
wastewater and enabling distributed manufacturing of fertilizers
in agricultural communities. However, the concentration of NO;™
in wastewater is low (10-1000 ppm),” and therefore, mass trans-
port to the cathode surface often limits the rate of NHj;
formation.®’

A potential challenge of electrochemically reducing dilute
NO; ™ from wastewater into NH; at high rates is the electrostatic
repulsion between the NO; ™~ anion and the negatively-polarized
cathode.'® With a negative charge on the cathode, NO;~ must
diffuse to the cathode surface at a faster rate than migration
away from the surface for the net flux to be directed towards the
electrocatalyst. The charge on the cathode is dictated by the
difference between the applied potential and the potential-of-
zero-charge (PZC) of the electrocatalyst, making the PZC a
critical parameter underlying the efficiency of ENR devices.
The PZC is ideally more negative than the ENR equilibrium
potential to enable a positive charge on the cathode that drives
NO;™ migration to the surface to promote the reduction reac-
tion. This observation may explain the fact that the most
efficient electrocatalysts for ENR exhibit a negative PZC relative
to the equilibrium potential of 0.819 V vs. SHE for NO;~
reduction to ammonia with H" as the proton donor (e.g., the
PZC of Ti(111) is —1.8 V vs. SHE"" and —0.73 V vs. SHE for
polycrystalline Cu'?). The PZC also impacts the potential drop
through the electrolyte and thus the overpotential that drives
ENR and the competing hydrogen evolution reaction (HER) and
nitrite (NO, ™) formation reactions. It is for these reasons that
understanding the relationship between the electrode-electro-
lyte interface and the efficiency of ENR, as well as how the PZC
affects this interface, is critical.

Multiphysics modelling, which involves solving mass, charge,
and momentum conservation equations,'® is ideally suited to
resolve the coupled transport and reaction phenomena in ENR
devices. These models have proven useful in the design of
improved fuel cells'"® and electrolysers'®>" because they are
capable of quantifying energy losses and local species concen-
trations at higher temporal and spatial resolutions than experi-
ments. Previously reported models have examined mass
transport in ENR devices,”**”* but they do not simultaneously
account for the Kkinetics of ENR, competing electrochemical
reactions, acid-base reactions, and how the double layer
(the region near a polarized electrode where charged species
accumulate and the electric field is significant) affect these
phenomena. For example, while Lv et al.** showed the effect of
diffusion, migration, and convection on ENR in a full cell
model, they neglected acid-base reactions and double-layer
effects. In contrast, Guo et al.” reported a model of the double
layer that includes acid-base reactions and double-layer effects,
but the kinetics of the electrochemical reactions are neglected, and
thus, the model is not capable of predicting ENR performance.
A predictive model of these coupled effects is critical to defining
the factors that give rise to a high NH; formation rate while
mitigating the formation of H, and other nitrogenous byproducts.

In this study, we develop a 1D multiphysics model of
the Stern, diffuse, and diffusion layers adjacent to a planar,
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polycrystalline titanium cathode immersed in an electrolyte
composed of 10 mM HNO; and 1 M NaClO, to investigate the
effect of the double layer on NH; formation rates. A low nitrate
concentration (10 mM) was selected to be representative of
wastewater streams and to simulate conditions relevant to elec-
trochemical denitrification and distributed fertilizer produc-
tion. Polycrystalline titanium was selected as a model catalyst
due to the availability of key experimental data,”'>*" including
PZC values and partial current densities, which enables quan-
titative model validation. This double layer model couples the
generalized-modified-Nernst-Planck (GMNP) model for mass
transfer in the diffuse and diffusion layers, the Booth model
for describing electrolyte permittivity in the Stern layer, and
Frumkin-Butler-Volmer kinetics to successfully predict the
rate of ENR as a function of potential and bulk electrolyte
concentration. Our simulations reveal how the negative PZC of
TiH,(111) (—0.9 V vs. SHE), which is the dominant surface
termination of polycrystalline titanium under ENR conditions,""
increases the concentration of NO; ™ at the surface by maintaining
a positive electrode charge over a wider range of applied poten-
tials, thereby enhancing migration towards the catalyst surface
and increasing the limiting current density in ENR. The results
from the double layer model are contrasted with results obtained
with a simpler multiphysics model that only considers the diffu-
sion boundary layer (where electroneutrality holds). This com-
parative analysis is enabled by the use of covariance matrix
adaption-evolution strategy (CMA-ES), a gradient-free global opti-
mization strategy, to algorithmically fit the kinetic parameters for
both models. The comparison indicates that accounting for the
Stern and diffuse layers is critical to predicting ENR performance
because of the key role that NO;~ migration within the diffuse
layer plays in determining the concentrations at the surface of the
cathode. This study demonstrates the utility of multiphysics
modelling for understanding the double layer and its impact on
the mass transfer and electrochemical kinetics of ENR.

Model overview and assumptions

The 1D isothermal model reported here captures the nano- to
meso-scale physics of ENR with a 1 M NaClO, + 10 mM NaNO;
electrolyte and is based on the Guoy-Chapman theory of
electric double layers (Fig. 1). The model domain consists of
the Stern, diffuse, and diffusion layers near the surface of the
electrode and the physical equations are solved under the
assumption of pseudo-steady-state conditions (i.e., none of
the state variables change with time). The Stern layer bisects
the layer of immobilized ions adsorbed on the surface and its
potential drop is governed by the Poisson equation. The Stern
layer thickness is estimated based on the hydrated radius of the
dominant cation in the system, sodium (Lsier, = 0.36 nm).
While this value changes based on the dominant species
present at the OHP, there is only a slight difference in hydrated
radii between the dominant anion (ClO,; 0.33 nm) and cation
(Na'; 0.36 nm) in the system we consider. Thus, we assume the
Stern layer thickness does not change significantly when
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Fig. 1 Schematic diagram of the model domains including the Stern, diffuse, and diffusion boundary layers. The outer Helmholtz plane (OHP) divides the

Stern and diffuse layers.

operating at applied potentials above and below the PZC.
The PZC of the polycrystalline titanium electrode is assumed
to equal to that of TiH,(111), given that it is the domi-
nant surface species of polycrystalline titanium under ENR
conditions according to grazing-incidence X-ray diffraction
measurements.’” Within the diffuse layer (Lpjuse = 1-10 nm),
species transport is governed by gradients in electrochemical
potential, and electroneutrality is not necessarily upheld. The
diffusion layer (Lpifrusion = 100-300 um for a planar electrode)
encompasses the region between the diffuse layer and the bulk
electrolyte, where the electric field is not strong enough to
create a net excess charge and thus the electrolyte in this
domain is electrically neutral. In the model, we specify
the combined thickness of the diffuse and diffusion layer to
be 200 pm, where the diffuse layer thickness corresponds to the
distance between the OHP and the point where the net excess
charge in the electrolyte decays to 0. The total thickness of the
electrolyte (200 um) is approximated based on the experimental
conditions reported by Guo et al,” where mass transfer is
expected to be slow since the electrolyte was bubbled with
argon gas but not pumped through the cell. Thus, this thick-
ness value can be considered as a fitting parameter since
reliable mass transfer correlations for these experimental con-
ditions are not available.

Reaction chemistry

The ENR is challenging to mediate selectively because of compe-
titive reactions that exhibit similar thermodynamic equilibrium
potentials, as shown in eqn (1)-(6). Moreover, the undesired NO,
product of NO;™ reduction can also be reduced to NH; (eqn (7)).

2H" +2¢” —Hy, Up,, =0000Vvs. SHE (1)
2H,0 +2¢” — Hy +20H" U} 5 =—0.827 Vvs. SHE (2)

NO;™ +2H" +2¢~ — NO, + H,0

. (3)
U, A = 0.819 V vs. SHE
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NO;~ + H,O +2e~ — NO;,” +20H™

U&OZ,,B = —0.008 V vs. SHE (4)
NOs™ +9H" + 8¢~ — NH; + 3H,0
Ulr,a = 0.812 V vs. SHE (5)
NOs™ + 6H,0 + 8¢” — NH; + 90H"
UI(LH3‘B = —0.119 V vs. SHE Q)
NO;™ + 5Hy0 + 6~ — NH; + 7OH" .
7

URoy -y = —0.156 V vs. SHE

In eqn (1)-(7), U},, and U}, p represent the standard
equilibrium potentials of the HER under acidic conditions
(ie., 1 M H') with H' as the proton donor and under basic
conditions (i.e., 1 M OH™) with H,O as the proton donor,
respectively. Ui, 5 and URq,-  are the standard state equili-
brium potentials of the NO,~ formation reaction with H" and
H,O as the proton donors, respectively. Uy, » and URy, g
are the standard equilibrium potentials of NH; formation with
H" and H,O as the proton donors, respectively. UIQ’OQ’HNH3
represents the standard state equilibrium potential of NO,™
conversion to NH; with H,O as the proton donor. The homo-
geneous acid-base reactions considered in the model and
the corresponding equilibrium constants at 298 K are given in

eqn (8)-(11).

H,0 - H' +OH  K,=1 x 10" (8)

NH; + H,0 - NH," + OH™ K, =1.85 x 10°° 9)
NO,” + H,0 — HNO, + OH™ K, =1.73 x 107" (10)
NH; + H" - NH," K;=1.85 x 10° (11)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thermodynamics

The standard Gibbs free energy changes (AG®) of each electro-
chemical and acid-base reaction shown above are used to
determine the equilibrium constant (K;) and standard state
equilibrium potential (U}) of reaction j, respectively,

AG) = " sijAGY, (12)
i

where AGY; is the standard state Gibbs free energy of formation
for species 1. s;; is the stoichiometric coefficient of species i in
reaction j and is positive for products and negative for reac-
tants. The equilibrium constants for each of the acid-base
reactions are given by,

AG?
K =ep| g7

where T is the temperature in Kelvin (298 K) and R is the ideal
gas constant (8.314 J mol ' K '). K; represents the ratio of
the forward and reverse reaction rate constants for the acid-
base reactions and is used to determine the reverse rate
constant,

(13)

(14)

where kj is the forward rate constant for reaction j (Table S1,
ESIT) and k; is the reverse rate constant for reaction j in
the absence of an electric field. For acid-base reactions that
generate a net charge (eqn (8) and (9)), the equilibrium con-
stant varies as a function of the electric field as described by the
2nd Wien effect,

K5(E) = K (E) (15)

where K;(E) is the equilibrium constant in the presence of an
electric field, and f(E) is a function which represents the
propensity for an acid-base reaction to favour the charged
products in an electric field. This function is given by Craig®
based on the work by Onsager,>®

&, 1 m BE
mgom@ﬁE) cosh(zBE) cosh(t)

J(E) =

1 — exp(——) .
1 sinh(0.0835¢E)
l+—— 2| 2PE+4970————
T (‘7 PE 4970 (008350 E)

(16)

where 7 and f are lumped parameters defined below that
depend on the Bjerrum length (/,,) and the dimensionless ratio
between the bond dissociation length (estimated as the length
of OH bond; 0.096 nm)*’ and 1, respectively. These values are
given by Craig,>

7 = —0.128 In(cosh(0.2350)) + 5.725° (17)
B IWF
pbt (18

© 2025 The Author(s). Published by the Royal Society of Chemistry
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~0.096 nm (19)
TN
eF
= 2
b 8neRT (20)

where ¢ is the dielectric permittivity of the electrolyte, which is
defined based on the relative permittivity (¢;) and the dielectric
permittivity of free space (&),

(21)

& varies in the diffuse and diffusion boundary layers according

&= &80

to ion solvation effects as per Bohra et al.,*®
CH0 — D, WG S wier
i=cations | i=cations
& = 6? % + 61r“mn i=cal ions (22)
CH,0 CH,0

where ¢ is the nominal relative permittivity of water (78),>°
™" is the minimum relative permittivity of the electrolyte (6),%*
¢; is the concentration of species i, and cy o is the concentration
of water (assumed to be constant and equal to 55 M). w; is the
hydration number of species i (Table S2, ESIt). The standard
equilibrium potential of electrochemical reaction j (AU}) versus

the standard hydrogen electrode (SHE) is defined as,

AG} = —nFU} (23)

where 7, is the number of electrons transferred in reaction j and
F is Faraday’s constant (96485 C mol '). The corresponding
equilibrium potential of electrochemical reaction j (U;) is given
by the Nernst equation,

Ui =U; *%mQ;‘ (24)
where Q; is the reaction quotient of reaction j,
0 =][a" (25)
i
where q; is the activity of species i, which is defined as,
a; = i (26)
Cref

where y; is the activity coefficient of species 7, and ¢, is the
reference concentration (1 M for ions and 55 M for water). The
activity coefficient y; comprises the non-ideal effect of electro-
static interactions between neighbouring ions and the 2nd
Wien effect,

Vi = Vi,pHYi,SWE (27)

where 7, pyy represents the Debye-Huckel activity coefficient for

electrostatic interactions and y;swr is the activity coefficient
associated with the 2nd Wien effect,

Z,‘2 Io! (28)
i,DH 1+d, /—Iﬁ,
where d; is the size hydrated diameter of species i (Table S2,
ESIY), z; is the valency of species i, I is the ionic strength of
the solution, «’ and p’ are constants that depend on the

EES Catal., 2025, 3,1272-1284 | 1275
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temperature and relative permittivity of the electrolyte,

F2eg\/2
o =V \C ~ (29)
8n(eRT)
F
- — (30)
VeRT/2
1:12220 (31)
2 - gl
where ¢, is the elementary charge.
The activity coefficient for water is,
Huy0
Mo = exp(e) (32)

where uy o is the chemical potential of water. This parameter is
determined based on the Gibbs-Duhem relationship as per
Crothers et al.,*°

23 1\ M,
Hy,0 = ART<§]26/ (Bduvgh)i())

(33)
PH,0

where A is the Debye-Huckel limiting slope (1.177 m®?
mol %), and B is the Debye-Huckel solvent parameter
(3.291 m*? mol "> nm~%); it is noted that these two parameters
are related to o’ and f’, respectively, but the fitted values from
Crothers et al. are used to simplify the computation. d,,, is the

S

average diameter of all ions in solution | dyye =—— | and

represents the closest distance of approach, My,c is the mole-
cular weight of water, and py ¢ is the density of water. ¢’(x) is a
function which is defined as,

Uf(x):x%((l—i—x)—Zln(l—ﬁ—x)—lj_x). (34)

The activity coefficient for the 2nd Wien effect ensures
thermodynamic consistency for the acid-base reactions and is
defined as,

=lzil

ke

e (35)

ViSWE =
where kg and k. represent the electric field enhancements to
the forward and reverse reaction rates as per eqn (16),

= 1
— I m PE
ke = mgom'(m - 1)!(2/3E) cosh(tBE) cosh(r)

(36)

1 —exp <—7> )
kg =1 +7G<02 BE + 4.970 sinh(0.08350 B E) )

2 cosh 2(0.08356BE)
(37)
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Transport

The transport of dissolved species in the diffusion boundary
layer and diffuse layer is governed by a steady-state mole
balance for each species (Na*, ClOo,, H', OH™, NO, , NO; ",
HNO,, NH;, NH,", and dissolved H,),

Ven; = Rg;

(38)

where n; is the flux of species i and R is the net source term of
species i due to the acid-base reactions, as described in the
Kinetics section. The generalized-modified-Nernst-Planck
(GMNP) equation is used to determine the flux of dissolved

species,*

ez F ﬁ,-NAZ}’,'SVC,'
n; = —D,' VC[+(J[V1H)‘I-+ }QIT V(/)[-i-(,‘,' 41 !
——Na) ric
v i
(39)

where z; is the charge of the species i, ¢; is the concentration
of species i, F is Faraday’s constant (96485 C mol™ '), R is the
ideal gas constant (8.314 J mol ' K1), D; is the diffusion
coefficient of species i (Table S3, ESIT), and ¢; is the electro-

4
lyte potential. v is a shape factor (equal to ;).33 The first,

second, third, and fourth terms in eqn (39) represent the
diffusive flux, the flux due to non-idealities (i.e., gradients in
activity coefficients), the migration flux, and the steric flux,
respectively. f; is the excluded volume of species i, which is
given by Butt et al.,**

I'f3

.Hi = 3

I'H,0

(40)

where r; is the radius of species i and ry o is the radius of water
(equal to half of the diameters listed in Table S2, ESIT).

Charge transport

Within the diffuse and diffusion boundary layers, the potential
gradient drives migration of charged species. This potential
gradient is determined using the Poisson equation,

V- (—&&Vo;) = FZZ[C,‘ (41)

where ¢, is the relative permittivity. Within the Stern layer, only
water is present as freely moving or as solvating cations and the
potential distribution is given by,

V'(_gr,stern80V¢Stern) =0

where ¢giern is the potential in the Stern layer. The relative
permittivity in the Stern layer (&, stern) depends on the degree of
water polarization in the direction of the electric field. This
relationship is given by Booth,**

(42)

ek (\/ﬁ(nz i 2)“°6kiT) (43)

E
e

2
&rStern = 1 +

V73(n2 +2)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where 7 is the refractive index of water (v/1.73), p, is the dipole
moment of water (1.84 Debye), and kg is Boltzmann’s constant.
L(x) is the Langevin function,

L(x) = cothx — l

(44)

Reaction kinetics

The rate of the electrochemical reactions (eqn (1)-(7)) occurring
at the interface between the Stern and diffuse layers (i.e., the
outer Helmholtz plane; OHP) are described using multi-step
Butler-Volmer kinetics, which assumes a single rate-deter-
mining-step and that all other steps are quasi-equilibriated,*®

) ] Aiotal a, —{ajZtotal a. G aﬂ;/F
i :mJII<EﬁJ Il(@ma {“P(RTW)
—0c F
— &Xp RT VI/

where i, is the exchange current density for reaction j. «,; and
oc; are the anodic and cathodic charge-transfer coefficients,
respectively. a,; and o represent the local activity of the reactant
species and product species, respectively, in reaction j. asylk and a
g}‘lk represent the activity of the reactant species and product
species, respectively, in reaction j at the bulk electrolyte conditions.
The limits of the multipliers, @al;j and Zoralj Tepresent the total
number of reactant and product species, respectively, in reaction j.
{a; and (;; are the apparent rate orders for the reactant and

product species, respectively, in reaction j,

S
Coi="2(nj — o,
0 == )

(46)
ey = (47)

This kinetic model assumes a single rate-limiting step with-
out considering surface coverage effects. A microkinetic model
would more fully capture the elementary reaction steps and
surface-bound intermediates.’” However, the development of a
microkinetic model requires detailed knowledge of adsorption
energies and activation barriers for all competing reactions
(NH; formation, NO,~ formation, and H, evolution). Unfortu-
nately, thermodynamically consistent energy barriers for each
of these reactions are not currently available in the literature.
Calculation of these parameters and validation with operando
measurements would be required to build and validate a
microkinetic model, but this is not the focus of our study.

In this work, the ,; and o values for the double layer model
are fit to the experimental data using CMA-ES (Table S4, ESIt) and

the o, ; values are determined based on the following relationship,
ocaJ:nj— Oe,j (48)

The kinetic overpotentials for reaction j (y;) are defined
based on the Frumkin interpretation of Butler-Volmer kinetics
and the local equilibrium potential with consideration of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Nernstian shift caused by changes in the local activities of
product and reactant species,

ny= ¢s — Pour — U; (49)

where ¢; is the solid (applied) potential vs. SHE, ¢oup is the
electrolyte potential at the OHP, and U; is defined by eqn (24).

The acid-base reactions described in eqn (8)-(11) are incor-
porated into the steady-state mole balances (eqn (38)) through
the source/sink terms using the law of mass action,

Tw = kwikie@u,o — kwrkee@u-aon- (50)

r1 = kiekeanm,Gu,0 — Kickielnm, Gon- (51)
T2 = katano,-n,0 — kar@uNo,don- (52)
rs = kaaNH3aH* - k3raNH4+ (53)

As shown above, the 2nd Wien effect only impacts reactions
that generate a net-charge (r,, and r,). The acid-base reactions
are summed for each species i to define the net bulk reaction
source terms,

Rppy+ =Ty — T3 (54)
Rgou-=rwtr +n (55)
Runo, = —T» (56)
Rpnu, = —T1 — I3 (57)
RpNu, =11+ 713 (58)
Rp uNno, = T2 (59)

Electroneutral boundary layer model

A boundary layer model in which the Stern and diffuse layers
are not considered was developed for comparison to the double
layer model. This model does not employ the Poisson equation
and instead uses the electroneutrality constraint to determine
the electrostatic potential,

ZZ,‘C,‘ =0

(60)

Because the potential gradient, and hence the electric field,
is expectedly insignificant, the 2nd Wien effect is neglected.
Thus, the activity coefficients only account for electrostatic
effects (i.e., the Debye-Huckel relationship) as per eqn (28)
and (32). All other physicochemical parameters (e.g., diffusion
coefficients) are the same as the double layer model. The
overpotentials for the electrochemical reactions are defined
without consideration of the PZC,

n=¢s— ¢ -y (61)

The electrochemical parameters (io; and o) for the electro-
neutral model were fit using CMA-ES and are shown in
Table S5 (ESIT).
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Boundary conditions

Dirichlet boundary conditions are imposed at the edge of the
diffusion boundary layer (X = Lstern + Laiffuse T Lditfusion) fOr the
concentration of each species,

(62)

Ct|x:Ls:em*Ldiffuse*Ldiffusiun TG

where ¢} are the bulk concentrations (Table S6, ESIt). The
species which are produced by the electrochemical reactions
are not present in the bulk solution, so their activities are set
equal to the minimum numerical value in COMSOL. All other
species concentrations are calculated based on the assumption
that the prepared solution is at chemical equilibrium using
bulk activity coefficients (eqn (28) and (32)). The electrolyte
potential is set to an arbitrary reference value in the bulk
solution,

d)lIx:LSter11+Ldiffuse+Ldiffusion =0 Vs PZC (63)

At the electrode surface, the applied potential is referenced
to the PZC of TiH,(111) (¢pzc = —0.9 V vs. SHE),

¢s|x=0pm = (/)Applied - ¢PZC (64)

For the electroneutral model, the applied potential is not
referenced to the PZC,

¢s|x:0um = ¢App1ied (65)

For the double layer model, the flux of each species involved
in the electrochemical reactions are given by Faraday’s law of
electrolysis at the OHP,

—Sijlo,
N - =y = 66
i #Na+,ClOg 7HN02,NH4+’x:Lsm W F (66)
The flux of all other species at the OHP are zero,
: =0molm >s ' (67
nz:NatCIo[,HNoZ,NH;|x:LStem =0molm ~s (67)

The same molar flux boundary conditions are employed in
the electroneutral model at the cathode surface.

Covariance matrix adaption-evolution strategy (CMA-ES)

The kinetic parameters for the electrochemical reactions were
determined using CMA-ES, a stochastic, derivative-free numer-
ical optimization strategy which is particularly useful for
complex, non-linear optimization problems.*® Corpus et al
showed that a gradient-descent fitting method failed to identify
kinetic parameters that fit experimental polarization data,
while CMA-ES did so successfully, suggesting that it is a
promising, unbiased technique for kinetic parametrization.>®
The CMA-ES parameter fitting algorithm was implemented
through COMSOL LiveLink with MATLAB 6.3 utilizing an
open-source CMA-ES package.*® The algorithm minimizes its
objective function, which is the sum of the square error
between the experimental and modeled polarization data, as
shown in Fig. 2.

CMA-ES minimizes its objective function by iteratively sam-
pling a population of candidate solutions from a multivariate
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normal distribution, defined by a mean, covariance matrix, and
standard deviation. The mean represents the current best
estimate of the optimal parameters, the covariance matrix
determines the shape and orientation of the distribution, and
the standard deviation controls how much the parameters vary
between iterations. After each generation, CMA-ES updates the
distribution parameters based on the most successful candi-
dates within the population. This formulation allows the algo-
rithm to refine the search window and learn correlations
between the parameters. As the algorithm converges on an
optimal set of parameters, it reduces the standard deviation.
The algorithm reaches a final solution when the change
in calculated error is smaller than the default tolerance of
1x10 "

The experimental HER partial current densities exhibit
simple, exponential Tafel behaviour. Therefore, the exchange
current densities, iy, and the cathodic transfer coefficients,
o, for eqn (1) and (2) were fit manually by trial-and-error
before implementation of CMA-ES to reduce the number of
parameters and computational cost of CMA-ES. The remain-
ing exchange current densities and cathodic charge transfer
coefficients corresponding to the reactions in eqn (3)-(7),
were fit sequentially using CMA-ES. For NO,, the optimized
set of parameters from CMA-ES led to a NO, partial current
density of 0 mA cm ™ across the entire potential range in the
electroneutral model due to the double-hump shape of the
experimental NO,  formation data. In the double layer
model, the optimized parameters were unable to predict
the NO, ™ partial current density at —0.8 V vs. RHE. Therefore,
the current density associated with NO,~ formation at —0.8 V
vs. RHE was omitted in the error calculation in order to
accurately capture the NO,  partial current density at other
applied voltages. The sum of the square error (SSE) calcula-
tion is shown in eqn (68). If the COMSOL model failed to find
a solution for a set of candidate parameters, the SSE was set
to infinity.

. . 2
SSE = (lNHg,CXp - lNH;,model)

>

V=-0.6,-0.8,
~1,-12V

(68)

. . 2
+ Z (INOZ‘expleOQ‘model)

V=-0.6,
—-1,-1.2V

Numerical methods and model parameters

The governing equations for the double layer model were
solved in COMSOL Multiphysics 6.3 using 3 general form
partial differential equation modules with the MUMPS solver
using Newton’s method with an error tolerance of 0.0001. The
1-D domain contained 4303 elements with heavy refinement
within the Stern and diffuse layers. The electroneutral model
was solved using the tertiary current distribution (tcd) module
in COMSOL Multiphysics 6.3 with 400 elements and the
MUMPS solver with Newton’s method using an error tolerance
of 0.0001.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Simulated and experimental differential capacitance values as a function of applied potential vs. SHE for a single crystal Ag(110) electrode

immersed in concentrations of NaClO,4 ranging from 5 to 100 mM. (b) Simulated and experimental partial current densities (absolute values) for NHs,
NO, ™, and H; formation as a function of applied potential vs. RHE for a polycrystalline titanium electrode immersed in 10 mM HNOz with 1 M NaClOa,.
(c) Simulated and experimental current densities (absolute values) at an applied voltage of —1 V vs. RHE for 10 mM HNOz with 1 M NaClO4 (labeled:
10 mM) and 10 mM HNOz with 1 M NaClO4 and 40 mM NaNOs (label: 50 mM). (d) Simulated and experimental NOs™ removal rates at an applied voltage
of =1V vs. RHE for 10 mM HNO3z with 1 M NaClOy4 (label: 10 mM) and 10 mM HNOz with 1 M NaClO,4 and 40 mM NaNOs (label: 50 mM). Experimental data
for (a) was obtained from Valette et al.*® Experimental data for (b)—(d) were obtained from Guo et al.” and error bars represent one standard deviation.

Results and discussion
Model validation

The objective of this study is to understand the effect of the
electrical double layer on the transport of NO;~ and formation
rate of NH;. Differential capacitance is a key characteristic of
the double layer because it defines the charge present on the
electrode as a function of potential. Thus, we first validated the
model by comparing the modeled differential capacitance
values of a single crystal Ag(110) electrode immersed in NaClO,
to the experimental data from Valette et al.*® (Fig. 2a) within a
potential regime where no faradaic reactions take place. The
simulated differential capacitance profiles exhibit peaks at
applied potentials more positive and more negative than the
PZC of Ag(110) (—0.74 V vs. SHE)."" The peaks in differential
capacitance observed at the more positive applied potentials
(i.e., >—0.74 V vs. SHE) correspond to ClO," surface charging,
whereas the peak observed at more negative potentials
(i.e.,, <—0.74 V vs. SHE) correspond to Na' surface charging.
A local minimum in differential capacitance is observed for
both the modelled and experimental values at the PZC, and
good agreement is observed between the experiment and the
model from —0.5 to —0.9 V vs. SHE. Discrepancies between
the model and the experiment at the two ends of the poten-
tial window are attributed to species adsorption, which is not
accounted for in the model. Notwithstanding, the results

© 2025 The Author(s). Published by the Royal Society of Chemistry

demonstrate that the model can accurately capture the surface
charging process within the double layer. Key to this predictive
ability is the inclusion of the steric term in the molar flux of the
ions (eqn (4)) and the Booth model (eqn (43)) for quantifying
the effect of the electric field on the relative permittivity of the
Stern layer. Without these terms, the differential capacitance is
overpredicted at values greater and less than the PZC due to
the unconstrained migration of charged species to the surface
(Fig. S1, ESIY).

To understand the impact of the double layer on the kinetics
of ENR, we modeled experimental partial current density data
collected by Guo et al.” with a polycrystalline titanium electrode
and an aqueous electrolyte containing 10 mM HNO; and 1 M
NaClO, (Fig. 2b). The electrochemical kinetic parameters
(i.e., ocjand iy ;) associated with NO, ™, H,, and NH; formation,
which are required to model and optimize ENR efficiency, are
not well characterized. To overcome this challenge, the double
layer model is coupled to CMA-ES, an optimization algorithm,
in order to fit these unknown parameters (Table S4, ESI}).*®
The simulated partial current densities for NH; and H, for-
mation from the double layer model show excellent agreement
with the corresponding experimental values (Fig. 2b). The
electroneutral boundary layer model, with parameters fit using
the same CMA-ES algorithm (Table S5, ESIt), exhibits an error
that is four times as large as the double layer model (i.e., SSE of
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0.454 compared to 0.116; Fig. S2, ESIt). These results demon-
strate that accounting for the electric double layer is key to
predicting ENR performance. Moreover, the ability for the
model to be directly coupled with CMA-ES enables automated
fitting of kinetic parameters to experimental data. Thus, the
model is generally applicable to other planar ENR catalysts
(e.g., copper), given that product formation rates are quantified
as a function of potential and that the PZC is known.

Fig. 2c and d show the effect of increasing the NOz;~
concentration from 10 mM to 50 mM on the current density
and NO;~ removal rate at an applied voltage of —1 V vs. the
reversible hydrogen electrode (RHE). The experimental current
density and NO;~ removal rate increase proportionally with
NO;™~ concentration, indicating that the reaction is mass trans-
fer limited. The double layer model accurately captures this
effect, with the simulated values agreeing with the experimental
data within error. The NO;~ removal rate is less accurately
predicted compared to the total current density because the
double layer model does not fully capture the experimental
NO,” partial current density trend (Fig. 2b), particularly
at —0.8 V vs. RHE. This limitation of the model likely arises
from the transformation of NO,  into undetected products
such as nitrogen oxide species (e.g., NO and N,O) during the
experiment,® given that the experimental nitrogen mass bal-
ance could not be closed at —0.8 V vs. RHE in the work by Guo
et al.” Moreover, hydrogen absorption into the titanium lattice
and dynamic reconstruction due to surface-bound intermedi-
ates have been shown to contribute to the observed ENR
performance of titanium,'"** but this phenomenon is not
accounted for in the double layer model. Another source of
error could come from the assumption that the PZC is equal to
that of TiH,(111), since experiments have shown that the
stoichiometry of TiH, near the surface can vary from x = 0 to
x = 2." Density functional theory (DFT) calculations show that
this change in stoichiometry affects the PZC of the electrode,
and thus, the charge on the electrode. Future modelling work
should account for these phenomena and incorporate a micro-
kinetic mechanism*’ that describes the role of active hydrogen,
hydrogen absorption into the lattice, and surface coverage to
address these issues.

Effect of the double layer on ion transport

The simulated NO; ™ concentration profiles provide insight into
the effect of the electric double layer on ion transport during
ENR (Fig. 3a). For all simulated potentials, the concentration of
NO;~ at the OHP (x = 0) is lower than in the bulk electrolyte
(10 mM) due to the consumption of NO;~ at the OHP by the
electrochemical reactions. However, when ¢ppiica > ¢pzc =
—0.9 Vvs. SHE, the NO; ™ concentration increases at a distance
of ~2 nm (going from the bulk towards the OHP). This point
represents the end of the diffuse layer, where the electrolyte

transitions from electrically-charged (Z ZicC #0) near the OHP
i

to electrically-neutral farther from the OHP (Fig. S3, ESIT).
At potentials more negative than the PZC (¢appiica < ¢rzc),
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the concentration profiles exhibit the opposite trend, where
the NO;~ concentration deflects downwards at a distance of
~2 nm (going from the bulk towards the OHP).

To understand the NO;~ concentration profiles, we per-
formed a breakdown analysis of the steady-state fluxes. The
migration flux of NO;~ (Fig. 3b) is directed towards the OHP
(negative values) when ¢ppiica > ¢pzc and away from the OHP
(positive values) when ¢appiiea < ¢pzc. The NO;~ flux asso-
ciated with steric effects (Fig. 3c) is positive for all potentials,
indicating a flux away from the OHP due to the buildup of
supporting Na" and ClO,~ ions (Fig. S4, ESIT). Both the migra-
tion and steric fluxes approach 0 when the applied potential is
equal to the PZC (—0.9 V vs. SHE) and diffusion is the only
transport mechanism which delivers NO; ™ to the OHP (Fig. S5,
ESIT). Diffusion and migration at the OHP occur in the same
direction when ¢ppliea > —0.8 V vs. SHE and in the opposite
direction when @applica < ¢pzc. Notably, the diffusive flux
directed towards the OHP is smaller in magnitude than the
migration flux, especially at applied potentials more positive
than the PZC. The flux due to non-idealities (i.e., the gradient in
activity coefficients due to changes in ionic strength) contribute
minimally to the net flux for all applied potentials (Fig. S6,
ESIt). Within the diffusion layer, the transport of NO;™ is
primarily driven by diffusion (Fig. S7, ESIT). Collectively, these
results highlight the importance of migration in the diffuse
layer, which results from the local electric field, to ENR perfor-
mance. Fully modelling the complex electrode—-electrolyte inter-
face is key to resolving the coupled transport and catalytic
phenomena of ENR.

Effect of pH and the PZC on ENR

A key difference between the double layer and electroneutral
models is the simulated pH near the OHP. The electroneutral
model predicts a monotonic increase in pH at the cathode
surface with increasing potential due to the generation of OH™
and consumption of H' by the electrochemical reactions
(Fig. 4a). The pH at the cathode surface remains below 4, thus,
NH; synthesis occurs exclusively through the pathway that uses
H" as the proton donor (eqn (5)) for the electroneutral model
(Fig. 4b). Accordingly, NO;~ and NO,™ reduction to NH; with
H,O as the proton donor (eqn (6) and (7)) contribute insignif-
icantly to the total NH; formation rate for the electroneutral
model. The double layer model, in contrast, yields a non-
monotonic change in pH with increasing potential (Fig. 4c).
At Papplicd > Ppzc, the pH increases in the diffuse layer due to
migration of OH™ towards the OHP. As a consequence of this
higher pH, the double layer model yields non-zero contribu-
tions from the NH; synthesis pathways with H,O as a proton
donor (Fig. 4d). At Papplica < ¢rpzc, the pH decreases from the
interface of the diffusion and diffuse layer to the OHP because
of the migration flux of H" towards the surface and OH™~ away
from the surface. In this potential regime, H" becomes the
dominant proton donor for NH; synthesis.

While NO;™ is not involved in any acid-base reactions, the
bulk pH is a critical factor that impacts the kinetics of ENR.***
Our double layer simulations show that decreasing the bulk pH

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Simulated concentration profiles for NOz™ function of distance from the outer Helmholtz plane (OHP) at applied potentials ranging from —0.6

to —1.1 V vs. SHE. NO3™ fluxes corresponding to (b) migration, (c) steric effects, and (d) diffusion as a function of distance from the OHP at applied
potentials ranging from —0.6 to —1.1 V vs. SHE. Negative and positive fluxes indicate directionality towards the electrode and away from the electrode,
respectively. The dashed line at 2 nm indicates the approximate boundary between the diffuse and diffusion layers (i.e., the distance from the OHP at
which the electrolyte transitions from electrically-charged to electrically-neutral).

from 2 to 1 by adding HCIO, to the solution dramatically
improves the NH; partial current density (Fig. 5a), consistent
with experimental studies of ENR with polycrystalline tita-
nium cathodes.” This effect arises due to the increased H*
activity at the cathode surface, which promotes ENR due to the
concentration-dependent pre-factor in the Frumkin-Butler—-
Volmer expression for ENR with H" as the proton donor (blue
lines in Fig. 4b and d), which increases with H' activity.
Experimentally, the local pH has been probed using a variety
of in situ spectroscopic techniques when a buffering electrolyte
is used.’® However, the majority of these techniques rely on
the assumption that the acid-base reactions are in chemical
equilibrium at the interface. Our simulations challenge this
assumption, showing a significant deviation from the water
dissociation equilibrium for both the double layer and electro-
neutral models (Fig. S8, ESIt). The modelled equilibrium pH,
which is calculated based on the nominal water dissociation
constant and the activities of OH™ and H,O, is shown to differ
from the non-equilibrium pH by up to 2.5 at the OHP due to the

© 2025 The Author(s). Published by the Royal Society of Chemistry

finite forward and reverse reaction rates (Fig. S9, ESIT). These
results highlight the value of multiphysics modelling for under-
standing the local reaction environment in ENR and the need
to accompany spectroscopic measurements of pH at electrode-
electrolyte interfaces with kinetic models of acid-base reactions
to accurately quantify the pH at the surface.

DFT studies typically seek to find materials that enable an
optimal binding energy between the catalyst site and the
reactant without considering the effect of mass transport.*”*8
However, we hypothesize that the role of the catalyst structure
may be more nuanced than simply impacting absorbate inter-
actions due to the impact of the catalyst PZC on the migration
of reactants and products within the diffuse layer. To demon-
strate this effect explicitly, we performed a sensitivity analysis
that varies the PZC in the double layer model while holding the
HER current density and all kinetic parameters constant
(Fig. 5b). The results show that decreasing the PZC from —0.9
to —1.4 Vvs. SHE results in a 2-fold increase in NH; partial current
density (Fig. 5a). This result comes from a stronger electric field

EES Catal., 2025, 3,1272-1284 | 1281
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(c) Simulated pH as a function of distance from the cathode at applied potentials ranging from —0.6 to —1.1 V vs. SHE using the double layer model. The
dashed line at 2 nm indicates the approximate boundary between the diffuse and diffusion layers (i.e., the distance from the OHP at which the electrolyte
transitions from electrically-charged to electrically-neutral). (d) Partial current densities for NHsz synthesis from NOs~ reduction with H* as the proton
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(Fig. S10, ESIT) within the diffuse layer, which increases the over- facilitate optimal binding energies while also manifesting optimal
potential for NH; formation (eqn (49)) and drives faster migration reaction interfaces for electrocatalysis.

of NO;~ towards the surface. These results demonstrate that the

PZC is a key descriptor of the catalyst performance and, therefore,

should be considered in DFT studies seeking to discover novel  Conclusions

catalyst materials for ENR. Hence, future work should attempt to

bridge first-principles calculations with multi-scale continuum In this study, we use multiphysics, continuum modelling and
approaches to accelerate the discovery of catalyst materials that covariance matrix adaption evolution strategy (CMA-ES) to
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investigate the effect of the electric double layer on the kinetics
of electrochemical nitrate reduction (ENR) to ammonia over a
polycrystalline titanium cathode. Supported by experimental
data, the developed model is the first of its kind to simulate
ENR performance as a function of pH, nitrate concentration,
and applied potential. This model is compared to the results of
a boundary layer model of ENR in which the double layer is
neglected and electroneutrality holds. Our results reveal two
key aspects of ENR: (i) accounting for the double layer is key to
predicting ENR rates; and (ii) migration of nitrate in the double
layer is dictated by the PZC of the catalyst due to its effect on
the surface charge and, in turn, the electric field. For efficient
ammonia synthesis, the PZC of the catalyst must be more
negative than the thermodynamic equilibrium potential, and
the more negative the PZC is, the more efficient the catalyst is at
promoting ENR. A highly-negative PZC results in a positive
surface charge on the catalyst at highly negative reaction over-
potentials, which causes nitrate to migrate to the cathode and
react to form ammonia with large driving forces. A catalyst PZC
that is close to or more positive than the thermodynamic
equilibrium potential for ENR causes nitrate to migrate away
from the cathode at low reductive overpotentials, resulting in a
low nitrate concentration at the catalyst surface and a low
driving force for its conversion to ammonia. Thus, the PZC is
a critical descriptor of the catalyst that dictates the efficiency of
ENR and should be considered with more importance when
searching for efficient ENR catalysts. Moreover, sensitivity
analyses find that decreasing the electrolyte pH enables higher
rates of ammonia formation by increasing proton activity at the
OHP. These observations, including that the properties of
the catalyst and the electrolyte environment work together to
impact ENR efficiency, provide the impetus to develop multi-
scale models that bridge transport phenomena with DFT
models for identifying candidate catalyst materials for ENR
devices.
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