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ABSTRACT: Electrochemical nitrate reduction reaction | -

« Electrode Potential

(NO3RR) to ammonia is a promising route to eliminate one of Grmie R C Unent
the major pollutants in surface water and groundwater. When - i

.. . . . Available Migration
powered by renewable electricity, electrolysis provides a sustain- Bt 9

. . . qep ee (Needs Agp
able method to generate ammonia from nitrate ions, facilitating the S :

transition from a linear to a circular economy. Optimizing the
physical and chemical properties of electrolysis cells is crucial to
making this process economically viable for widespread imple-
mentation. Here, we explore how the choice of current density, - Electrolyte Composition
conductivity, pH, interelectrode distance, membrane, catalyst, and = - pH

buffer solution affect nitrate removal performance and efficiency.
We developed a modeling framework to investigate the cell
characteristics and fluid dynamics during electrochemical NO3RR
using both laminar and bubbly flows. To obtain more precise results, we employed the bubbly flow model (i.e., multiphase fluid) to
take into account how gas production near the electrode surface affects liquid velocity, pH distribution, and, ultimately, potential
losses. We exploit mass transfer theory to include the current density effect on migration and diffusion. In the absence of a buffer
solution, the Nernstian loss became a significant portion of the polarization loss, which increased with current density. We identified
the positive effect of the membrane on energy efficiency as being more significant at smaller interelectrode distances. This study
provides insights into the origin of potential losses and pH distribution, enabling electrochemical cell optimization for renewable fuel
synthesis.
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B INTRODUCTION desired products of electrochemical nitrate reduction reaction
The nitrogen cycle, crucial for sustaining all life forms, involves (NO3 RR) is ammonia due to its ‘w1de range of aI.)ph;:itlllons n
natural dinitrogen (N,) fixation through the enzyme nitro- industry, agriculture, and chemical manufacturing. The
genase, but this process has been insufficient to meet growing increasing global trend in the ammonia market, with an
global needs." This necessitates artificial N, fixation into approximate compound annual growth rate (CAGR) of 5.1%,
various nitrogen-based compounds, such as ammonia (NHj;), underscores the growing interest in this commodity chem-
nitric acid (HNO;), and hydrazine (N,H,), to meet diverse ical."”

demands across a wide variety of sectors, including agriculture Several recent experimental studies have focused on
and chemical industries.””* Wastewater resources, integral to electrochemical NO3RR to benchmark catalyst selectivity,
the nitrogen cycle, often contain high levels of nitrate (NO3), faradaic efficiency, and system maximum current den-
requiring treatment from various sources, such as industrial, sities.'32¢ Computational studies can provide a tool to
municipal, and agricultural wastewater. Although nitrate is minimize potential losses. Further, they are versatile platforms
beneficial for plant growth, in excess amounts, it accelerates for experimentalists to optimize electrochemical operating
eutrophication, causes dramatic algae growth, and alters conditions. In electrochemical computational studies, the mass

aquatic ecosystems. Furthermore, nitrate, even at low
concentrations (>10 mg/L), contaminates surface and ground-
water, resulting in serious health issues such as blue baby
syndrome and liver damage.”® Catalytic denitrification,
particularly through electrocatalysis, represents a carbon-free
solution powered by renewable energy sources, offering
potential benefits in reducing nitrate concentrations in waste
streams. Improvements in catalyst selectivity, durability, and
activity toward desired products could contribute to the
widespread deployment of this technology.”® One of the

transfer theory includes the effects of migration, diffusion, and
convection. In prior studies, mass transport models were used
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to simulate fuel cell current density distribution”” and species
concentration profiles.”® Spatiotemporal concentration profiles
near electrode surfaces were investi§ated to examine pH
distribution in water-splitting cells.””>" These studies are not
only important for material selection and informing design
criteria but also play an important role in calculating
polarization loss. Polarization loss studies exist for systems
such as carbon dioxide® and water electrolysis cells.”> To the
best of our knowledge, there are currently no studies that
perform a similar analysis for the NOJRR to pinpoint the
various origins of potential losses, which would be key to
finding effective methods of minimizing polarization loss in
solutions containing NO3 ions.

Here, we aim to establish a comprehensive computational
framework for NOJRR to ammonia using the electrochemical
and transport properties of cells. In these studies, we employed
1D and 2D models to examine spatiotemporal concentration
profiles and pH distributions near the electrode surfaces and in
the bulk solution. We considered a wide range of current
densities (0—500 mA/cm?) and separated cathodic and anodic
reactions according to eqs 1, 2 and S1-S8 for acidic and
alkaline media at T = 25 °C.>*

NOj + 10H* + 8¢~ — 3H,0 + NHj (1)

()

We studied both bubbly and laminar flow fluid dynamics
models to determine the role of ammonia and oxygen gas
production near electrode surfaces on the liquid velocity and
pH distribution of the cell. This modeling platform will assist
in future industrial reactor design and material selection. In
addition, it will help to pinpoint the optimum operating
conditions of the system, including current density, pH, and
conductivity. This ultimately results in the design of a fit-for-
purpose electrolyzer for chemical manufacturing and waste-
water treatment.

NO;j + 6H,0 + 8¢~ — 90H™ + NH,

B THEORY

Polarization Loss Theory. Ohmic loss, diffusion loss, and
Nernstian loss are categorized as mass transfer potential loss or
polarization loss. The electrolyte resists the movement of ions
based on its ionic conductivity, which results in potential loss.
We determined this loss using eq 3

A¢011mic = iR (3)

where i (A) is the input current, and R (Q) is the electrolyte
ionic resistance, which is given by eq 4.

R=L

KA )

Where k (S/m) is the solution conductivity, L (m) is the cell
length, and A (m?) is the cell cross-sectional area. The solution
conductivity is experimentally measured, and raw data is
available for different salt concentrations of aqueous solutions
at T = 25 °C.” Here, we mainly focus on near-neutral pH, and
potassium nitrate (KNO;) is the major salt in the solution,
with a concentration of 0.5 M or 5% wt. To determine
potential loss, we compared solutions with different pH and
salt concentrations and presented their conductivities in Table
SL.

By combining eqs 3 and 4 and considering changes in
conductivity along the cell, we can rewrite the Ohmic loss
formula in a new form as eq S.
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L
i
A¢Ohmic = / ; da
0 (%)

where i; (A/m?) is the electrolyte current density. The cathode
surface position is at x = 0 m, and the anode surface position is
at x = L m. We employed eq S9 to model the conductivity
gradient along the cell and over time.”® As a result of the ionic
concentration gradient at electrode surfaces and along the cell,
species diffuse and react at the electrode surface under the
applied bias. We calculated this potential loss using eq 6

L
FzDVq,
A¢diffusion = Z / K dx
io (6)

where ¢; (mol/m?) is the species i concentration, D; (m?/s) is
the diffusion coefficient, z; is the charge number, and F (96,485
C/mol) is the Faraday’s constant. We listed diffusion
coefficients and bulk concentrations of species in Table $2.%
The combination of diffusion loss and Ohmic loss is termed
solution loss. We used the Nernst equation for the half-cell
reaction to derive the Nernstian loss (eq 7)

p=p - Ry, Q

nF (7)
where R (8.314 J/mol K) is the gas constant, T (293.15 K) is
the temperature, Q is the reaction quotient, and E° (V) is the
reaction formal potential. As reactants are consumed and the
products are produced at the electrode surface, the quotient
increases, resulting in a higher potential. This increase in
potential represents the Nernstian loss. We calculated the
Nernstian loss based on cathodic and anodic reactions with

reacting ions, including nitrates, hydroxides, and protons (eq
8)38

RT
A¢Nemstian = 2'303?(PHcathode - pHBulk)

RT
+ 2.303?(pHBqu - PHanode)

RT

Cnrmm
NO;3,Bulk
+ —In _—

CNO;, cathode

(8)

Mass Transfer Theory. We modeled concentration
profiles along the cell and over time using mass transfer
theory to calculate the polarization loss. The Nernst—Plank
equation defines total molar flux, which leads to the calculation
of the concentration profiles (eq 9)*”

dc; 00,
N, =|-D— — |zuFe—
0x diffusion Ox migration

+ (CiV(.X') )convection (9)

where N, (mol/m?* s) is the total molar flux, ®; (V) is the
electrolyte potential, v(x) (m/s) is the convection velocity, and
u; (m*/V s) is the ion mobility. We used eq 10 to calculate the
ion mobility

D.

1

T RT

U

(10)

Input current density is the sum of the ionic flux in
electrolysis cells (eq 11).
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i =F ) zN,
i (11)
Electroneutrality, or charge conversion, is an inherent
characteristic of electrochemical systems, which is described
in eq 12. We considered the K" cation as an inert species to
satisfy charge conservation.

z zg; =0

i (12)

Transport of species in electrolytes and membranes must
satisfy the mass conservation law (eq 13)

de;  ON,

—+ — =R,

ot o0x (13)
where R; (mol/m? s) is the reaction rate. We can measure the
reaction rate for nonredox reactions based on forward and
backward reaction rates. For the water equilibrium reaction (eq
14), the forward reaction rate (Ky) is 2.4 X 107° and the
equilibrium constant (Ky) is 107% thus, we can write the
reaction rates using eqs 15 and 16 for protons and hydroxide
ions in the bulk

H,0 - H" + OH"~ (14)
dCH+ ()NH+ It KW,f
= — ———CtCr—
ot 0x Wi g, oM (15)
ou | MNow _ (o Jwe
ot ox Wik, O (16)

The water equilibrium reaction is the only reaction
happening in bulk in the absence of the buffer solution.*’ In
the boundary layers near the electrodes, both hydroxide ions
and protons are involved in the electrode surface reactions.
Thus, we should consider the reaction rate resulting from the
local current density in addition to the equilibrium reaction.
This rate is added to the right-hand side of the eqs 15 and 16.
We used dipotassium phosphate and monopotassium
phosphate for the buffer solution. We listed their basic and
acidic constants in Table S3 and included their equilibrium
reactions in eqs S10—S15. We modeled the electrode current
density vector according to eq 17.

iy =—0Vg (17)

where ¢, (V) is the electrode potential and o, (S/m) is the
electrode conductivity. We modeled the anode as ruthenium
oxide (RuO,)*" with a conductivity equal to 2.8 X 10* S/m™*
and the cathode as ruthenium cobalt alloy (Ru;sCOgs)* with a
conductivity equal to 1.7 X 10" S/m.

To satisfy charge conservation, current densities remain
constant with respect to the position (eqs 18 and 19).

di,

=0
Ox (18)
0 — 0
ox (19)

The anode has a constant input current density with an
initial boundary electric potential value of 2 V, and the cathode
has an electric potential value of —1 V.

Electrode Surface Reactions and Kinetics Theory. We
modeled the electrode reaction rate for each species involved
in the electrode surface reactions using eq 20

9317

—Uilloc
nF

R =
’ (20)
where i, (A/m?) is the electrode local current density, and v;
is the stoichiometric coefficient of the species. We used the

Butler—Volmer equation to model the electrode local current

density (eq 21).
S akn
o= o %) - e %) .

where 7 (V) is the overpotential, & is the symmetry factor for
the cathode and anode reactions, and i, (A/m?) is the
exchange current density. We then employed the law of mass
action to determine the exchange current density using eq 22.
This law demonstrates the correlation between current density
and surface concentrations of reactants and products.**

ayv/n —ay/n
C; C:
ig = igef(T || — || —
0 O,ref( ) c ‘ c
i,ref i,y<0 \ “iref (22)

i,u>0

where iy ¢ (A/m?) is the catalyst exchange current density at T
=298.15 K. For the OER reaction at the anode, a, = 0.62, a_ =
0.38, and g ¢ = 1.12 X 10™° A/cm>*' For NO; RR, a, = 0.88,
a. = 012, and i, = 224 X 107 A/em®” To model
equilibrium potentials for the cathode and anode, we used the
Nernst equation.

lon Exchange Membrane Theory. We modeled the
membrane as a cation exchange membrane (CEM) with a
thickness of 100 um located at the center of the cell. The
membrane has a space charge equal to —1 C/m® and an
electrolyte volume fraction (¢) equal to 0.5. We reduced
diffusion coeflicients by multiplying them by 0.1 for positive
ions and 0.01 for negative ions. The mass conservation
equation is modified by considering the electrolyte volume
fraction (eq 23).

de;  ON,

— = €R.

ot Ox ! (23)
The potential distribution in the membrane is calculated by eq
24, where ¢, is the electrolyte potential, ¢, is the membrane
potential, ¢, is the species concentration across the
membrane, and ¢;; is the species concentration in the
electrolyte.

¢1_¢m

a,Fn
RT

RT
=-""1In

z,T Cim

Gl

(24)

Charge conservation along the membrane is given by eq 25,
where pg, (C/m®) is the membrane fixed space charge.

P T Z zg; =0
i (28)
Pourbaix Diagram Theory. The Pourbaix diagram shows
the thermodynamic stability of the species at the given pH,
potential, and temperature. Hydrogen evolution reaction
(HER) is the primary cathodic competing reaction with
NO3;RR. Oxygen evolution reaction (OER) happens at the
anode surface. Both the cathodic and anodic reaction
potentials are pH-dependent (Figures 1 and S1). We assumed
100% Faradaic efficiency toward ammonia production. In
reality, this can be accomplished by engineerin§ catalysts and
electrolytes that suppress HER effectively.”"*>* The distribu-
tion of ammonium and ammonia is dependent on the solution

https://doi.org/10.1021/acs.iecr.3c04540
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Figure 1. Pourbaix diagram for the anodic reaction (OER) and
cathodic competing reactions (NO;RR and HER) at T = 298.15 K.
The diagram also shows the transition from NH," to NH; at pK, of
9.251.

02
NH, Outlet

Outlet

Anode
Cathode

Oxygen Production Site
(Anode Surface)

Ammonia Production Site
(Cathode Surface)

Figure 2. 2D Model domain with boundaries corresponding to the
anode, cathode, NH; production site, O, production site, and their
outlets.

pH and temperature. The acid—base reaction between
ammonium and ammonia happens at the acid dissociation
constant, pK, = 9.251, which was calculated using eq 26 at T =
298.15 K, indicating the dependency of the ammonia
dissociation constant on the temperature.

pK_=0.0901821 + 2729.92/T (K) (26)

1
109.251 —-pH +1

Laminar Flow Theory. We simulated 1D and 2D models
using laminar flow physics and considered the electrode width
equal to 2 mm, the electrode surface area equal to 25 cm?, two
different cell lengths equal to 6 mm and 2 cm, and the
membrane length equal to 100 gm (Figures S2 and S3). eqs 28
and 29 are the momentum and continuity equations for
modeling laminar flow physics.

fNH3 - (27)

0

pa—‘t‘ + puVu = —Vp + V-[u(Vu + Vu")] + pg + F
(28)

pVu=0 (29)

where p (Pa) is the pressure, p (kg/m?) is the density, g (m/s*)
is the gravity vector, F (N/m?) is any additional volume force,
u (m/s) is the liquid velocity, and u (Pa s) is the liquid
viscosity.

Bubbly Flow Theory. We assumed two gas production
sites at the cathode and anode surfaces. Produced gas bubbles
have a small volume fraction, and their velocity can be
modeled by the slip model (Figure 2). Therefore, solving fluid
mechanics physics is possible by solving one Navier—Stocks
equation. The momentum equation for this combination of
fluid mechanics and electrochemistry studies is given by eq 30

du
¢1pla_t1 + ¢1p1ul'vul

-Vp + V.

¢1(,u1 + MT)(Vul + VuIT - %(V ul)I)}

+¢pg+F

where ¢ is the phase volume fraction for gas and liquid, I is the
identity matrix, 4 (Pa s) is the dynamic viscosity, and pr (Pa
s) is the turbulent viscosity. This equation considers negligible
gas density, a slip model for gas velocity (the balance between

(30)
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viscous drag and pressure forces determines gas bubble
motions), and the same pressure field for both phases. With
the same assumptions, the continuity equation is given by (eq
31)

d
E(plqbl + pgqbg) + V. (p1¢1u1 + png,ug) =0

(31)
The gas phase transport equation is written as eq 32
Kt
o + V. (pgqbgug + pgq%ug) = —my (32)

where my (kg/m? s) is the mass transfer rate from gas to the
liquid phase. Gas velocity is determined by eq 33.

u

= Ut u

slip (33)

Momentum and continuity equations are simplified by
assuming low gas concentration (¢, = 0.01) in egs 34 and 35.

ou
pla—tl + puVuy = =Vp + V-[(u, + pp) (Vi + Vi')]
t g+ F (34)
pV-up =0 (35)
The cathode and anode gas mass flux is calculated by eq 36
: — iloCMW
VES4F (36)

where Nj,,, (kg/m® s) is the gas mass flux, F is Faraday’s
constant, My, (kg/mol) is the molar mass, and i, (A/m?) is
the local current density, which is calculated by eq 21. Pressure
forces on a bubble are balanced by the drag force, and the

pressure-drag balance is written as eq 37*/

sliplu

3p,
Vp = —Cytlluy luy,
¢] P d4db slip

(37)
where Cy is the drag coefficient and is modeled by the
Hadamard—Rybczynski theorem for small spherical bubbles
(for bubbles smaller than 2 mm), and d, (m) is the bubble
diameter. We included the bubble diameter and molar mass of
ammonia®® and oxygen® Table S4.

By solving eqs 1—37 using COMSOL Multiphysics,
concentration gradients were modeled. Additional calculations
were carried out to determine potential losses and pH
distribution.

https://doi.org/10.1021/acs.iecr.3c04540
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Figure 3. (a) Potential losses over time at ij = 10 mA/cm? for the cell without membrane. Nernstian loss and solution loss (polarization loss)
increase over time, while overpotentials decrease over time. The main part of the polarization loss is the cathode and anode pH loss (Nernstian
Loss). (b) Potential loss for the current density range of 0—500 mA/cm?” at BL = 300 ym. Both polarization loss and overpotentials increase when
the current density increases (c) total cell voltage for the current density range of 0 to 500 mA/cm? at BL = 300 ym. Total cell voltage is equal to
standard cell potential (0.53 V) at i; = 0. The cell voltage only increases by around 26% from i, = 10 to 500 mA/cm? (d) nitrate and ammonia
surface concentrations (concentration near the cathode surface) over time at ij = 2, 10, and 50 mA/cm? in the cell without a membrane. The
surface concentration gradient decreases over time. The amount of decrease in nitrate concentration is not equal to the amount of increase in
ammonia concentration, while they have the same stoichiometric coefficient. The reason is that nitrate diffuses to the anode surface due to
electroneutrality. Cell properties are k = 4.9 S/m, 0.5 M KNOj;, pH = 7.2, 100% selectivity toward ammonia production, Ru;5CO>; is the catalyst

for NO;"RR, and Ru,O is the catalyst for OER.

B RESULTS AND DISCUSSION

The polarization loss increases with increasing time and
current density and eventually flattens out (Figure 3a—c).
Polarization loss is calculated from modeled concentration
profiles near the electrode surfaces. The major portion of the
polarization loss corresponds to the Nernstian loss (~37.5%
for each electrode), which includes the Nernstian loss of
reactants, cathode pH loss, and anode pH loss (eq 8, Figure
3a,b). Since pH gradients are more substantial than nitrate
concentration gradients, the Nernstian loss associated with
species is negligible compared to pH losses (Figures S4 and
SS). The main portion of the solution loss is the Ohmic loss,
and the diffusion losses of species are negligible (Figures S4
and S5). Ohmic loss is directly proportional to current density
and inversely proportional to ionic conductivity, resulting in a
nonlinear rise in Ohmic loss as current density increases (eq S,
Figure 3b). For instance, when the current density increases
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from 10 to 500 mA/cm? solution loss increases from 9.52 to
90.9 mV (nonlinear trend). The current density effect is more
dominant than the ionic conductivity at lower current
densities. However, the Ohmic loss starts to plateau at higher
current densities and over time (Figure 3a,b). For Ohmic loss
calculation, eq S9 was used with the initial value of x = 4.9 S/m
to model the conductivity along the cell and over time (Figure
S6). Overpotentials are obtained by the intrinsic characteristics
of the electrode toward each reaction. For example, when the
current density increases from 2 to 10 mA/cm” and then to S0
mA/cm?, ionic conductivity near the cathode surface (x = 0)
increases from 5.502 to 7.750 S/m and 16.93 S/m at t = 180 s.
To calculate the overpotential in the COMSOL electrolysis
module, we require the kinetic parameters of the catalyst for
each reaction. These parameters include the exchange current
density (iy) and anodic (@,) and cathodic (a.) transfer
coeflicients. We studied some of the recently developed
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Figure 4. Comparison between the pH distribution of laminar and bubbly flow models along the cell at ¢ = 10 s (a) pH distribution at i = 2 mA/
cm? in the cell without the membrane and with laminar flow physics. (b) pH distribution at i; = 10 mA/cm? in the cell without the membrane and
with laminar flow physics. (c) pH distribution at i = 50 mA/cm? in the cell without the membrane and with laminar flow physics. (d) pH

distribution at i = 2 mA/cm? in the cell without the membrane and with bubbly flow physics. (e) pH distribution at i =

10 mA/cm? in the cell

without the membrane and with bubbly flow physics. (f) pH distribution at i = S0 mA/cm? in the cell without the membrane and with bubbly flow
physics. The pH near electrode surfaces is lower in the bubbly flow model. The cell properties are k = 4.9 S/m, 0.5 M KNO;, pH = 7.2, 100%
selectivity toward ammonia production, Ru;sCO- is the catalyst for NO; RR, and Ru,O is the catalyst for OER.

catalysts with favorable selectivity toward ammonia, including
CO nanoarrays, Fe SAC, Cu/Cu,O nanowires, Pd(111), and
Ru;sCOyqs. We acquired the kinetics data of each catalyst by
using linear sweep voltammetry and Tafel plot data from the
literature and applying eqs S16—S20 (Table S4, Figure
§7).1310433051 We observed a similar trend in overpotential
changes over time, regardless of catalyst characteristics (Figure

$8). Among recent catalysts, Ruthenium cobalt alloys have
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shown a very low overpotential for the nitrate reduction
reaction to ammonia. Thus, we selected Ru,;;Cog as a material
for the cathode catalyst.” eq S16 is used for calculating
overpotential based on the kinetics behavior of the catalyst. We

can also use eq 38 to calculate the overpotential(n)52

n= ¢s - ¢1 - Eeq + A¢Nernstia11 (38)
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where ¢, (V) is the electrode potential, ¢, (V) is the electrolyte
potential, and E,, (V) is the equilibrium potential. Over-
potential has a decreasing trend over time (Figure 3a). Based
on modeling results, in eq 38, the difference between ¢, and ¢,
remains approximately constant while A@yemian inCreases in
negative potentials. Thus, the overpotential decreases over
time.

As the current density changes from 0 to 500 mA/cm?, all
polarization losses increase. This rise levels off over time and
current density and almost flattens out for current densities
higher than 80 mA/ cm? (Figure 3b,c). For example, Nernstian
loss increases from 751.3 to 923.2 mV when the current
density rises from 100 to 500 mA/cm? which is only a ~24%
increase in loss for a S-fold higher current density (Figure 3b).
The total cell potential, which is used in energy efliciency
calculations, is given by eq 39

V

total

0
- EceH + 7’]3 (39)

™ Nathode + Aq?polariza'tion

node

Eno;re and Eqgg are 0.7 and 1.23 V, respectively, resulting in a
standard cell potential equal to 0.53 V (E’ = Egoa —

anode
Esthode’ = 0.53 V). The total cell potential increases to ~2.21 V
at i = 100 mA/cm? and only increases ~9.05% at i; = S00 mA/
em® (229 V) (Figure 3c). Polarization losses and over-
potentials at the cathode and anode surfaces increase the total
cell potential to approximately 4-fold higher than that of the
standard cell potential (E;° = 0.53 V) (Figure 3c). The total
cell voltage (V) at current densities higher than 80 mA/cm?*
does not change drastically by current density; the increase in
polarization loss will not be significant, and the energy
efficiency drops by only 8.3% from 100 to 500 mA/cm’
(Figure 3c). By increasing current density, cathodic and
anodic reaction rates increase and, consequently, the
concentrations of ammonia and oxygen near electrodes
increase (Figures 3d and S9). For example, when the current
density increases from i = 2 to 10 mA/cm?, the ammonia
concentration near the cathode surface (cathode surface at x =
0 m) increases from 0.00924 to 0.0462 M after 2.5 min,
indicating the linear increase in surface concentrations with
current density (Figure 3d). The same current-dependent
behavior is observed for species in buffer solution (H,PO; and
HPO,’”), even though they are not directly involved in
cathodic and anodic reactions (Figure S10). pH distribution
near the electrode surface is current density dependent due to
the production of hydroxide ions by the cathodic reaction and
protons by the anodic reaction. As a result of the facile eight-
electron transfer processes, these pH changes are substantial
(around S units) over time (Figures 4, S11, eqs 1, 2, S1-S8,
and $21—523). With the fixed boundary layer thickness, as the
current density increases, the absence of effective convection
(stirring) leads to a depletion of nitrate concentration
(approximately zero) near the cathode surface due to mass
transfer limitations. This phenomenon significantly amplifies
the concentration loss term of the Nernstian loss (eq 8),
resulting in rapid rises in polarization loss and total cell voltage
at current densities >250 mA/cm?* (Figure S12).

pH gradients in the 2D laminar and bubbly flow models are
presented by color maps (Figure 4). The boundary layer of the
laminar flow model is simple to define and is similar for various
current densities (Figure 4a—c). However, for bubbly flow, the
fluid velocity changes the pH distribution and the shape of the
boundary layer for various current densities (Figure 4d—f). In
the bubbly flow model, electrolyte velocity increases the
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diffusion rate and changes the diffusion direction. This results
in flow patterns different from those of the laminar flow
(Figure 4). Flow velocity is governed by gas production, and its
changes at higher local current densities are more pronounced
as more gas is produced near electrode surfaces. The bubbly
flow model has a more extended boundary of pH variation
from the initial pH (7.2), and this boundary layer expansion
increases at higher current densities (Figure 4). The pH
change at the electrode surfaces is smaller in the bubbly flow
compared to that of the laminar flow, resulting in a smaller
Nernstian loss. These changes are about 4 units for bubbly
flow and $.5 units for laminar flow at the cathode surface for a
current density of 50 mA/cm?* (Figure 4).

The initial pH affects potential loss, especially for lower
current densities (Figure S13). The Nernstian loss remains the
major polarization loss for higher and lower pH values (Figure
S13). When considering a higher or lower pH than 7.2, the
increasing trend of polarization loss over time and the current
density remain the same. By adding a 1 M buffer solution,
polarization loss decreases by about 87% at t = 10 s in the
current density range of 0 to 100 mA/cm? (Figure S14).

For alkaline cells, the hydroxide ion is consumed at the
anode surface and produced at the cathode surface (eqs SS and
S6). Over time, the hydroxide ions are almost depleted near
the anode surface. We assumed that after OH™ depletion, the
former alkaline domain near the anode turns to an acidic
domain because of the water equilibrium reaction. As a result,
the anode reaction changes from eqs S5 to S2. For acidic cells,
protons are consumed at the cathode surface and generated at
the anode surface (eqs S2 and S3). Over time, protons are
almost depleted at the cathode surface. We assumed that after
H" depletion, the former acidic domain near the cathode turns
to an alkaline domain due to the water equilibrium reaction.
Therefore, the cathode reaction changes from eqs S6 to S3. As
a result, for higher and lower pH values than neutral pH (7), a
two-step study was performed at each current density. The
solution for the first study was taken as an initial value for the
second study. For moderate pH studies (pH = 4, 7.2, and 10),
the time required for hydroxide ions and proton depletion is
negligible. For instance, at pH = 13 and 10 and j; = 10 mA/
cm?, the required time for hydroxide ions depletion at the
anode surface is about 48.04 and 0.01 s. At pH = 1 and 4 and j
= 10 mA/cm?, the required time for proton depletion at the
cathode surface is about 101 and 0.011 s. Our analysis shows
that before hydroxide ion depletion at the anode surface (for
pH > 7) and proton depletion at the cathode surface (for pH <
7), overpotentials are higher for both pH cases compared to
neutral pH cases. Furthermore, in comparison with neutral pH,
anode pH loss in the acidic electrolyte and cathode pH loss in
the alkaline medium are lower than those of neutral-pH cases
(Figure S13). Generally, until after a certain period of time
(depending on current density), pH loss is smaller for extreme
pH cases, but at higher current densities and longer time spans,
the potential loss will be approximately equal for all pH cases
when assuming 100% Faradaic efficiency (Figure S15). pH
potential loss is calculated based on the pH difference between
the bulk and the pH near the electrode surface. Therefore, for
symmetrical changes from neutral pH (e.g, symmetrical
changes from pH 7 are pH 1 and 13, which are both 6 units
different from pH 7), we can assume the same pH difference
between the boundary layer and the bulk. For initial pH = 1
and 13, over time, pH reaches around 13.5 and 0.5 near the
cathode and anode surfaces. The absolute values for the
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Figure S. Comparison between pH distribution of the cells with and without membrane with bubbly flow physics along the cell and over time at j; =
2 mA/cm? (a) pH distribution at t = 10's, (b) at t = 20 s, and (c) at ¢ = 30 s in the cell without membrane (d) pH distribution at t = 10's, (e) at t =
20 s, and (f) at t = 30 s in the cell with membrane. In cells with a membrane, liquid velocity slows down because of the limited diffusion in the
membrane. As a result, the acidic and alkaline regions are more spatially extended in the cell with a membrane. The cell properties are k = 4.9 S/m,
0.5 M KNO;, pH = 7.2, 100% selectivity toward ammonia production, Ru;sCO;s is the catalyst for NO; RR, and Ru,O is the catalyst for OER.

cathodic and anodic pH differences with the bulk are 12.5 and
0.5 for pH = 1. These values are about the same for pH 13,
except the anodic reaction experiences a much larger pH
change (i.e., 12.5 units). Due to these equal differences in pH,
the sum of the pH potential loss is similar for pH 1 and 13
(Figure S15).
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The effect of pH on electrochemical nitrate reduction has
been experimentally investigated in previous studies.”> This
study was carried out for an initial nitrate concentration of
0.0014 M. Experimental results showed that pH 7.5 was the
optimal operating condition. We also selected near-neutral pH
(7.2) as our main case study since the majority of wastewater
sources have a pH near neutral (pH = 6—9).”" The potential
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Figure 6. (a) pH distribution along the cell without the membrane at ¢ = 2, 4, 6, and 8 h. By moving from the cathode surface at x = 0 to the anode
surface at x = 0.02 m, alkaline media changes to acidic media (pH drops at 0.0095 < x < 0.011 m). (b) pH distribution along the cell with a
membrane at t = 2, 4, 6, and 8 h. By moving from the cathode surface at x = 0 to the anode surface at x = 0.02 m, alkaline media changes to acidic
media (pH drops at 0.0087 < x < 0.01 m), acidic media is more extended in the cell with membrane as hydroxide ions diffusion to the anode
compartment is blocked by the membrane. (c) Ammonia concentration along the cell at t = 2, 4, 6, and 8 h and in the cell without membrane.
Ammonia exists in alkaline media. (d) Ammonia concentration along the cell with a membrane at ¢ = 2, 4, 6, and 8 h. Ammonia exists in alkaline
media. Ammonia concentration is higher in a cell with a membrane than in a membrane-less system since ammonia does not diffuse into acidic
media and convert to ammonium. (¢) Ammonium concentration along the cell without a membrane at ¢t = 2, 4, 6, and 8 h. Ammonia primarily
exists in the ammonium form in the acidic media. (f) Ammonium concentration along the cell with a membrane at t = 2, 4, 6, and 8 h. Ammonium
does not exist in this cell since the membrane prevents the ammonia from diffusing to the acidic compartment. The cell properties are k = 4.9 S/m,

0.5 M KNO;, pH = 7.2, ij = 2 mA/cm? 100% selectivity toward ammonia production, Ru;sCO5; is the catalyst for NO; RR, and Ru,O is the
catalyst for OER.

losses for pH values of 4,7.2, and 10- are 7-fold higher than the and proton depletion at electrode surfaces (Figure S15). While

polarization losses for pH values of 1 and 13 for current a catalyst with the same performance and durability for both
densities ranging from 0 to 20 mA/cm? at t = 10 s. However, acidic and alkaline conditions has yet to be developed, here we
for higher current densities, there is no significant difference aim to provide a comprehensive model that is applicable to a
between extreme pH cases (pH = 1 and 13) and moderate pH wide range of pH from 0 to 14. Utilizing flow cells can
cases (pH = 4, 7.2, and 10) due to the rapid hydroxide ions effectively minimize pH change near electrode surfaces. Within
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flow cells, wastewater is pumped in and out of the electrolyzer,
enabling the replenishment of electrolytes near the cathode
and the anode through continuous electrolyte recirculation.
This dynamic flow operation near the electrode surfaces
minimizes both pH changes and Nernstian loss.

A potential loss study for a specific amount of ammonia
production can guide the prediction of system characteristics
more accurately. The time required to produce certain moles
of ammonia for different current densities increases linearly
with the total moles of products near the cathode surface
(Figure S16). Another approach is to look at the time required
for removing a specific amount of nitrate (25, 50, and 100%)
from the electrochemical cell. The required time for nitrate
removal decreases exponentially by increasing the current
density (Figure S17). Thus, at higher current densities (>70
mA/ cmz), the effect of increasing current density to decrease
the required time for nitrate removal is not as significant as in
the low current density regime (<50 mA/cm”). We considered
a specific amount of ammonia production (2 mmol) to
understand whether the time decrease caused by increasing the
current density has any effects on the potential loss. The
outcome is independent of the amount of product since the
yield linearly changes with the current density. The time
required for different current densities to produce this amount
of ammonia along the cell was determined by defining a stop
condition for the ammonia molarity integration along the cell
volume. The pH loss (the major polarization loss) for each
current density was calculated by running the simulation for
the specified time at each current density (Figure S18). To
compare these losses at different current densities, the
integration of potential losses over time was multiplied by
the current density to calculate the energy loss of the system
(eq 40 and Figure S19).

t
ELoss = iloc A‘ A¢<t) dt

(40)

where Ej., (Wh) is the energy loss, and A¢ (V) is the
potential loss. There is about a 10% change in energy loss from
10 to 100 mA/cm?* (Figure S19). This indicates that operating
the system at higher current densities will not drastically
increase the potential loss but will remarkably accelerate the
production rate and decrease the production time.

Protons have around a 2-fold higher diffusion coefficient
(Dy, = 931 x 107 m/s) and subsequently 2-fold higher
mobility than hydroxide ions (Dgy- = 527 X 107° m/s)
(Table S2 and eq 10). However, hydroxide ions have a higher
stoichiometric coefficient (v = 1.125) than protons (v = 1)
(eqs S7 and S8). In cells with laminar flow, the higher
stoichiometric coeflicient of hydroxide ions in smaller cells
allows the alkaline region near the cathode surface to
propagate through the anode half-cell, while in larger cells,
the effect of the ions’ mobility is more prominent, and the
acidic region is more spatially extended (Figure S20a,b). The
extension of alkaline media to the anodic half-cell neutralizes
protons, preventing them from reaching the cathode surface
(Figure S20b). When protons reach the cathode surface, they
decrease the reaction quotient (Q in eq 7) and subsequently
prevent potential loss (E — E,) from increasing over time. By
using CEM, protons can be transported from the anodic
compartment to the cathodic compartment while the move-
ment of hydroxide ions is blocked (Figure S20c,d). This
changes the pH distribution along the cell and provides
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enough time for the protons generated at the anode to move to
the cathodic compartment. The effect of the membrane is
more significant in smaller cells (x = 6 mm) as it shrinks the
alkaline media compared to the membrane-less system (Figure
$20d).

In bubbly flow models with a 2 cm cell length, higher proton
mobility plays a more significant role than the higher
concentration of hydroxide ions over time, as observed with
laminar flow models (Figure Sa—c). The effect of the
membrane is more prominent in cells with bubbly flow fluid
dynamics. The extent of acidic and alkaline regimes over time
is more pronounced in the presence of the membrane in the
bubbly flow models over time (Figure Sd—f). A more
moderate pH gradient from the initial pH (7.2) is observed
in bubbly flow models than that of the laminar flow, primarily
due to the inclusion of liquid velocity in bubbly flow models
(Figures Sd—f and S21a,c). Using a membrane results in lower
diffusion coeflicients for all species across the membrane.
Therefore, species transport through the membrane occurs at
rates slower than those of the electrolyte. This is also
interpreted as lower liquid velocity across the membrane,
resulting in different concentration and velocity profiles in
comparison with the cell without a membrane. The magnitude
of liquid velocity is greater near the electrode surfaces and gas
outlets and is lower near the membrane in both anodic and
cathodic compartments, as shown by velocity profiles at t = 30
s (Figure S21). This results in a higher gas collection rate in
cells with a membrane (Figure S21).

The hydrogen evolution reaction (HER) is a prominent
competing reaction at the cathode surface. While high faradaic
efficiencies (70—100%) could be achieved during electro-
chemical NO; RR to ammonia, we examine HER effects for
faradaic efficiencies of 70 and 85%. Despite no change in
potential loss due to continuous proton consumption at the
cathode surface, variations in the velocity and pH profiles
occur within the bubbly flow model. This discrepancy
originates from the lighter and faster diffusion of hydrogen
bubbles compared with ammonia bubbles. In cases with lower
ammonia faradaic efficiencies, hydrogen exits the cell rapidly,
leading to the formation of a smaller region characterized by
alkaline pH and lower velocities (Figures S22 and $23).

The membrane affects the ammonium and ammonia
distribution along the cell (Figure 6). Ammonia solubility in
water depends on the temperature and the pH (Figures S24,
S25 and eqs S24—S33). At the anode surface, protons are
produced or hydroxide ions are consumed, causing the anodic
compartment to become acidic. In addition, protons are
consumed or hydroxide ions are produced at the cathode
surface, making the cathodic compartment alkaline over time.
Moving from the cathode surface (x = 0) to the anode surface
(x = 0.02), pH changes from alkaline (around 13) to acidic
(around 1) along the cell (Figure 6a). In the presence of the
membrane, less extended alkaline media are observed over
time (Figure 6b). Regardless of using a membrane, no
noticeable ammonia is present in the anodic half-cell, primarily
due to the dominance of acidic media (Figure 6¢c,d). When the
membrane is used, the ammonia concentration is greater at the
cathodic compartment over time due to the blockage of
ammonia diffusion to the anodic half cell (Figure 6d). As a
result, ammonia does not reach the acidic medium near the
anode surface and remains in its initial form (NH,). In the
absence of the membrane, due to the pH distribution in the
cell, the diffused ammonia into the acidic region with a pH
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Figure 7. Energy efficiency comparison over time and the current density range of 0 to 100 mA/cm? (a) energy efficiency comparison over the
current density range of 0 to 100 mA/cm? at t = 10 s with and without buffer solution (buffer concentration = 1 M) (b) Energy efficiency
comparison over time for 100% nitrate removal at i; = 2 mA/cm? for the cell with 1 M buffer solution with and without membrane. (c) Total moles
of ammonia and ammonium over time for 100% nitrate removal at i; = 2 mA/cm? for the cell with 1 M buffer solution with and without membrane.
(d) Energy efficiency comparison for cells with a 1 M buffer solution with and without the membrane at t = 2.5 h. Cell properties are k = 4.9 S/m,
0.5 M KNO;, pH = 7.2, 100% selectivity toward ammonia production, Ru;sCOy; is the catalyst for NO; RR, and Ru,O is the catalyst for OER.

lower than ammonia pK, (9.251 at T = 25 °C) over time reacts
with water and produces ammonijum cations and hydroxide
ions (Figure 6e and eq S23). In this region, all ammonia
(NH,) is converted to ammonium (NH,*) (Figure 6e). In the
presence of the membrane, no ammonia could diffuse, and
therefore, no such conversion of ammonia to ammonium is
noticed (Figure 6f).

We calculated the energy efficiency of the cell by using eqs
41 and S34

0

_ Ecell

Negos = X1

FE% (41)
where #pggy is the energy efficiency, and #ggy is the Faradaic
efficiency. The Faradaic efficiency of the electrocatalytic
process is calculated by eq 42

total

Q It
where I (A/cm?) is the current density, n, (mol/(cm® h)) is
the total number of moles of the product, Q (C) is the total
charge passed through the system, F (C/mol) is the Faraday’s
constant, and n is the number of electrons required to produce
1 mol of the desired species. As potential loss increases over
time and current density, the energy efficiency decreases,
according to eq 41. In the absence of the buffer solution, pH

potential loss increases, resulting in an energy efficiency of
~27% at i = 10 mA/cm® and t = 10 s. The energy efficiency

(42)
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increases to ~55% by adding buffer species and minimizing pH
loss near electrode surfaces (Figure 7a). As the current density
increases, the effect of buffer solution on the reduction of pH
loss decreases. Thus, the difference between energy efficiency
in electrochemical cells with and without buffer solution drops
from 30% at i = 2 mA/cm? to 20% at i = 100 mA/cm” (Figure
7a). The membrane alters the concentration profiles along the
cell and necessitates potential loss calculations near the
membrane surfaces in both anodic and cathodic half-cells. In
cells with proton-conductive membranes (ie, CEM), the
hydroxide concentration changes at the membrane boundary
layer in the cathodic compartment. This results in a rise in
ohmic loss and cathode pH loss, which are the main portions
of the potential loss increase (Figure $26). The total change in
potential loss after using a membrane is about 100 mV. This
rise in potential loss results in lower energy efficiency by ~5%
initially (Figure 7b). However, as ammonia diffuses to the
anode surface in a membrane-less system, it is oxidized to
nitrogen gas over time, resulting in the loss of the product and
lower energy efficiencies over time compared to those of the
membrane-based system (Figures 7b, S27, eqs S35 and S36).
In addition, for ammonia oxidation, a larger cell voltage is
required to drive anodic reactions, leading to a decrease in
energy efficiency (eqs 41 and S34). The most effective way to
prevent ammonium oxidation is to use a membrane that blocks
ammonia and ammonium diffusion to the anodic compart-
ment. By using a membrane, the total moles of ammonia in the
solution are 3-fold greater than those of a membrane-less
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system after 32 h (Figure 7c). Thus, the membrane offsets the
initial efficiency drop by preventing ammonia diffusion and,
subsequently, its oxidation at the anode over time (Figure 7b).
After 32 h and 100% nitrate removal at i = 2 mA/cm?, the
energy efficiency of the cell without membrane reaches ~22%
due to the ammonia oxidation at the anode surface, while the
energy efficiency of the cell with membrane only reduces to
~42% (Figure 7b). The decrease in energy efficiency at higher
current densities is due to the increase in cell voltage as the
current density increases from 0 to 100 mA/cm® (Figure 7d).
At t = 2.5 h, energy efficiency reduces by ~6% for the cell with
membrane (46.5 to 40.5%) and ~4.5% for the cell without
membrane (39 to 34.5%) in the current density range of 0 to
100 mA/cm? (Figure 7d).

B CONCLUSIONS

We computationally studied the origin of potential losses and
pH distributions in electrochemical NO3RR to ammonia. We
found that bubbly flow physics represents a more accurate pH
distribution near electrode surfaces and along the cell,
mimicking the turbulent flow induced by the generation of
gases near electrodes. The effect of the membrane on the
electrolysis cell is more noticeable in the bubbly flow model as
it alters liquid velocity and, eventually, pH distribution. The
most significant portion of the potential loss is the anode and
cathode pH losses, which account for ~34% of the total cell
voltage. The use of buffer solutions can help minimize these
types of losses. Although the use of a membrane increases
potential loss due to the increase in iR loss initially, in long-
term operation, it prevents ammonia oxidation at the anode
surface, which diffuses from the cathode. This results in higher
energy efliciencies in contrast to the membrane-less system.
This work offers a framework to investigate various operational
design parameters, including cell length, current density, pH,
conductivity, buffer solution, and the choice of membrane that
must be optimized to develop a more efficient electrochemical
cell that optimizes production time, yield, and energy

efficiency.
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