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Abstract

In the research for the decarbonization processes, electrochemistry is among the most studied
routes for the conversion of carbon dioxide in added-value products, thanks to the up-scalability
and the mild conditions of work of the technology. In this framework, modeling the
electrochemical reactor is a powerful tool to predict and optimize important features of the
electroreduction. In this study, we propose a comprehensive modeling for the whole
electrochemical reactor, which has been validated through the experiments with good agreement.
In particular, the performance of the cell is studied as a function of the voltage applied, for different
sizes of the reactor. Furthermore, the model has been used to study the chemical conditions at the
cathode surface, as well as electrochemical conditions at different applied biases and flow rates of
the electrolyte.

1. Introduction

The global warming is a problem which is becoming increasingly impelling throughout the years. In
particular, the human activity is its major cause, due to anthropogenic CO, emissions which unbalance the
natural lifecycle of carbon [1, 2], leading to increased natural phenomena both in intensity and frequency. In
this framework, in order to reduce the carbon accumulation in the atmosphere, the research community has
been focusing its attention on the so-called carbon capture and utilization technologies [3]. In particular,
electrochemistry is among the most promising routes for the carbon dioxide conversion into fuels through
the CO; reduction reaction (CO,RR) approach, thanks to several factors: mild working conditions in terms
of pressure and temperature, repeatability of the process, use of non-toxic green reagents as electrolytes,
up-scalability [4] and the possibility of the integration with photovoltaics for the sustainability of the device
[5-8].

In the field of electrochemical conversion of CO, into useful products, many efforts have been made to
optimize both the set-up of the reactors and the catalyst. In particular, the design of the reactor influences the
electrical parameters of the device (e.g. energy efficiency, current density, etc), due to the peculiar
characteristics of the different configurations. The catalyst, on the other hand, governs the kinetics of the
reactions and the selectivity towards the desired product [9].

Even though the majority of the work in this field is experimental, modeling of the reactors is crucial to
consider the influence of key parameters such as local pH [10-12], pressure [13] and temperature [14, 15].
Initially, several mathematical models have been proposed to describe the diffusive boundary layer (DBL)
occurring at the cathode’s surface. Gupta et al [16] modeled the electrode-electrolyte boundary layer to
calculate the electrode surface protons and CO, concentrations, considering a Cu catalyst in KHCO3
solution. Despite the lack of experimental validation and the limited points of current densities considered,
the model showed interesting results on the dependence of the electrode condition on the electrolyte strength
and stirring rate. Sacco et al [17] analyzed the effect of gas bubbles on the mass transport in the DBL. A good
agreement with experimental results has been obtained, and the dependence of the DBL thickness upon the
gas bubbles is found. Thanks to COMSOL Multiphysics software, more complicated models of the full
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electrochemical cells can be obtained. Wu et al [18] presented a model of a microfluidic cell for the reduction
of CO; in CO, validating the results with experimental data at different flow rates. They showed the
dependence of the performance of the full cell on the feed CO; rates, length of the channel and porosity of
the Gas Diffusion Electrodes involved. Similarly, Kotb ef al [19] developed the first model of a microfluidic
electrochemical cell for the conversion of CO; in alcohols (CH3OH). The simulations reported large
discrepancies with respect to the experimental results; nevertheless, they were able to show the dominance of
H, formation over the CH;OH production, demonstrating the need of improved CO, transport to the
cathode for better performance. Singh et al [20] modeled a batch electrochemical cell for CO; reduction with
KHCO:s electrolyte, CO, feed and no electrolyte recirculation. The work proposed a thorough study on the
parameters which influence the polarization losses of the cell, to minimize the ohmic losses for a more
efficient coupling between the photovoltaics and the reactor. However, no experimental validation is
reported, and the hydrogen evolution reaction (HER) is not explicitly modeled. Similarly, Luo et al [21]
simulated a photoelectrochemical reactor for formic acid production in 0.5 M NaHCOj; catholyte and 0.5 M
NaOH anolyte; in this case, the photoanode is described by Shockley—Queisser model fitted with the diode
relationship, at a light intensity of 100 mW cm™2. The model is validated with experimental data of current
density vs. voltage at 1 sun illumination, and the effect of CO, flow rate is studied on the current density and
efficiency of conversion. Chinnathambi et al [22] investigated the mass transport limitations across the
electrolyte and the bipolar membrane for formic acid formation at different pressures, up to 40 bar. Also in
this case, the model is validated through experimental data of the current density vs. the applied potential.
Yang et al [23] developed a mathematical model for a two-phase flow for bicarbonate electrolyzer, enhancing
the interplay between two-phase flow, ion transport and performance of the device. Obasanjo et al [24] also
exploited a 1D model (implemented in COMSOL Multiphysics) for a bicarbonate-fed electrochemical
reactor for CO, conversion in methane (CH,), in order to design more efficiently the system with increased
performance.

Despite the works described so far, there is a lack in the literature of a comprehensive model which
introduces both studies regarding the performance of the cell in a wide range of voltages with varying design
parameters, and studies on the chemical conditions across the cell (such as pH or chemical species
concentrations). For these reasons, in the present work, we propose a 2D isothermal model of a full batch cell
for the conversion of CO; to CO in 0.1 M KHCO; employing Ag cathodic catalyst with electrolyte
recirculation. The model has been first validated by comparing the simulations results with ad-hoc designed
experiments, and then employed to investigate the effect of the different parameters such as flow rates of the
CO,-saturated electrolyte, pressure, voltage drop on the proton exchange membrane (PEM) and variation of
the species at the surface of the cathode and in the DBL, in order to build an all-around comprehensive
model for the CO, reduction reactor.

2. Batch cell model

Since the chemical properties (e.g. species concentrations) and electrochemical properties (e.g. current
density, partial current densities and product selectivity) are assumed to be invariant with respect to the
depth of the cell, the experimental batch-cell reactor is modeled through a 2D geometry (depicted in
figure 1) in COMSOL Multiphysics 6.1. Cathode and anode electrodes, respectively Ag and Pt nanoparticles,
are simulated by infinitely thin films at the boundaries of the simulation domain, and the cathodic/anodic
compartments are separated by a Nafion 117 PEM. Both catholyte and anolyte are 0.1 M aqueous KHCO;
solutions, which recirculate through the compartments: the electrolyte is saturated with CO, in external
reservoirs before entering the inlets, and then exits through the outlets bringing all the products of the
electrochemical reactions (CO, H; and O,). In this regard, the products are assumed to be in liquid phase,
despite their low solubility at ambient pressure: the assumption is made to avoid unreasonable complexities
in the model. Moreover, the system is isothermal, meaning that the temperature T is fixed at 298.15 K: since
the electrolyte is diluted, the heating due to the (small) current can be considered negligible.

In the following, some highlights of the mathematical model are provided, regarding the different
domains of the simulation.

2.1. Electrolyte domain
The ionic current distribution inside the electrolyte domains has been obtained thanks to the sum of the
ionic fluxes of the single ionic species present in the electrolyte:

Je=F»_ ziN; (1)
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Figure 1. Schematic representation of the cell configuration. ®,, represents the membrane potential, ®. the electrolyte potential
and V. is the voltage applied to the cell. The two compartments have the same length L and height H, while the membrane length
is Lim; Xa, Xm, X represent the x coordinates of the anodic/membrane/cathodic boundaries respectively.

where J. is the electrolyte current density, F the Faraday constant, z; the charge number of the i-th species
(where i = CO,,K", OH™,H" ,HCO; , COg_ ,H,,CO, O;) and Nj the ionic mass flux. Please notice that,
for neutral species, the charge number is equal to zero, therefore their contribution to the overall current is
null. The ionic mass flux be calculated by means of the Nernst—Planck equations, which describe the motion
of chemical species in a fluid considering diffusion, electromigration and convection:

N; = —D;V¢; — zihmob iF;VP 4+ ciu
—_—— =~

diffusion

migration

convection

(2)

In the first diffusion term, D; is the diffusion coefficient and ¢; the species concentration; in the second

migration term, b, ; refers to the species mobility, and @ . the electrolyte potential; lastly, in the convection
term, u is the electrolyte velocity. The mobility is calculated by means of the Nernst—Einstein relation, which

reads as follows:

D;
RT (3)

Umob,i =

where R is the molar gas constant and T the temperature. Furthermore, in the electrolyte domains, the

electroneutrality condition holds, for which:
Z zZi¢c; = 0. (4)

Regarding the species mass continuity, the following equation holds in the electrolyte domain:

V-N;+u-V¢,=R; (5)

where R; is the mass source term for each species: since this term is related to the consumption/formation of
the single species, it is equal to 0 in the electrolyte (where only equilibrium reactions occur) and different

3
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Table 1. Diffusion coefficients (at infinite dilution) and initial equilibrium concentrations for the ionic species, at T = 298.15 K. Since
0,, CO and Hj are the products of the electrochemical reactions, their initial concentration is set to zero. H concentration is defined
such that the bulk pH is set equal to 6.8 [16].

Diffusion coef- Initial equilibrium

Chemical species ficient (m?s™!) References concentration (M) References
CO, 1.91 x 107° [16] 0.0342 [16]
Kt 1.95 x 10~° [26] 0.1 —
OH™ 5.27 x 107° [16] 6.6 x 107% [16]
H 9.3 x 1077 [27] 1.5 x 1077 Calc.
HCO3; 1.10 x 1077 [26] 0.099 [16]
Ccor™ 9.23 x 10710 [28] 3.1x107° [16]
H, 45x%x107° [29] 0 —
Cco 2.03 x 107 [29] 0 —
0, 2.10 x 107° [29] 0 —

from zero only on the cathode/anode boundaries (see equation (22) below). Finally, the charge conservation
is considered:

V-J.=0. (6)

When CO, dissolves in water (or in water-based electrolytes), several reactions occur. In the system
under study, carbonate/bicarbonate reactions are implemented, along with the self-ionization process of
water (equilibrium constants are from Sullivan et al [25]):

HCO; +OH™ €C0J™ +H,0  (Kj = 4.66 x 10°1/M) 7)

CO, + OH~ & HCO; (K, = 4.44 X 107M) (8)
K,

H,0<HT + OH™ (Ky=10"1M?). (9)

Since the reactions are fast, they are considered as equilibrium reactions in any point of the domain. They
are important to balance the concentrations of the species along the cell, especially in the boundary layers
where CO, (H™) is consumed at the surface of the cathode (anode).

Lastly, the recirculation is simulated by assigning a value 1 to the y-component of u (in equation 2), and
the x-component set to zero: in this way, it is possible to create a flow from the inlet boundary towards the
outlet with velocity uy. The concentrations of the ionic species introduced in the inlet are taken as the initial
concentration values which satisfy the equilibrium reactions: in this wayj it is possible to simulate the
injection of a CO,-saturated electrolyte in the domain. The initial concentrations and diffusion coefficients
of the species simulated are given in table 1.

2.2. Membrane domain

Nafion 117 membrane is modeled through a porous matrix of fixed negative space charges, with a
concentration much higher with respect to the concentration of protons, which is the only positive species
allowed to migrate from anode towards the cathode. The chosen parameters for the ion exchange membrane
are fixed charge concentration C,, = 1 M, and conductivity o, = 12 S m™!. At the membrane domain
boundaries, the potential shift is given by the Donnan potential ® 4, which can predict the membrane
potential when high density of membrane-fixed charges is assumed [30, 31]. In particular, the Donnan
potential is related to the concentration of protons at the boundaries of the membrane, such that:

A@dzgln (Uéﬂ> (10)

The potential on the membrane @, therefore, can be calculated considering the contribution of the
Donnan potential to the value of the electrolyte potential ® . on the membrane boundaries (figure 1):

D (x=xg,%m) = Pe (x =x4,%m) — AD 4 (x = x4, Xm) (11)

where the dependency on x in the Donnan potential lies in the concentration of protons. The membrane
current density iy, in this case is expressed by the Ohm’s law, which reads:

im = —0mAD (12)
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and, finally, the normal molar flux of protons Ny+ is related to the normal membrane current density
through the Faraday’s Law:

Nigr = 2. (13)
Continuity is guaranteed by imposing the normal current density of the electrolyte equal to the normal
membrane current density at the boundary.
Additional simulations have been performed considering an anion exchange membrane (AEM) as
separator instead of a PEM one, by changing the charge-carrying species in the membrane domain from H*
to OH™ ions, keeping the concentration of fixed space charge the same (C,, = 1 M).

2.3. Cathode/anode boundaries

The electrochemical reactions occur solely at the catalyst surfaces. The modeled cathodic catalyst is a cluster
of Ag nanoparticles, which selectively convert CO; in CO (CO,RR, reaction (14)); moreover, HER
(reaction (15)) is a competing reaction, and it is inserted in the model as well. For what concerns the anode,
only oxygen evolution reaction (OER, reaction (16)) is present, and it is considered non-limiting in the
model. The simulated reactions are reported here below, together with their equilibrium potential (reported
with respect to the reversible hydrogen electrode, RHE):

CO,+2H" +2¢~ +3 CO+H,0 (Ey = —0.1Vvs.RHE) (14)
2HT +2e~ < H, (Ey =0 Vvs.RHE) (15)
2H,0 «» 4H' +4e” +0, (Ep = 1.23Vvs.RHE). (16)

In order to study the selectivity of the reactions toward a specific product, Faradaic efficiency (FE) is used
as key parameter. It describes the efficiency of the electric charge to participate to a particular
electrochemical reaction, and it is calculated through the partial current density (jpar,) related to the specific
cathodic product (m = H,, CO):

FE,, = 2™ 100 (17)

tot

where Ji is the total current density passing through the reactor
Jiot = ijar,m~ (18)
m

The partial current density jyar,m is determined through the Butler—Volmer equations, which are widely
used when modeling the kinetics of electrodes activity in electrochemical environment [32-34]:

. . a,F acF
Jpar = Jo {CRexp <l;T77> — Coxexp (_RcTn>] . (19)
Equation (19) represents the concentration-dependent Butler Volmer expression, which relates the
partial current density of the reaction to the overpotential (7)) through two kinetic parameters: the exchange
current density jy, namely the partial current density at 77 = 0, and the cathodic (anodic) charge transfer
coefficients a. (). Cr and C,y are dimensionless expressions for the reduced and oxidized species: for HER,

Cr = Cox = 1, while for OER, Cr = 1, C,x = 0. For the conversion of CO, to CO (reaction (14)) the
expression used for Coy is

CS
Co= > (20)
CCOz

where Cg, is the concentration of CO, on the electrode surface, and C¢,, the bulk concentration. In this
way, it is possible to implement the mass-transport limit of CO, from bulk to surface when the consumption
of CO, is much faster with respect to the diffusion process. The kinetic parameters used are taken from
experimental Tafel plots and corrected to fit the experimental results: in tables 2 and 3 are reported the kinetic
parameters employed for length L = 0.6 cm and L = 0.25 cm respectively. Please note that small changes can
be noticed in the two cases, meaning that a change in the setup leads to slight changes in the kinetics as well.

The overpotential is expressed by the difference of the applied potential on the electrode (P ;) and the
equilibrium potential for the reaction to occur (r = CO,RR, HER, OER):

nrzés_Eo,r_q)e- (21)

5
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Table 2. Kinetic parameters for the electrochemical reactions, at semi-cell length L = 0.6 cm.

Reaction jo (Am™?) Qe Qa Cr Cox
CO,RR 7.2 % 1077 0.25277 0.74723 1 Coo,/Clo,
HER 9.0 x 107° 0.14437 0.85563 1 1

OER 10.0 — 1 1 0

Table 3. Kinetic parameters for the electrochemical reactions, at semi-cell length L = 0.25 cm.

Reaction jo (A mfz) Qe Qla Ce Cox
CO,RR 7.2 %1077 0.23708 0.76292 1 Cho,/Céo,
HER 2.6 x 107° 0.15399 0.84601 1 1

OER 10.0 — 1 1 0

At last, a mass source term is introduced in the normal species flux on the electrodes surfaces due to the
electrochemical reactions:

Vijpar
N. = 22
i=—F (22)
where v; are the stoichiometric coefficients of the species involved in the reactions, and n the number of
electrons involved (n is equal to 2 for CO and H,, and equal to 4 for O,).

2.4. Numerical processing

The previous equations are implemented in COMSOL Multiphysics 6.1. Both electrolyte domains and
electrode boundaries are modeled through the tertiary current distribution (TCD) interface [35]; for the
membrane domain, since no significant gradients of concentrations are expected, it has been simulated
through secondary current distribution interface [36], while the Donnan potentials are retrieved by coupling
with the TCD interface. Finite element method is used to solve the partial differential equations, and a
user-defined mesh is exploited with rectangle-shaped mesh elements: the mesh is mapped such that it is finer
in the membrane/electrode boundaries and coarser in the bulk of the anodic/cathodic compartments. In the
end, the mesh contains 782 boundary elements and 19 095 domain elements.

3. Experimental

The experimental setup used to validate the model is depicted in figure 2. The device is composed by a
commercial electrochemical reactor (ElectroCell) with ethylene-propylene diene monomer gaskets exploited
to create the anodic/cathodic compartments, and a Nafion N117 (from Ion Power) PEM that acts as
separator.

The electrolyte (0.1 M of KHCO3 99.7% purity from Sigma Aldrich in distilled water) is recirculated
through external reservoirs thanks to a peristaltic pump (Ismatec MCP ISM404B) at a flow equal to
1.547 ml min~'; the CO; is directly bubbled inside the electrochemical cell through two Bronkhorst
mass-flows, set at 15 ml min—".

For what concerns the electrodes, in the anode a commercial Pt foil from GoodFellow (geometric area
9.9 cm?) is exploited for the oxygen evolution reaction, and for the cathode silver nanoparticles are deposited
by physical sputtering technique (current of deposition I4., = 50 mA, time of deposition T4, = 300 s) on a
Carbon Paper substrate (28BC from SGL Carbon), following the procedure developed by our group [37]
(field-emission scanning electron microscope images are reported in figures S1 and S2 available in the
supplementary information): in this case, the cathodic geometric area varies slightly between the
experiments, ranging from 1.2 to 1.9 cm?. A picture of the cathode mounted on the current collector is
present in figure S3 of the supplementary information. In both cathodic and anodic compartments, plastic
meshes are exploited to break the bubbles that form inside the electrolyte.

Finally, the experiments are performed by chronoamperometries with a BioLogic VSP potentiostat, for
which a voltage is applied in a 2-electrode configuration and the current is collected as a function of time
(approximately 1 h for each voltage point); the gaseous output of the cathode is sampled by means of a
Inficon Fusion Micro Gas Chromatograph, equipped with two modules (a Rt-Molsieve 5 A column and a
Rt-Q-Bond column) and a micro thermal conductivity detector for each module. No traces of liquid
products were detected in the catholyte through high-performance liquid chromatography (Shimadzu),
employing a ReproGel column (300 x 8 mm) and an ultraviolet—visible detector set at 210 nm, with 9.0 mM
H,S0O,4 as mobile phase.
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Figure 2. Simplified diagram of the experimental setup. In the cathodic compartment, the electrolyte reservoir is sealed such that
the gas inside can be sampled by the gas chromatograph (GC).

The experiments are carried out at least in duplicate, in order to guarantee the reproducibility of the
obtained results.
The formula used to retrieve the experimental Faradaic efficiencies is:

_ nk f CO, X
Vitot

FE,, x 100 (23)
where 7 is the number of electrons involved in the reaction (n = 2 in HER and CO,RR case), fco, is the flux
of CO,, x the quantity of the product of interest, v the volume of an ideal gas at standard temperature and
pressure condition (v = 22.41 I mol™!) and i is the total current flowing through the reactor.

4. Results and discussion

As reported in section 2 and figure 1, the 2D model retrieves results which depend on x and y coordinates. In
this simulation, all the data are collected by averaging the results across the y dimension. In order to
investigate the effect of the y coordinate, in figure 3 are reported, as an example, the partial current densities
of CO and Hj, across this axis, along with their average values, considering the total height H of the cathode
fixed at 2 cm (the value is related to the dimension of the real electrode used in the experimental work). It can
be observed that the calculated average values represent well the values along y, except at y = 0: in this point,
there is the inlet boundary, where the electrolyte enters the domain and instant reactions lead to increase of
the current. Similar results were obtained for all the quantities (FEs, potentials, concentrations, etc...)
obtained by the model. Overall, the average value can be thus considered reliable to represent each quantity
along the y axis. For this reason, in the following, we report and discuss the average values of each quantity.

4.1. Model validation
In order to validate the model, experimental CO,RR tests have been conducted. Figure 4 shows the trend of
current density and FEs (of CO and Hy) as a function of the cell voltage applied, with data retrieved by the
experimental results and the simulations, at two different semi-cell lengths L = 0.6 cm (figures 4(a) and (c))
and L = 0.25 cm (figures 4(b) and (d)). The velocity of the electrolyte used for the two cells are respectively
o = 0.0057 m s~ ! and uy = 0.0067 m s~ !, which represent a volumetric mass flow of 15 ml min—!. The
bigger velocity in the second case is related to the smaller section area: by fixing the volumetric mass, the
inward velocity would be higher with smaller perpendicular section area.

The model fits well the experimental data in the investigated voltage recorded (below V. =3V the
concentrations of products are low, so that the evaluation of the selectivity may result unreliable; therefore,

7
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Figure 3. Partial current densities of CO and Hj as a function of the y coordinate at the cathode surface, for a fixed voltage
V. = 3 V. In dashed lines, the current densities as a function of the cathode height are reported; the straight lines report the
average values.
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Figure 4. Experimental and model results, showing Faradaic efficiencies and current densities with different semi-cell length. (a),
(c) L=10.6 cm, (b), (d) L =0.25 cm.

only tests for V. > 3 V are reported. Moreover, the model can predict the differences present at different
lengths L. For example, the current density at L = 0.25 cm (figure 4(d)) is higher than the one at L = 0.6 cm
(figure 4(c)), due to a smaller resistance of the electrolyte and stronger migration of the ionic species.
Moreover, the window of selectivity toward CO is well fitted by the simulations: at low voltages (below

V. ~ 2 V) hydrogen is predominant due to higher overpotentials of the CO,RR reaction; at high voltages
(over V. ~ 4 V) mass transport limitation of the CO, molecules occurs, and so the hydrogen production is
relevant. From 2 up to 4 V, thanks to a balance between the rate of the electrochemical reaction and the
transport of the CO, on the cathode surface, the CO production is efficient. Although the voltage range
depends on the experimental setups, the result is widely known and validated in literature [38]. By changing
the dimension of the cell, no important changes in the FEs can be noticed.
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Figure 6. Partial current densities of CO and H; production with three different electrolyte inflow velocities, at V. = 3 V (in red)

Based on these outcomes, we considered our model validated through experiments, and in the following

we present the results of different simulations.

4.2. Effect of the flow rate

In the model, all the species are assumed to be in liquid phase for simplicity. In this case, the CO, feed rate
can be increased by increasing the velocity u of the inflow of the electrolyte in the domain: with fixed length

L = 0.25 cm, the results are depicted in figure 5.

In accordance with Wu et al [18], while an increase in the current can be appreciated with higher flow
rates (figure 5(a)), the most noticeable result is the increase in the window of selectivity towards CO
(figure 5(b)). In particular, the voltage at which FEco overcomes FEyp; is the same (2.2 V), but the mass

transport limits become less important due to higher CO, feed and, as a result, the CO,RR is prominent in a
wider range of voltages. This phenomenon can also be appreciated by looking at the partial current densities
of the electrochemical reactions: in figure 6, jco and jy, are plotted as a function of the electrolyte velocity for
two fixed voltages applied, V. =3 V and V. = 3.8 V. The curves show that, at higher voltages, the CO partial
current density increases for higher flow rates, while jy;, decreases.

4.3. Study of the boundary layer

In the bulk of the electrolyte no interesting features can be observed: in particular, the concentration of the
chemical species is the same as the equilibrium ones entering in the domain through the inlet. The most
interesting region is the boundary layer, in which the concentrations differ from the bulk: the
electroreduction at the interface, and the contemporary action of the equilibrium reactions, change the
concentrations from the initial conditions, leading to predominant diffusion (due to the gradient of
concentration) of ionic species in this region. In figure 7 it has been reported some concentration profiles
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Figure 7. Study of the chemical conditions at the DBL on the cathode’s surface, for two different voltages applied: V. = 3 V and
Ve=4V.

along the DBL (~ 100 um), and the change in pH as well. The data reported are given at fixed flowrate
up = 0.0067 m s~

The chemical conditions going toward the bulk (at x = 5.08 mm) is the same as the initial equilibrium
one: the pH is 6.8 and the values of the concentrations of the chemical species retrieved are equal to the one
used in the inlet (table 1). By moving toward the cathode surface, it can be noticed that the CO,
concentration starts to reduce (figure 7(a)), due to the consumption at the electrode: the higher the voltage,
the higher is the consumption rate. In this framework, due to a re-balance given by the equilibrium chemical
reactions (reactions (7)—(9)), it can be observed a change in the concentration of the other species as well,
like bicarbonate (figure 7(b)) or carbonate ions (figure 7(d)). An increase in the pH can be noticed as well
(figure 7(c)), which increases with the increasing of CO, consumption [39]. Similar results has been
obtained by Gupta et al [16].

The surface CO, concentration and surface pH are also reported as a function of the voltage applied
(figures 8(a) and (b)), which further prove the decrease of CO, concentration, and a subsequent increase in

the pH, with the voltage.

4.4. Membrane potential

Lastly, the ohmic losses related to the membrane are investigated (figure 9). Similarly to what have been
reported in literature on PEM fuel cell modeling works [40, 41], the membrane shows higher resistance

(i.e. higher potential drops) with increasing current density and voltage in the simulation. Moreover,
different slopes are visible in the different region of selectivity toward CO or H,. It is hypothesized that, with
increasing concentration of protons inside the membrane pores, capacitive effects occur that screen the
electric field and increase the ohmic losses at higher voltages. Further studies are required in this framework

to verify the assumptions.

4.5. Effect of anion exchange membrane

It is worth noting that a lot of effort has been done in the scientific community to implement AEMs in the
electrochemical reactors for CO, reduction: in particular, the OH" transport from cathode to anode allows
for more alkaline conditions which are favorable for CO,RR, by lowering the concentration of protons thus
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inhibiting the unwanted HER reaction [42]. In the simulation carried out employing AEM instead of PEM,
no appreciable differences have been noticed, and both the current density and faradaic efficiencies are the
same. In fact, despite few works report experiments conducted in batch cell with AEM implemented [43—45],
there is no study on the difference in performance between AEM and CEM in batch cell environment: the
reason is that, since the electrodes are distant from the membrane and the diffusion coefficients of protons
and hydroxyl ions are comparable, no difference is present on the chemical conditions on the catalyst surface.
For these reasons, the AEM is mostly exploited in zero-gap cells where the cathode and anode are pressed on
the membrane, with respect to batch cell configuration.

5. Conclusions

A comprehensive COMSOL model of a reactor for CO, reduction is presented, which considers the catalyst
kinetics, electrochemical/equilibrium reactions, diffusion/migration and convection of the chemical species,
and recirculation of the electrolyte inside the compartments. The model successfully replicates the
experimental data of both current density and products faradaic efficiencies (CO and H;) as a function of the
voltage applied, and it is useful to study in deep different phenomena occurring inside the reactor. First of all,
the chemical conditions in space can be investigated, such as the variation of the chemical species
concentrations in the DBL. The model retrieved the influence of the voltage applied on the CO,
consumption, with a subsequent increase in the local pH on the cathode surface (from 6.8 up to 10.3).
Secondly, the model predicts the performance of the device varying different parameters, such as the inflow
velocity and the electric bias applied. In particular, an increase in the current as a function of the inflow
velocity is appreciated, as well as bigger window of selectivity towards CO due to higher CO, feed rates.
Lastly, the simulation can be used as a powerful technique to study the performance when scaling up (or
down) the reactor, in view of a future industrial implementation of CO,RR technologies.
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Future improvements in the model are currently under investigation, including the integration of solar
cells as power suppliers, by defining the laws which relate the photocurrent with respect to the intensity of
the illumination; moreover, the implementation of gas diffusion electrodes will allow to simulate flow cell
reactors. Lastly, different catalysts can be simulated, in conditions different from the ambient ones. These
topics will be discussed in a forthcoming paper.
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