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A B S T R A C T   

The reduction of carbon dioxide emissions is crucial to reduce the atmospheric greenhouse effect, 
fighting climate change and global warming. Electrochemical CO2 reduction is one of the most 
promising carbon capture and utilization technologies, that can be powered by solar energy and 
used to make added-value chemicals and green fuels, providing grid-stability, energy security, 
and environmental benefits. A two-dimensional finite-elements model for porous electrodes was 
developed and validated against experimental data, allowing the design and performance 
improvement of a porous zinc cathode morphology and its operational conditions for an elec
trolyzer producing syngas via the co-electrolysis of CO2 and water. Porosity, pore length, fiber 
geometric shape, inlet pressure, system temperature, and catholyte flow rate were explored, and 
these parameters were thoroughly tuned by using the smart-search Nelder-Mead’s multi- 
parameter optimization algorithm to achieve pronouncedly higher, industrial-relevant current 
density values than those previously reported, up to 263.6 mA/cm2 at an applied potential of 
− 1.1 V vs. RHE.   

1. Introduction 

1.1. Carbon dioxide utilization 

The mitigation and reduction of carbon dioxide emissions is vital to reduce the atmospheric greenhouse effect and combat climate 
change [1,2]. Strategies to achieve this objective are: the use of renewable energy sources; CO2 Capture and Storage (CCS) technologies 
[1–3]; and CO2 Capture and Utilization (CCU) technologies [1,2,4]. 

The usage of CO2 includes: reuse without conversion [5,6], conversion into a fuel, or an energy storage vector [7–10], or use as a 
raw material for the manufacture of added-value chemicals and materials [3]. Within the CCU technologies, in the class of CO2 
transformations into fuels or energy vectors, the conversion processes can be: biochemical, photosynthetic, thermo-catalytic, photo
catalytic, electrochemical (which is the scope of the present work), and photoelectrochemical [1,2,11–16]. 

Electrochemical CO2 Reduction (CO2R) is one of the most promising CO2 utilization technologies, because the electrolyzers allow: 
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operation under moderate operating conditions (near room temperature and atmospheric pressure); highly controllable selectivity of 
the reactions’ product(s), e.g. by management of the applied potential and/or the current density; and easy modular design for the 
assembly of large yield reactors [17]. 

Nevertheless, the overarching sustainability of CO2R requires powering by renewable electricity, e.g., solar or wind energy 
[18–20]. In particular, solar-to-fuel technologies are now considered highly promising to mitigate CO2 emissions in buildings [7,8], 
transportation, and industries with heavy carbon footprints that can integrate CO2 recycling [21] in their production processes [3]. 

However, the economic viability (cost-effectiveness) of the electrochemical CO2 conversion processes into: CO [22–24], CH4 [7,8], 
C2H4 [25], alcohols [26], formic acid (HCOOH) [17,27], among other useful hydrocarbons, still needs substantial enhancement to 
allow their massive deployment. For the time being, most of these technologies are just too expensive to implement on a practical 
and/or commercial scope, and still require a great deal of R&D efforts [3]. 

In Fig. 1a, the solar fuels cycle concept is explained in some detail: the CO2 emitted to the atmosphere, by anthropogenic means, can 
be captured and utilized (recycled) via CCU technologies, e.g. involving CO2R electrolyzers for green fuel production. For this, 
photovoltaic electricity [7,8] and water must be provided to feed the renewable fuels production by electrolysis, which then can be 
used for commercial, industrial or mobility purposes. 

The main challenges, technical and economic, to the implementation of CO2R as a commercially viable technology, are: the high 
energy requirements to break down the double-bond of the CO2 molecule [29]; the low selectivity of the most desired products, which 
increases costs due to the complexity of their separation processes, since many of the existing CO2R reactions (excluding the competing 
Hydrogen Evolution Reaction, HER) have standard equilibrium potentials in the small electric potential range between − 0.25 and 
− 0.17 V vs. SHE; the CO2R kinetic rates are limited by the slow CO2 mass transfer from the gas phase to the liquid aqueous electrolyte, 
and to the active sites of the cathode catalysts; the electrocatalysts instability during long operation times, which is caused by the 
catalyst poisoning with impurities from the electrolyte [30,31], and/or from the CO2 feed gas [3], as well as from the resulting 
products of the corrosion of the electrolyzer components [32–38]. 

To circumvent these issues, the proposed approaches go through the performance improvement of the device design and the 
operating conditions parameters, namely: the electrolyzer configuration, the electrodes’ structures, the electrolyte selection, the 
electrolyte pH, the inlet and the outlet pressures, the electrochemical cell compartments temperatures, and especially, the catalysts 
materials and composition [3]. 

The main challenge in CO2 electrolyzers design is ensuring sufficient CO2 delivery to the cathode surface. This aspect can be limited 
by the CO2’s low solubility at ambient conditions or its slow mobility in aqueous electrolytes. Gas diffusion electrodes (GDEs) can solve 
this by providing CO2 in the gas phase behind the electrode [39–41], addressing mobility. Alternatively, concentration can be 
increased by using non-aqueous solvents [42–44] or applying high pressures [42,45,46]. GDEs offer faster CO2 delivery but require a 
multi-component complex structure, while the use of liquid phase electrodes in a system with increased CO2 solubility allows 
simplifying the electrode design. The use of CO2 inlet pressures higher than atmospheric pressure was the strategy followed in the 
present work to address this issue. Further information on GDEs modeling and detailed descriptions of their features can be found in 
Heβelmann et al. [47], El-Shafie et al. [48], Morrison et al. [49], and other relevant works [50–57]. 

Fig. 1. (a) Schematic of the solar fuels concept. Inspired by Ref. [28]. (b) Scheme of a Membrane-Electrode-Assembly (MEA) electrolyzer, repre
sentative of an electrochemical CO2 reduction (CO2R) and water-splitting electrolytic system with a zero-gap configuration. Components not at 
scale. Adapted from Ref. [9]. 
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The need for the electrodes’ design enhancement, and a better understanding of the electrolyte chemical species concentration 
profiles and transport kinetics, go hand in hand with the development of advanced manufacturing technologies, such as 3D printing 
[58], which can greatly benefit from theoretical guidance given by computational modeling studies, to maximize the improvement of 
the electrodes morphologies, and of the electrolyzers’ components arrays and respective dimensions [3]. 

Although CO2R facilities are already operating at pilot scale, e.g. with current densities on the order of 100–200 mA/cm2 [3] using 
GDEs, there is still a considerable lack of literature developments reporting on practical simulation tools capable of accurately 
modeling and boosting the performance of such devices via comprehensive, low-resource demanding and adaptative computational 
methods. 

For instance, GDEs are composite layered structures prone to delamination issues and catalyst instability, while free-standing three- 
dimensional porous electrodes have the potential to overcome these problems. Nonetheless, from an experimental standpoint, it is 
particularly difficult to determine the characteristics of the species’ transport inside the porous structures. This is an example of a key 
aspect in which modeling can help to understand the influence of electrode morphology and operation conditions in CO2R. 

Intensive efforts are being undertaken to advance modeling in the electrochemical reduction of CO2. Methods that employ density 
functional theory (DFT) establishing linear-scaling relationships have allowed some rational understanding of activity volcano plots 
[59,60]. It is now often employed to estimate the information needed in mechanistic studies. DFT and micro-kinetic modeling – micro 
modeling approaches – have been recently reviewed elsewhere [61]. However, this methodology is limited to a family of materials, in 
general to metals and does not encompass the complexity of whole phases and catalyst/support interactions. Thus, nowadays efforts 
are directed to circumvent the linear scaling relationships [62]. 

Besides Faradaic processes, phenomena occurring in the diffusion layer are of the utmost importance to enhance CO2R. The 
multiphysic modeling approach is very suitable to deal with this challenge. Kas et al. [57] modeled CO2 reduction on a GDE with an Ag 
catalyst layer. The 2D model accounted for Butler-Volmer kinetics for both CO2R and H2O, as well as CO2/bicarbonate/carbonate 
equilibria reactions within the electrolyte. As a main result, the interdependence of applied potential, current density, and outlet 
concentrations was disclosed. Singh et al. [63] employed a 1D mathematical model for an electrochemical cell for CO2R with anolyte, 
catholyte, Pt anode, Cu and Ag cathode, and an anion-exchange membrane. COMSOL Multiphysics® software was used to solve the 
model including ion migration, diffusion, acid-base equilibrium, gas-liquid transport of CO2, hydrolysis of cations, and kinetics for 
both Oxygen Evolution Reaction (OER) and CO2. This model allowed to understand the cation effect in the CO2R and suggested that 
weakly hydrated cations have a lower pKa (negative base-10 logarithm of the acid dissociation constant, Ka, of a solution, which means 
that stronger acids have lower pKa values) at the surface, thus they allow for an increased pH buffering and higher CO2 availability 
while achieving an excellent agreement with experimental results. Multiphysics 3D modeling by Veenstra et al. [64] is another suc
cessful application of the multiphysics framework. Combining computational estimations with experimental results for CO2R selec
tivity, maps for different reaction products were created, highlighting the role of surface pH and average CO2 concentration at the 
electrode in reaction selectivity. 

This work addresses for the first time an unprecedented modeling methodology capable of fully describing the operation of porous 
electrodes and tuning their morphology for the performance improvement of CO2R cathodes with industrially attractive performances. 
Specific objectives are the maximization of current density, productivity, and consequently, energy efficiency. To achieve this, the 
smart-search Nelder-Mead’s optimization algorithm was used to fine-tune and improve the performance of a system by adjusting up to 
four parameters simultaneously. In this way, we aimed to achieve the best possible cathode configuration for experimental realization 
in subsequent works. 

1.2. Carbon dioxide electroreduction mechanism 

A CO2 electrolyzer consists of: a cathode to reduce CO2 into products such as CO, or HCOOH/HCOO− , and to produce hydrogen; an 
anode to oxidize water via the OER, generating protons (H+) and electrons (e− ); an electrolyte to conduct ions, and to dissolve and 
transport CO2 to the cathode active sites; an ion exchange membrane, or a porous diaphragm, to separate the cathode from the anode; 
and a voltage source, with sufficient applied (electric) potential to transfer electrons from the anode to the cathode. 

Fig. 1b depicts a membrane-electrode-assembly (MEA) electrolytic cell which performs CO2R and water splitting to produce 
gaseous CO and H2 (syngas components). The electrolyzer design analyzed in this work is taken to be composed of a Zn porous cathode, 
a commercial metallic anode, a protonic exchange membrane, two porous separator diaphragms, catholyte/anolyte chambers with 
inlet and outlet, and a power source to apply the electric potential driving the reaction. 

In such an electrochemical system, there are seven key steps involved in the CO2R process: (1) transfer of CO2 from the gaseous 
phase to the liquid aqueous electrolyte; (2) transport of dissolved CO2 and protons (H+) from the bulk of the electrolyte to the cathode/ 
electrolyte interface; (3) adsorption of chemical species, such as CO2, or protons (H+), on the active sites of the cathode surface; (4) 
dissociation of adsorbed CO2-like chemical species into intermediate species, such as *COOH, *CO, *CHO, and *COH; (5) transfer of 
electrons (e− ) from the cathode catalyst active sites to the above mentioned intermediate species; (6) desorption of the CO2R products 
from the active sites of the negative electrode surface; and (7) migration of the CO2R products away from the cathode/electrolyte 
interface into the bulk of the electrolyte again, in gaseous or liquid phases ready for final purification/extraction. 

Based on the previously proposed reaction mechanisms of the CO2-to-CO electrochemical reduction reaction [65,66], the four 
elementary steps of the reaction (Eqs. (1)–(4)) are as follows (“*” represents an adsorption site): 

∗CO2 + e− → ∗ CO•−
2 (1) 
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∗CO•−
2 +H+(aq)→ ∗ COOH (2)  

∗COOH +H+(aq)+ e− → ∗ CO + H2O(l) (3)  

∗CO → CO(g) + ∗ (4) 

Considering the sum of the sequence of reactional steps in Eqs. (1)–(4), the general electrochemical CO2R reaction (Eq. (5)) is: 

CO2(g)+ 2H+(aq)+ 2e− → CO(g) + H2O(l) (5) 

The reduction of the protons (H+) occurring on that same surface (in an acidic electrolyte) (Eq. (6)) is given by the following 
reaction: 

2H+(aq)+ 2e− →H2(g) (6) 

The reduction of CO2-to-CO thus involves two electrons and two protons, whose reaction kinetic rate is strongly influenced by the 
nature of the catalyst (e.g. type of metallic surface, its oxidation state and crystalline structure) [10,65–68]. Therefore, the complete 
material characterization of the electrocatalyst is an essential input for the understanding of the CO2 kinetic mechanisms. 

A key advantage of using free-standing porous electrodes is to achieve a very large active surface area for interaction, without 
significantly increasing the electrode dimensions, thus improving the electrocatalytic activity. In this work, a zinc-based cathodic 
material is considered (see Fig. 2a). 

The choice of the electrolyte is also critical. Here the electrolyte is taken to be an aqueous solution of 0.1 M KHCO3. In such an 
electrochemical system, the proton donor is the hydronium cation (H3O+, from water H2O reduction), and not the anion of the 
supporting electrolyte (HCO3

− ) [69]. 
Based on a previous contribution by C. Ma et al. [70] which computationally designed electrodes for flow-through batteries, in this 

work a rigorous two-dimensional numeric model was developed with a finite-elements method (FEM) solver, to allow the design and 
performance improvement of porous electrodes with arbitrary geometry, for the co-electrolysis of carbon dioxide (CO2) and water 
(H2O) into syngas (CO + H2). 

2. Methodology 

The porous cathode FEM model was developed employing the COMSOL Multiphysics® software, via the MUMPS Direct Numerical 
Method [71], with the following implemented physics interfaces: Secondary Current Distribution; Transport of Diluted Species; and 
Creeping Flow [70]. 

The variables inherent to the electrochemical transformations and species transport modules were of quadratic discretization [70], 
as the software uses FEM to solve partial differential equations by dividing modeling domains into smaller elements, and since shape 
functions are equations within elements, varying in order and mostly with second order derivative term, then the standard dis
cretization in many cases should be quadratic [72,73]. 

Fig. 2. (a) Two-dimensional porous cathode model design, in which the electrode material comprises infinite cylindrical fibers. The CO2R reaction 
occurs at the cathode. Inlet and outlet species, along with the main geometric parameters of the electrode, are depicted in the figure: cathode side 
length, L, fiber diameter, df, pore length, dp, number of fibers per side, ni (in this example ni = 3, as this is a 3 × 3 fiber arrangement), and electrode 
surface, S. Adapted from Refs. [69,70]. (b) Comparison between the simulated current-voltage curve [23,24] and the experimentally measured data 
of the work of Luo et al. [69], employing the validation dimensional parameters indicated in the top-left inset table. 
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The coupling of the variables that interconnected the modules of the species’ transfer mechanisms and of electrochemical processes 
created modeling situations with highly non-linear processing, whose solutions were quite sensitive to the initial conditions [70]. The 
Relative Error Tolerance chosen for the porous cathode modeling process was 1 × 10− 3. This value is related to the Solution 
Termination Criterion of the Segregated Solver method included in the used MUMPS Direct Numerical Method, in the way that the 
simulation termination depends on the estimated error: it ends when in all the groups of nodes (dependent variables of the imple
mented physical interfaces), the estimated error in each segregated interaction (the highest estimated damped Newton error) is below 
the set relative tolerance [74]. 

The Nelder-Mead Optimization Solver is a COMSOL Multiphysics® tool used to search for the optimum parameter set that max
imizes the figure-of-merit (in this case, the CO partial current density, iloc). It is a derivative-free (gradient-free) optimization solver 
method, that uses a simplex of N+1 points, where N is the total number of control variables that, while not deriving the objective 
function, enhances the worst point in the simplex during an iteration using reflections, expansions, and contractions [75]. Besides, its 
software implementation provides a restart method if the simplex form degenerates (i.e., collapses along a direction), its solution also 
appropriately limits the interval of reflections to obey lower and upper boundaries in the control variable space [76]. 

2.1. Model geometry 

The particular multi-module coupling nature of the COMSOL Multiphysics® software, combining a theoretical mathematical 
interface of various physical sciences with a 3D designing interface of parts or complete assemblies, allows the complete integration of 
the geometry of a device into a simulation considering different physical effects occurring simultaneously, all tuned to work together 
mimicking a real experimental setup. 

In the present study, a porous cathode 2D model was implemented whose geometry is set by three parameters: the cathode side 
length, L, the number of fibers per side, ni, and the porosity, ε; which are directly related to the design dimensions depicted in Fig. 2a: 
pore length, dp, fiber diameter, df, total fibers number, N, and superficial fiber area, also named electrode surface, S; according to Eqs. 
(7)–(10): 

dp =
L
ni
− df (7)  

df =

̅̅̅̅̅̅̅̅̅̅̅̅
1 − ε

π
4

N
L2

√

(8)  

N = n2
i (9)  

S= df × N × π (10)  

In Fig. 2a, the 2D geometry of the porous cathode model design can be analyzed in detail. To help readers understand the image, the 
following description is given: the brown circles represent isotropic rigid fibers that are roughly circular in shape (for geometric 
simplification of the 2D cross-sectional of infinite cylindrical fibers). These fibers make up the solid phase of the electrode. The space 
between the circles, which is characterized by a color gradient from red to blue, represents the porous space where the liquid phase of 
the electrode, known as the electrolyte, flows under pressure in the Stokes regime [77,78]. 

2.2. Model assumptions and limitations 

Fluid dynamics, chemical species transport phenomena and electrochemical reactions in aqueous media were combined, which 
results in a model with non-linear variables and partial differential equations, that accounts for the convection, migration, and 
diffusion of the charged species responsible for the operation of the porous cathode. 

To ease the implementation of this system in the numerical software, reasonable assumptions regarding the transport of charged 
chemical species were made: the cathode fibers were isotropic and homogeneous; the electrolyte was a Stokes Fluid (creeping flow 
regime, meaning that its Reynolds Number is substantially below 1, which applies especially to porous domains) [78], an incom
pressible, isothermal fluid flow and a diluted aqueous solution; no gravity effects; the process worked in stationary state (time-
dependent effects are neglected); no clogging (complete connection of the inlet-to-outlet channels with no fluid stagnation between 
them). 

Another geometrical simplification of the computational model concerns its 2D dimensionality, approximating the real (mostly 
irregular) cathode’s fiber structures by regular 2D cross-sectional shapes, in order to minimize the computational demands and allow a 
better theoretical understanding/interpretation of the main effects at play. 

2.3. Mathematical model development 

2.3.1. Fluid flow 
The description of the fluid flux of a 2D laminar flow regime and the pressure drop was given by the Navier-Stokes Eqs. (11) and 

(12): 
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∇u= 0 (11)  

(u∇) u+
1
ρ∇p − ν ∇2u = 0 (12)  

In Eqs. (11) and (12), the fluid surface velocity vector is u (m/s), the electrolyte density is ρ (kg/m3), the pressure is p (Pa), and the 
dynamic fluid viscosity is ν (m2/s). 

2.3.2. Species transport 
The conservation equations of chemical species and electric charge in the electrolyte (Eq. (13)) for this model are: 

− Di ∇
2ci − ∇

(
Di zi ci

R T

)

∇φ+ u∇ci = 0 (13)  

In Eq. (13), the concentration of species i is ci (mol/m3), the electric charge number of species i is zi, the diffusion coefficient of species i 
is Di (m2/s), the ionic electric potential is Φ (V vs. RHE), the molar gas constant is R = 8.3145 J/(mol.K), and the temperature is T (K). 

2.3.3. Electrochemistry 
The electrolyte electrical neutrality (Eq. (14)) is described by: 

∑

i
zi ci = 0 (14) 

The balance of electric charge, which is equal to the derivative of the (total) net current density, i (A/m2), (Eq. (15)), accounts for 
the variations of the inlet of electrolyte current density, il (A/m2), and of the outlet electrode current density, is (A/m2), considered in 
this model as follows: 

∇i=∇il +∇is (15) 

The electrolyte current density (Eq. (16)) and electric conductivity, σl (S/m), (Eq. (17)), are given by: 

il =F
∑n

i=1
zi( − Di − σl∇φl) (16)  

σl =
F2

R T
∑n

i=1
z2

i Di ci (17)  

In Eqs. (16) and (17), the Faraday’s constant is F = 9.6485 × 104 C/mol, and the electrolyte electric potential is Φl (V vs. RHE). 
Ohm’s Law was applied to the electrolyte electric potential (Eq. (18)) and the electrode electric potential, Φs (V vs. RHE), (Eq. (19)): 

il = − σl∇φl (18)  

is = − σs∇φs (19)  

In Eq. (19), the electrode current density is is (A/m2), and the electrode electric conductivity, σs (S/m). 
The Nernst equation was used on the porous cathode surface to determine the equilibrium potential of the governing electro

chemical CO2R reaction (Eq. (20)), given by: 

Eeq =E0 +
R T
ne F

ln
(

aCO2

aCO

)

(20)  

In Eq. (20), the chemical activity of species i is ai, which is equal to the dimensionless value of the concentration of species i, or ci (mol/ 
m3), the CO2R equilibrium potential is Eeq (V vs. RHE), the CO2R standard equilibrium potential is E0 (V vs. RHE), and the number of 
electrons transferred during the electrochemical reaction is ne. 

The overpotential, η (V vs. RHE), of the CO2R reaction on the porous cathode surface (Eq. (21)), is defined by: 

η=φs − Eeq (21) 

The (local) transfer current density, iloc (mA/cm2), was calculated by the Butler-Volmer equation, which was used to define the 
electrochemical reaction (CO2R) that happens on the porous cathode surface (Eq. (22)), being given by: 

iloc = i0

{

aCO exp
[

αa ne F η
R T

]

− aCO2 exp
(

αc ne F η
R T

)}

(22)  

In Eq. (22), the CO2R cathodic transfer coefficient is αc, and the reaction anodic transfer coefficient is αa. 
The electrochemical constants and the operational parameters used in the simulations of this work are presented in Table 1. 
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2.3.4. Boundary conditions 
As the model assumes a stationary state, a null species transport molar flow, Ni (mol/s), was imposed on the top and bottom 

outward normal unit vector, n→ (m/s), of the cathode, which translated into two concentration/flux symmetry conditions established at 
the aforementioned geometric boundaries, resulting in a vertical symmetry of the species concentration flux distribution (Eq. (23)), 
according to the condition: 

Ni n→= 0
{

0 ≤ x ≤ L, y = 0
0 ≤ x ≤ L, y = L (23) 

The following Neumann condition, responsible for regulating the pressure of the porous cathode (Eq. (24)), was applied to all limits 
of the integration domain, except for the inlet and outlet boundaries: 

∇p n→= 0 (24) 

The inlet boundary was defined by considering that the species enter with their solution initial concentration at inlet, ci,0 (mol/m3), 
(Eq. (25)), and with the inlet velocity, or the inlet pressure, Pin (Pa), (Eq. (26)), which is determined by the flow rate of the chosen 
pump: 

ci = ci,0 (25)  

p=Pin (26) 

The outlet boundary was defined according to the outward normal unit vector of the species concentration (Eq. (27)) and by setting 
a volumetric flow rate, q (m3/s), equal to the catholyte volumetric outflow rate, Qout (m3/s), from the porous cathode compartment 
(Eq. (28)): 

− n→ Di∇ci = 0 (27)  

q=Qout (28) 

Since the present study focuses on the cathode, the model was only applied to the cathodic half-cell. The cathodic current collector 
was implemented on top of the porous cathode, and the applied electric potential, Ec (A/m2), was swept on the surface of the cathode 
fibers (Eq. (29)); thus, at the fibers/electrolyte interfaces we establish: 

φs =Ec (29) 

The full porous cathode model has been validated against reference experimental results. The current-voltage curves obtained from 
the simulation were compared with experimentally measured data from Luo et al. [69], and the results are shown in Fig. 2b, 
considering the Butler-Volmer formalism (Eq. (22)), which was employed to describe the electrochemical processes presented in this 
work, as well as the Linearized Butler-Volmer formalism (Eq. S1 in Supplementary Information) which is a simplified case of the former 
equation that was also tested for comparison and as an additional model validation diagnostic [82]. The details of the validation 
process, including information on the geometric dimensions and operational conditions, are available in section S1 of Supplementary 
Information. 

3. Results and discussion 

3.1. Catalyst Fiber Morphology 

We start by looking at the effects of two of the main geometric parameters of the porous cathode model: the electrode porosity, ε, 
and the number of fibers per side, ni; connected to the design dimensions of Fig. 2a via Eqs. (7)–(10). 

For this purpose, three different analyses were conducted to determine the preferential dimensions, all yielding similar findings: (1) 
maximum current density, iloc, contour plots as a function of ni and ε, at a set applied electric potential, Ec; (2) Multi-parameter Nelder- 
Mead Optimization Solver tool, used to smartly search for the iloc maxima, at a determined Ec, by iterative variation of the porous 

Table 1 
CO2R species transport and electrochemical parameters. NTP is defined as Normal Temperature and Pressure.  

Designation Symbol Value Units Source 

Electrode Conductivity σs 16.6 × 106 S/m [79] 
CO2R Standard Equilibrium Potential (vs. RHE) E0 − 0.10 V [41,80] 
CO2R Exchange Current Density i0 8.7488 mA/cm2 [69] 
CO2R Cathodic Transfer Coefficient αc 0.5 – [81] 
CO2R Anodic Transfer Coefficient αa 0.5 – [81] 
Electrolyte Density ρ 1000 g/L [81] 
Electrolyte Kinematic Viscosity μ 600 g/(cm.min) [81] 
Reference Temperature Tref 25.0 ◦C NTP 
Reference Pressure Pref 1.0133 bar NTP  
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cathode parameters; and (3) polarization curves as a function of ni, ε, and fiber geometric shape variation, with the Ec range of − 1.5 to 
− 0.5 V vs. RHE. The latter results are not presented in the main manuscript since they yielded similar outcomes as the ones from 
analysis (2) but are shown in section S2 of Supplementary Information, and the final trends of the three types of analyses are compared 
in Section 4. 

The contour plots obtained via the analysis (1) are depicted in Fig. 3a–d, for an electrolyzer temperature, T, of 21.85 ◦C, an inlet 
pressure, Pin, of 1.0133 bar and a catholyte flow rate, Qout, of 21 mL/min (model validation operational conditions), at Ec = − 1.1 V vs. 
RHE, for the catalyst fibers with different cross-sectional shapes. Fig. 3a shows the case of a circular fiber shape, where the best 
combination of cathode porosity vs. number of fibers per side was ε = 0.511 with ni = 7 (labelled in the plot), which yielded a 
maximum iloc = 49.6 mA/cm2 (more than 10% higher than the 45.0 mA/cm2 obtained by Luo et al. [69] – reference value). A slightly 

Fig. 3. Contour plots of the current density iloc as a function of number of fibers per side ni vs. cathode porosity ε (a–d), and CO2 solution con
centration profiles of the best cases (e–h), with the respective species total flux streamlines, for different fibers geometric shapes (shown in the 
corners of the top contour plots): (a, e) circle, (b, f) regular hexagon, (c, g) square, and (d, h) equilateral triangle. The fixed operating parameters 
implemented were: Ec = − 1.1 V vs. RHE, T = 21.85 ◦C, Pin = 1.0133 bar, and Qout = 21 mL/min. Captions: Pore Length, dp; Fiber Diameter, df; 
Applied Electric Potential, Ec; Operating Temperature, T; Inlet Pressure, Pin; Volumetric Outflow Rate, Qout; White Star symbol, maxima iloc of each 
contour plot; and Black Dot symbol, minima iloc of each contour plot. 

Fig. 4. Contour plots of the current density iloc as a function of number of fibers per side ni vs. cathode porosity ε with catholyte flow rates Qout of (a) 
10 mL/min, (b) 5.0 mL/min, (c) 2.5 mL/min, and (d) 1.0 mL/min. The fixed operating and morphologic parameters implemented were: Ec = − 1.1 V 
vs. RHE, T = 21.85 ◦C, Pin = 1.0133 bar, and circular fiber shape. Captions: Pore Length, dp; Fiber Diameter, df; Applied Electric Potential, Ec; 
Operating Temperature, T; Inlet Pressure, Pin; White Star symbol, maxima iloc of each contour plot; and Black Dot symbol, minima iloc of each 
contour plot. 
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higher result was attained with the Nelder-Mead method, whose best combination of cathode dimensions, at the same Ec, was ε = 0.675 
with ni = 3, yielding iloc = 54.7 mA/cm2. 

To assess the effect of the fibers’ geometric shape on the CO partial current density, iloc, at the chosen Ec = − 1.1 V vs. RHE, three 
different 2D cross sections with regular shapes were compared (see Fig. 3a–d): a – the circle, mimicking 3D cylindrical fiber geometry; 
b – the regular hexagon, corresponding to 3D regular-hexagonal-based prismatic geometry; c – the square, corresponding to 3D square- 
based prismatic geometry; and d – the equilateral triangle, or 3D equilateral-triangular-based prismatic geometry. 

When designing the different geometrical shapes, the authors chose to keep the surface area, S (mm2), constant, to allow a 
meaningful comparison between the electrochemical performances of the different porous cathode designs. 

Fig. 3a–d shows that, when moving from circular to polyhedral fibers, the optimal parameters and maximum attainable current 
densities are significantly changed. With regular hexagons (Fig. 3b), the best combination of cathode porosity vs. number of fibers per 
side is ε = 0.751 with ni = 2, yielding iloc = 81.4 mA/cm2, which is 81% higher than the reference value (45.0 mA/cm2) of Luo et al. 
[69]. Reducing the number of fiber sides to squares (Fig. 3c) further increases the maximum iloc = 121.2 mA/cm2 (an increase of about 
170% relative to the reference value) at ε = 0.779 with ni = 2. Lastly, with equilateral triangles (Fig. 3d) the highest value of 128.2 
mA/cm2 is achieved (an increase of 185% in comparison with the reference value), with ε = 0.660 and ni = 2. 

Whereas with the Nelder-Mead method, the best combinations of cathode design dimensions were: for the circular geometric shape, 
ε = 0.675 with ni = 3 gained 54.7 mA/cm2, allowing an enhancement of 22%; for the regular hexagonal geometric shape, ε = 0.753 
with ni = 2 developed iloc = 81.7 mA/cm2, providing a higher iloc of 81%; for the square geometric shape, ε = 0.769 with ni = 2 achieved 
122.2 mA/cm2, enabling an increase of 172% of iloc production; and for the equilateral triangular geometric shape, ε = 0.753 with ni =

2 obtained 128.6 mA/cm2, increasing 186% in comparison to the iloc value at Ec = − 1.1 V vs. RHE of the reference value. 
Fig. 3e− h present the CO2 solution concentration profiles, cCO2 , of the cases of maximum iloc, for each fiber geometric shape shown 

in Fig. 3a–d, with the respective species total flux streamlines, for a better understanding of the species transport mechanisms in the 
electrolyte aqueous solution of the porous cathode. As could be expected, in the simulated iloc values for each fiber shape, the lowest 
CO2 concentration on the fiber surface (cCO2 = 21 mol/m3 or mM) corresponds to the highest iloc value obtained (128.2 mA/cm2), 
which is the equilateral triangular fiber shape, and the same applies to the relationship of iloc vs. CO2 concentration on the fiber surface 
for all the fiber geometric shapes. The trend shows that, as the polyhedral sides of the fiber decrease, the iloc increases. This is linked to 
the increased disruption of the species’ flux streamlines caused by the electrolyte deterrence in the intersections of the fibers, as can be 
seen in Fig. 3h. Such increased deterrence caused by the fiber geometries with a lower number of polyhedral sides appears to 
contribute to the higher CO2 consumption on the fiber surface, thus leading to an increased iloc and consequently an enhancement of 
the production of the electrochemical system. 

3.2. Catholyte flow rate 

In this section, the influence of the cathode porosity, ε, the number of fibers per side, ni, for the circular geometric shape fiber, and 
the catholyte flow rate, Qout, on current density, iloc, was examined at the applied potential, Ec, of − 1.1 V vs. RHE. 

In Fig. 4a–d the four contour plots, generated from the analysis (1), in the previous conditions of temperature, T, and inlet pressure, 
Pin, are depicted. The figure displays simulated iloc values for catholyte flow rates, with improved performance parameters of ε = 0.360, 
ni = 3, and Qout = 1.0 mL/min, resulting in a 120% increase relative to the reference value. The Nelder-Mead methodology maximizes 
the iloc value by ε = 0.346 with ni = 3, and Qout = 1.0 mL/min, achieving a 171% enhancement. 

Examining Fig. 4a–d it is possible to notice high iloc zones (yellow-red regions) at the bottom of the b – d plots. As the Qout decreases, 
there is a gradual appearance of an improved iloc area around ni = 3 and the ε range of 0.3–0.4, where it is located the maximized iloc. 
The emergence of such higher-performance zones is likely due to similar reasons as those explained in Section 3.1 for the iloc increase. 
In the former case the increase in the electrolyte deterrence in the intersections of the fibers was caused by the lower number of 
polyhedral sides of the geometry of the fibers, while in the present case it is mainly caused by the lower values of Qout, ni and ε. 

Within the prospection range of this analysis there is a trend of increasing iloc maxima with the decrease of Qout. Nevertheless, in 
practice a maximum in the curve iloc vs. Qout. can be expected, as observed experimentally [9]. For high Qout above the 5.0 mL/min the 
adsorption of species at the surface of the electrode is not facilitated and the extent of the reaction is decreased, as predicted by the 
model, while for lower Qout mass transfer limitation effects can occur in real systems which lead to reduced current densities. 

3.3. Pressure and temperature 

The last study presented herein explored the relationship between cathode porosity, ε, number of fibers per side, ni, catholyte inlet 
pressure, Pin, and electrolyzer operating temperature, T, for the cathode with circular fiber morphology, and their influence on 
cathodic current density generation, iloc. 

Fig. 5 a – p shows fifteen contour plots created from the analysis (1), for a variable T, and a variable Pin, at a fixed catholyte flow 
rate, Qout, of 21 mL/min (Qout of model validation). This figure depicts the simulated results of the iloc, at Ec = − 1.1 V vs. RHE, for all the 
combinations of the following operational parameters: temperatures of 20.0 (Fig. 5a, d, g, j, n), 45.0 (Fig. 5b, e, h, l, o), and 70.0 ◦C 
(Fig. 5c, f, i, m, p), and inlet pressures of 1.0 (Fig. 5a–c), 5.0 (Fig. 5d–f), 10.0 (Fig. 5g–i), 15.0 (Fig. 5j–m), and 20.0 bar (Fig. 5n–p). 

Based on the survey of the fifteen charts according to their T, the results show that at 20.0 ◦C, ε = 0.700 with ni = 8 and Pin = 20.0 
bar produced the highest iloc improvement of 177%. Nevertheless, the highest iloc value using the Nelder-Mead method analysis was 
achieved with ε = 0.727 and ni = 7 at 20.0 bar and 34.0 ◦C, resulting in an outstanding 486% increase compared to the reference value. 

To explain the resulting trends of Fig. 5a–p we first note that these are not justified by the variation of the diffusion coefficient of 
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CO2, DCO2 . Higher values of DCO2 improve the transport of species, but this quantity generally decreases with Pin and increases with T 
for gaseous species in aqueous solutions [83], so it can be observed that it is not the dominant mechanism dictating the T and Pin 
dependence of the present CO2R process. 

The enhancement of the iloc values with the increase in Pin is chiefly due to the increase of the CO2 solubility in the electrolyte, which 
consequently improves the availability of CO2 at the electrode surface for the reaction [2]. Increasing the temperature raises the 
reaction rate, but as the solubility of CO2 decreases with temperature there will be an optimum temperature to carry out the reaction. 
In fact, it was verified that the CO2 solubility, which is considered in the simulation as the CO2 initial concentration, cCO2 ,0, dissolved in 
the KHCO3 aqueous solution inlet, only increases with decreasing T when Pin < 300.0 bar and T < 65 ◦C [84]. The results of the 
simulation undertaken in the present work show a maximum at 34.0 ◦C and 20.0 bar. 

4. Conclusions 

Electrochemical CO2 reduction is a complex dynamic process involving many inter-related parameters and effects at play, as 
cathode surface changes, effect of electric field, electrolyte, adsorption of species, mass transfer, and effects of surface and bulk pH. 
Numeric mesh-based multiphysics models represent a good approach to describe and integrate all these phenomena. 

A two-dimensional finite-elements model for porous zinc electrodes was developed, validated, and corroborated to design and 
enhance the performance of porous cathodes in CO2 reduction electrolyzers. The following conclusions were drawn:  

• The assessment of polarization curves, contour plot analysis and the smart-search Nelder-Mead optimization algorithm, while 
considering the joint influence of cathode porosity, the number of fibers per side, and fiber cross-sectional shapes, revealed the 
conditions to allow a 186% enhancement compared to the experimental results used for model validation (depicted in Fig. 6 a, b by 
the darkest blue column).  

• Examining the catholyte flow rate (consideration only circular fibers for simplicity) resulted in 171% increase in cathodic current 
density compared to the experimental results, achieved by fine-tuning the flow rate to the minimum value studied (1.0 mL/min).  

• Analyzing the impact of increased inlet pressure and system temperature (for circular-shaped fibers only) yielded a notable 486% 
increase in current density (263.6 mA/cm2 at − 1.1 V vs. RHE, denoted by the red column in Fig. 6 a, b). This enhancement was 

Fig. 5. Contour plots of the current density iloc as a function of number of fibers per side ni vs. cathode porosity ε with catholyte inlet pressures Pin of 
(a–c) 1.0, (d–f) 5.0, (g–i) 10.0, (j–m) 15.0, and (n–p) 20.0 bar, and with cathodic half-cell temperatures T of (a, d, g, j, n) 20.0, (b, e, h, l, o) 45.0, and 
(c, f, i, m, p) 70.0 ◦C. The fixed operating and morphologic parameters implemented were: Ec = − 1.1 V vs. RHE, Qout = 21 mL/min, and circular fiber 
shape. Captions: Pore Length, dp; Fiber Diameter, df; Applied Electric Potential, Ec; Volumetric Outflow Rate, Qout; White Star symbol, maxima iloc of 
each contour plot; and Black Dot symbol, minima iloc of each contour plot. 

Fig. 6. (a) Top view and (b) orthogonal view of the best-simulated results of the current density at − 1.1 V vs. RHE obtained by the porous cathode 
model for each analysis type: Analysis (1) – Contour Plots, Analysis (2) – Nelder-Mead algorithm, Analysis (3) – Polarization Curves (see section S2 
of Supplementary Information); and for each class of performance improvement study: Catholyte Flow Rate, Catalyst Fiber Morphology, and 
Pressure and Temperature; in comparison with the experimental validation data of Luo et al. [69]. 
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achieved by adjusting the temperature to 34.0 ◦C and the pressure to 20.0 bar, revealing the significance of identifying the optimal 
pressure and temperature balance for intensifying the CO2 reduction process. 

Thus, this study indicates that the 2D computational design of free-standing porous cathodes shows great potential for advancing 
CO2 electroreduction technology. 

4.1. Final perspectives 

The production of CO from CO2 electroreduction can be increased by applying useful recommendations deduced from the use of the 
2D model of zinc porous cathodes described in this work, coupled with smart-search optimization algorithms and the parametric study 
of the fluid dynamics and its main geometric and operational parameters. 

A learning-loop should be established between modeling previsions and guidance from catalyst preparation and treatment 
methods. The development of advanced in situ characterization methods, such as Operando Electrochemical Scanning Tunneling 
Microscopy (EC – STM), Attenuated Total Reflectance Surface-Enhanced Infrared Absorption Spectroscopy (ATR – SEIRAS) and in situ 
Atomic Force Microscopy allow to refine the models and improve their predictive power, bringing new insights for the development of 
breakthrough catalytic electrodes. Although still in its infancy, in what concerns applications in electrochemical CO2 reduction, 
machine-learning offers enormous potential in computational modeling and significant efforts are still needed to realize its full po
tential. The information provided by advanced modeling raises the bar for the synthesis of new materials. Breakthroughs in fabrication 
processes and materials treatment, such as laser ablation, laser activation, additive manufacturing, etc., are necessary towards 
enhanced synthesis resolution and accuracy. 
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Appendix A  

List of Symbols  

Symbol Description Units 

i Chemical species index – 
ci Concentration of species i mol/m3 

(continued on next page) 
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(continued ) 

Symbol Description Units 

ci,0 Initial concentration of species i mol/m3 

ai Chemical activity of species i – 
df Fiber diameter m 
dp Pore length m 
L Cathode side length m 
D Cathode thickness m 
S Surface length m 
N Total fibers number – 
ne Number of electrons transferred – 
ni Number of fibers per side – 
Ni Molar flow rate of species i mol/s 
Di Diffusion coefficient of species i m2/s 
zi Electric charge number of species i – 
F Faraday’s constant (9.6485 × 104 C/mol) C/mol 
R Molar gas constant [8.3145 J/(mol.K)] J/(mol.K) 
i (Total) net current density A/m2 

is Current density at the electrode A/m2 

il Current density in the electrolyte A/m2 

i0 Exchange current density A/m2 

iloc Local current density A/m2 

T Temperature K 
Tref Reference, or room temperature (25.0 ◦C) K 
p Pressure Pa 
Pref Reference, or atmospheric pressure (1.0133 bar) Pa 
q Volumetric flow rate m3/s 
Pin Inlet pressure Pa 
Qout Volumetric outflow rate m3/s 
E0 Standard equilibrium potential of reaction V 
Eeq Equilibrium potential of reaction V 
Ec Applied electric potential (vs. RHE) V 
pH Electrolyte pH – 
u Fluid surface velocity vector m/s 
n→ Outward unit normal vector m/s 
ν Dynamic fluid viscosity m2/s 
ε Cathode porosity – 
σs Electrode electric conductivity S/m 
σl Electrolyte electric conductivity S/m 
αc Cathodic transfer coefficient – 
αa Anodic transfer coefficient – 
Ф Ionic electric potential (vs. RHE) V 
Фs Electrode electric potential (vs. RHE) V 
Фl Electrolyte electric potential (vs. RHE) V 
η Overvoltage (vs. RHE) V 
ρ Electrolyte density kg/m3 

μ Electrolyte kinematic viscosity kg/(m.s) 
RHE Reversible hydrogen electrode: 

E0
H+ V (vs. RHE) = E0

H+ V (vs. SHE) − 0.059 V pH 
V 

SHE Standard hydrogen electrode: 
E0

H+ V (vs. SHE) = 0 V (at any temperature)
V  
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[64] F.L.P. Veenstra, N. Ackerl, A.J. Martín, J. Pérez-Ramírez, Laser-microstructured copper reveals selectivity patterns in the electrocatalytic reduction of CO2, 

Chem 6 (2020) 1707–1722, https://doi.org/10.1016/j.chempr.2020.04.001. 
[65] J. Rosen, G.S. Hutchings, Q. Lu, S. Rivera, Y. Zhou, D.G. Vlachos, F. Jiao, Mechanistic insights into the electrochemical reduction of CO2 to CO on 

nanostructured Ag surfaces, ACS Catal. 5 (2015) 4293–4299, https://doi.org/10.1021/acscatal.5b00840. 
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