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ABSTRACT 

In this study, a model was built to investigate the role of Cu2O-ZnO based gas diffusion 

electrodes in enhancing the reduction of carbon dioxide into methanol inside an 

electrochemical cell. The model was simulated using COMSOL Multiphysics software and 

validated using experimental results.  It showed reasonable agreement with an average 

error of 6%. The model demonstrated the dependence of methanol production rate and 

faradaic efficiency on process key variables; current density (j = 5-10 mA/cm2), gas flow 
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rate (Qg/A = 10-20 ml/min cm2), electrolyte flow rate and CO2 gas feed concentration. The 

results showed a maximum methanol production rate of 50 µmol/m2 s, and faradaic 

efficiency of 56 % at −1.38 V vs. Ag/AgCl. From the economic point of view, it is 

recommended to use a gas stream of 90% or slightly lower CO2 concentration and an 

electrolyte flow rate as low as 2 ml/min cm2.

1. Introduction
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4

Anthropogenic carbon dioxide (CO2) emissions to the atmosphere are reaching an 

alerting level.1 Rapid actions need to be implemented in order to limit such increase and 

find alternative routes to utilize CO2.2 CO2 valorization is taking more interest nowadays 

as a way through which captured CO2 is utilized to more valuable products and chemicals. 

The electrochemical reduction of CO2 has been proposed as a potential option for CO2 

valorization. Through this simple electrochemical reduction process, a carbon-neutral 

energy route will be established where CO2 could be converted to synthesis gas, 

formaldehyde, different types of alcohols and other valuable products. Despite being a 

simple process of high potentials1,3–7, some challenges1,3,8,9 are hindering its industrial 

application. One of those challenges is the low CO2 solubility in aqueous solution (0.033 

mol/l at STP)3, that affects the mass-transfer of CO2 into the aqueous phase and limits 

the selectivity at high current densities. Some techniques3 were proposed to overcome 

such limitations, which include; lowering the operating temperature10, increasing the CO2 

partial pressure11,12 and using non-aqueous solutions13 or solid polymer electrolytes 

(SPE)14–16. The most promising option to overcome such mass transfer limitations is to 
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5

use gas diffusion electrodes (GDEs)17–20 where the reacting CO2 could be introduced to 

the cell directly in the gas phase, resulting in an improvement in the cell performance. 

The gas diffusion electrode consists of two layers; the gas diffusion layer (GDL), 

referred to as diffusion medium, and the catalyst layer (CL).21 The GDL is usually placed 

between the CL and the gas channel, and is typically made from carbon-based materials22 

to maintain high electric conductivity, gas permeability, and stability over a wide potential 

range.22 The GDL is in direct contact with the gas channel where it acts as a gas 

distributor and current collector. In most cases, the GDL is of a hydrophobic nature to 

prevent water flooding through the electrode which facilitates reactant gas transportation 

to the CL.21 The GDE improves the electrochemical cell performance by enhancing the 

catalyst stability, it provides the necessary mechanical support and conducts electrons 

through its solid phase at low resistance. According to the literature 23–25, the main 

advantage of the GDE is the ability to provide a three-phase interface between the solid 

catalyst particles, the gaseous reacting CO2, and the liquid electrolyte solution. This will 

increase the active surface area of the electrocatalyst available for the reduction reaction. 

Despite that the exact pathway for the electrochemical reduction of CO2 in a three-phase 
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interface medium is still unknown26, it is hypothesized that only gaseous CO2 is involved 

in the reduction reaction23–25. However, other researchers, for example, Weng et al.18 

opposed this hypothesis and believe that CO2 needs to dissolve first in the aqueous 

solution for the reduction reaction to occur. Still more investigation is needed, so, in the 

present study, the nature of the reduction reaction is looked at.

Many experimental studies on the electrochemical reduction of CO2 to carbon monoxide 

(CO)27,28 and formic acid28–30 could be found in literature. However, limited experimental 

data is available on the electrochemical conversion of CO2 to alcohol6,31–37. The 

compilation of experimental data and integration with modeling studies is an essential 

step in order to facilitate the upscaling of the electrochemical reduction of CO2 into the 

industrial scale. According to the literature, and as far as the authors know, only one 

study, conducted by Yosra et. al., 201738 investigated the electrochemical reduction of 

CO2 to methanol (CH3OH). Yosra et. al., 201738 developed a mathematical model for the 

reduction of CO2 into CH3OH by using a planner type Cu2O/ZnO-based electrode in an 

aqueous solution of KHCO3. No GDE was used in this study or other studies to model the 

conversion of CO2 into CH3OH. However, the work of Yosra et. al., 201738 has paved the 
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way for further developments in the modeling of the electrochemical cell to convert CO2 

into CH3OH. The current study is considered an advanced step towards the introduction 

of the GDE in the electrochemical reduction of CO2 to CH3OH and ethanol (C2H5OH). 

Modeling GDE in the electrochemical conversion of CO2 to different products was 

investigated by a limited number of researchers. This was listed in Table 1 and compared 

to the present study.

Table 1. Comparison of literature modeling studies done for CO2 electrochemical 

reduction on GDE-based electrodes

Reference Cathodic 
Catalyst

Main 
Product

Model 
Dimensions

CL 
modeled 
as

Acid-base 
Reactions

Phase 
Flow

Wu et. al.24 Pt CO 2D Interface N.C Single

Georgopoulou et. 
al.39

Sn Formate 2D Interface C Two

Weng et. al.18 Ag CO 1D Domain C Single

Present model Cu2O-ZnO CH3OH 2D Domain C Single

 where N.C: Not considered; C: Considered 

Wu et. al., 201524 developed a model for the production of CO using Pt-based GDE. In 

their study, they investigated the operating and design parameters effect on process 
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performance. However, in the modeled electrochemical cell the produced CO exits the 

gas channel together with the unreacted CO2, hence, the probability of CO interrupting 

the electrolyte flow (i.e., leading to a two-phase flow) is low. In addition, their model 

neglected the acid-base reactions occurring inside the electrolyte although such reactions 

affect the reacting CO2 concentration and its solubility in the electrolyte. 

Georgopoulou et. al., 201639 developed a model for the electrochemical reduction of 

CO2 into formic acid using GDE. As the case with Wu et. al.,201524, in their model the 

products exit the gas channel together with the unreacted CO2 while the formic acid is 

produced in the aqueous phase, thus their model is considered a two-phase flow. On the 

other hand, Weng et al.,2019 18 treated the CL in their model, to produce CO, as a domain 

not as an interface like other researchers.24,39 Also, they introduced the concept of ideal 

saturated CL to their model, which refers to the fraction of the catalyst pore volume 

occupied by liquid electrolyte. According to the literature, no work was conducted to 

investigate the GDE in the electrochemical reduction of CO2 into CH3OH, so, more work 

is needed. 
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In this study, a mathematical model was developed and validated for the continuous 

electrochemical reduction of CO2 to CH3OH; using GDE, given the high demand and the 

importance of CH3OH and C2H5OH for many chemical and petrochemical industries6,7. 

This work presents a 2D (two-dimensional), steady-state, isothermal model for a 

continuous filter-press electrochemical cell. The model was simulated using the 

commercial software COMSOL V5.2. Modified forms of Butler-Volmer equations have 

been used for expressing the process kinetics. In many cases in the literature, the 

exchange current density; representing current at thermodynamic equilibrium, is taken as 

a constant value for each specific reaction and calculated as a fitting parameter, despite 

being dependant on process conditions, catalyst structure, and particle size.3,40 In this 

work, the exchange current density was related to the flow rates and applied current 

density through an empirical equation. This model focuses on the mathematical relations 

describing the effect of using the GDEs to overcome the CO2 mass transfer limits and to 

increase the production rate. To achieve this goal, the model incorporated charge, mass 

and momentum transport with electrode kinetics.
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2. Experimental Equipment and Conditions

2.1.  Materials and Equipment

The Cu2O/ZnO-based GDEs were prepared according to a procedure previously 

reported.32,33 Cu2O (Sigma Aldrich, particle size <5 µm, 97% purity) and ZnO particles 

(ACROS organic, <45 µm, 99.5%) were mixed with a Nafion® dispersion 5 wt.% (Alfa 

Aesar) and isopropanol (IPA) (Sigma Aldrich), with a 70/30 catalyst/Nafion mass ratio and 

a 3% solids (catalyst + Nafion). The prepared Cu2O/ZnO inks were airbrushed onto 

carbon papers (TGP-H-60, Toray Inc.) and then, rinsed with deionized water and dried at 

ambient temperature before use. The catalyst loading was kept at 1mg cm-2 of Cu2O and 

1 mg cm-2 of ZnO. 

2.2. Methodology
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The experimental setup components, shown in Fig. 1.a is fully detailed in the works of 

Albo. et al. 32,33 In summary, CO2 electrochemical reaction was carried out at ambient 

conditions using a filter-press electrochemical cell (Micro Flow Cell, ElectroCell A/S) in 

continuous operation. The cell, shown in Fig. 1.b17, was divided into a catholyte and 

anolyte compartments separated by a Nafion 117 membrane. The airbrushed Cu2O/ZnO-

catalyzed paper was employed as the working electrodes (geometric area, A= 10 cm-2), 

together with a platinized titanium plate used as the counter electrode and a Ag/AgCl (sat. 

KCl) reference electrode. A 0.5 M KHCO3 (Panreac, > 97% purity) aqueous solution is 

pumped at a flow rate of Qe/A = 2 ml min-1 cm-2 in both, the cathode and anode 

compartments. Besides, CO2 gas (99.99%) was fed to the cathode side with a flow rate 

ranging from Qg/A = 10 to 20 ml min-1 cm-2. In addition, the applied current density, j, was 

varied from 5 to 10 mA cm-2. To quantify the concentration of each product in the liquid 

phase, the samples were analysed by duplicate in a headspace gas chromatograph 

(GCMS-QP2010, Ultra Shimadzu) equipped with a flame ionization detector (FID). The 

formation rates and faradaic efficiencies are then calculated.  
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Fig. 1. (a) Experimental setup; (b) Schematic diagram of the electrolytic cell configuration 

of CO2 electrochemical reduction on Cu2O-ZnO based GDE17

3. Model Development

3.1. Computational Domain

The domains of the present work are shown in Fig. 2. For simplification, the current 

collectors and the cathode gas channel were excluded. The electrolyte stream enters the 

cell via two channels (catholyte and anolyte). The catholyte flows through the porous 

catalyst layer, at which the catholyte meets the gaseous CO2 stream flowing from the 

cathode gas channel through the GDL into the catalyst layer. Finally, the electrolyte, 

products and unreacted materials leave the cell through the catholyte and anolyte outlets. 
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The key input parameters used in the model are listed in Table 2. The assumed properties 

of catalyst layer in Table 2 are based on common values from the literature.21,41,42

Fig. 2. Schematic diagram of the computational domain used in the present model. 

3.2. Model Assumptions

The following were assumed in the present work:

- The system is steady-state.24,38 

- The system is isothermal, i.e., the temperature distribution across the cell is 

uniform.24,38

- Gas flow is considered to be compressible and laminar.
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- Liquid flow is laminar.38

- Produced oxygen will completely dissolve in the electrolyte. 

- The model is considered as a single-phase flow. 

- The physical properties of the electrode are isotropic and homogeneous.42

- No-slip boundary condition is applied to all walls and continuity is maintained at 

electrolyte/porous media interface.

- Dilute theory is applied to the catholyte and anolyte. 

- Proton transport from anode to cathode through the membrane is by electro-migration 

only. 

- Convection through the catalyst layer is neglected and species are transported by 

diffusion and migration only. 

- The carbon paper serving as the gas diffusion layer is considered hydrophobic.43

- Saturation through the catalyst layer is constant.

Table 2. Model parameters (see nomenclature for symbol definitions)
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Parameter Value Unit Ref.

Cell Dimensions

 𝐴 10 cm2 33

 𝐻 33.3 mm 33

 𝑤 30 mm 33

 𝐿 4 mm 38

 𝑥𝑚 0.183 mm 33

 𝑥𝑐𝑝 0.19 mm 44

 𝑥𝐶𝐿 0.02 mm
Approximate
d

Operating Conditions

 𝑇 25 0C 33

 𝑃 1 Bar 33

 𝑗𝑎𝑝𝑝 10 mA cm-2 33

 𝜑𝑐 -1.16 V 33

 𝜑𝑎 1.03 V 33

 𝑄𝑒/𝐴 2 ml min-1 cm-2 33

 𝑄𝑔/𝐴 20 ml min-1 cm-2 33

Membrane Properties

 𝜎𝑙,𝑚 10 S m-1 45

 𝑐𝐻 + ,𝑚 1200 mol m-3 45
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Parameter Value Unit Ref.

Carbon Paper Properties

 𝜀𝑐𝑝 0.631 0.631 44

 𝐾𝑐𝑝
6.15 x 10-

12
m2 44

 𝜎𝑐𝑝 1.053 x 104 S m-1 44

Catalyst Layer Properties

 𝐾𝐶𝐿
1.58 x 10-

14
m2 Assumption 

 𝜀𝑐𝐿 0.4 Assumption 

 𝑥𝐶𝐿 0.02 mm Assumption 

 𝑟𝑝 4 µm 33

 𝜎𝑐𝐿 10-5 S m-1 Assumption 

  𝛿𝑇𝑓 10 nm 21

  𝑠𝐶𝐿 0.5 Assumption 

Gas Properties

 𝑀𝐶𝑂2 44.009 Kg mol-1

 𝑀𝑁2 28.0134 Kg mol-1

 𝜌𝐶𝑂2 1.98 kg m-3

 𝜇𝐶𝑂2 1.5 x 10-5 Pa s

 𝐻𝐶𝑂2 3.3 x 10-4 mol m-3 Pa-1
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Parameter Value Unit Ref.

 𝜈𝐶𝑂2 26.9 46

 𝜈𝑁2 17.9 46

 𝑌𝐶𝑂2,𝑖𝑛 0.9999 33

Liquid Electrolyte Properties

 𝜌𝐻2𝑂 103 kg m-3

  𝜇𝐻2𝑂 8.9 x 10-4 Pa s

Equilibrium Constants

 𝐾2 4.66 m3/mol 38

 𝐾3 4.44 x 10-4 mol/m3 38

 𝐾𝑤 108 m6/mol2 38

3.3. Bulk solution equilibrium

When gaseous CO2 comes in contact with aqueous solution, CO2 starts to dissolve in 

the solution as hydrated CO2 (aq) according to eq (1). CO2 in its dissolved form can react 

with water in a later step as in eqs (2) and (3).47 

 𝐶𝑂2(𝑔)↔𝐶𝑂2(𝑎𝑞) (1)
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Throughout the aqueous solution, the homogeneous acid-base reactions are assumed 

to be in equilibrium38, eqs (2)-(4).

          𝐻𝐶𝑂3
― + 𝑂𝐻 ― ↔𝐶𝑂3

2 ― + 𝐻2𝑂 𝐾2 (2)

            𝐶𝑂2𝑎𝑞 + 𝐻2𝑂↔ 𝐻𝐶𝑂3
― + 𝐻 + 𝐾3 (3)

                             𝐻 + + 𝑂𝐻 ― ↔ 𝐻2𝑂 𝐾𝑤 (4)

where K2, K3, and Kw are the equilibrium constants, listed in Table 2.

3.4. Electrochemical Reactions

High purity CO2 (99.99%) with 0.01 % N2 is fed into the cathode gas channel. CO2 will 

then diffuse through the gas diffusion layer into the cathode catalyst layer where the 

reduction reactions occur. In this electrochemical cell, potassium bicarbonate is used as 

an electrolyte. If sufficiently negative cell potential is applied, the CO2 will react with the 

H+ ions, produced by water oxidation at the anode, eq (5), and it will be reduced to CH3OH 

and C2H5OH, eqs (6) and (7). Hydrogen evolution reaction (HER), eq (8), may occur and 

is considered a competing reaction, as it consumes the H+ ions necessary for CO2 

conversion to CH3OH and C2H5OH. 

Anodic Reaction:
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 10 𝐻2𝑂↔5 𝑂2 +20 𝐻 + +20 𝑒 ― (5)

Cathodic Reactions:

 𝐶𝑂2 +6 𝐻 + +6 𝑒 ― ↔𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 (6)

 2 𝐶𝑂2 +12 𝐻 + +12 𝑒 ―  ↔ 𝐶2𝐻5𝑂𝐻 +3 𝐻2𝑂 (7)

 2 𝐻 + +2 𝑒 ― ↔ 𝐻2 (8)

3.5. Governing Equations

The governing equations of the various regions in the electrochemical cell are 

summarized below.

3.5.1. Electrolyte Channels

3.5.1.1. Fluid Flow

The steady, 2D Newtonian laminar flow in the electrolyte channels (catholyte & anolyte) 

is governed by the continuity and Navier-Stokes equations24, eqs (9) and (10)

 ∇.(𝜌𝒖) = 0 (9)

 𝜌𝒖 ⋅ ∇𝒖 = 𝜌𝑔 ― ∇𝑝 +⋅ [𝜇(∇𝒖 + (∇𝒖))𝑻 ―
2
3𝜇(∇.𝒖)𝑰] + 𝑭𝒗 (10)
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where is the density,  is the velocity vector, g is the gravitational acceleration,  is the 𝜌 𝒖 𝑝

pressure,  is the dynamic viscosity,  is the identity tensor, and  is the volume force 𝜇 𝑰 𝑭𝒗

vector.

3.5.1.2. Mass Transport

Basically, the mass transport for an individual aqueous species  through the electrolyte 𝑖

is governed by equation (11).

 ∇.𝑵𝒊 = 𝑅𝑖 (11)

 𝑖 = 𝐶𝑂2 , 𝐾 +1,𝐻𝐶𝑂3
―1 ,𝐶𝑂3 ―2, 𝐻 +1,𝑂𝐻 ―1, 𝐶𝐻3𝑂𝐻 , 𝐶2𝐻5𝑂𝐻,𝑂2

  represents the flux vector of species , and is governed by the Nernst-Plank 𝑵𝒊 𝑖

equation48, eq (12).

 𝑵𝒊 = ― 𝐷𝑖∇𝑐𝑖 ― 𝑧𝑖𝑢𝑚,𝑖𝐹𝑐𝑖∇𝜑𝑙 + 𝒖𝑐𝑖 (12)

where  is the production or consumption rate expression for species ,  is the 𝑅𝑖 𝑖 𝑐𝑖

concentration of species  ,  is the Faraday constant,   is the electric potential of the 𝑖  𝐹 𝜑𝑙

liquid electrolyte, and  and  are the diffusion coefficient and charge number of species 𝐷𝑖 𝑧𝑖

, respectively, listed in Table 3.𝑖

Table 3. Electrolyte liquid species and their properties
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Species   (cm2 s-1)𝑫𝒊  𝒛𝒊 Ref.

CO2 aq 1.92 x 10-5 0 49

H+ 9.311 x 10-5 +1 48,50

OH-1 5.273 x 10-5 -1 48,50

K+1 1.957 x 10-5 +1 48,50

HCO3-1 1.185 x 10-5 -1 48,50

CO3-2 0.923 x 10-5 -2 50

CH3OH 0.84 x1 0-5 0 49

C2H5OH 0.84 x 10-5 0 49

O2 2.1 x 10-5 0 49

The Nernst-Einstein relation48, eq (13), is used for relating the ionic mobility, , of the 𝑢𝑚,𝑖

ionic species to their diffusivity.

 𝑢𝑚,𝑖 =
𝐷𝑖 
𝑅𝑇 (13)

where,  is the gas constant, and  is the absolute temperature.𝑅 𝑇

Moreover, the current density vector  is proportional to the sum of all species fluxes as 𝒋

expressed by Faraday’s law48, eq (14).

 𝒋 = 𝐹∑
𝑖𝑧𝑖𝑵𝑖 (14)
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3.5.1.3. Charge Transport

The Transport of protons from the anode to the cathode side is assumed to occur by 

electro-migration only. Furthermore, the charge conservation holds and electron transport 

can be described by Ohm’s law, eqs (15) and (16).48

 ∇ .  𝑖𝑙 = 0 (15)

 𝑖𝑙 = ― 𝜎𝑙 ∇𝜑𝑙 (16)

where is the average ionic conductivity of the electrolyte, calculated from eq (17).48 𝜎𝑙 

 𝜎𝑙 = (𝐹2

𝑅𝑇)(∑
𝑖
𝑧𝑖

2𝐷𝑖𝑐𝑖 ) (17)

3.5.2. Cathode Gas Diffusion Layer (GDL)

3.5.2.1. Fluid Flow

The continuity equation, eq (18), and Brinkman momentum equation24 (Brinkman’s 

extension of Darcy’s law), eq (19), were used for describing the pressure drop and gas 

flow within the porous GDL.

 𝜌∇.(𝒖) = 0 (18)

 𝜌
𝜀𝒖 .∇

𝒖
𝜀 = ― ∇𝑝 + ∇ ⋅ [ 

𝜇
𝜀(∇𝒖 + (∇𝒖)𝑇) ―

2
3(∇.𝒖)𝑰] ― (𝜇

𝑘)𝒖 (19)
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where,  is the gas mixture density, and  and  are the porosity and permeability of the  𝜌 𝜀 𝑘

porous media, respectively.

3.5.2.2. Mass Transport

The multi-component mass transport in the porous GDL was solved to determine the 

gas partial pressures at the gas-liquid interface. Maxwell-Stefan equation51, eq (20) was 

used for solving the fluxes of each species in terms of mass fraction.

𝑅𝑖 = ∇.{ ―𝜌𝜔𝑖

𝑛

∑
𝑖 = 1

𝐷𝑒𝑓𝑓
𝑖𝑗 [𝑀𝑔

𝑀𝑗(∇𝜔𝑗 + 𝜔𝑗
∇𝑀𝑔

𝑀𝑔 ) + (𝑥𝑗 ―𝜔𝑗)
∇𝑃
𝑃 ] + 𝜌𝑢𝜔𝑖} (20)

where,  and   are the mass and mole fraction, respectively,  is the molar mass of 𝜔𝑖 𝑥𝑗 Mg

the gas mixture, eq (21), and  is the ideal gas mixture density, described by eq (22).𝜌

 𝑀𝑔 = 𝑥𝑁2𝑀𝑁2 + 𝑥𝐶𝑂2𝑀𝐶𝑂2 (21)

𝜌 = (∑𝑁

𝑖 = 1
𝑋𝑖𝑀𝑖𝑃/(𝑅.𝑇) (22)

where,  is the molecular weight of species . 𝑀𝑖 𝑖
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The effective diffusivity, , in eq (20) is corrected for the porosity, , and tortuosity, 𝐷𝑖𝑗
𝑒𝑓𝑓 ε

, of the considered porous medium using the Bruggeman relation, eq (23)τ

 𝐷𝑖𝑗
𝑒𝑓𝑓 =

𝜀
𝜏 𝐷𝑖 = 𝜀3/2 𝐷𝑖𝑗 (23)

where  can be estimated from the empirical correlation recommended by Fuller, 𝐷𝑖𝑗

Schettler, and Giddings.46

𝐷𝑖𝑗 =

1.01325 𝑥 10 ―2𝑇1.75 ( 1
𝑀𝑖

+
1

𝑀𝑗
 )0.5

 

𝑃 (𝜈1 3
𝑖 + 𝜈1 3

𝑗 )2
(24)

where is the diffusion volume, listed in Table 2.𝜈 

The mass fraction of  is then calculated from the overall mass balance, eq (25).𝑁2

 𝜔𝑁2 = 1 ― 𝜔𝐶𝑂2 (25)

3.5.2.3. Charge Transport

For the hydrophobic GDL (i.e. there is no electrolyte nor proton transport within the 

GDL), charge is conserved. The electron transport through the solid phase was described 

by Ohm’s Law, eq (26).
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 ∇ .  𝑖𝑠 = 0 (26)

where

 𝑖𝑠 = ― 𝜎𝑠,𝐺𝐷𝐿 ∇𝜑𝑠 (27)

where,  is the current density of the solid phase of the GDL,  and  are the 𝑖𝑠 𝜎𝑠,𝐺𝐷𝐿 𝜑𝑠

electronic conductivity and the electric potential of the solid phase of the GDL, 

respectively.

3.5.3. Cathode Catalyst Layer (CL)

As proposed by Lien-Chun Weng et al.21, the triple-phase interface is not essential for 

the high performance of the GDEs. In the present model, it was assumed that CO2 first 

dissolves into the aqueous solution within the CL, then reacts in its dissolved state. Based 

on this assumption, the saturation volume fraction of the catalyst layer (i.e., the fraction 

of liquid electrolyte covering the total pore volume of the porous catalyst layer) needs to 

be accounted for. Therefore, the CL active area, , available for the electroreduction 𝑎𝑣 

reactions was related to the saturation fraction , eq (28).21𝑆𝐶𝐿

 𝑎𝑣 = 𝑎0
𝑣 𝑆𝐶𝐿 (28)
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The catalyst layer was considered to contain spherical particles with radius , with an 𝑟𝑝

intrinsic porosity . The  specific surface area   of the CL can be calculated from eq 𝜀0
𝐶𝐿  𝑎0

𝑣

(29).21

 𝑎0
𝑣 =

3(1 ― 𝜀0
𝐶𝐿)

𝑟𝑝
(29)

Due to the difficulty in saturation calculation, given the insufficient characteristics data 

available on the catalyst layer, a constant value of saturation fraction,  , was taken as 𝑆𝐶𝐿

shown in Table 2.

The porosity in eq (18) is modified according to eq (30).21

 𝜀𝐶𝐿 = 𝜀0
𝐶𝐿(1 ― 𝑆𝐶𝐿) (30)

3.5.3.1. Mass Transport

Because of the extremely low velocity inside the porous media of the CL, the convection 

flux term in Nernst-Plank equation, eq (12), can be neglected. Therefore, the movement 

of the aqueous species is governed by diffusion and migration only, eq (31).  

 𝑵𝒊 = ― 𝐷𝑖
𝑒𝑓𝑓∇𝑐𝑖 ― 𝑧𝑖𝑢𝑚,𝑖𝐹𝑐𝑖∇𝜑𝑙 (31)

The term  represents the effective diffusion coefficient of the aqueous species , 𝐷𝑖
𝑒𝑓𝑓 𝑖

calculated using the Bruggeman relation, eq (23). 
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3.5.3.2. Charge Transport

For the CL, current can be split into two types; ionic current through the electrolyte, and 

electronic current through the catalyst particles. Similarly, the charge conservation 

equations can be calculated using Ohm’s Law21, eqs (32)-(34).

 ∇.𝑖𝑠 = ― ∇. 𝑖𝑙 = ― 𝑎𝑣∑
𝑘𝑖𝑙𝑜𝑐,k (32)

𝑖𝑙 = ― 𝜎𝑒𝑓𝑓
𝑙 ∇𝜑𝑙

(33
) 

𝑖𝑠 = ― 𝜎𝑒𝑓𝑓
𝑠 ∇𝜑𝑠 (34)

where  is the local current density of electrode reaction with index ,  are the 𝑖𝑙𝑜𝑐,𝑘 𝑘 𝜎𝑒𝑓𝑓
𝑠 , 𝜎𝑒𝑓𝑓

𝑙

effective conductivities of the solid and liquid phase, respectively, corrected by the 

Bruggeman correlation21, eqs  (35) and (36).

 𝜎𝑒𝑓𝑓
𝑙 = 𝜀1.5

𝑙  𝜎𝑙 (35)  𝜎𝑒𝑓𝑓
𝑠 = 𝜀1.5

𝑠  𝜎𝑠 (36)

3.5.4. Membrane

As the work of Yosra et. al.38, the membrane was modeled as a homogeneous medium 

containing fixed ionic charge with a molar concentration . Charge conservation and 𝑐𝐻 + ,𝑚

Ohm’s law are also applicable in the membrane domain;

 ∇ .  𝑖𝑙,𝑚 = 0 (37)

 𝑖𝑙,𝑚 = ― 𝜎𝑙,𝑚 ∇𝜑𝑙,𝑚 (38)
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where,  is the membrane potential, and  is the membrane electric conductivity, 𝜑𝑙,𝑚 𝜎𝑙,𝑚

listed in Table 2.

At the membrane-electrolyte interfaces, the potential continuity was maintained through 

considering the Donnan potential shift, . 38,53 It arises across the membrane as a result ∇𝜑𝐷

of the differences in  activity in the membrane, and the electrolyte, . These 𝐻 + 𝑎𝐻 + ,𝑚 , 𝑎𝐻 + ,𝑒

activities can be replaced by their corresponding concentrations  and , due to 𝑐𝐻 + ,𝑚  𝑐𝐻 + ,𝑒

the low concentration of ions, eq (39).53 

 ∇𝜑𝐷 = 𝜑𝑙,𝑚 ― 𝜑𝑙,𝑒 =
𝑅𝑇
𝐹  𝑙𝑛(𝑐𝐻 + ,𝑚

𝑐𝐻 + ,𝑒 ) (39)

3.5.5. Electrochemical Kinetics

The electrochemical kinetic reactions at both cathode and anode can be described by 

the modified Butler-Volmer equation, eq (40), also known as concentration-dependent 

Butler-Volmer equation.

 𝑖𝑙𝑜𝑐,𝑘 = 𝑖0,k[ 
𝐶𝑅,𝑆

𝐶𝑅,𝐵
𝑒𝑥𝑝 (𝛼𝑎 𝑧 𝐹

𝑅 𝑇  𝜂) ―
𝐶𝑂,𝑆

𝐶𝑂,𝐵
𝑒𝑥𝑝 (𝛼𝑐 𝑧 𝐹

𝑅 𝑇  𝜂) ] (40)

Here,  is the equilibrium exchange current density of reaction ,  and   are the 𝑖0,k 𝑘 𝑐𝑅,𝑆 𝐶𝑅,𝐵

surface and bulk concentrations of the reduced species, respectively, and  and  𝐶𝑂,𝑆 𝐶𝑂,𝐵

are the surface and bulk concentrations of the oxidized species, respectively.  and  𝛼𝑎 𝛼𝑐
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represent the anodic and cathodic charge transfer coefficients, respectively, listed in 

Table 4. The term  represents the number of electrons transferred in the rate limiting-𝑧

step, and  represents the activation overpotential.𝜂

Table 4. Electrode Kinetics Parameters

Parameter Symbol Value Unit

Charge transfer coefficients

Anode  𝛼𝑎 0.5 -

Cathode  𝛼𝑐 0.5 -

Reference Conc.  𝑐𝑟𝑒𝑓 1 mol l-1

Exchange Current Densities at Anode

OER  𝑖0,𝑂𝐸𝑅 9.4223 A m-2

Similar to the work of Yosra et. al.38, equation (40) can be reduced to the following 

equations:

Anode side

 𝑖𝑙𝑜𝑐, 𝑂𝐸𝑅 = 𝑖0,𝑂𝐸𝑅 𝑒𝑥𝑝 ((𝛼𝑎 + 𝛼𝑐) 𝐹𝜂
𝑅𝑇 ) (41)
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Cathode side

 𝑖𝑙𝑜𝑐,  𝐶𝐻3𝑂𝐻 = ― 𝑖0,𝐶𝐻3𝑂𝐻(𝑐𝑐𝑜2 𝑐𝐻 +

𝑐2
𝑟𝑒𝑓

)𝑒𝑥𝑝 ( ― 𝛼𝑐𝐹𝜂
𝑅𝑇 ) (42)

 𝑖𝑙𝑜𝑐, 𝐶2𝐻5𝑂𝐻 = ― 𝑖0,𝐶2𝐻5𝑂𝐻(𝑐𝑐𝑜2 𝑐𝐻 +

𝑐2
𝑟𝑒𝑓

)𝑒𝑥𝑝 ( ― 𝛼𝑐𝐹𝜂
𝑅𝑇 ) (43)

 𝑖𝑙𝑜𝑐, 𝐻𝐸𝑅 = 𝑖0,𝐻𝐸𝑅 ((𝛼𝑎 + 𝛼𝑐)𝐹
𝑅𝐹 )𝜂 (44)

Overpotential

 𝜂𝑘 = 𝜙𝑠 ― 𝜙𝑙 ― 𝐸𝑒𝑞,𝑘 (45)

where,  is the reference concentration, and  is the equilibrium potential (Nernst 𝑐𝑟𝑒𝑓 𝐸𝑒𝑞,𝑘

potential) of reaction .𝑘

The exchange current densities in the above equations are obtained by fitting these 

forms of Butler-Volmer equation to the current densities from the experimental results. 

The model has related the exchange current density of the liquid products to the process 

conditions through developing an empirical relation, eq (46). 

 𝑖0,k = 𝑖 ∗
0,k(𝑗𝑎𝑝𝑝

j ∗ )𝑎(𝑄𝑔/𝐴

𝑄𝑔
∗ )𝑏(𝑄𝑒/𝐴

𝑄𝑒
∗ )𝑐

(46)

where  ,  , , and  are the kinetics fitting constants.𝑖 ∗
0,k 𝑎 𝑏 𝑐
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The values of , , and  are based on the optimum values from the experimental j ∗ 𝑄𝑔
∗ 𝑄𝑒

∗

work conducted by Albo et al. 17 ; = 10 mA cm-2, = 20 ml min-1 cm-2, and =2 ml 𝑗 ∗ 𝑄𝑔
∗ 𝑄𝑒

∗

min-1 cm-2.

The equilibrium potential  in eq (45) can be described by Nernst equation, eq (47).54𝐸𝑒𝑞,𝑘

 𝐸𝑒𝑞,𝑘 = 𝐸0 +
𝑅𝑇
𝑛𝐹𝑙𝑛 [𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑎𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠] (47)

where,  is the standard potential for the considered half-cell reaction, as shown in Table 𝐸0

5. The term   represents the activity that can be replaced by the concentration, eqs (48) 𝑎

and (49).

Table 5. Standard potentials for the considered electrochemical reactions

Half-cell reaction  𝐄𝟎

OER      eq (5) 1.23

CH3OH  eq (6) 0.02

C2H5OH eq (7) 0.08

HER       eq (8) 0

 vs. Ag/AgCL =  vs. RHE - 0.059 PH - 0.197] 55[E0 E0

E0 values are reported under standard conditions [1 atm and 250C] vs. reversible 
hydrogen electrode (RHE) in aqueous media.56

       vs. Ag/AgCL𝐸𝑒𝑞, 𝐶𝐻3𝑂𝐻 = 𝐸0
𝐶𝐻3𝑂𝐻 +

𝑅𝑇
6𝐹𝑙𝑛 [ 𝐶𝐶𝐻3𝑂𝐻

𝐶𝐶𝑂2𝐶6
𝐻 + ] (48)
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vs. Ag/AgCL𝐸𝑒𝑞,  𝐶2𝐻5𝑂𝐻 = 𝐸0
𝐶2𝐻5𝑂𝐻 +

𝑅𝑇
12𝐹𝑙𝑛 [ 𝐶2

𝐶2𝐻5𝑂𝐻

𝐶2
𝐶𝑂2𝐶12

𝐻 + ]    (49)

Therefore, the reaction source term  in eq (11), can be calculated from the following 𝑅𝑖

relations:

Anodic Reaction Source term:

 𝑅𝑂2 =
𝑣𝑖𝑙𝑜𝑐,  𝑂𝐸𝑅

20 𝐹 (50)

Cathodic Reaction Source terms:

 𝑅𝐶𝐻3𝑂𝐻 =
𝑎𝑣 𝑖𝑙𝑜𝑐,  𝐶𝐻3𝑂𝐻

6𝐹 (51)

 𝑅𝐶2𝐻5𝑂𝐻 =
𝑎𝑣 𝑖0,𝐶2𝐻5𝑂𝐻 

12 𝐹 (52)

 𝑅𝐻2 =
𝑎𝑣 𝑖𝑙𝑜𝑐,  𝐻𝐸𝑅

2 𝐹 (53)

where  is the stoichiometric coefficient of O2 in eq (5). 𝑣

3.5.6. Rate of CO2 absorption-Film theory:

When the gaseous CO2 comes into contact with the liquid electrolyte, at the GDL-CL 

interface, it is absorbed into the electrolyte through a thin film.  The steady-state flux 

across this thin film can be described in terms of the gas-to-liquid mass transfer coefficient 

, eqs (54) and (55).49𝐾𝐺𝐿, 𝐶𝑂2
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 𝑁𝐶𝑂2,𝑎𝑏𝑠 = 𝐾𝐺𝐿, 𝐶𝑂2(𝑐 ∗
𝐶𝑂2 ― 𝑐𝐶𝑂2) (54)

 𝐾𝐺𝐿, 𝐶𝑂2 =
𝐷𝐶𝑂2

𝛿𝑇𝑓
(55)

where  is  absorption flux relative to the interface,  and  are the 𝑵𝑪𝑶𝟐,𝐚𝐛𝐬 𝐶𝑂2 𝑐 ∗
𝐶𝑂2 𝑐𝐶𝑂2

interfacial and bulk concentrations in the electrolyte, and  is the thin-film thickness, 𝛿𝑇𝑓

shown in Table 2.

 represents the solubility limit of  in the electrolyte and is proportional to the 𝑐 ∗
𝐶𝑂2 𝐶𝑂2

partial pressure of  as stated by Henry’s Law, eq (56).𝐶𝑂2

 𝑐 ∗
𝐶𝑂2 = 𝐻𝐶𝑂2.𝑝𝑔.𝑌𝐶𝑂2 (56)

Therefore,

 𝑵𝑪𝑶𝟐, 𝒂𝒃𝒔 = 𝐾𝐺𝐿, 𝐶𝑂2(𝐻𝐶𝑂2.𝑝𝑔.𝑌𝐶𝑂2 ― 𝛽.𝑐𝐶𝑂2) (57)

where  is also a fitting parameter, used to differentiate the concentration of CO2 in the 𝛽

depletion boundary layer57, at CL-GDL interface, from that of bulk electrolyte 

concentration.

3.6. Boundary Conditions
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The internal boundary conditions are given based on the continuity and mass flux 

balance to satisfy the general mass and species conservation of the entire cell. The 

boundary conditions at each interface are presented in details in Table 6.

Table 6. Boundary Conditions

Position Condition

Constant inlet gas velocity  𝒖 = ― 𝑈0
𝑔

Constant inlet gas composition  𝑌𝐶𝑂2 = 𝑌𝐶𝑂2,𝑖𝑛

CGC-GDL 
Interface

External applied current density  𝑗 = 𝑗𝑎𝑝𝑝

Electrolyte Inlets Constant inlet electrolyte 
velocity

 𝒖 = ― 𝑈0
𝑙 𝒏

Constant inlet species 
concentrations

 ― 𝒏.𝑵𝒊 = 𝒏.(𝒖𝑐𝑖,𝑖𝑛)

Charge insulation    ,           ― 𝒏 . 𝒊𝒍 = 0 ― 𝒏 . 𝒊𝒔 = 0

Electrolyte 
Outlets

Constant pressure 
(atmospheric)

 𝑃 = 𝑃𝑎𝑡𝑚

Zero-diffusive flux of species  ― 𝒏.𝐷𝑖∇𝑐𝑖 = 0

Charge insulation    ,           ― 𝒏 . 𝒊𝒍 = 0 ― 𝒏 . 𝒊𝒔 = 0

GDL-CL Interface Species flux continuity (CO2 is 
absorbed into the electrolyte)

 ― 𝒏.𝑵𝑪𝑶𝟐 = 𝑵𝑪𝑶𝟐, 𝒂𝒃𝒔.

Current conservation  𝒏.𝒊𝒔.𝑮𝑫𝑳 = 𝒏.𝒊𝒔.𝑪𝑳

Page 34 of 76

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



35

Position Condition

 𝒊𝒍 = 0

Species flux continuity   ― 𝒏.𝑵𝒊 = ∑
𝑚𝑅𝑖,𝑚   , 𝑅𝑖 =

𝑣 𝑖𝑙𝑜𝑐

𝑧𝑖𝐹       ,    CL-Catholyte 
Interface

Ionic current conservation  𝒏.𝒊𝒍.𝑪𝑳 = 𝒏.𝒊𝒍.𝒆

Proton flux continuity  𝒏.𝑵𝑯 + .𝒆 = 𝒏.
𝒊𝒍.𝒎

𝐹Catholyte-
Membrane 
Interface

Current conservation  𝒏.𝒊𝒍.𝒆 = 𝒏.𝒊𝒍.𝒎

Donnan potential  𝜑𝑙,𝑚 =  𝜑𝑙,𝑒 +
𝑅𝑇
𝐹 ln (𝑐𝐻 + .𝑚

𝑐𝐻 + .𝑒 ) 

Anolyte-
Membrane 
Interface

Proton flux continuity  𝒏.𝑵𝑯 + .𝒆 = 𝑛.
𝒊𝒍.𝒎

𝐹

Current conservation  𝒏.𝒊𝒍.𝒆 = 𝒏.𝒊𝒍.𝒎

Donnan Potential  𝜑𝑙,𝑚 =  𝜑𝑙,𝑒 +
𝑅𝑇
𝐹 ln (𝑐𝐻 + .𝑚

𝑐𝐻 + .𝑒 ) 

Anode Surface Species flux continuity   ― 𝒏.𝑵𝒊 = ∑
𝑚𝑅𝑖,𝑚    , 𝑹𝒊 =

𝑣 𝒊𝒍𝒐𝒄

𝑧𝑖𝐹       

External applied potential  𝝋𝒔,𝒆𝒙𝒕 = 𝝋𝒂

Current conservation  𝒏 .  𝒊𝒍 = 𝑖𝑡𝑜𝑡𝑎𝑙 = ∑
𝑚𝑖𝑙𝑜𝑐,𝑚

Walls No-slip boundary condition  𝒖 = 0

No Flux  ― 𝒏.𝑵𝒊 = 0

Charge insulation    ,           ― 𝒏 . 𝒊𝒍 = 0 ― 𝒏 . 𝒊𝒔 = 0
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The concentrations of the different species entering the electrolyte  were previously 𝑐𝑖,𝑖𝑛

calculated in the work of Yosra, et. al.38 from the equilibrium constraints along with the 

carbon balance and electroneutrality condition. 

3.7. Cell Performance - Faradaic Efficiency (FE)

Faradaic efficiency (FE), the selectivity of a reaction towards a particular product, is a 

good indication of cell performance. While HER is the side reaction, the faradaic efficiency 

for other products can be calculated as follows:

 𝐹𝐸𝐶𝐻3𝑂𝐻(%) =
𝑖𝐶𝐻3𝑂𝐻

𝑖𝑡𝑜𝑡𝑎𝑙
𝑥 100 (58)

 𝐹𝐸𝐶2𝐻5𝑂𝐻(%) =
𝑖𝐶2𝐻5𝑂𝐻

𝑖𝑡𝑜𝑡𝑎𝑙
𝑥 100 (59)

where the average total current density, , equals the sum of the average current 𝑖𝑡𝑜𝑡𝑎𝑙

densities for all of the cathodic reactions:

 𝑖𝑡𝑜𝑡𝑎𝑙 = ∑
𝑚𝑖𝑙𝑜𝑐,𝑚 = 𝑖𝐶𝐻3𝑂𝐻 + 𝑖𝐶2𝐻5𝑂𝐻 + 𝑖𝐻𝐸𝑅 (60)

3.8. Numerical method

The previous governing equations together with the boundary and inlet conditions were 

solved simultaneously using a commercially available software package, COMSOL 
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Multiphysics® v5.2. A user-defined mesh with mapped distribution was used in each 

domain (i.e., the GDL, CL, catholyte, membrane, and anolyte domains). The number of 

elements for each domain was varied according to the accuracy required in the solution. 

The final mesh, contained 375 quad elements, 140 edge elements and 12 vertex 

elements with a minimum and average element equal to unity. The model was solved 

with the base case parameters, using the built-in  direct solver PARDISO (Parallel Sparse 

Direct Solver), with a relative tolerance of 0.001, and a total of 9324 of degrees of freedom 

through a fully coupled approach. 

For this non-linear system to be converged, the stationary solver was divided into five 

sequenced steps. In the “Free and Porous Media Flow” interface was solved first since 

the solution of its equations is not affected by other interfaces in the model. Then, its 

solution is stored to describe the velocity field for the Maxwell-Stefan and Nernst-Plank 

equations. Secondly, the “Transport of Concentrated Species” interface together with the 

flow coupling was solved. Afterwards, the two “Secondary Current Distribution” interfaces 

were solved for both the electrolyte and membrane to estimate their electric fields. 

Consequently, their solution was stored to describe the migration-diffusion equation. The 
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pre-mentioned solution was used as an initial value for the dependent variables in the 

“Transport of Diluted Species” interface to get the concentration distribution. Finally, all 

the interfaces were solved simultaneously to get the final results. Finally, parametric 

sweeps were used for investigating the effect of changing cell operating conditions on its 

performance. 

4. Results & Discussion

4.5.  Experimental Results

The use of Cu2O-based GDEs for the electrochemical reduction of CO2 led primarily to 

the formation of CH3OH, together with small quantities of C2H5OH. The results presented 

by Albo et. al., 2016 33 were used for validation. Besides, additional experimental tests 

were carried out to validate the model. CH3OH production rate and Faradaic efficiency 

(FE) were calculated at different applied current densities and gas flow rates, and results 

are presented in Tables 7 and 8. 
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Table 7. Rate and FE of CH3OH and C2H5OH using Cu2O-ZnO GDEs as a function of j, 

at Qe/A = 2 ml min-1 cm-2, and Qg/A = 20 ml min-1 cm-2

Rate (µmol m-2 s-1) FE (%)E

(V)

j

(mA cm-2) CH3OH C2H5OH CH3OH C2H5OH

-0.89 6 21.0 2.15 24.3 4.9

-1.02 8 37.6 2.64 43.5 6.1

-1.19 9 48.4 3.58 56 8.3

Table 8. Rate and FE for CO2 electrochemical reduction to CH3OH at different gas flow 

rates (Qg/A) with Cu2O/ZnO GDEs, at j = 10 mA cm-2, Qe/A = 2 ml min-1 cm-2

E (V) Qg/A (ml min-1 cm-2) Rate (µmol m-2 s-1) FE (%)

-1.77 12.5 28.5 16.5

-1.58 15 41.3 23.9

-1.38 17.5 51.1 29.6

4.6. Parametric Estimation and Model Validation
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Values from the literature38 were used as a starting point for the first round of calculation 

of the kinetics fitting parameters, then a trial and error method was applied together with 

COMSOL parametric sweeps. Percentage error24 was calculated according to eq (61),

 𝑒𝑟𝑟𝑜𝑟𝑖. (%) =
𝑟𝑛𝑢𝑚.

𝑖 ―  𝑟𝑒𝑥𝑝.
𝑖

𝑟𝑒𝑥𝑝.
𝑖

 𝑥 100% (61)

Here, the subscript  presents a single point at which the production rate was calculated.𝑖

The kinetic fitting constants in eq (46) were obtained by minimizing the percentage error 

between the resulting production rate of model and experiment while varying the applied 

current density. The fitting constants are listed in Table 9.

Table 9. Fitting parameters in the electrochemical reduction kinetic equations

Parameter Symbol Value Unit

Exchange Current Densities at Cathode

Methanol  𝑖 ∗
0,𝐶𝐻3𝑂𝐻 1.335 x 1010 A.m-2

Ethanol  𝑖 ∗
0,𝐶2𝐻5𝑂𝐻 3.070 x 1010 A.m-2

 𝑎 2 -

 𝑏 1 -

 𝑐 0.5 -

HER  𝑖0,𝐻𝐸𝑅   103 A.m-2
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Parameter Symbol Value Unit

Conc. fraction  𝛽 0.004 -

4.7. Effect of Applied Current Density

Model validation was performed by comparing the effect of varying the applied current 

density, j, from 5 to 10 mA cm-2, on the production rate and the faradaic efficiency, FE, of 

CH3OH and C2H5OH, as shown in Fig. 3. Flow rates of both the electrolyte and the CO2 

were kept constant at Qe/A = 2 ml min-1 cm-2 and Qg/A = 20 ml min-1 cm-2, respectively. 

According to Fig. 3.a, the production rate of CH3OH and C2H5OH depends on the 

amount of applied current density; as the current density increases, the production rate 

of both CH3OH and C2H5OH increases up to a current density of 9 mA cm-2. After this 

value, a shift between the measured experimental and modeling results was observed. 

The same trend was obtained when comparing modeling results of faradaic efficiency, 

FE, with experimental ones, as shown in Fig. 3.b. An interesting fit between modeling and 

experimental results was maintained, after which a shift in the results was observed after 

an applied current density of nearly 9 mA cm-2. 
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Fig. 3. Effect of applied current density on (a) Production rate of CH3OH and C2H5OH, 

and (b) FE of CH3OH and C2H5OH, at constant Qe/A = 2 ml min-1 cm-2, and Qg/A = 20 ml 

min-1 cm-2

This may be attributed to the accumulation of the products near the electrode which 

limits the available CO2 for further reaction, as outlined by Weng et al.21 and Albo et al.17,37 

Hence, a drop in the production rate and faradaic efficiency, FE, of both CH3OH and 

C2H5OH was observed, as shown in Fig. 3. When using GDE, mass transfer limitation is 

greatly reduced and will occur at a relatively high current density compared to that of a 

planner electrode, according to Weng et al.21 and Castillo et al.58 Experimental results in 

Fig. 3, show that a limiting current density, , was approached at nearly 9 mA cm-2 that 𝑖𝑙
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caps the CH3OH production rate to nearly 50 µmol m-2 s-1. In the present model, the 

limiting current density was not accounted for, as the Nernst diffusion layer thickness is 

unknown, hence, the difference between the experimental and the modeling data 

occurred after the 9 mA cm-2 current density. This may be considered for future 

development of the current work. 

Moreover, the increase in the applied current density reflects an increase in system 

energy. However, this energy is consumed by side reactions17,21,37, such as the HER due 

to water hydrolysis, or CO production instead of CH3OH production, which was not 

accounted for in the model. This may interpret the shift in selectivity data that was 

measured experimentally after the 9 mA cm-2 applied current density, Fig. 3.

According to the literature17, Cu-based GDEs are more selective to CH3OH formation 

over C2H5OH. This was confirmed experimentally and captured by the model, as shown 

in Fig. 3. When using Cu2O-ZnO GDE, nearly 56% FE of CH3OH was obtained compared 

to 8% maximum FE for C2H5OH. 

In general, results obtained from the model and the experimental setup are consistent. 

The root mean squared error (RMSE) between the experimental and simulated average 
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production rates were calculated according to eq (62). The RMSE together with the 

percentage error, eq (61)24, gives an indication of the accuracy of the model.

 𝑅𝑀𝑆𝐸 =
1
𝑁 ∑𝑁

𝑘 = 1
(𝑟𝑛𝑢𝑚

𝑡𝑜𝑡𝑎𝑙 ―  𝑟𝑒𝑥𝑝
𝑡𝑜𝑡𝑎𝑙)2 (62)

A root mean squared error (RMSE) of 1.69 µmol m-2 s-1 and an average percentage error 

of 6 % were obtained. This reflects a good agreement between the model and the 

experimental results.

4.8. Effect of Gas Flow Rate

The relation between the production rate and selectivity, FE, of CH3OH and gas flow 

rate, Qg, was investigated, as shown in Fig. 4. The applied current density and the 

electrolyte flow rate were kept constant at j = 9 mA cm-2, and Qe/A = 2 ml min-1 cm-2, 

respectively. It was found that the production rate and FE of CH3OH increase as the flow 

rate of feed CO2 increases. This was compared with the results obtained through 

experimental testing and there was a good consistency until a gas flow rate value of 17.5 

ml min-1 cm-2, after which the production rate and selectivity, FE, no longer increase with 

the increase in the gas flow rate, opposite to the modeled trend at that point. 
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Fig. 4. Effect of Gas flow rate on (a) CH3OH production rate, and (b) FE of CH3OH, at 

constant j =10 mA cm-2, and Qe/A = 2 ml min-1 cm-2

Assuming constant CL saturation in the model could have caused such deviation 

between the modeling and experimental results. As the gas flow rate increases, it is 

believed that the CL saturation,  , percentage will decrease. Increasing the CO2 flow 𝑆𝐶𝐿

rate will cause the electrolyte layer to become thinner, which will reduce the mass transfer 

barrier as outlined by Weng et al.21 Hence the production rate of the CH3OH increases 

with the increase in the CO2 gas flow rate. However, further increase in the gas flow rate 

to higher levels will interfere with the spreading of the electrolyte layer and the three-
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phase interface through the CL may disappear (i.e., = zero) in some places, so, the 𝑆𝐶𝐿

production rate will drop.21 

In another case scenario, Albo et al.17,37 attributed such reduction in the production rate 

and FE of CH3OH to the deterioration caused by the detachment of the catalyst metal 

particles after continuous operation at high flow rate. This will alter the catalyst stability 

causing reduction at such high flow rate. High gas flow rates would cause excessive gas 

penetration into the catholyte channel, disturbing the flow, and lowering the stability of the 

cell.59  This can be considered to identify the optimum working inlet gas flow rate during 

the design of GDE based electrochemical cell.  

4.9. Effect of Electrolyte Flow Rate

The effect of increasing the electrolyte flow rate by several orders of magnitude on the 

CH3OH production rate was investigated, as shown in Fig. 5. The model was able to 

capture the trend confirmed through the experimental testing by developing an empirical 

eq (46). At low electrolyte flow rates, the production rate of CH3OH was nearly constant, 
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as confirmed in the literature.17,18,32,58 However, when the electrolyte flow rate increased, 

the production rate increased rapidly in agreement with Weng et al.18. 

Fig. 5. Effect of electrolyte flow rate on CH3OH production rate, at constant j = 10 mA 

cm-2, and Qg/A = 20 ml min-1 cm-2

At low electrolyte flow rate, it is expected that the dominant force in the porous CL is 

the capillary force, where CO2 will be available in the middle of the CL pores separated 

from the electrode surface by a layer of electrolyte. At this condition, the CH3OH 

production rate was relatively constant, as in Fig. 5. However, as the electrolyte flow rate 

increase, it is expected that the capillary number will increase, elevating the possibility 
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that a shift in the dominant force toward viscous forces at very high electrolyte flow rate. 

At this condition, the production of CH3OH starts to increase rapidly. Hence, economic 

wise it is recommended to work at low electrolyte flow rate to obtain high concentrated 

liquid products, lower the operating cost, and avoid excessive electrolyte wastes.59

Combining the findings of the present research regarding the effect of increasing the 

CO2 gas flow rate, Fig. 4, and electrolyte flow rate, Fig. 5, it is believed that in the GDE 

based electrochemical cell, CO2 needs to dissolve first in the aqueous phase for the 

reduction reaction to occur in agreement with Weng et al.18. However, at low electrolyte 

flow rate the presence of the CO2 as a gas phase is essential to improve the production 

rate.  

4.10. Effect of Feed CO2 Concentration

Variable CO2 sources are available for the electrochemical reduction of CO2 to produce 

CH3OH. Though these sources are not of high purity. In addition, the concentration of 

CO2 varies from one source to another. Hence, it is important to study the effect of 

Page 48 of 76

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



49

variation in the concentration of CO2 in the feed stream on the amount of CH3OH that 

could be produced by the electrochemical reduction of CO2. 

In practice, the purification cost of CO2 stream increases with the increase in the degree 

of purity required, this means that obtaining a 100% pure CO2 stream is too expensive 

which will add up to the cost of the overall process. On the other hand, a stream of CO2 

of purity 90% and lower can be obtained at a relatively reasonable price. The model was 

used to investigate the effect of increasing the concentration of CO2 on the production 

rate and FE of CH3OH at various applied current density and various gas flow rate within 

the optimum range. According to Fig. 6 and 7, as the CO2 concentration increases the 

production rate and FE of CH3OH increases, however, a plateau is reached at CO2 

concentration of nearly 90%. In addition, as the CO2 concentration increases, the effect 

of increasing the gas flow rate and the applied current density increases. Hence, working 

at 90% or slightly lower CO2 concentration at optimum values of applied current density 

and gas flow rate is recommended from the economic point of view.
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Fig. 6. Effect of feed CO2 concentration on the production rate and FE of CH3OH as a 

function of gas flow rate (Qg, ml min-1 cm-2), at constant j = 10 mA cm-2, and Qe/A = 2 ml 

min-1 cm-2
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Fig. 7. Effect of feed CO2 concentration on the production rate and FE of CH3OH as a 

function of applied current density (j, mA cm-2) at constant Qg=20 ml min-1 cm-2, and 

Qe/A=2 ml min-1 cm-2

4.11. Product Distribution

Fig. 8 illustrates product distribution through the cell. CH3OH, as well as C2H5OH, was 

found to be concentrated inside the CL and around the CL-catholyte interface, with zero 

concentration elsewhere. It is clear that CH3OH did not cross the membrane. CH3OH and 

C2H5OH are produced at the cathode with different rates depending on the parameters in 

their kinetic rate equations, eqs (42) and (43). 
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Fig. 8. Distribution of the concentration of CH3OH, in mol m-3, through the CL and 

catholyte

In addition, Fig. 9 shows the production fluxes of the different species across the 

cathodic CL. It is clear that the fluxes of CH3OH and C2H5OH are function of the 

concentration of the reactants at the surface of the cathode, so their production rate 

reaches its maximum value at the center of the cell entrance. On the other hand, the rate 

of H2 production, shown in Fig. 9, is independent of the cathode position because it is not 

affected by the availability of the reacting CO2. In the electrochemical cell, the applied 

current to the system was partially consumed by water reduction reaction rather than CO2 

reduction so, H2 is produced continuously.
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Fig. 9. The distribution of production flux of hydrogen, CH3OH, and C2H5OH across the 

cathodic catalyst layer.

5. Limitations of the Developed Model  

As far as we can tell, the present model is the first in investigating the role of GDEs in 

the CO2 electrochemical reduction into CH3OH, where the exchange current density was 

expressed as a function of the operating conditions. However, the model still has some 

limitations restricting its ability to predict the effect of other process variables. These 

limitations can be summarized as follows: 
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 The model cannot capture the variation of system selectivity with the change in 

system conditions.  

 The distribution of reactants over the catalyst active sites cannot be determined 

accurately which introduces some uncertainty in the estimated parameters. 

 The variation of saturation fraction in the CL with the change in the gas and 

electrolyte flow rate was neglected in the model. This limited the capabilities of the 

model to fully express the effect of flow rate variation on the system.

 Assuming one-phase flow hindered the model to predict the possibility of 

electrolyte penetration by the undissolved CO2 gas or the production of H2 in the 

gas phase.

Accordingly, these points could be considered as a recommendation for future 

development of a continuous CO2 electrochemical reduction model for the production of 

CH3OH and other products. 

6. Conclusion
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In this study, a mathematical model was developed for a continuous CO2 

electrochemical reduction cell for the production of CH3OH, inside a filter-press 

electrochemical cell, equipped with Cu2O/ZnO-based GDE, in 0.5 M KHCO3 aqueous 

solution, under ambient conditions. It incorporated charge, mass and momentum 

transport with electrode kinetics, and considered the equilibrium reactions between the 

electrolyte species. Experiments were conducted using a relevant setup to validate the 

model. The model demonstrated the effect of key variables on production rate and 

faradaic efficiency. It was found that: 

- The simulation results were in good agreement with the experimental results, with 

an average error of 6%.

- The production rate and the faradaic efficiency of both CH3OH and C2H5OH 

increase with the increase in current density up to a value of 9 mA cm-2. No further 

improvement in the CH3OH production rate above 50 µmol m-2 s-1 was obtained. 

- Cu2O-ZnO GDEs are more selective to CH3OH formation over C2H5OH; 56% 

faradaic efficiency of CH3OH was obtained compared to 8% maximum for C2H5OH. 
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- As the flow rate of feed CO2 increases, the production rate and the faradaic 

efficiency of CH3OH increases up to an optimum value of 17.5 ml min-1 cm-2 after 

which the production rate and the selectivity will drop.

- Increasing the flow rate of the electrolyte did not affect CH3OH production at low 

flow rate. Only at very high electrolyte flow rate, the production of CH3OH started 

to increase rapidly.

- Working at low electrolyte flow rate is economic and more practical.

- At low electrolyte flow rate, the presence of the CO2 as a gas phase is essential to 

improve the production rate. 

- From the economic point of view, it is recommended to use a gas stream of 90% 

or slightly lower CO2 concentration at optimum values of applied current density 

and gas flow rate.

As far as we can tell, this work is the first to model the GDE systems for CO2 reduction 

into  CH3OH. In addition, it is the first 2D model that deals with the catalyst layer as a 

domain not as an interface, and the first to conclude an empirical relationship between 

the exchange current density and the operating conditions. In sum, the insights presented 
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in this model can be used as a guide for an effective design of GDE-based 

electrochemical cells, and as a step for process scale-up and optimization.

AUTHOR INFORMATION 

Corresponding Author 

*Tel.: +201207370644. E-mail: omniaelshafie737@gmail.com

ORCID 

Omnia A. El-Shafie: 0000-0003-0735-6758

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT

J. Albo gratefully acknowledges the financial support from the Spanish Ministry of 

Economy and Competitiveness (MINECO) under Ramón y Cajal programme (RYC-2015-

17080).

Page 57 of 76

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

mailto:omniaelshafie737@gmail.com


58

List of symbols 

Roman

 𝐴 Electrode geometric area, m2

 𝑎𝑖 Activity of species i, mol m-3

 𝑐𝑖 Concentration of species i, mol m-3

 𝑐𝑟𝑒𝑓 Reference concentration, mol m-3

 𝐷𝑖 Diffusivity of species i, m2 s-1

 𝐸0 Reversible electrode potential, V

 𝑭𝒗 Volume force vector, N m-3

 𝐹 Faraday’s Constant, 96,487 C mol−1

 𝐹𝐸 Faradaic Efficiency, %

 𝑔 Gravitational acceleration, m2 s-1

 𝐻 Cell height, m

 𝐻𝑖 Henry constant of species i, mol m-3 Pa-1

 𝑖𝑙𝑜𝑐 Local current density, A m-2

 𝑖0,𝑘 Exchange current density of reaction k, A m-2

 𝑰 Identity tensor

 𝑗 Current Density, A m-2

 𝐾 Permeability, m2

 𝐿 Thickness of each electrolyte channel, mm

 𝑀𝑖 Molecular weight of species i, kg mol−1
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  𝑵𝒊 Flux vector of species  , mol m-2 s-1𝑖

 𝑃 Atmospheric pressure 

 𝑄 Flow rate, m3 s-1

 𝑟 radius, m

 𝑅 Gas constant, J mol-1 K-1

 𝑹𝒊 Rate of production or consumption for species , mol m-3 s-1𝑖

 𝑆 Saturation

 𝑇 Temperature, K

 𝒖 Velocity vector, m s−1

 𝑢𝑚,𝑖 ionic mobility of species , mol s kg-1i

 𝑥j thickness of domain j, m

 𝑌j mole fraction of species i

 𝑊 Cell width, m

 𝑧 Number of electrons transferred

 𝑧𝑖 Charge number of species i

Greek

 α Charge transfer coefficient 

 𝛿 thickness, m

 𝜂 Overpotential, V

 𝜇 Viscosity

 𝜌 Density, Kg m-3

 𝜀 Porosity

Page 59 of 76

ACS Paragon Plus Environment

Industrial & Engineering Chemistry Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



60

 𝜎 Electric conductivity, S m-1

 𝜑 Potential, V

 𝜏 Tortuosity

 𝜈 Stoichiometric coefficient

 𝜈𝑖 Diffusion Volume of species i

 𝜔𝑖 Mass fraction of species 𝑖

Subscript

 𝑎 Anode

 𝑎𝑏𝑠 Absorbed

 𝑎𝑞 Aqueous phase

 𝑎𝑝𝑝 Applied

 𝐵 Bulk

 𝑐 Cathode

 𝐶𝑂2 Carbon dioxide

 𝐶𝑂 ―2
3 Carbonate ion

 𝑐𝑝 Carbon paper

 𝐶𝐿 Catalyst layer

 𝐷 Donnan

 𝑒 Electrolyte

 𝑒𝑓𝑓 Effective

 𝑒𝑥𝑡 External
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 𝑔 Gas

 𝐺𝐷𝐸 Gas diffusion electrode

 𝐺𝐷𝐿 Gas diffusion layer

 𝐻 + Hydrogen ion

𝐻𝐶
 𝑂 ―1

3

Bicarbonate ion

 𝐻2𝑂 Water

 𝑖 Species

 𝑖𝑛 Inlet

 𝐾 + Potassium ion

 𝑙 Liquid phase

 𝑚 Membrane

 𝑂 Oxidized

 𝑂𝐻 + Hydroxyl ion

 𝑂2 Oxygen

 𝑝 particle

 𝑅 Reduced

 𝑟𝑒𝑓 Reference value

 𝑆 Surface or solid phase

 𝑡𝑓 Thin film

Superscript

 𝑒𝑥𝑝. Experimental
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 𝑛𝑢𝑚. Numerical

 𝑇 Transpose
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