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Chapter 1
INTRODUCTION

1.1 Background

Global climate change leads to the rise in global temperature caused by the
greenhouse effect. The greenhouse effect occurs when greenhouse gases are growing
and these gases in the earth’s atmosphere trap the sun’s heat. Greenhouse gases
(GHGs) consist of water vapor, carbon dioxide (CO,), methane (CHg), nitrous oxide
(N,0O), hydrofluorocarbons (HFCs), perfluorocarbons (PECs), and sulfur hexafluorides
(SF¢), respectively. CO, is counted as the major concentration of greenhouse gases
out of water vapor [1]. CO, is emitted from many sources such as fossil fuel
combustion for energy conversion and transportation, industrial processes, and land-
use change. In the 2010s, the world emitted CO, from fuels over 35.13 billion tones
each year and now emits over 34 billion tones each year [2]. In addition, the higher
dissociation energy for breaking the C=0 bond supports the stability of CO,
molecules, therefore, resulting in the complexity of CO, reduction. Chemical
products from the CO, reduction reaction (CO, RR) can be used in various chemical
industries and developed into many useful products. Carbon monoxide (CO) and
formate ion (HCOO) can be used in a wide range of applications, for example, CO is
used in the Fisher-Tropsch process to produce liquid hydrocarbons, and HCOO is
used as a material in dyeing and tanning industries. CO and HCOO' are interesting and
useful chemicals from CO, RR due to their value growth and market size [3, 4]. To
completely overcome the difficult challenge for CO, RR, various alternative methods
consist of thermochemical, biochemical, electrochemical, photochemical, and
photoelectrochemical (PEC) processes. Among these, the PEC process has been used
to solve the difficult challenge for CO, RR due to the advantages in energy
consumption and operating under ambient conditions through the integration of

renewable solar energy and external electric field [5].



However, the efficiency of PEC CO,RR should be concerned for PEC cells
design through many effects such as light intensity, operating mode (batch system
and continuous flow system), operating conditions (temperature, pressure, flow rate,
and cell voltage), bandgap (type of semiconductors), pH (type of electrolyte),
product separator (type of ion-exchange membrane), and cell configurations. The
PEC cell configurations refer to the main components consisting of photoelectrode,
counter-electrode, electrolyte, and product membrane. The geometric configuration
and arrangement of these components have been simulated to observe the
performance and productivity of CO,RR [6, 7]. B. Endrodi et al. [8] showed zero-gap
membrane electrolyzer cells for CO, RR through a multilayer CO, electrolyzer stack.
The electrolyzer cell was an arrangement of gas diffusion electrode (GDE), anode
catalyst layer (ACL), bipolar plate (BPP), and an anion exchange membrane (AEM) in
sequence. The pressurized CO, gas feed and GDEs were applied in a continuous flow
electrolyzer to solve the low solubility of CO, and offer a high surface area for CO,
RR. Therefore, direct-fed CO, ¢as in parallel to a multilayer electrolyzer stack could
improve about 95% faradaic efficiency (FE) of CO formation in which a partial current
density of CO could be up to 300 mA cm®™ In addition, the efficiency of CO,
conversion was increased up to 40% when the arrangement of multilayer CO,
electrolyzer stacked in the series direction due to off-gas (remnant CO, reactant) was
continued flew to sequence layers.

To demonstrate the performance and productivity of CO, RR, through the
PEC cells, the PEC cells were designed and arranged in different configurations
namely 1) microfluidic flow cell (MFC), 2) membrane electrode assembly flow cell
(MEAFC), and 3) microfluidic flow cell (MFC) with a zero-gap anode. These
configurations were simulated under identical operating conditions. Besides, the
optimum geometric configurations of the main components were also identified

through simulation. The results are shown through CO, conversion, selectivity,



faradaic efficiency (FE), and the energy efficiency (EE) of products as the

performance indicators of the PEC process of CO,RR.

1.2 Objectives

1. To study computational modeling of the PEC process of CO, RR to produce
CO and HCOO™ using COMSOL Multiphysics (5.6).

2. To investigate and compare the effects of different configurations of PEC cells
through behaviors of CO, conversion, selectivity, faradaic efficiency, and the
energy efficiency of CO, RR to CO and HCOO™ when operating under identical

conditions.

1.3 Scopes of research

COMSOL Multiphysics (5.6) was used to model and simulate the PEC process
for CO, RR to CO and HCOO'. The model was assumed to be operated at a steady-
state condition. Both gas and liquid feeds were treated as ideal and incompressible
fluids transported through diffusion and convection. In addition, the model was
validated with a system that has similar conditions through the previous research

papers.

1.3.1 Controlled variables

The main components were specified for PEC CO, RR to obtain selected
products under ambient operating conditions, and GDEs were applied for two
electrodes. The n-type semiconductor or titanium dioxide (TiO,) was used as a
photocatalyst for back-illumination of the photoanode compartment while tin (IV)
oxide (SnO,) was used as an electrocatalyst for CO, RR of the cathode compartment,
respectively. The Nafion-117 was used as a proton exchange membrane (PEM) to
separate the PEC cell and transfer protons (H") from the anodic to the cathodic
compartment. The anolyte and catholyte channels were fed with potassium
hydroxide KOH) and potassium bicarbonate (KHCO;) under a controlled

concentration and flow rate to sustain the pH of the system. The supplied energy for



CO, RR was controlled through applied photocurrent density to overcome the

thermodynamics of CO, RR.

1.3.2 The 2-dimensional model of PEC cell configurations

The main components with the specific thickness of the PCE cell were
arranged in the x-direction with different positions. The 2-dimensional model of the
PEC cell was operated under a continuous flow of reactants and electrolytes that
entered from bottom to top in the y-direction in laminar flow. The description of
different configurations of PCE cells are designed namely as follows: microfluidic flow
cell (MFQ), 2) membrane electrode assembly flow cell (MEAFC), and 3) microfluidic

flow cell (MFC) with a zero-gap anode as shown in figure 1.

Products  Products Products  Products Products Products
* Tt 1 * t1 1t 2} *
TiO,-photoanode
[ | SnO,-cathode
Photons mp Photons = Photons mp I M
[ | Electrolyte channel
T [ Gas channel
x
+t t*t 1 ) 1 + 1t 1

KOH KHCO;  CO, KOH Saturated CO, KOH KHCO, CO,

Figure 1. Diagram of different PEC cell for CO, RR.

1. Microfluidic flow cell (MFC)

The 6 domains of MFC were assembled from left to right side in x-direction
including TiO,-photoanode, anolyte channel, PEM, catholyte channel, SnO,-cathode,
and gas channel, respectively. CO, in the gas phase was fed to SnO,-cathode through
the gas feed channel while KOH and KHCO; were fed in the anolyte and catholyte
channels, respectively. The compartment between the anode and the cathode was

inserted using PEM to prevent the crossing over of the products in PEC cells.



2. Membrane electrode assembly flow cell (MEAFC)

The 5 domains of MEAFC were assembled from left to right side in x-direction
including the anolyte channel, TiO,-photoanode, membrane, SnO,-cathode, and
catholyte channel respectively. Saturated CO, and KHCO; were fed to the catholyte
channel while KOH was fed to the anolyte channel. The compartment between the
anode and the cathode was inserted using PEM to prevent the crossing over of the

products in PEC cells.

3. Microfluidic flow cell (MFC) a zero-gap anode
The 6 domains of MFC with a zero-gap anode were assembled from left to
right side in x-direction including the anolyte channel, TiO,-photoanode, membrane,
catholyte channel, SnO,-cathode, and gas channel, respectively. CO, in the gas phase
was fed to SnO,-cathode through the gas feed channel while KOH and KHCO; were
fed in the anolyte and catholyte channels, respectively. The compartment between
the anode and the cathode was inserted using PEM to prevent the crossing over of

the products in PEC cells.

1.3.3 Performance indicators
1. CO, conversion (XCOZ)
CO, conversion is defined as a ratio of the amount of CO, reactant
that can be reacted to chemical products to the amount of CO, reactant.
2. Selectivity (S)
Selectivity is the number of moles of interested product formed per
the number of moles of overall products formed.
3. Faradaic efficiency (FE)
FE represents the amount of fuel consumption with the amount of
obtained current. The FE for PEC CO, reduction can be defined as a ratio of
the current that promotes CO, conversion into chemical fuels to the received

current.



4. Energy efficiency (EE)

EE is the amount of the electric energy that is supplied to the cell for

interested product formation.

1.3.4 Variables affecting PEC cell for CO, RR

In order to study variables affecting system efficiency, the physics models in

the simulation were used to evaluate the variation of the factors that affecting PEC

cell for CO, RR.

1.

2.

Physics model validation

To validate the accuracy of physics model for simulation, the
correlation of FE and absolute cell voltage curve which absolute cell voltage
was varied between 1.5 - 3.5 V.
Arrangement of PEC cell configuration

To evaluate the effect of arrangement of PEC cell on cell
performance, the different PEC cell configurations consist of MFC, MEAFC, and
MFC with a zero-gap anode were simulated under specific controlled
variables.
Light intensity

To evaluate the effect of energy consumption on cell performance,
light intensity (mWecm™) was applied in a form of photocurrent density of 0.1,
0.5, 1.0, 5.0, 10.0, and 15.0 mAscm™? with specific boundary electric potential
initial value.
PCE cell length

To evaluate the effect of surface area of PEC cell on cell
performance, PEC cell lengths of 1.0, 1.5, 3.0, 4.0, 6.0, 8.0, and 10.0 cm were

varied with specific controlled PEC cell height.



5.

Gas channel width

To evaluate the effect of geometric configuration of PEC cell on cell
performance, gas channel widths of 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 and 8.0 mm
were varied with specific controlled surface area of PEC cell.
Electrolyte channel width

To evaluate the effect of geometric configuration of PEC cell on cell
performance, electrolyte channel widths of 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0 and

8.0 mm were varied with specific controlled surface area of PEC cell.

1.4 Expect outputs

1.

3.

Apply conservative equation and kinetics expression of the PEC process for
CO, RR to CO and HCOO in computational modeling through COMSOL
Multiphysics (5.6).

Evaluate domination of each PEC cell configuration by using CO, conversion,
selectivity, faradaic efficiency, and energy efficiency behaviors from the PEC
process of CO, RR to CO and HCOO'.

Apply optimum PEC cell configuration for scaling up in CO, conversion

industries.



Chapter 2
THEORETICAL BACKGROUND AND LITERATURE REVIEW
2.1 Global climate change and greenhouse gases
Global climate change can be measured from the climate over a long period
which results from an increase in greenhouse gases in the atmosphere. Global

climate change and greenhouse gases are the important data that should be

concerned.

2.1.1 Global climate change
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Figure 2. The annual global temperature anomaly (°C) [9].

Global climate change refers to a weather variation in the long-term initiated
by the greenhouse effect and the increase of greenhouse gases (GHGs). The effect of
global climate change can lead to many phenomena, in which the different forms of
warning signs had been occurring such as higher sea levels, algal blooms, wildfire,
and air pollution [10].

From figure 2, the NASA Goddard Institute for Space Studies (GISS) collected
global temperature to perform a model of surface temperature analysis (GISTEMP v4)
and estimated annual global surface temperature anomalies, in which the optimum
baseline period of temperature from 1951 to 1980 is fixed, referred from NASA's

analysis. The global surface temperature variation was plotted through raw data and



locally weighted scatterplot smoothing (Lowess) data to observe the trend of
temperature anomaly. In 2016 and 2020, maximum temperature anomalies could
increase to 1 degree celsius, which was the highest record since the industrial
revolution in 1980. Moreover, the trend of global temperature anomaly is still

increasing at present [9].

2.1.2 Greenhouse gases

The GHGs are gases existing in the atmosphere that can trap and emit heat in
the infrared range. Although the optimum existence of GHGs promotes warming on
the earth’s surface to maintain temperature and prevent our life from dangerous
solar radiation, excess concentration of GHGs causes an important role in global
climate change. The major GHGs include water vapor, carbon dioxide (CO,), methane
(CHy), nitrous oxides (NO,), hydrofluorocarbons (HFCs), perfluorocarbons (PECs), and

sulfur hexafluoride (SF) [11].

N,O, 6:3%

CO,, 74.5%
CH,, 17.0%

Figure 3. World greenhouse gas emission in 2018 [12].

From figure 3, the total GHGs emission in 2018 was estimated at 48.9 Gt CO,eq
which emission of each gas can be represented by using CO,eq or carbon dioxide
equivalents multiply by its 100-year global warming potential (GWP) value. Among
the GHGs, the amount of CO, emission is around 36.4 Gt CO,eq or 74.5% of GHGs

emissions [13].
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2.2 CO,
Due to CO, being the major gas of GHGs that is causing global warming, CO,

emission also relates to the concentration GHGs in the atmosphere. Therefore, the

properties of CO, are studied to define the optimum strategies for CO, reduction.

2.2.1 CO, Emission

In 2020, the trend of the amount of global CO, emission from fuels decreased
because the COVID-19 pandemic has impacted global economic activities. However,
the overall trend of global CO, emission from fuels has increased, reaching 34 billion

tons per year as shown in figure 4 [2].
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Figure 4. Global CO, emission from fossil fuels [2].

Coal 19%

Petroleum 45%

Natural gas 36%

Figure 5. U.S. energy-related CO, emissions by source in 2020 [14].
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Figure 6. U.S. CO, emissions from energy consumption by source and sector in 2020
[15].

The U.S. energy information administration [14] shows the total amount of total
annual U.S. energy-related CO, emission in 2020 was 4,571 million metric tons. The
primary source of CO, emissions could be obtained from fossil fuel combustion
derived from petroleum, natural gas, and coal. The fraction of fossil fuel as shown in

figure 5.

Moreover, figure 6 presents the fraction of end-use sectors provided by fossil
fuel combustion including non-electric power and electric power sectors. Non-
electric power was used in many human activities consisting of transportation,

industrial, residential, and commmercial [15].

2.2.2 Properties of CO,

Carbon dioxide (CO,) is a chemical compound that covalent bonding of two
atoms of oxygen with one atom of carbon. The stability of CO, molecules is
presented because double bonds of compound (0=C=0) provide symmetric
structure and 8 valence electrons of carbon follow Octet’s rule. The dissociation
energy for breaking the C=0 bond (~750 kJ mol) is higher than other chemical
bonding such as the C-H bond (~430 kJ mol™) and the C-C bond (~336 kJ mol™)

resulting in high energy consumption is required. In addition, CO, is a gas at normal
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temperature and pressure due to the nonpolar properties of molecules. Therefore,
high barriers of properties and low solubility of CO, can inherent CO, conversion to
value-added products [4, 16].

The chemical products derived from the highest chemical state (+4) of carbon
atom in CO, reduction such as carbon monoxide (CO), formic acid (HCOOH),
formaldehyde (CH,0), methanol (CH;OH), and methane (CH,) indicate the higher
positive value of AG® when compared with water splitting reaction which is shown in
table 1.

Table 1. Some of the possible thermodynamic reactions of CO, reduction, the

standard enthalpy (AH®), Gibbs free energy (AG®), and redox potential (E°) [4, 5].

AH® AG
Reaction AE° (V)
(kJ molt™ | (kJ mol™)

H,O() = Hy(g) + 1/204(¢) 286 237 1.23

CO,(e) = CO(g) +1/2 Ofe) 283 257 1.33
COL8) + H,0) = HCOOH() + 1/20,(g) 270 286 1.48
CO4(g) + H,O() = CH,O() + Ox(g) 563 522 1.35
CO,(g) + 2H,0() = CH3OH() + 3/204(g) 727 703 1.21
COL(g) + 2H,00) = CHy(g) + 204(g) 890 818 1.06

The relation between standard Gibbs free energy change (AG°) and the

standard cell potential (AE®) of reduction reaction can be identified by using Eq. (1)
[4].

o

AE’ = —— Eq. (1
> g. (1)
where AE’ is the standard cell potential derived from the difference of standard
potential between two (AEO = E; — E;) (V)
AG’ is the standard Gibbs free energy change

N is the number of electrons transferred for the balanced redox couple

F is the Faraday constant (coulombs mol™)
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The higher positive value of AGopresents more endothermic reaction, the

reaction of CO, reduction to CH;OH and CH, that are hydrocarbon fuels have highly

endothermic status when compared with water-splitting reaction. Hence, conclude

that CO, RR is more thermodynamically unfavorable at ambient temperature.

Therefore, the effect of thermodynamic reactions of CO, reduction is

concerned to design the optimum operating conditions for specified products. Tables

2 and 3 show redox potentials of CO, RR to some of the possible value-added

products that were evaluated under room temperature, 1 atm for gases, and activity

of 1 for the solute.

Table 2. Some of the possible products and thermodynamics of water splitting

reaction and CO, RR, standard electrode potentials (E°) based on normal hydrogen

electrode (NHE) at pH=7 [4].

Reaction Products AE° (V) vs. NHE at pH7
2H" + 26" > H, Hydrogen -0.41
H,O + 2h" —=1/20, + 2H" Oxygen 0.82
CO, + e = CO, CO," intermediate -1.9
CO, + 2H" + 2" = CO + H,O Carbon monoxide -0.53
CO, + 2H* + 2e° = HCOOH Formic acid -0.61
CO, + 4H*+ de” " = CH,O + H,0 Formaldehyde -0.48
CO, + 6H"+ 6~ = CH;0H + H,0 Methanol -0.38
CO, + 8H'+ 8~ = CH4 + 2H,0 Methane -0.21
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Table 3. Some of the possible products and thermodynamic half-reaction of CO,

RR, standard electrode potentials (E°) based on standard hydrogen electrode (SHE) at

pH=7 [17].
Half-reaction of CO, reaction Products E° (V) vs. SHE at pH7
CO4(g) + H,O() + 2" = CO(g) + 20H Carbon monoxide -0.520
CO4(g) + 2H,O() + 2e” = HCOOH(D) + 20H Formic acid -0.610
CO4(g) + 3H,O() + de” = CH,O(l) + 40OH" Formaldehyde -0.480
CO4(g) + 5H,O(1) + 6™ = CH;OH(l) + 60H Methanol -0.380
CO4(g) + 6H,O(1) + 8e” = CHy(g) + 80OH Methane -0.240
2C0O4(g) + 10H,O(1) + 14e” = C,Hq(g) + 140H Ethane -0.270
2C0O4(g) + 9H,O() + 126" = C,H;OH(D) + 120H Ethanol -0.33
2CO,(9) + 8H,0) + 126" = C,Hq(e) + 120H Ethylene -0.34
3CO4(g) + 13H,0(1) + 18e™ = C3H,0H(L) + 180H Propanol -0.320

The reference electrode potentials of half-reactions can be mentioned as a
hydrogen electrode that provides a normal hydrogen electrode (NHE) and a standard
hydrogen electrode (SHE). The platinum (Pt) electrode is used for both referenced
electrodes, but the difference between NHE and SHE is based on potential
measurement in a specified solution. While NHE measures potential in 1 N (normal
concentration, for protons: 1 N = 1 M) acid solution, SHE measures potential in an
ideal solution. However, SHE can be concluded current standard of zero potential
because temperature variation is constant [18].

The first procedure of CO, RR is a reduction of one electron to CO,”
intermediate that has the highest negative E° (-1.9 V vs. NHE at pH=7) and is often
investigated in this procedure as a rate-limiting step. To convert CO, to a particular
product, excess voltage than E° or energy input is required to activate the reaction.
The role of redox potentials from half-reactions in tables 2 and 3 is represented by

the minimum voltages for CO, RR motivation.
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Although the specific reactions are achievements, high-efficiency catalysts are
desired because multielectron transfer suppresses the selectivity of value-added

products [3, 17].

2.2.3 Chemical products from CO, RR

The economic analysis is considered to manage significant problems from the
previous section, including the large redox potential of one electron to CO,”
intermediate and multielectron transfer. The economic analysis relates to operating
costs and earnings from the production process. Table 4 shows the estimated market

price, market size, and annual global production in USD: United States Dollars [3].
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Table 5. Some applications of major CO, reduction products [3, 20].

Products Applications

- Fuels and fuel additives
Carbon monoxide (CO)
- Plasticizer

- Food additives
Formic acid (HCOOH)/Formate (HCOO")
- Bleaching agent

- Fuel and fuel additives
Methanol (CH;OH)
- Plastics industry

- Fuels and fuel additives
Methane (CH,)
- Hydrogen production

- Precursor to polymers
Ethylene (C,H,)
- Petroleum production

- Fuels and related products
Ethanol (CH;CH,OH)
- Medical antiseptic, beverage

- Fuels and fuel additives
N-propanol (CH;CH,CH,OH)
- Paint and coating additives

From tables 4 and 5, CO and HCOOH/ HCOO are interesting products
because of their market growth rate and a variety of applications. Technavio [21]
presented the global carbon monoxide alarm market from 2021 to 2025 which end-
user includes industrial, commercial, and residential. The compound annual growth
rate (CAGR) of the carbon monoxide alarm market from 2021 to 2025 is almost 8%.
Besides, the incremental growth is predicted to be $305.50 million. CO is also known
as a key reaction intermediate on the route to C,, compounds which CO can be
used in many applications such as fuel gas mixture with hydrogen for industrial,
production of various chemicals (acids, esters, and alcohols) [22]. Likewise, as per
Fact.MR [23] offered the global market research for the compound annual growth
rate (CAGR) of formic acid from 2021 to 2031 equals 4%. The market size value of
formic acid in 2020 was informed at $1.5 billion and in 2031 is estimated to be

$3 billion. HCOOH/HCOO™ can be used in many applications such as the
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pharmaceutical industry, textile industry, rubber production, and animal feed.
Moreover, HCOOH/ HCOO™ is widely used as a catalyst in the production of various

chemicals.

2.3 Strategies of CO, utilization

Many strategies for CO, conversion were developed due to the increase in
CO, concentration which is the major fraction of GHGs. The obstacle in
thermodynamic and kinetic properties of CO, molecules leads chemical and physical
routes to be applied to utilized CO, materials. In this study, chemical routes are
concerned wherewith CO, is direct conversed. Many chemical routes have been
studied that are related to thermochemical, biochemical, electrochemical, and

photoelectrochemical [5].

2.3.1 Thermochemical CO, conversion
1. Hydrogenation technology

The hydrogenation technology is the major destination of thermochemical CO,
conversions, H, is used as a co-reactant to reduce stable molecules like CO,. A large
amount of energy input is also acquired to provide value-added products such as
CO, CH30H, CHy, and C,, at relatively low temperatures (<523 K) [24].

Methanol (CH;OH) is widely used as fuel for internal combustion so increasing
demand in the global market occurs. However, a suitable catalyst is required to
define strong equilibrium limitations by 220-250 °C to produce CH;OH via thermal
CO, hydrogenation operating under high pressure of syngas (50-100 bars) which
shows in reaction (1) [25].

CO, + 3H, = CH;0H + H,0, AH® 08¢ = -49.8 kJ/mol (1)

X. Jiang et al. [26] presented the progress of CO, hydrogenation to CH;OH
through heterogeneous catalysis. The catalytic performance and long-term stability
are represented as performance indicators of diverse catalysts consisting of metals,

metal oxides, and intermetallic compounds. Moreover, mechanics and kinetics are
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investigated to realize the importance of catalysts on CO, hydrogenation to the

CH3OH process.

2. Reforming technology

Thermochemical for reforming CO, to syngas (mixture of H, and CO) is a high-
cost technique because the rare metals consisting of Pt, Pd, Ir, Rh, Ru, Co, and Ni are
used to catalyze the methanation of syngas after CO, and CH, are adsorbed that still
sought high temperature to thermodynamically unfavorable of CO, molecules which
shows in reaction (2) [27, 28].

CHy + CO, € 2CO + 2H,, AHg¢ = +247 kJ/mol (2)

CO, is consumed as an oxidizing agent in the dry methane reforming process.
However, this process still has significant problems such as low selectivity and the
deactivation of catalysts from coke deposition which is shown in reaction (3) methane
cracking and (4) reverse boundary reaction [27, 28].

CHy € C + 2H,, AH%0g¢ = +74.9 kJ/mol (3)
2CO > C + CO,, AH%5gg¢ = -172.4 kJ/mol (4)

Apart from applying proper catalysts that have good performance for
operating at high-temperature conditions, solar energy could be used to solve a large
amount of energy input. The tri-reforming process integrated methane steam
reforming in reaction (5), methane partial oxidation in reactions (6) to (7), and CO,
reforming of methane, there are other alternatives to avoid coke deposition for the

methanation process [29].

CHg + HO, € CO + 3Hy, AH0a = +206 kJ/mol (5)
CHg + 0.50, € CO + 2H,, AH®505¢ = -36 kJ/mol (6)
CHg + 20, € CO, + 2H,0, AH®505¢ = -880 kJ/mol (7)

P. Livingston et al. [30] proffered a technology to reduce CO, through gamma
radiation. The CO, was pressed underground in the deep wells, then liquid with high
pressure was injected. This technology is environmentally friendly for CO production,

reduction of fossil fuels consumption, and prevention of the deposited problem.
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Nevertheless, economics and safety are considered more studied because H, is used
as a reductant so fractional distillation is required to recover the valuable feedstock
chemical and a fully instrumented cooling pond is required to support radiation

safety.

3. Mineralization technology

The CO,-mineralization technology produces carbonates through the reaction
between CO, with alkaline-earth metals for example calcium oxide (CaO) and
magnesium oxide (MgO) that is major fractions of industrial solid waste (ISW). Natural
minerals and industrial solid waste (ISW) such as coal fly ash, steel slag,
phosphogypsum, and blast furnace slag are utilized as raw materials for CO,

mineralization technology.
(Ca,Mg)SiOs (s) + CO, (g9) = (Ca,Mg)CO5 (s) + SiO, (8)
From mineral carbonation reaction (8) is a spontaneous exothermic and
thermodynamically favorable process. To produce carbonates, silicate rocks are
often employed as host rocks since provide a less reasonable cost for the products
separation unit. At present, CO, mineralization has been achieved in the laboratory
through the injection of CO, to host rock at ambient temperature and pressure.
Moreover, the possibility and long-term sustainability are needed to be studied to

scale up for mineral carbonation [31, 32].

2.3.2 Electrochemical CO, conversion
The electrochemical technology is widely used in the water-splitting and CO, RR
where the reaction occurs at the interface of electrode/electrolyte. To drive the
thermodynamically stable molecule of CO,, the electrochemical CO, RR required an
electrolyte as a proton donor a suitable electrocatalyst that is deposited on the
electrode surface and an external electric field that is overpotential for a specific
reaction. Besides, an ion-exchange membrane may assemble between two

electrodes as a separator unit of products [5].
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When CO, molecules are adsorbed on the working electrode, the structure of
linear CO, molecules is reformed to active form due to sluggish kinetics of
electrochemical reduction. Also, reformation of CO, structure will produce
overpotential on first electron transfer motivation. Electrocatalysts still have been
studied to improve the selectivity of CO, electrochemical reduction. X. Chang et al.
[33] proposed that apart from Cu used as an electrocatalyst for CO production, many
electrocatalysts were examined namely metals (Sn, Pd, Cu, Pt, etc), layered
transition metal dichalcogenides (WS,, MoSe,, and MoS,), and heteroatom-
functionalized carbonaceous catalysts (N-doped carbon nanofibers and graphene
quantum dots).

2.3.3 Photoelectrochemical CO, conversion
CO,

diffusion
adsorption CO, H*
( reduction

CH,OH,

otc. diffusion

P

o—"'

surface
recombination

Secs

H*, O,
( oxidation
H,O
Figure 7. Schematic showing the five fundamental steps in photocatalytic

CO, reduction [5, 34].

To improve the selectivity of CO, RR, PEC for CO, RR applied solar energy as
renewable energy consumption and external electric field. The PEC process for CO,
utilization can follow five steps that were shown in figure 7, including light

absorption, charge separation, CO, adsorption, surface redox reaction, and product
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desorption. First, the photons are absorbed on a photoelectrode surface that is
deposited by a photocatalyst made of suitable semiconductors before electron and
hole pairs are produced. Then, photogenerated electrons and holes separate and
electrons transfer from the photoelectrode surface to the redox electrode surface
where molecules of CO, were absorbed while holes are accumulated at the
photoelectrode compartment. CO, reduction and oxygen evolution reactions (OER)
occur at the redox-electrode and photoelectrode, respectively. Finally, the products
from CO, and OER are desorbed after the process is complete [5, 34]. Some possible
half-reaction of OER at anode compartments and CO, reduction at cathode to formic
acid is shown in reactions (9) to (11), respectively. In addition, hydrogen evolution

reaction (HER) is the side reaction of CO, reduction is also shown in reaction (12) [35].

Anode: semiconductor = h* + e’ 9)
OER: 20H — 0.50, + H,O + 2¢e (10)
Cathode: CO, RR: CO, +H,0 + 26" = HCOO + OH (11)
HER: 2H,0 + 2" = H, + 20H" (12)

Because of cooperation and the advantages of solar energy and electrolysis
reaction, the PEC process can operate under mild conditions, consume less input
energy, and work under environmentally friendly. To add extra supplements, the PEC
cell for CO, RR could be coordinated with other applications. Z. Zheng et al. [36]
presented the applied progress of PEC cells in different functions comprising
wastewater treatment coupled with H, production, wastewater treatment coupled
with H,O, production, wastewater treatment coupled with desalination, electricity
supplied from wastewater treatment, and wastewater treatment coupled with CO,
reduction. The PEC cells improved efficiency by replacing suspended photocatalysts
with synthesized photocatalysts on photoelectrode and applying low voltage on
counter-electrode. For the multifunction of PEC CO, reduction, the excess electrons
were transferred to the cathode compartment to reduce CO, while pollutants were

degraded by accumulated holes in the anode compartment.
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Although PEC CO, reduction coupled with wastewater treatment can produce
high-value products and treat wastewater, the effect of PEC cells configuration and
components including photoelectrodes, counter-electrodes, supporting aqueous
electrolyte, ion exchange membrane, and applied voltages requires more research to

scale up the technology into industry process.

2.3.4 Biochemical CO, conversion

Biological CO, RR involves applying enzymes as catalyst that can improve
selectivity and efficiency. The high purity feedstocks of biochemical of CO, RR are
not desired due to the impurity of the process not toxicity to an enzyme [5]. In
addition, the integration of enzyme catalysis with solar energy can solve the high
demand for an energy input of CO, RR.

J. Milano et al. [37] offered an alternative to reduce fossil fuel consumption,
the photosynthetic microorganisms are biological processes related to CO, RR by
utilizing solar energy for chemical energy. The microorganisms such as microalgae
required minimum nutrients, and the biomass contents were dried and converted to
fuel by other strategies. However, cultivation areas and the costs of the harvesting
stages are still a limitation for CO, utilization.

From various CO, conversion routes, each route has different advantages and
disadvantages that are appropriate for specific value-added products can be

concluded in figure 8 and table 6.



+ Syngas (mixture of CO + H,)

Thermochemical

« Nonhydrogenate

Electrochemical + CO, CH,, CH,OH, HCOOH

Photoelectrochemical « CO, CH,, CH,OH, HCOOH

Biochemical . Sugar, CH5OH, CHBCC)C)H

Figure 8. Main products from various CO, conversion routes [38]
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2.4 Conceptual design of photoelectrochemical CO, RR

To improve the performance of the PEC CO, process, the effective factors like
light intensity, operating mode (batch reaction system and continuous flow reaction
system), operating conditions (temperature, pressure, flow rate), bandgap (type of
semiconductors as photocatalyst), pH (type of electrolyte), product separator (type
of ion-exchange membrane), and cell configurations were reviewed in many pieces of
research for laboratory scale. The arrangement and PEC cell geometric configuration
of the main components include photoelectrode, counter-electrode, electrolyte, and
ionic conducting membrane which are still challenging for investigation in the
laboratory and pilot plant, therefore, the numerical study for CO, reduction should

be applied to model and simulate the process [40].

2.4.1 Design of PEC cell
1. H-type cell

The H-type cell operates via a batch reaction system that is widely used on a
laboratory scale. This cell configuration is less expensive because of its easy
operation and abundant materials of electrodes. Normally, the H-type cell is
assembled with 2 chambers of cathode and anode compartments which are
separated using an ionic conducting exchange membrane to provide high purity of
products from the reaction. Besides, three electrodes are also assembled consisting
of the working electrode (WE), reference electrode (RE), and counter-electrode (CE),
the WE and RE exist in the cathode compartment while CE exists in the anode

compartment which H-type as shown in figure 9 [20, 41].
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Cathode Anode

Figure 9. H-type cell [41].

Before CO, is fed as liquid feedstock that requires dissolution in catholyte,
this technology still acquired low conversion efficiency. To obtain higher
performance, the longer electrolysis time and smaller electrode compartment
should be concerned.

To increase conversion efficiency, K. P. Kuhl et al. [42] proposed the modified
H-type cell maximizing the ratio of the electrode surface area to electrolyte volume
(S/V). This strategy adjusted the form of electrodes in the conventional H-type cell to
the plate to support with bulk catalysts that working and counter electrodes were
placed in parallel directions at a small distance which as shown in figure 10. The
results showed higher conversion efficiency because the uniform distribution of

voltages has occurred.
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Figure 10. Modified H-type cell [20].

Although the ratio of the electrode surface area to electrolyte volume (S/V)
was solved, the low solubility of CO, in the liquid phase still hinders the high
conversion of CO, RR [42].

2. Microfluidic flow cell (MFC)

A microfluidic flow cell (MFC) provides continuous operation to increase the
conversion of CO, RR which as shown in figure 11. MFC solves mass transfer
problems via feed as continuous flow to obtain a high reaction rate into the
feedstock chamber that attaches to the backside of the cathode, besides the

electrolyte chamber is located between the cathode and anode compartments [41].

\ \ >  Gas Product

Cathodic GDE

——) 4 O

Anodic GDE

02(9)

Figure 11. Microfluid flow cell (MFC) [41].

For this flow cell, CO, in the gas phase is supplied into the gas chamber
before being reduced at the interface of the catalyst/electrolyte layer. However, the

low conversion occurred due to the transfer of CO, being limited. Therefore, a gas
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diffusion electrode (GDE) is employed as electrodes to override the problem. GDE
consists of three sections including a catalytic layer (CL), a gas diffusion layer (GDL),
and a gas flow field. Applying GDE can improve the conversion of reaction because
the hydrophobic property of GDL can hinder the clogging of electrolytes in the pores
and support the transport of CO, to the CL. Although the results from more chance
for direct contact can increase selectivity due to the pH from electrolyte promoting
the suitable environment for CO, RR, the MFC is not easy to scale up due to the
effect of different pressure on the structure [41].

The ionic conducting membrane is used to provide a more suitable
environment for CO, RR that increases the selectivity of CO, RR. The ion exchange
membrane is located between catholyte and anode chambers to separate products

and prevent the accumulation of ions which as shown in figure 12 [43].

RE

Gas
Product

(1]
(@]
O
2
o

(=]

e
<

Membrane

[

CO, Catholyte Anolyte

Figure 12. Membrane-based flow cell or polymer electrode membrane flow cell

[40].

The ionic conducting membrane or polymer electrode membrane can sort
into anion exchange membrane (AEM), cation exchange membrane (CEM), and
bipolar membrane (BPM). The AEM serves to allow anions transfer from cathode to
anode compartment, while the CEM conducts cations from anode to cathode, thus

BPM allows cations and anion transfer to cathode and anode, respectively. Although
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the existence of PEM can offer high selectivity, the PEM also causes a large ohmic

loss and impurities production that decreases the performance of the PEC cell [43].

3. Membrane electrode assembly (MEA) flow cell

From the large ohmic loss between two electrodes and impurities production
in catholyte in the polymer electrode membrane flow cell, the polymer electrode
membrane flow cell rearranged the configuration of two electrodes to solve these
problems. The configuration of membrane electrode assembly (MEA) flow cell sets
to reduce the distance between the location of two electrodes which as shown in

fisure 13 [44].

Anode flow Cathode flow
plate PEM plate

Anode Cathode

Anode GDE  Cathode GDE

Figure 13. Membrane electrode assembly flow cell (MEAFC) [41].

Apart from the rearrangement of two electrodes, the MEA can serve both
phases of reactants. The routes of reactant feeding are classified into (i) CO, dissolved
in liquid catholyte/ liquid anolyte, (i) CO, in the gas phase/liquid electrolytes
(catholyte and anolyte), and (i) humidified gases fed to both electrodes. For
humidified gases fed to both electrodes, external saturation of CO, and two liquid
electrolytes are applied which CO, is saturated by using a pump to continuously
circulate through liquid catholyte. The schematic diagram of CO, RR to ethylene

applied humidified gases fed to both electrodes which is shown in figure 14 [45].
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Cco,
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G H™ + HCO3 = €O, + H,0

Figure 14. Schematic diagram of the reduction CO, to ethylene using MEAFC [45].

A large amount of ohmic loss and low solubility of CO, can be solved via
applying MEA flow cell leads to improve selectivity and performance of the PEC CO,
RR system, this configuration is appropriate for scaling up. But, the reference
electrode (RE) is not used, so an external electric field is required for MEA flow cells

[45].

4. Solid electrolysis cell (SOEC)

Besides remodeling the PEC cell configuration, the effect of operating
conditions should be concerned. Some value-added products are appropriate to
operate under high-temperature conditions. The solid electrolysis cell (SOEC) used a
solid electrolyte to transfer carrier ions coupled with porous anode and cathode

which as shown in figure 15 [20].

CO
2
T

[S]
Porous Cathode

/- Solid Electrolyte

Air + O,

&4y

Porous Anode

Air
Figure 15. Solid electrolysis cell (SOEC) [20].
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Applying SOEC for high-temperature reactions requires heat that can be
consumed as waste heat, this process can decrease external electrical field and drive
kinetics of reactions to provide high conversion of CO, RR. But the SOEC limits the
multiple products from CO, RR due to high-temperature results in immediate
desorption of some species occurring [20, 46].

From the study of PEC cell design, the advantages and disadvantages were

summarized in table 7.

Table 7. The advantages and disadvantages of each reactor design [20, 41, 47].

Type of reactor design Advantages Disadvantages

- Low cost
- Mass transport limitation
- Widely uses on a laboratory

H-type cell - Less liquid products cannot be
H-type scale.
detected.
cell - Wide range of electrode
(Batch) - Electrodes form limitation
Modified - High S/V ratio to define

- Bubble formation hinders mass
H-type cell liquid products.

transport.
- High reaction rate
- Improve mass transport - Different pressure across cell
MFC
- Provide suitable - Ohmic loss
environments
- Low ohmic loss
- Require an external electric field
Flow cell - Solve low solubility of CO,
MEA flow cell - High overpotential leads to
in an aqueous solution.
corrosion problems.
- Avoid bubble formation.
- Can operate at high
SOEC temperature. - Multiple products limitation

- High reaction rate
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2.4.2 Performance indicators of PEC CO, RR

To define the optimum operating conditions, the PEC CO, RR was examined
in different operating conditions and cell configurations due to various effective
factors of the system such as light intensity, bandgap, flow rate, geometric PEC cell,
and other operating conditions. The efficiency performance of PEC CO, RR can be
expressed in various forms including CO, conversion, faradaic efficiency, current
density, and energy efficiency as based indicators for comparing the performance of

PEC CO, RR in various conditions.

1. CO, conversion
CO, conversion (XCOZ) is defined as a ratio of the amount of CO, reactant that

can be reacted to chemical products to the amount of CO, reactant. For continuous
processes, X, can be calculated by Eq. 2.

Fco,,0™ Feo,
X Eq. (2)
5 Fco,0

where  Fq o is the initial molar flow rate of CO, (mol/s)

Feo, s the final molar flow rate of CO, (mol/s)

2. Selectivity of desired product
Selectivity (S) is the number of moles of interested product formed per the

number of moles of overall products formed. Selectivity can be calculated by Eq. 3.

Moles formed of interested product
S= Eq. (3)

Moles formed of overall products

3. Faradaic efficiency (FE)

Faradaic efficiency (FE) indicates the amount of fuel consumption with the
amount of obtained current. The FE for PEC CO, reduction can be defined as a ratio
of the current that promotes CO, conversion into chemical fuels to the received
current. In addition, FE also shows the amount of electric consumption to produce
desired products over the amount of charge transfer in the system, which can be

calculated by Eq. (4) [6].
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eoutput

FE(%) = x 100%

einput

n (mol)x y
= Qcomomn x100% Eq. (4)

Coulomb

F( mol )

where N is the number of moles of the desired product

Y is the number of electrons needed to convert CO, into the desired
product

Q is the calculated electric charge (Coulomb)

F is the Faraday constant (96485 Coulombs/mols of desired product)

The high FE can be mentioned to the high selectivity of CO, RR to desired

products, resulting in low cost due to the unnecessary product separation unit.

4. Current density

The current density or density of an electric current represents the amount of
electric charge flow (amperes) per the projected area of the photoelectrode (unit:
cm?). The amount of electric charge transfer in the reaction is directly proportional to
the number of products that occurred, or reactants consumed. When current density
increases, it can refer to the consumption rate of reactants that is increasing. In
particular, when the partial current density increases, it can refer to the increase in

production rate of products concerned [47].

5. Energy efficiency (EE)
The energy efficiency (EE) of the interested product is the amount of the
electric energy that is supplied to the cell for interested product formation, which

can be calculated by Eq. (5) [6].

Productivity (mol s™)AH. -, () mol™)

EE(%) = x 100
|cell(A).EcelL(V)
E h rm(v)
= FE(%) x — Eq. (5)
Ecell(v)
where AH__, is the combustion energy under standard conditions
Eirerm i the thermoneutral voltage
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2.5 Components of PEC cell

As well as the effect of the arrangement of PEC cell configuration, the
component of the PEC cell is considered because the PEC reaction occurs on the
interface of electrode and electrolyte. The suitable environment on the PEC cell
should provide for high efficiency of PEC CO,RR. After this, the components of the
PEC cell including photoelectrode, electrochemical electrode, and electrolyte are
reviewed to study the effects of each component on the efficiency of

electrochemical CO,RR.

2.5.1 Photoelectrode

The electrode can define as an electrical conductor which employs electric
currents carrying to the non-metallic section that is an electrolyte, a semiconductor,
and air. Besides, the photoelectrode which is applied for light absorption and free
electron and hole transportation, types of photoelectrode are classified by

configuration and mechanism of charge carriers, as described below:

€)) (b)
e o o .
¢ secece -
) ) ey . F
Doner levels Acceptor levels
e S K
. I. = =y s lden,
v v e o o E,

J

n-type p-type
Figure 16. The schematic of charge carrier mechanism of photoelectrochemical cell
(PEC) based on (a) n-type semiconductor and (b) p-type semiconductor [48].
Note: E,, E., and Er denote energy levels of valence band, conduction band, and Fermi energy
level, respectively. Fermi level is the highest energy level of an energy at absolute zero

temperature or the surface level where electrons do not have enough energy to rise above.



36

In

o v = :
€O,™~ \ =, ¢o,
ULH!!."Q”'"’ |_| IJIEITT_T_JIU wJ

" SN W e $ 0z o _:o'.w
o eweo ] o - t i M. co,
' CH,OH, "o CH,OM,
HCOOH o I —— Wo HCOOH
Anode Pholocllhodol Photoanode Cathode
(a) =1 - (b)
co,
I._l ulcujuéljla |_l
o €0, e RO\ 7=
¢ 2004 s 0= s
e - I ST et l 4 ”
" CH,0H, Ty 4
g HEOOH ——
"o
Photoanode Photocathode
()

Figure 17. The schematics of (a) P-type semiconductor as photocathode (b) N-type
semiconductor as photoanode and (c) Z-scheme with semiconductors as

photocathode-photoanode [24].

1. Photocathode-Dark anode

From figures 16(a) and 17(a), the p-type semiconductor and metal are applied
as photocathode and dark anode, respectively. The p-type semiconductor which is
one of the extrinsic semiconductors has negative potential higher than the half-cell
reduction reaction. The major charge carrier of p-type semiconductors is holes (h*) or
acceptor impurity doped, electrons transfer from p-type semiconductors to reducing
surface and holes move back to the interface of photocathode/electrolyte. The Femi
level of the p-type semiconductors locates close to the top of valance band (VB)
which is less than the intrinsic semiconductor. The efficiency of p-type
semiconductors is relatively low; therefore, a bias potential is required for the half-
cell oxidation reaction. The metal-doped on intrinsic semiconductors of p-type such
as boron (B), aluminium (Al), gallium (Ga), lead (Pb), Ag (silver), Au (aurum), Pd
(palladium), Cu (Copper), and Ni (nickel) [24]. However, p-type semiconductors are
costly, less stable, and toxic, thus, are still challenging to improve the efficiency of p-

type semiconductors as photocathodes.
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The p-type semiconductors as photoelectrode have been studied in many
experiments to obtain more positive potential for oxidation reaction. For example, S.
Kaneco et al. [49] presented the efficiency of PEC CO, RR in which CO, was saturated
in @ methanol-based electrolyte using a flow cell configuration. The flow cell with a
methanol-based electrolyte of this experiment comprised a p-InP photocathode
immersed in LiOH as catholyte, Ag/AgCl sat KCl as reference electrode, Nafion-117 as
ion exchange membrane, and Pt-dark anode immersed in KOH as anolyte,
respectively. In addition, 5000 W of Xe lamp (A>300nm) was illuminated on the p-
InP photocathode. The p-InP photocathode immersed in methanol-based electrolyte
applied more positive potential versus the reference electrode to obtain desired
products when compared with other metallic electrode systems. The results showed
41.5% and 15.0% faradaic efficiencies of CO and HCOO™ were presented at -2.5 V vs.
Ag/AgCl sat KCl, respectively.

Moreover, X. Huang et al. [50] demonstrated PEC CO, RR through
Ru(bpy),dppz-Co;04/CA as a p-type semiconductor photocathode with graphite plate
as a dark anode. The hybrid interface of the photocathode of this experiment
included Cos;04, Ru(bpy),dppz-, and CO, were supplied for light energy harvesting,
mediation of the electron transportation, and substrate activation. For energy supply,
the Xe lamp (A>420nm) was illuminated on Co304, Ru(bpy),dppz photocathode. The
results showed the FE of HCOO™ at -0.60 V vs. NHE reached 86% which consumed
more positive than the thermodynamic potential of CO,RR to HCOO'".

In conclusion, the p-InP photocathode immersed in a methanol-based
electrolyte can reduce the electrical energy consumption of PEC CO, RR which is a

good offer for scaling up to industrial production.
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2. Photoanode-Dark cathode

From figures 16(b) and 17(b), the n-type semiconductor and metal are
applied as photoanode and dark cathode, respectively. The n-type semiconductor
which is one of the extrinsic semiconductors requires low external bias to support
the half-cell reduction reaction. The major charge carrier of n-type semiconductors is
electrons (e) or donor impurity doped, holes transfer from n-type semiconductors to
the oxidizing surface and electrons move to bulk which back to the interface of
cathode/electrolyte. The Femi level of the n-type semiconductors locates close to
the bottom of conduction band (CB) which is more than the intrinsic semiconductor.
The efficiency of n-type semiconductors is relative to the concentration of electrons
more than the band gap; therefore, n-type semiconductors respond to current
conduction. The metal-doped on intrinsic semiconductors of n-type such as
phosphorus  (P), arsenic (As), antimony (Sb), and bismuth (Bi). The n-type
semiconductors are inexpensive, earth-abundant, and highly stable [24]. Although,
the good activity of electrocatalyst on the dark cathode is desired to obtain high
product selectivity from this configuration.

The activity of photocatalysts and electrocatalysts was focused to obtain high
efficiency of PEC cells and high selectivity for CO,RR. G. Magesh et al. [51] proposed
PEC systems for CO, RR via flow cell configuration which using WO as a photoanode,
electrocatalysts of CO, RR as a cathode, and KCl as an electrolyte operated under
the illumination of a 500 W Hg lamp (A>420nm). The WO; was utilized due to high
activity and stability for oxygen evolution reaction (OER). The electrocatalysts of CO,
RR were Cu and Sn/SnO, which were utilized due to high selectivity for CO, RR to
CHy; and CO and HCOO, respectively. The results via the PEC system of WO,
photoanode with Cu cathode indicated a 67% FEq, at -0.75 V vs. RHE while WO,
photoanode with Sn/SnO, cathode indicated a 15.9% FEco and 27.5% FEy oo at -0.80
V vs. RHE. In addition, I. E. Irem et al. [52] improved the efficiency of PEC CO,RR

using TiO, photoanode and Sn-GDE cathode operated under the illumination of a 300
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W Xe lamp. To increase the concentration and mass transfer of substrate, the
gaseous CO, was direct fed Sn-GDE cathode to the filter-press flow cell. The results
demonstrated 64% FEcoon and 70% EEcoon When a 1.2 V bias potential is applied.
To summarize, the overall efficiency of the photoanode-dark cathode system
depends on efficiency from both half-cell oxidation and reduction. The low bias
potential under visible light irradiation is enough to drive the overall efficiency of the

photoanode-dark cathode system.

3. Photocathode-Photoanode

From figure 17(c), the integration of two photoelectrodes also known as Z-
scheme including the p-type semiconductor and n-type semiconductor for CO,
reduction and H,O oxidation. The p-type semiconductor or photoanode should have
negative potential higher than n-type semiconductor or photocathode to provide
electrons transportation from photoanode to photocathode. The photocathode and
photoanode can excite holes and electrons, respectively. The Z-scheme
configuration is self-biased with potential voltage supporting from the difference
value between of Femi levels of photocathode and photoanode [53]. Therefore, the
suitable semiconductors are required for Z-scheme to approve the half-cell
reactions.

Because without bias potential configuration, the evolution of PEC through Z-
scheme configuration was investigated with many photocatalysts to accomplish high
efficiency. T. Morikawa et al. [54] offered a novel hybrid photocatalyst for PEC
applied to photoanode-photocathode or Z-scheme configuration. Novel hybrid
photocatalysts consisting of TiO, which was employed as a photoanode and InP/Ru
complex was employed as a photocathode for water oxidation and CO, RR,
respectively. Under free electrical bias potential and simulated light illumination
conditions (1 sun, Air mass 1.5), the FE of HCOO™ could reach 75% at -0.6 V vs. NHE.
Besides, B. Weng et al. [55] represented high catalytic activity for PEC through Z-

scheme configuration. To obtain TiO, NWs@CoP/CN as a photoanode and Si
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NWs@CoP/CN as a photocathode, the CoP wrapped with porous N-doped carbon
network (CoP/CN) nanocatalyst was consumed to coated TiO, nanowires (TiO, NWs)
and p-type Si nanowires (Si NWs). The bifunctional of CoP/CN is high activity and
stability for water oxidation and CO, RR, also the FE of CO could reach 90% at -0.15
V vs. RHE.

To conclude from the previous literature reviews, the Z-scheme without
external electric bias plays an important role in saving energy consumption for the
PEC system. However, the proper semiconductor photoelectrodes should be
concerned to prevent side products from high potential providing.

Lastly, to illustrate the difference between photoelectrode configurations,
advantages and disadvantages, a summary of the literature reviews is shown in tables
8 to 10.

Table 8. The difference between p-type semiconductor and n-type semiconductor

[24].

Photocathode-Dark anode Photoanode-Dark cathode
(P-type semiconductor) (N-type semiconductor)
Also known as Acceptor impurity Donor impurity
Major charge
h* e
carriers
Minor charge
e h*
carriers
Group Il elements. Group V elements.
Doped group
For example: B, Ga, Al, and Ni etc. | For example: P, As, Sb, and Bi etc.
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For this study, the photoanode-dark cathode configuration was applied
because it can reduce the external bias consumption and sustain stability in aqueous
solutions. The photoanode are made of a thin film of metal oxide supported on a
transparent conducting oxide (TCO).

The photocatalysts are light absorbing materials that induce chemical
reactions. The properties of photocatalysts can affect PEC performance because
photocatalyst can convert solar energy or light energy into electrical energy which
can promote high potential on the cathode surface [56]. The good properties of
photoactive semiconductor used as photoanode for chemical conversion application
should have high negative potential than the potential of interested half-cell
reaction to thermodynamically support oxidation and reduction reactions of hole
and electron, respectively. Moreover, the activity, conductivity, and stability of the
photocatalyst should be high enough to promote the half-cell reaction on
photoelectrode [57].

Titanium dioxide (TiO,) is the one of the n-type semiconductors and the most
common photocatalyst due to its wide band gap (3.20, 3.02, and 2.96 eV for anatase,
rutile, and brookite phases, respectively), high resistance to photo-corrosion, non-
toxicity, earth abandon, and low production cost [58, 59].

The applied bias potential is required for CO, conversion to chemical
products with high faradaic efficiencies. Many researchers investigated TiO, as a
photoanode. K. Kobayashi et al [56] revealed the experimental of conventional flow
cell PEC CO, RR to CO. The TiO, semiconductor was used as a photoanode to absorb
photocurrent from simulated UV illumination using 300 W Hg lamp and Ni
phthalocyanine (NiPc) catalyst deposited on GDE as a cathode. In addition, 0.1 M
Na,SO4 and 1 M Na,SO,4 were consumed as anolyte and catholyte, respectively. The
results presented FE of CO reaching 98% under UV light illumination and -0.8 V of

bias potential.
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Utilization of TiO,-photoanode can increase electrode potential on the
cathode due to the supply of high electrical energy. The properties of TiO,-
photoanode are wide band gap energy and a high level of the conduction band,
thus, the demand of photon absorption is high for electrons excitation to the
conduction band of photoelectrode [57, 58]. However, the geometries of TiO,-
photoanode like length and thickness should be concerned to reduce resistance at

photoelectrode and overall ohmic polarization loss of the PEC system.

2.5.2 Electrochemical electrode

The cathodic electrode is used as an electrochemical electrode in this study.
The electrocatalyst for CO, RR should have high activity, electrical conductivity,
selectivity, and stability in aqueous solutions operated under ambient operating
conditions. Tables 2 and 3 indicated the products from multistep of CO, RR

depending on electrode potential. To obtain desired products, the intermediate

species from CO, RR such as CO'Z_ should be adsorbed and stabilized on the catalyst
surface. Besides, the products from CO, RR such as CO and HCOO should be
smoothly desorbed from the active surface of the catalyst. Therefore, the
electrocatalysts for CO, RR were considered to achieve high product selectivity. The
categories of electrocatalysts for CO, RR can be divided using types of metal
elements consisting of transition metal elements (Sc, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Mo, Cd, Ta, and Hg), noble metal elements (Pd, Ag, Ir, Pt, and Au), and p-block
elements (A, Ga, In, Sn, Sb, Tl, Pb, and Bi) [52, 60]. By the way, the categories of
electrocatalysts for CO,RR can be divided using occurring products which were

clarified as shown below:
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ﬂAl, Mn, and Ta Ti, Fe, Ni and Pt
M In, Sn, Sb, T\, Pb, Bi, Mo, Cd, and Hg

Sc, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Y,

CO,

reduction

Pd, Ag, Sn, Sb, Ir, Au, and Bi

Figure 18. The categories of electrocatalysts for CO, RR [52, 60].

Co and Cu

Cuand Zn

1. The electrocatalysts for CO, RR to H,

Apart from multi-carbon products, H, is also a side product from CO,RR which
is shown in reaction (12). The electrocatalysts that involve hydrogen evolution
reaction (HER) are separated into inert and semi-inert. The inert electrocatalysts for
HER which are not affecting reaction rate though operating conditions are adjusted
comprising of A, Mn, and Ta. Likewise, the semi-inert electrocatalysts for HER which
affect the reaction rate when operating conditions are adjusted comprising of Ti, Fe,

Ni, and Pt [52, 60].

2. The electrocatalysts for CO, RR to HCOOH
The electrocatalysts for CO, RR to formate ion, HCOO™ (or HCOOH when

operating in the acidic electrolyte) consist of In, Sn, Sb, T, Pb, Bi, Mo, Cd, and Hg.

These electrocatalysts have high electrode potential to adsorb and stabilize

intermediate species (CO'Z‘) before reducing to desired products [52, 60].
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3. The electrocatalysts for CO, RR to CO
The electrocatalysts for CO,RR to CO consist of Sc, Sr, Mn, Fe, Co, Ni, Cu, Zn,

Ga, Y, Pd Ag, Sn, Sb, Ir, au, and Bi. To break the C-O bond, the electrode potential of
these electrocatalysts is greater than HER but less than CO, RR to HCOOH. Besides,

the catalyst should easily desorb CO from the active surface [52, 60].

4. The electrocatalysts for CO, RR to C,H,0,

The multi-carbon products include CHy, C,,, alcohols and aldehydes
consisting of Co, Cu, and Zn. The activity of these electrocatalysts provides optimum
CO adsorption and hydrogenation of adsorbed CO to CHO intermediate to obtain
CH,0,, especially Cu [52, 60].

The interested electrocatalysts for CO, RR to HCOO™ are in the 2™ category in
which the widely used catalysts include In, Sn, Pb, Bi, and Hg. These elements are

compared to specify the suitable catalyst for CO, RR to HCOO™ which are shown in

table 11.

Table 11. The properties of the widely used electrocatalyst for CO, RR to HCOO

(61, 62].
Property GHS Market
Physical characteristics at Density
hazard price
ambient conditions (kgem™)

Catalyst statements | ($/kg)
In Lustrous silvery solid metal 7.31 x10° Not 222-225
Sn Silvery white solid metal 7.28 x10° Not 12-25.39

1.86-
Pb Silvery white or grayish solid metal | 11.35 x10° Slight

2.27
Bi Silvery white solid metal 9.78 x10° Not 15-39
Hg Silvery white liquid metal 13.53 x10° Acute 32-100

Note: GHS also known as Globally Harmonized System of Classification and Labelling of

Chemicals
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From table 11, the toxicity of In, Sn, Pb, and Bi are less toxic or even nontoxic
than Hg when considered chemical hazards through GHS. In addition, the market
prices of Sn, Pb, and Bi are quite minimal when compared with In and Hs.

Sn-based electrocatalysts are widely used in CO, RR to HCOO™ due to their
high selectivity and inexpensive. For example, D. Kopljar et al. [63] produced HCOO
at high current densities through a microfluidic flow cell (MFC) electrolyzer using Sn
and SnO, deposited on gas diffusion electrodes (GDEs) were used as cathodes. First,
nanoparticles of Sn and SnO, were examined to define characteristics and activities
when coating on GDEs. From ex situ characterization, the diameter of SnO,
nanospheres is wider than the diameter of Sn nanospheres. The activities of Sn-GDE
and Sn0,-GDE which controlled mass loading (0.35 mgecm™) were compared through
current densities. The onset electrode potentials vs. Ag/AgCl of CO, RR derived from
using SnO,-GDE is -1.29 V and Sn-GDE is -1.92 V. The current densities of CO, RR
derived from using SnO,-GDE and Sn-GDE as cathode at onset potential vs. Ag/AgCl
were 385+19 mAs«cm™? and 216+6 mAscm . Moreover, the production rates of HCOO®
derived from 1-hour electrolysis using SnO,-GDE and Sn-GDE as cathodes at onset
potential vs. Ag/AgCl are 14.9+0.8 mmolesm™?s™ and 7.4+0.6 mmolsm™s™, respectively.
This experiment shows the FE of HCOO™ could reach 79.00+3.13% and 70.00+3.99%
for SNO,-GDE and Sn-GDE as cathodic electrodes. D. Thuy et al. [64] spent tin oxide
(SnO,) nanospheres as electrocatalysts on CO, RR to HCOO'. To define the effect of
calcination temperature, SnO, nanoparticles were investigated through flow cell
configuration. The higher calcination temperature could increase the diameter of
SnO, nanocrystals, SnO, nanospheres calcined at 500°C was selected as
electrocatalyst because of their ability to prevent agglomeration and provide a large
surface area. In addition, SnO, nanospheres were deposited on a gas diffusion
electrode (GDE) which was used as a cathode operating in a membrane electrode

assembly (MEA) electrolyzer. The FE and current density of HCOO™ could reach
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75+6% and 500 mAscm? at 1.41 V of equilibrium cell potential over 24 hours of
electrolysis.

The high surface and activity of SnO, nanospheres can support the reason for
scaling up the industrial production of CO, RR to HCOO'". Besides the performance of
catalysts, the configuration of the MEA electrolyzer that has direct feeding gaseous
CO, to the cathode and alkaline environments also improves the current density and

selectivity of HCOO..

2.5.3 Gas diffusion electrodes (GDEs)

The major limitations of the electrolyzer assembled with a planar electrode
are low solubility of gaseous CO, in liquid electrolytes resulting in decreasing CO,
conversion. Applying gas diffusion electrodes (GDEs) can improve the current density
CO, conversion by solving the solubility of gaseous CO, in liquid electrolyte
limitation and facilitating the transportation of reactive species to active sites [65, 66].

The schematic of GDE is shown in figure 19.

Hydrophobic porosity |:| Gas

Hydrophilic porosity Liquid electrolyt
Iquia electrolyte

Active layer

Hydrophobic GDL

Current collector

g g Gaseous

LN
Product . Catalyzed carbon particle

ﬁ reactant

Liquid electrolyte
Gas

Polymer binder

Figure 19. The schematic of GDE [67].

GDEs are porous electrodes made of assembling of porous catalyst layer with
diffusion media. To support the three-phase interface (gas, liquid, and solid), GDEs
comprise hydrophilic and hydrophobic sides. The three-phase interface is the contact
boundary of the gaseous reactant, the liquid electrolyte, and the solid electrode.
The hydrophilic side is dominant in the catalyst layer which provides the transport of

ionic species and maximizes the active sites as a three-phase interface. And the
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hydrophobic side is dominant in the diffusion layer which hinders flooding and
blockage of the gas diffusion layer [68].

The usage examples of GDE on the electrochemical system, K. Wu et al. [69]
demonstrated the computational modeling of the electrochemical CO, reduction to
CO which this half-cell model at the cathode was simulated to evaluate the effective
operating and design parameters of the microfluidic flow cell (MFC). The GDEs
assembled with graphite current collector were used as electrodes for gaseous CO,
feeding. The Pt blank-anode, aqueous KCl as electrolyte channel, and Ag-cathode
were horizontally sandwiched in rectangular forms respectively. The electrochemical
gaseous CO, RR model was assumed in isothermal and steady-state simulation
through kinetics of charge species, mass, and momentum conservations. The current
densities (CD) from the half-cell model were consistent with the experimental
results. The results showed CD was improved, and faradaic efficiency (FE) was
deduced when the negative applied voltage at the cathode was increased. Although
increasing the feed concentration of CO, could increase the CD and FE, deducing of
CO, conversion occurred. In addition, the longer cell was directly proportional to
increasing CO, conversion, but the CD and FE were decreased. Y. Fu et al. [70]
demonstrated a hierarchical SnO, microsphere coated on GDE (HMS- SnO,/GDE) as an
electrode for CO, RR to HCOO™ in aqueous solutions. The operating of the flow cell
electrolyzer at -1.7 V vs. SHE could allow 62% FEHCOO over 12 hours of electrolysis.
The synthesis of self-assembled SnO, microsphere catalysts via hydrothermal can
improve the catalytic activity, coating catalysts on GDE also contributes to expanding
surface area, decreasing the resistance between the gas-liquid interface and the
catalyst surface, and hindering hydrogen evolution reaction (HER) by faster kinetics
reaction.

Apart from that, the arrangement of GDE also impacts the performance of the
electrochemical cell. H. Yang et al. [71] developed a new design configuration of the

electrochemical cell to convert CO, to pure formic acid (HCOOH). The deionized (DI)
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water substituted salt additions as an electrolyte and GDEs were used in the new
design of an electrochemical cell that is divided into three compartments including
an anode, center, and cathode compartments assembled in vertical following in a
sequence from left to right. The cathode compartment was maintained in the
alkaline environment to offer a reaction of CO, with DI water to formate ion (HCOQO)
by assembling an anion exchange membrane with GDE while a CEM was assembled
in an anode compartment for O, and protons (H") production. Moreover, DI water
was fed to the center compartment using strong acid cation exchange media for the
reaction of HCOO and H" derived from cathode and anode compartments
respectively. The results showed the high current densities of 5-20 wt% HCOOH
production equaled 140 mAscm? when low applied voltage (~3.5 V) is consumed. In
addition, the high performance of this configuration could be presented through 500
hours of the experiment set up that can conclude scaling up to the industrial
process.

However, the GDEs are currently widely used in electrochemical systems, and
the improvement of GDE is still concerned to reduce the limitation of mass

transportation that affect selectivity and stability of electrochemical reactions.

2.5.4 Electrolyte

The CO, RR occurs between the interface of the electrode/electrolyte. The
roles of electrolytes directly affect the efficiency of the electrochemical system.
Electrolytes are substances that carry ionic species when dissolved in water [72]. The
effective factors of electrolytes in an electrochemical system consist of

concentration, pH, cations, and anions [73] which are given in detail as bellows.

1. Concentration

The optimum concentration of electrolyte can provide the high current
efficiency of CO, RR. The dissociation of electrolyte performs the ions in solution,

hydroxide ion (OH) also obtain from dissociation reaction. The charge transfer
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resistance (R.) and the thickness of the electrical double layer (EDL) of the electrode
can be reduced by absorbing on OH™ an active surface. The concentration of OH is
increased when the supply has a higher electrolyte concentration [72, 73].

Q. Wang et al. [74] studied the effect of electrolyte concentration on CO, RR
to HCOO™ proceeding with direct gaseous CO, feeding to Sn-GDE cathode with KHCO;
solution as a liquid electrolyte. The KHCO; solutions were varied concentrations of
0.1, 0.3, 0.5, 0.7, and 0.9 M under the applied bias potential of -1.8 V. The tendency
of partial current densities of HCOO increased when 0.1 M to 0.5 M KHCOj; solutions
were consumed. While the tendency of partial current densities of HCOO™ decreased
when 0.5 M to 0.9 M KHCO5 solutions were consumed. Moreover, the variation of
faradaic efficiencies of HCOO™ when varied concentrations of KHCO; solutions were
the same trend as partial current densities. The maximum partial current density and
FE of HCOO' revealed 17.43+2.60 mAscm® and 78.60+0.11% with consumption of 0.5
M KHCO; solution.

Similar to S. V. Kenis et al. [75] regarded variation of electrolyte concentration
to the current efficiency of CO, RR. The conversion of CO, to CO in a flow cell
assembled by Fe porphyrin mixed with carbon black deposited on carbon paper
support as a cathode. The current density of CO was increased when the
concentration of KOH electrolyte increased. The excess 2 M KOH electrolyte did not
possess the higher current densities of CO.

Although the higher concentration of electrolyte can induce more CO, RR,
the mass transfer limitation interrupts the higher current efficiency since the excess
electrolyte concentration. Therefore, the optimum electrolyte concentration is

required to save cost when scaling-up industries are performed.
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2. Potential hydrogen (pH)
The influence of the pH of the electrolyte on electrochemical CO, RR is high

because the OH on the electrode interface can be neutralized using bicarbonate
buffers. The OH is a product from CO, RR and HER, the local environment on the
electrode surface of CO, RR can be changed by the concentration of OH™ [72, 73].
The influence of pH can be described in equilibrium reactions of the CO, and

bicarbonate which is shown in reactions (13) to (17).

CO, (9) € CO, (aqy), K, = 30 mol' « m>. bar* (13)
CO, (ag) + H,0 <> H,COs, Keq = 1.7 x 107 (14a)
H,CO53 € H' + HCO5,  pK, = 3.6 (14b)
CO, (aqg) + H,O € H' + HCO5, pK, = 6.4 (140)
HCO; € H + CO4%, pK, = 10.3 (15)
When pH>7,
CO, + OH € HCOy (16)

The neutralization of OH on the electrode surface.
HCO5 + OH € H,0 + CO5° (17)
From reactions (14a) and (14c), the CO, hydration can form bicarbonate
buffer (HCO5), but the rates of reactions are very low which results in a very low
concentration of H,COs;. However, the formation rate of HCO5 is high along reaction
(16) when the pH of the electrolyte is more than 10. Besides, the HCO5 and CO5* are
assumed in the balance due to the deprotonation rate is being high along reactions
(14b), (15), and (17). Therefore, when the pH of the electrolyte is higher than 10, the
amount of HCO3; consumed as a proton donor is enough for CO, RR.

Because KHCOj; solution is a buffer electrolyte which uses to sustain the local
environment and neutral OH™ from CO, RR as shown in the equilibrium reaction. The
CO, RR to HCOO is hindered when a low concentration of KHCO5 solution or weak
buffer solution is employed since pH of the local environment is high. The high
concentration of KHCO; solution or strong buffer solution can sustain pH of the local

environment and improve ionic conductivity [72, 73]. However, the optimum
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concentration of KHCOj; solution is required for CO, RR to HCOO™ because the excess
concentration of KHCO; solution provides a hydrogen evolution reaction (HER).

The experiment was exposed by Y. Fu et al. [70] with feeding saturated CO, in
aqueous electrolytes at -1.5 V vs. SHE. To convert CO, to HCOO in aqueous
solutions, the flow cell including Pt foil, SnO,/GDE, and Nafion-117 were used as
anode, cathode, and membrane, respectively. The faradaic efficiency of HCOO™ when
consuming an H,O electrolyte with CO, bubbling showed only 1.0%. The faradaic
efficiency and concentration showed 56.02% and 260 mgeL? when 0.5 M KHCO;
electrolyte replaced pure water-electrolyte. Although, a large amount of liquid CO, is
performed when consuming H,O electrolyte with CO, bubbling but providing
hydrogen ions from H,O as an aqueous electrolyte is not enough to conduct HCOO

production on the active surface. On the contrary, 0.5 M KHCO; electrolyte can the

large amount of liquid CO, and HCO5 which can enhance mass transfer diffusion and
electrolytic conductivity of CO, RR to of HCOO™ on the electrode surface.

However, the other buffer solutions were concerned to define the optimum
performance of the CO, RR system. J. B. Vennekotter, et al. [76] examined the effect
of the local environment on electrolyte to the electrochemical system. To compare
the effects of pH on CO, conversion to CO were operated using a two-sided buffered
cell. The two-sided buffered cell with directly supply gaseous CO, was assembled
Ag-GDE as a cathode, catholyte, CEM, 0.05M H,SO4 as anolyte, and TiO, coated on Pt
as an anode in the x-direction from left to right. The different cathodic electrolytes
displayed pHs variation consisting of a 0.5 M K,SO, electrolyte (pH<4), 0.1 M KHCO; +
0.5 M K;SO, electrolyte (pH=6.8), 1.0 M KHCO; electrolyte (pH=8), and 2.0 M KHCO;
electrolyte (pH=8.8). The results indicated the negative cathodic potentials were
decreased when increasing pHs which related to the ionic strength of the electrolyte
were supplied. For instance, the FEs of CO 90% were obtained when -1.0 V vs RHE
0.5 M K,SO, electrolyte, -0.95 V vs RHE 0.1 M KHCO; + 0.5 M K,SO, electrolyte, -0.80
V vs RHE 1.0 M KHCO5 electrolyte, and -0.81 V vs RHE 2.0 M KHCO; electrolyte. The
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hicher pH of the electrolyte could reduce the consumption of applied electric
energies on the cathode.

The buffer solutions present the ionic strength of electrolytes. The high

electrolytic conductivity of HCO; displays the ohmic loss minimization in the
electrolyte which leads to reducing the cathodic potential. Besides, the electrode
overpotential also decreases when the cathodic electrode is used as the working

electrode.

3. Cation

The effect of ionic species in the electrolyte is investigated as a function of
the electrolyte composition. The significant effect of cation is derived from cation
size on the product distributions of CO, RR [72, 73]. According to the experiment of J.
Resasco et al. [77], the alkali metal cations in the electrolyte were investigated on
electrochemical CO, to HCOO and CO regardless of the effects of concentration and
pH of the electrolyte. The polycrystalline Ag and Sn were used as electrocatalysts.
The current densities of HCOO™ and CO were increasing when the alkaline metal
cations in the electrolyte increased (Li* < Na“ < K" < Rb" < Cs"). In the same way, S.
Sato et al. [78] proposed electrochemical CO, RR with less energy consumption
which used the integration of Mn-complex/multiwalled carbon nanotubes (Mn
complex/MWCNT) as a cathode with K" cation. The integration of Mn-
complex/MWCNT with K* cation could stabilize CO, taken in active sites of the
electrocatalyst.

As a result, when the cation is adsorbed on the electrocatalyst surface, the
cation is served as a catalyst promoter. The cation with a larger size provides a weak
hydration shell of the cation which facilitates cation adsorption on the catalyst
surface. Hence, the catalytic activity and selectivity can be improved by offering the

electrocatalyst with a larger size of cation.
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4. Anion

Anions from the dissociation of electrolyte also affect the performance

of product selectivity from CO, RR system. From the previous details, the OH™ and

HCO5 in alkaline electrolyte can hinder the HER because of providing high electrical
conductivity and ohmic loss minimization [73, 75]. S. S. Bhargavaet al. [79] showed

effect of electrolyte composition on electrochemical CO, RR to CO. The degree of
variation of FEcq relies on the anions as Cl = CO? < HCO; < OH". And the degree of

variation of current density of CO relies on the anions as Cl'< HCO; < CO? < OH.
Thus, the anion which has a stronger pH-based overpotential demand provided the
higher effect on current density of CO. While the anion which has a stronger specific
adsorption on the electrode surface provided the higher effect on FE of CO.

The influences of other anions such as perchlorate, sulfate, phosphate, and
borate on CO, RR to H, and CH; were also studied. M. N. Jackson et al. [80]
investigated the effect of borate buffer and phosphate buffer on the Au electrode.
The borate buffer and phosphate buffer were consumed as proton donors for CO,
RR to H,. The existence of phosphate buffer could support the HER as a proton
donor better than water, but in case that borate buffer did not. Besides, the
appearance of perchlorate buffer and sulfate buffer as proton donors did not
support HER and CHy. It appears that the role of the weak buffer anions which serve
as a proton donor can utilize to suppress HER and CH; in electrochemical CO,

reduction.

2.6 Literature reviews

To simulate the behavior of PEC CO, RR, the effective factors of the system
were studied through many types of research. Literature reviews can provide the
optimum operating conditions to model and simulate via COMSOL Multiphysics (5.6).

The literature reviews were described as follows and summarized in table 12.
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The operating conditions and geometric configurations of PEC cells are also
important effects on the efficiency of the process such as ion exchange membrane,
gas diffusion electrode (GDE), liquid electrolyte, type of semiconductor, light
intensity, flow rate, and arrangement of main components. The example of literature
should be reviewed to provide the optimum parameters for modeling and simulation
of the PEC CO, RR in the optimum.

Y. Kotb et al. [81] proposed the results from a simulation of the numerical
model of electrochemical reduction of CO, to CH;OH using COMSOL Multiphysics
through the finite element method. The microfluidic flow cell was separated into 3
portions including the Cu,0-ZnO gas diffusion electrode as a cathode, platinized
titanium as an anode, and membrane. CO, was saturated and fed together with 0.5
M KHCOj5 as catholyte at the inlet of the cathode and 0.5 M KHCO5 was also used as
an anolyte to feed at the inlet of the anode with the flow rate of 20 ml/min. Then
applied mass transport electrolytic species concentration, electrode reaction kinetics,
and charge transport electric and ionic potential to simulate and validate comparing
with the experimental data. The results from validation with the experimental data
showed a 20.2% average error due to competition of hydrogen production, thus ionic
conducting membranes were suggested to separate the desired product.

W. Lu et al. [82] presented the direct feeding of CO, in the gas phase to an Ag
nanocube-based membrane cathode assembly to overcome the low solubility
property in CO production. The system was set with WO3/BiVO, photoanode, KHCO;
as an electrolyte under the illumination of a 300 W Xw arc lamp as simulated light
intensity to vary the applied voltages. Due to high stable molecules of CO,, the
results showed the optimum applied voltage should not be lower than 1.2 V could.
The energy efficiency from the system of CO, reduction to CO coupled with obtained
Ag nanocube-based membrane cathode assembly reached 92.1% this could provide

a critical factor in the scaling-up process.
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C. Akan et al. [83] evaluated a 2-dimensional numerical model to produce
formic from the electrolysis of CO, using a microfluidic cell. This system applied CO,
in the gas phase, Bi-Sn on GDE as cathode, Pt as an anode, and an ionic liquid as
electrolyte was 1-ethyl-3-methyl imidazolium tetra-fluoroborate ([EMIM][BF4]) to
improve the performance of the process. The microfluidic flow cell was separated
into 3 portions, cathode, anode, and proton exchange membrane. The GDEs were
provided for feeding CO, in the gas phase at the cathode and O, gas at the anode,
GDEs were located on the top and bottom of the membrane, respectively. The
model combined thermodynamics and kinetics through the calculation of species
charge transport through electrochemistry, mass conservation, and momentum
conservation. The results were analyzed from model validation, mass transport, and
electrochemical from the process. This model obtained 60 mA/cm? of current
density, 98% of faradaic efficiency, and 80% of CO, reduction to formic acid due to
suppression of hydrogen evolution reaction of ionic liquid that could use as a
reference in the scaling-up process through improvement of the current density of
formic acid.

E. Item et al. [84] investigated the effect of light intensity and geometry of
cathode through PEC CO, conversion to HCOO™ and oxygen (O,) production at the
cathode and photoanode compartments, respectively that separating by the
membrane. To improve concentration and mass transfer, CO, in the gas phase was
saturated via catholyte before feeding and circulated using a pump. The catholyte
and anolyte were applied to neutral the process were 0.5 M NaHCO; and 0.5 M
NaOH, respectively. The PEC CO, conversion was evaluated through filter-press flow
cell using TiO,-photoanode coupled with deposited Sn on GDE used as cathode
under back-illumination of visible light. Besides, varying the ratio of photoanode to
cathode area and light intensity were investigated to define the optimum values
while the effect of electrolytes, applied cell voltage, membrane, and other operating

conditions was controlled. The results showed the optimum ratio of photoanode to
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cathode area and light intensity could increase faradaic efficiencies (FE) to 64% for
HCOO™ and energy efficiencies (EE) to 70% under applied external voltages 1.2 V.

X. Luo et al. [35] developed a 2-dimensional numerical model for PEC CO,
utilization that integrated thermodynamics and kinetics of carrier charge with
electrochemical for reducing CO, to formic acid in form of HCOO™ at the cathode and
oxygen evolution at the anode. The PEC flow cell was designed using TiO, on FTO
substrates as photoanode, GDE made of carbon paper as cathode, sodium
bicarbonate (NaHCOs) as catholyte, sodium hydroxide (NaOH) as anolyte, and cationic
conducting membrane under light intensity, | (100 mWscm™?). The results showed
optimum light intensity could improve the current density of the system, and when
the flow rate of CO, was increased, the current density also increases. On the other
hand, increasing of CO, flow rate would decrease the conversion efficiency of CO,
that relied on optimum operating conditions in the system. Thus, PEC cell
configuration design is still a challenge for improving the performance of PEC CO, RR.

S. Castro et al. [85] demonstrated by applying n-type TiO, photoanode
coupled with Cu dark cathode to produce CH;OH and CHsOH through membrane
electrode assembly (MEA) flow cell. Under operating conditions of UV LED light
illumination (100 mWecm™) to photoanode, CO, was circulated using a pump passing
through 0.1 M KOH for saturation before being fed to the cathode channel while the
same electrolyte was circulated to the anode section. TiO, is widely used as an n-
type semiconductor due to the appropriate bandgap that can provide light
adsorption in the range of ultraviolet (UV). TiO, is a less expensive and
environmentally friendly material. In addition, Cu was reviewed as the high-
performance catalyst for hydrocarbon and alcohol production. The results showed
the maximum production rate, faradaic efficiency, and energy efficiency of CH;OH
equaled 9.5x10° mol/m?, 16.2%, and 5.2%, respectively. And the maximum
production rate, faradaic efficiency, and energy efficiency of CHsOH equaled 6.8 x10°

mol/m?s, 23.2%, and 6.8%, respectively.



Chapter 3

METHODOLOGY
3.1 Model description of PEC cell for CO, RR

To evaluate the effectiveness of the geometric configuration of the PEC cell
for CO, RR, the COMSOL Multiphysics (5.6) is used to simulate the different
configurations of PEC cells. The main components of the PEC cell with specified

geometry are designed and rearranged as below.

3.1.1 Microfluidic flow cell (MFC)

The MFC is designed for CO, RR. CO,in the gas phase is directly fed to SnO,-
cathode through the inlet of the gas feed channel while 0.5 M KOH and 0.5 M KHCO;
are used as anolyte and catholyte which are fed to the inlet of the electrolyte
channels. The inlet of electrolyte and gas flow channel are placed from the bottom
to the top along the length of the cell in y-direction. The MFC is simulated using
COMSOL Multiphysics (5.6) with a stationary initialization study using a finite element
numerical simulation model to simulate the behavior of MFC. As shown in figure 20,
the 2-dimensional model of the MFC cell can be divided into 6 domains from left to
right along the width of the cell in x-direction including TiO,-photoanode, anolyte

channel, PEM, catholyte channel, SnO,-cathode, and gas channel, respectively.

Side view Top view

Products Products

1 t t | chll

_
w, w, W,
2
W, W, W, 3
Photons mp H H H - TiO,-photoanode

y SnO,-cathode

CEM
Electrolyte channel
X L

t t t Gas channel

KOH KHCO,  CO,
Figure 20. Schematic diagram of the microfluidic flow cell (MFC) for CO, RR.
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The flow rate of reactants is assumed to be in the range of the laminar regime.
CO, in the gas phase is assumed as a weakly compressible fluid while liquid
electrolyte is assumed as an incompressible fluid. In addition, TiO, is used as a
photocatalyst for a back illumination at the photoanode, SnO, is used as an
electrocatalyst for CO, RR at the cathode, and Nafion 117 is used as a product
separator to transfer H™ from the anodic compartment to the cathodic compartment.
Also, the CO, RR and OER will occur at the interface of the deposited catalyst on
cathode/electrolyte and the deposited photocatalyst on anode/electrolyte,
respectively. Thus, a constant flux photocurrent density is consumed to drive the
reaction. The transport of concentrated species and Brinkman’s equation are used to
simulate the transportation of gas species in GDE. Tertiary current distribution (TCD) is
used to analyze the kinetics of all charge species on the photoanode, cathode, and
in electrolyte, while Secondary current distribution (SCD) is used for the PEM. To
maintain the species flux of reactants and continuity of reactions, Danckwert’s
boundary condition is provided at the inlets of the cell. Moreover, Nernst Plank’s
equation and Butler-Volmer’s equation are applied to simulate electric charge

transport in the cell and reaction behavior on the interface electrode/electrolyte.

3.1.2 Membrane electrode assembly flow cell (MEAFC)
The MEAFC is designed for CO, RR. CO, in the gas phase is saturated in the

catholyte of 0.5 M KHCO; and is fed to the inlet of the catholyte channel and
circulated to avoid bubble formation using a pump. And 0.5 M KOH is used as an
anolyte. The inlets of anolyte and catholyte channels are placed from the bottom to
the top along the length of the cell in y-direction. Similarly, the MEAFC is simulated
using COMSOL Multiphysics (5.6) with a stationary initialization study using a finite
element numerical simulation model to simulate the behavior of MEAFC. As shown
in figure 21, the 2-dimensional model of the MEAFC cell can be divided into 5

domains from left to right along the width of the cell in x-direction, including anolyte
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channel, TiO,-photoanode, PEM, SnO,-cathode, catholyte channel, and gas channel,

respectively.
Side view Top view
Products  Products
t t t Weeu
A
Wl Wl
2
Wewe =
Photons ®p HH _$
W, TiO,-photoanode
y SnO,-cathode
CEM
x Y 1 1 Electrolyte channel

KOH Saturated CO,
Figure 21. Schematic diagram of the membrane electrode assembly flow cell

(MEAFC) for CO, RR.

The flow rate of reactants is assumed to be in the range of the laminar
regime. CO, in the saturated phase and liquid electrolyte are assumed as an
incompressible fluid. In addition, TiO, is used as a photocatalyst for a back
illumination at the photoanode, SnO, is used as an electrocatalyst for CO, RR at the
cathode, and Nafion 117 is used as a product separator to transfer H" from the
anodic to the cathodic compartment. Also, the CO, RR and OER will occur at the
interface of deposited catalyst on cathode/electrolyte and deposited photocatalyst
on anode/electrolyte, respectively. A constant flux photocurrent density is
consumed to drive the reaction. Tertiary current distribution (TCD) is used to analyze
the kinetics of all charge species on the photoanode, cathode, and in electrolyte,
while Secondary current distribution (SCD) is used for the PEM. To maintain the
species flux of reactants and continuity of reactions, Danckwert’s boundary condition
is provided at the inlets of the cell. Moreover, Nernst Plank’s equation and Butler-
Volmer’s equation are applied to simulate electric charge transport in the cell and

reaction behavior on the interface electrode/electrolyte.
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3.1.3 Microfluid flow cell (MFC) with a zero-gap anode

The MFC with a zero-gap anode is designed for CO, RR. CO, in the gas phase
is directly fed to SnO,-cathode through the inlet of the gas feed channel. 0.5 M KOH
and 0.5 M KHCOs, are used as anolyte and catholyte which are fed to the inlet of the
electrolyte channels. The inlet of electrolyte and gas flow channel are placed from
the bottom to the top along the length of the cell in y-direction. The MFC with a
zero-gap anode is simulated using COMSOL Multiphysics (5.6) with a stationary
initialization study using a finite element numerical simulation model to simulate the
behavior of MFC with a zero-gap anode. As shown in figure 22, the 2-dimensional
model of the MFC cell can be divided into 6 domains from left to right along the
width of the cell in x-direction including anolyte channel, TiO,-photoanode, PEM,

catholyte channel, SnO,-cathode, and gas channel, respectively.

Side view Top view
Products = Products

t t t chLL

]
W, W, w,
2
W We 5
Photons mp chm H - TiO,-photoanode
y SnO,-cathode
CEM
1 Electrolyte channel
X

L L L Gas channel
KOH KHCO, CO,
Figure 22. Schematic diagram of the microfluidic flow cell (MFC) with a zero-gap

anode for CO, RR.

The flow rate of reactants is assumed to be in the range of the laminar
regime. CO, in the gas phase is assumed as a weakly compressible fluid while liquid
electrolyte is assumed as an incompressible fluid. In addition, TiO, is used as a
photocatalyst for a back illumination at the photoanode, SnO, is used as an
electrocatalyst for CO, RR at the cathode, and Nafion 117 is used as a product

separator to transfer H" from the anodic to the cathodic compartment. Also, the CO,
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RR and OER will occur at the interface of deposited catalyst on cathode/electrolyte
and deposited photocatalyst on anode/electrolyte, respectively. A constant flux
photocurrent density is consumed to drive the reaction. The transport of
concentrated species and Brinkman’s equation are used to simulate the
transportation of gas species in GDE. Tertiary current distribution (TCD) is used to
analyze the kinetics of all charge species on the photoanode, cathode, and
electrolyte, while Secondary current distribution (SCD) is used for the PEM. To
maintain the species flux of reactants and continuity of reactions, Danckwert’s
boundary condition is provided at the inlets of the cell. Moreover, Nernst Plank’s
equation and Butler-Volmer’s equation are applied to simulate electric charge

transport in the cell and reaction behavior on the interface electrode/electrolyte.

3.2 Photoelectrochemical reactions

The PEC CO, RR is simulated through COMSOL Multiphysics (5.6) including the
reactions at the interface of photoanode/anolyte, the interface of cathode/catholyte,

and electrolyte compartments.

3.2.1 Half-cell reactions at the photoanode
1. Light absorption
For this system, the light absorption has larger energy than the bandgap of
TiO,-photoanode (3.0-3.2 eV) and is sufficient for electric species transportation to
generate electron (e) and hole (h*) pairs at the photoanode as shown in reaction
(18).
Light absorption: semiconductor = e + h* (18)
2. Oxygen evolution reaction (OER)
Simultaneously, the oxygen gas (O,) and water (H,O) were formed on the
interface of photoanode/anolyte with the electrode potential (E%) equal to 0.82 V
(referred to SHE). The OER is shown as reaction (19).

OER: 20H = 0, + H,0 + 2¢ (19)
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3.2.2 Half-cell reactions at the cathode
1. CO, RR
The reactions (20) and (21) show the formation of HCOO™ and CO because of
multi-electron consumption of CO, RR at the interface of cathode/catholyte with E°
equal to -0.43 V and -0.53 V vs SHE, respectively.
CO, RR to HCOO: CO, + H,O + 26" = HCOO + OH (20)
CO, RR to CO: CO, + H,O + 2 = CO + 20H (21)
2. Hydrogen evolution reaction (HER)
The hydrogen gas (H,) is the product from HER at the interface of
cathode/catholyte with E® equal to -0.41 V vs SHE that can decrease the faradaic
efficiency and current density of HCOO™ and CO formation. H, formation is shown as

reaction (22).

HER: 2H,0 + 2" = H, + 20H (22)

3.2.3 Dissolution of the CO, in the aqueous electrolyte
Apart from the reactions on the electrode surface, the equilibrium reactions

and rate constants of KHCO; and KOH dissociation are shown in reactions (23) to (28).

CO, + Hy0 € H* + HCO; Kase = 0.036 5™ Koz = 7.83x10" m*mol™ss™  (23)
CO, + OH © HCO, Koge = 5.93 mPsmolles kogp, = 1.30x107 5™ (24)
HCO5 ¢ H + CO5* kst = 250 st Kosp, = 5x10% m2smoltes’? (25)
HCO; + OH € H,0 + CO5%  kogr =6x10°m>smolles™ ko, = 1.28 x10° s (26)
H,0 € H* + OH" Ky = 1.00x10° m®mol s (27)

KOH — K" + OH" (28)
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3.3 Model assumptions

The main assumptions are identified to support the physics model simulation

as follows:

1. The main physics model simulation for the PEC cell is at steady-state condition. In
contrast, only a few time-dependent (transient) conditions are used for comparison
purposes.

2. The system is isothermal. The temperature variation across the PEC cell is
relatively low because of the flowing of liquid electrolytes which is a good thermal
conductor.

3. The variations across the cell height are negligible to simplify the model. The 2-
dimensional model is sufficient.

4. The current collectors are treated as the interfaces between the electrode and
electrolyte that occurred electrochemical reactions. Therefore, the ohmic loss across
the current collectors is insignificant.

5. Butler Volmer equation is applied to describe the rate of electrochemical
reactions.

6. A laminar flow regime is used for fluid flow with controlled velocity. Flow in the
gas channel is weakly compressible and the flow in the electrolyte channel is
incompressible.

7. The effect of bubble formation is insignificant due to the short simulation time.
The effective crossover flux of gas species (CO, CO, H,, O, and N,) at the
electrochemical interfaces is negligible.

8. The GDEs are treated as homogeneous porous media of the gas diffusion layers
(GDLs) and the catalyst layers (CLs). Thus, the average porosity and permeability are

used to simulate.
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3.4 Modeling equations

The governing equations are applied in each domain to simulate mass
balance and transportation of species, and electrochemical kinetics of ionic charge
species from CO, RR in PEC cell. In section 3.4, the modeling equations and input

parameters are presented.

3.4.1 Photocurrent density
To decrease the electrical energy consumption for CO, utilization, solar
energy is provided in which the calculation of photocurrent density has calculated

based on the correlation with a wavelength of absorbed light, as expressed in Eq. (6).

i=qflzﬂd/1 Eq. (6)

where [ is the incident photocurrent density (A/m?)

q is elementary charge (1.6022x10°C)

A is the wavelength of absorbed light (m)

h is Planck’s constant (6.626x10°>* m?kg/s)
C is light velocity (2.998x10° m/s)
L is light transmission loss through the reactor materials
The correlation between the average electrode power density, electric
potential, and current density is described in Eqg. (7) which is integrated over the

boundary to set at the interface between the electrode and the current collector.

f(¢s - ¢s,ground)(i ) Tl)dS = Pang Eq. (7)

where Pavg is the average power density (W/m?)
A is the boundary area
Qs is the electric potential (V)
¢ is the ground potential of the cell (V)
[ is the current density vector (A/m?)

N is the normal vector of the boundary pointing into the domain
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Note that the boundary electric potential, ¢s,bnd is set as an initial value to
support during the discharge of a PEC cell which provides a maximum power level.
The decreasing of output power will occur when the power level over increasing of

current which leads to a loss more voltage.

3.4.2 Fluid flow

The continuity equation and Navier-Stokes equations are used to express the
mass conservation and species transport of momentum, respectively. The system is
assumed to be isothermal and a steady state.

1. Gas channel

The physics models for fluid motion in gas channel include laminar flow and
transport of concentrated species. The gas is assumed to be a weakly compressible
fluid. The overall mass and momentum conservation equations are expressed by Eq.
(8) and (9).

V- (pguy) =0 Eq. (8)

Pglg Vug =pgg —Vps + V- (ug(Vug + (Vuy)®)
2
= g,ug(V ‘ug )I) Eq. (9)

where P g is the gas pressure (Pa)

Pg is the gas density (kgem)

Uy is the velocity vector (mes™)

Ug is dynamic gas viscosity (kgem™*s)

g is gravitational acceleration (m%ss™)

[ is the identity tensor

Transport of concentration species consisting of CO,, CO, H,, H,O and N, for
cathode gas and O, H,O and N, for anode gas. The Maxwell-Stefan equation is
applied to define total mass flux species in mass conservation equation are

expressed by Eq. (10) and (11).
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Ven g =0 Eq. (10)

VM Vp
Nig = pgwlZDU [ M, (Va)] + w;j Mg > + (x] a)j)p—g‘g
+ pgUyw; Eq. (11)

where M; is the total mass flux of gas species
Wj is the mass fraction

Xj is the molar fraction

M

g is molar mass of gas mixture
Dij is the diffusion coefficient (m?s™)
The molar mass of gas mixture, Mg is defined as the sum of molar mass of
gases in the system, as shown in Eq (12).
My = xco,Mco, + XcoMco + Xu,Mp, + Xu,0Mp,0 Xn,Mn,
Eq. (12)
The diffusion coefficient of multicomponent can be determined using the

correlation of Fuller, Schettler, and Giddings, as shown in Eq (13).
371.75 1 )1/2
i)

Eqg. (13)
1/3 q
+v] )

where Dij is multicomponent diffusion coefficient (cm?s™)

Dij = p( 1/3
T is temperature (K)
D is the pressure (atm)

V; is the diffusion volume for molecule i

Mi is molecular weight of gas i (gemol™)

2. Gas diffusion electrode (GDE)
The physics models for reacting flow in GDE include Brinkman’s equation and

transport of concentrated species in porous media. The gas is assumed to be a
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weakly compressible fluid, the continuity of mass and momentum balance equations

are expressed by Eq. (14) and (15).

V- (pguy) =0Q Eq. (14)
1 T
PgUg " Vug =pgg —Vp, + V- [E (ug(Vug + (Vuy)

2 u
— Sug(V-ug )D] - (79) Uy Eq. (15)

where ) is the mass source term which presents in occurred electrochemical
reaction position.

& is porosity of GDE

T is tortuosity

K is permeability of the GDL or catalyst layer (m?).

For the continuity mass flux species, the equations are expressed by Eq. (16)

and (17).
V:nig =Rigy Eq. (16)
_ N peff |Mg VMg
Tli,g = —pgwi 2j=1 Dij IE (V(Uj + a)jM—g +
Vp
(x; — w)) p—;] + pgUgw; Eq. (17)

where R is the reaction rate of gas species
eff . , e : 2 1

Dij is the effective gas diffusion coefficient (m“ss™)
The effective gas diffusion coefficient of multicomponent can be determined

using the Bruggeman correction is shown in Eq (18).

Dl.ejff = 1°D;; Eq. (18)
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3. Electrolyte channel

For liquid electrolytes, the motion of incompressible fluid with laminar flow
in electrolyte channel. The overall mass and momentum conservation equations are
expressed by Eq. (19) and (20).

piV-u =0 Eq. (19)

pi(uy - Vw = prg = Vpl + V- ((Vuy + (V)" eq 20
where P is the liquid electrolyte pressure (Pa)

Py is the gas density (kgem™)

U; is the velocity vector (mes™)

g is dynamic gas viscosity (kgem™*s™)

To control the flow regime of fluid to be laminar flow, the inlet of fluid

velocity is identified from the Reynold numbers (Re) given by Eq. (21).

URe
= _pL Eq. (21)

where U is fluid velocity (mes™)
W is dynamic fluid viscosity (kgem™*s™)
Re is Reynold numbers (Re<2000)
L is characteristic length (m)

P is fluid density (kgem™)

3.4.3 Charge transport/ lonic migration

The mass transport of the dissolved species in the electrolyte or a
component in a gas mixture is balanced as shown in Eq. (22).
V-n; =R; Eq. (22)
where M; is the total mass flux of ionic species (mol/m?*s)
Ri is the term of reaction source/sink of ionic species
The Nernst-Planck equation is applied to examine species transport in terms

of diffusion, electric charge migration, and convection, as shown in Eq. (23).
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n; = —D;Vc; — zjug Fe;Vg, o + uc; Eq. (23)
The dissolved species in the electrolyte consist of CO,, K', HCO;, HY, OH,
CO,*, HCOO', CO, H, and O,.
where Dj is diffusion coefficient of dissolved species (m?s™)
C; is species concentration (molsm™)
Z; is charge number of dissolved species
Uy is species mobility of dissolved species (m%V'*s™)
Fis Faraday’s constant (96485 Coulombemol™)
@ ¢ is electrolyte potential (V)
Faraday’s law and Ohm’s law were applied to identify the charge balance in
the electrolyte channel, as shown in Eq. (24).

il,e = le ZiRi Eq. (24)

Due to the charge conservation as Eq. (25), the current of the electrolyte is
provided by Ohm’s law, as shown in Eq. (26):

e = F X 2i(=D;Ve; — Ziumi Fe; V) Eq. (26)

where il,e is the current density in the electrolyte (Asm™)
In the electrolyte channels, the electroneutrality condition is applied as

described by the following Eq. (27).
Y.zic; =0 Eq. (27)

In the membrane, H" is transferred from the anode to the cathode
compartment while the negative ions concentration is set as constant. Thus, the
species flux of electroneutrality and electric conductivity in the membrane are
expressed as Eq. (28) and (29).

N+ = —ZjUmiFc;Vo Eq. (28)

lm = —0mVie Eq. (29)
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where il,m is the current density in the membrane (Asm™)
01 m is ionic conductivity of membrane (Sem™)
For the electrodes, a gas mixture is transported by diffusion and convection
by following Eq. (30) and (31) in the cathode and anode, respectively.
n; = —pDVw; + puw; Eq. (30)

n; = —pDVw; Eq. (31)
Note that the gas species at the cathode and the anode consist of CO,, CO, H,, H,0,
and O,.
And the current density at the electrodes is imposed by Ohm'’s law, as shown
in Eq. (32).
lg = —0 Vs Eq. (32)
where is is the current density at the electrodes (Asm™)

Oy is electronic conductivity of electrodes (Ssm™)

3.4.4 Electrochemical kinetics

The kinetics of electrochemical reaction could be expressed using the Butler-
Volmer equation. The local current density of products (Ij5cqq) from CO, RR is given

by Eq. (33).

I; = k; [CR exp (a;;n) — Cp exp (_C;"'TFn) ] Eq. (33)

where ii is the local charge transfer current density for the reaction (Asm™)

ki is the kinetic pre-exponential parameter for specific reaction

Cp is reduced species expression

Cp is oxidized species expression

Q, is anodic charge transfer coefficient

Q- is cathodic charge transfer coefficient

R is the gas constant (8.314 Jemol *K™)

T is the operating temperature (K)
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1] is the overpotential (V)
The kinetic pre-exponential parameter (k) is obtained from laboratory

experiment set up where k; can be presented by a reference exchange current

density for specific reaction (l'lref). In addition, due to the rate reactions of CO, RR in
reactions (20) and (21) at the cathode, local concentration of CO, and Cj is defined
to be 0. The current densities transport of HCOO™ and CO are given by following Eq.
(34) and (35).

) __ .ref Cco, 2aycoo~F

'lHcoo™ = lycoo- CcoNy exp (— —ar NHCOO™ Eq. (34)
] .ref Cco, ( 2acoF )
icp =i, —=—exp|— Eq. (35)
co = teo oo R =7 co

where CCO2 is the CO, concentrations is to be reduced.
Cco,,ref is the reference CO, concentrations
The reactions (19) and (22) are mass transfer-independent, therefore the

current densities of H, and O, can be written as following Eq. (36) and (37).

. .ref 2apy,F

i, = Uy, €XP\— 5 NH, Eq. (36)
. .ref 2ap0,F

io, = ig, exp( W 7702) Eq. (37)

The overpotential (1]) of the species is given in correlation with cell voltage
as Eq. (38) or (39).
Veeu = (Eq — EZ) + (Ma +Mc) + Nonm Ea. (38)
n=ds-Pi- ¢, Eq. (39)
where Vg1 is cell potential (V)
Eg is equilibrium cell potential at anode (V)
Eg is equilibrium cell potential at cathode (V)

Nohm is ohmic drop

N is anodic overpotential
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¢ is cathodic overpotential
@sis electric potential (V)
@1is electrolyte potential (V)
qbo is equilibrium potential (V)
Therefore, the rate of electrochemical reactions at the interface od
electrodes expressed as Ri is shown in Eq. (40).
Vil

R: = — Eq. (40
' Nje F e 10

where V; is the stoichiometric coefficient of the species i in the reaction

N; e is the number of the electrons
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Parameters Symbol Value Unit Ref.
Operating conditions
Temperature T 298.15 K
Exit pressure P 101.33 x 10° Pa
Electric potential, initial value ¢s,bnd,int 1.5 V
Applied photocurrent density ol 1.0 Asm™?
Inlet electrolyte velocity U, 7.40 x 107 Mes™
Inlet gas velocity U, 7.40 x 107 mMes™
Geometric details
Cell length R 0.03
Cell height Heal 0.015
Gas channel width W, 1.50 x 102
Electrolyte channel width W, 1.50 x 107
GDE width W, 3.30 x 10 [87]
Membrane width W 1.83 x10™ m [88]
Gas properties
Gas viscosity Ug 1.665 x 107 Pass | [89, 90]
Gas density Py 1.410 kgern™ | [90, 91]
Inlet CO, mass fraction Wco, 0.56 -
Diffusion coefficient of CO,/CO Dco,co 9.14 x 10° | ms™
Diffusion coefficient of CO,/H, Dco,n, 3.20 x 10% | ms™
Diffusion coefficient of CO,/N, Dco,n, 9.21 x 10° | ms™?
Diffusion coefficient of CO,/O, D¢o,o, 8.96 x 10° | ms™?
Diffusion coefficient of CO,/H,0 Dco,n,0 112 x 10% | m%s?
Diffusion coefficient of CO/H, Dc¢on, 3.47 x 10% | mst
Diffusion coefficient of CO/N, Dcon, 1.08 x 10" | m%s!
Diffusion coefficient of CO/O, Dcoo, 1.06 x 10 mes!
Diffusion coefficient of CO/H,0 Dcow,o 1.29 x 10" | m%st
Diffusion coefficient of N,/H, Dy, n, 351 x 10% | ms™t
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Parameters Symbol Value Unit Ref.
Gas properties
Diffusion coefficient of N,/O, Dy,o0, 1.07 x 10 | mst
Diffusion coefficient of N,/H,0 Dy, 1,0 131 x 10* | ms’
Diffusion coefficient of H,/H,O Dy, 1,0 3.82 x 10% | ms!
Diffusion coefficient of O,/H,0 Do, n,0 1.29 x 10* | m?s?!
Electrolyte properties
Electrolyte viscosity, KHCO, Uy c 0.91 x 107 Paes [92]
Electrolyte viscosity, KOH Hiq 0.95 x 107 Paes [93]
Electrolyte density, KHCOs Pre 1030.00 kgem™ [94]
Electrolyte density, KOH Pra 1021.70 kgemn™ [93]
Initial KHCO; concentration CKHCOS 500.00 molem”
Initial KOH concentration CRoH 500.00 molem™
Initial H" concentration Cu+q 2.04 x 10" | molem?
Initial OH" concentration Col-a 500.00 molsm™

Anode '

Initial K™ concentration Cx+q 500.00 molsm™
Initial O, concentration Coya 1.00 x 10° | molem?
Initial CO, concentration Cco,,c 26.17 molem™
Initial CO5* concentration Ccoz-c 9.12x 10" | molem™
Initial HCO5™ concentration CHCos ¢ 484.00 molem”
Initial H* concentration Cathode | cp+ 2.49 x 10° | molsm?
Initial OH" concentration Conc 4.02 x 10* | molem™
Initial K" concentration Ck+ 485.82 molem™
Initial HCOO™ concentration CHCOO™ ¢ 1.00 x 10% | molem™
Initial CO concentration Cco,c 1.00 x 10® | molem?
Initial H, concentration Ciya 1.00 x 10® | molem™
Diffusion coefficient of CO, Do, 191x 107 | mos?
Diffusion coefficient of CO5” Depz- 9.23x 107" | m?s’ [95]
Diffusion coefficient of HCO5 Dycoz 1.19 x 107 mes™
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Parameters Symbol Value Unit Ref.
Electrolyte properties
Diffusion coefficient of H* Dy+ 9.30 x 10° mZes™
Diffusion coefficient of OH Doy~ 530 x 107 | m%s? [95]
Diffusion coefficient of K* D+ 1.96 x 107 mZes™
Diffusion coefficient of HCOO Dicoo- 1.50 x 107 m2es™
Diffusion coefficient of CO Dco 2.0% x 107 m2es’!
[96]
Diffusion coefficient of H, DH2 4.5 x 107 mZes™
Diffusion coefficient of O, DO2 2.01x 107 mZes™
Membrane properties
Diffusion coefficient of
Dy+m 9.30 x 107 mZes’! [97]
membrane X
lonic conductivity of
Om 1.30 Sem’* [98]
membrane
Membrane activity Ch*m 1.00 x 10° | molem™ | [99]
Electrode properties
Resistivity of TiO, Anode Rzio, 3.00 x 107 Qem? [100]
Resistivity of SnO, Rsno, 6.67 x 10 Qm” | [101]
Electrode conductivity of
o, 100.00 Semn’! [95]
electrode
Cathode
Porosity of electrode GDE & 0.66 -
[69]
Porosity of catalyst layer £l 0.40 -
Permeability of electrode GDE K, 2.49 x 10712 m?
Electrochemical reaction kinetic parameters
Anode E9, 0.82 V vs NHE
Equilibrium potential of half- Elcoo- -0.61 V vs NHE .
96
cell reaction Cathode E2, -0.53 V vs NHE
EQ, 0.41 V vs NHE
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Parameters Symbol Value Unit Ref.
Electrochemical reaction kinetic parameters
Equilibrium potential of half- Anode Eg2 0.82 V vs NHE
cell reactions Egcoo— -0.61 V vs NHE
Cathode Ego -0.53 V vs NHE
Ef, -0.41 V vs NHE
Exchange current densities Anode igjf 1 Aern?
V- 433x107 | Aem? o
Cathode | ird 1.40 x 10 Aemn
B 691x107 | Asm?
Transfer coefficients Anode @, 0.5 -
Aricoo- 0.472 -
Cathode Aco 0.1946 -
ay 0.3182 :




Chapter 4
RESULTS AND DISCUSSION
The behavior of the PEC CO, RR is simulated using the physics model
described in the previous section. Apart from isothermal and steady-state conditions,
the simulation of time-dependent (transient) conditions was applied to compare the
efficiencies of different PEC CO, RR systems. Many factors were identified to derive
the excellent efficiency of PEC CO, RR for scaling up CO, RR in industrial production.
Consequently, this study aims to evaluate some of the variables affecting PEC cells

for CO, RR to derive the optimum performance.

4.1 Physics model validation

Prior simulation, the physics model should be validated to achieve the
simulation of electrochemical CO, RR with high accuracy. The reducing discrepancy

of the faradaic efficiency of HCOO™ (FE ) between the experiment and physics

HCOO™
model was performed by setting the controlled variables similarly. For example, cell
configuration, operating temperature and pressure, pH of electrolytes, and the ratio
of gas to liquid feeding (G/L). The accuracy of the physics model for electrochemical
simulation was investigated following the correlation of FE and absolute cell voltage
|Eceu| curve. The FEHcoo’ at various |E.| between 1.5 V and 3.5 V, which were
obtained from simulation of 2-dimensional MFC configuration, were compared with

the experimental data reported in the literature under similar operating conditions as

shown in figure 23
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o @ Experiment E. letrm et al. (2017) [84]

FE oo (%)
=
o
29

Physic model

10 o e Trend line (Physic model)

1.5 2 2.5 3 3.5

|Ecell] (V)

Figure 23. Comparison between the faradaic efficiencies of CO, RR to HCOO

(FEHCOO_) at various cell voltages, |E.o|, between 1.5 V and 3.5 V as predicted from

the physics model and experiment data reported in the literature, under similar

operating conditions.

Validation of the physics model was actualized by comparing the results
performance with the experimental data of I. E. Irem et al. [84], as shown in table 16.
For MFC configuration, Sn based GDE cathode was used as a working-electrode
operated under non-illuminated condition. The cause of fluctuation in product
distribution of CO, RR depending on cell voltage can be described through the
electrochemical process. When bias voltage applied on anode surface, the electrons
would be excited across the energy band gap of the anodic semiconductor. It was
found that the bottom of the conduction band (CB) and the top of the valence band
(VB) would be possessed by electrons and holes, respectively. The recombination of
electrons and holes could reveal on the anode. In contrast, the excited electrons
would be transferred to react with CO, on the cathode surface while oxidized holes
would provide OER on the anode surface when applied energy reached the
equilibrium overpotentials.

Figure 23 shows the effect of cell voltage on product distribution of CO, RR

which was presented by FE . The electrochemical CO, reduction on the cathode

HCOO
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surface can be observed when the absolute applied cell voltages are higher than 1.5
V ([Eeey| = 1.5 V). The gradually increasing of FE oo 1 observed when the low
voltages (1.5V <|E. < 1.8V) were applied due to activation polarization. The
overpotential when applying low voltages was derived from activation energy which
is the minimum energy required for a chemical reaction. Consequently, the FEHcoo’
disappears at the beginning of the activation polarization, in which activation
overpotential was less than the equilibrium potential of CO, RR to HCOO'". Then, the
FEHcoo‘ is simultaneously increased to a maximum value when applied higher
voltages (1.8V < |Eoy| < 2.8V) because the energy for absorbed CO, reduction on the
cathode to HCOO™ was enough. However, the FEHcoo’ is sligshtly decreased when the
applied voltages become higher than the maximum point (|E.y| < 2.8V) because the
overpotential for CO, RR is derived by CO, concentration on the cathode surface.
The concentration overpotential is the potential gradient between the bulk (diffusion
layer) and cathode surface which has different CO, concentrations between two
positions. When CO, concentration on the cathode surface decreased, FEHCOO would
be decreased. In addition, the competition of HER would be increased when applied
higher voltages.

It can also be seen that, the deviation of FEHcoo' from the physics model
against experimental data shows a good agreement. The accuracy of the physic
model in predicting the results was examined using the root mean square error
(RMSE) which is equal to 3.36%. Therefore, validation of the physics model from
COMSOL Multiphysics was confirmed for analysis of the variables affecting PEC cell
for CO, RR to HCOO'.

Regarding the activation and concentration polarizations, the ohmic
polarization also affected the performance of PEC cell. The ohmic polarization is

derived from the resistivity of the components such as ion-exchange membrane,

electrolyte, and electrode effects on electric limitation. For this reason, the different



85

PEC cell configurations were simulated to define the optimum configuration in order

to provide a proper environment for CO, RR to HCOO'.

4.2 Arrangement of PEC cell configuration

To evaluate the effect of the arrangement of PEC cells on cell performance,
different PEC cell configurations consisting of MFC, MEAFC, and MFC with a zero-gap
anode were simulated under specific controlled variables. As the results of the
physics model validation, the cathodic polarization of electrochemical CO, RR under
dark conditions appeared when cell voltage was applied more than 1.5V, (|E.| > 1.5
V). Then the illuminated simulation on TiO, photoanode was controlled under 1.5 V
of boundary electric potential initial value, ¢S,bnd,int and 1.0 mAscm? of
photocurrent density. Formate (HCOO) is a liquid product from CO, RR which was

concerned with the simulation of PEC cells for CO, RR.
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Species HCOOc:  Surface: Concentration (malim?)

T ‘ 0.36 molsm™

Species HCOOc:  Surface: Concentration (mol/m®)

0.32 molem™

| (b) MEAFC

15 10 5 0 5 10 15 mm

Species HCOOc: Surface: Concentration (molim’)

1.68 molem™

[(c) MFC with a zero-gap anode

5

20 15 -10 5 10 15 20 mm

Figure 24. Concentration of HCOO on the cathode surface of different PEC cell
configurations including (a) MFC, (b) MEAFC, and (c) MFC with a zero-gap anode, with

d)s,bnd,int at 1.5V and 1.0 mA«cm photocurrent density on the TiO, photoanode.
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The simulation of PEC CO, RR using COMSOL Multiphysics in this work mainly
applied steady-state condition, while a few time-dependent simulations were
required for comparison purposes.

From figure 24, the concentration gradient of HCOO', occurring on the
interface between the catholyte channel and cathode GDE, was obtained from
different configurations of PEC cells. The initial concentration of HCOO™ appears on
SnO,-GDE and tends to decrease at the domain of electrolyte. The HCOO™ is
diminished because the attraction of negative ions and positive ions in an aqueous
solution provides the production of HCOOH (formic acid) and HCOOK (potassium
formate). Under similar controlled operating conditions, the outlet HCOO
concentrations on the interface between the catholyte channel and cathode GDE
were 0.36 molem™, 0.32 molem™>, and 1.68 molsm™ obtained from MFC, MEAFC, and
MFC with a zero-gap anode, respectively.

The MFC, MEAFC, and MFC with a zero-gap anode were simulated and
evaluated the performance through CO, conversion (XCOZ), product selectivity (S),
faradaic efficiency (FE%) and energy efficiency (EE%) as shown in figure 25 to 27,

respectively.

0.25 0.23

0.20 0.17

CO, conversion

0.05

0.00
MFC MEAFC MFC with a
zero-gap anode

Figure 25. CO, conversion, Xc5 , of different PEC cells configurations with applied

s bnd int at 1.5V and 1.0 mAscm™ photocurrent density on the TiO, photoanode.
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From figure 25, Xco, derived from direct gaseous CO, feeding should be
higher than that of the dissolved CO, feeding because of the limitation of mass
transfer. However, the highest 0.23 of X, ~ was obtained from the MEAFC
configuration because assumption of the saturated CO, in KHCO; solution could
supply the maximum dissolved CO, under the condition at which the solution exists.
Thus, the initial concentrations for saturated CO, in 0.5 M KHCO; were set to be in
instant equilibrium. In contrast, the low value of X, derived from MFC and MFC
with zero-gap anode configurations were calculated from simulation results of
transportation of gaseous CO, through a porous media. Besides, the adding
concentration of CO, for gas phase diffusion resulted in decreasing overall
conversion. For this study, only a few seconds were simulated due to the limitation
of memory requirement, thus, the residence time was too short to convert CO,. The
comparison of X, from different PEC cell configurations with different fed positions
cannot be concluded. Therefore, the other indicators were presented to evaluate

the cell performance.

0.7

06 0.62
0.6 0.54
0.5
. 037 0.4
2 .
5 04 0-35 | HCoo
k]
9 03
3 m O
02
H
2
0.06
0.1 0.03 0.03
0
MFC MEAFC MFC with a

zero-gap anode

Figure 26. Product selectivity, S, obtained from different PEC cells configurations
with ¢s,bnd,int at 1.5 V and 1.0 mA.cm? photocurrent density on the TiO,

photoanode.
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SHcoo’ derived from the MFC and MFC with zero-gap anode configurations are

higher than S derived from the MEA configuration as shown in figure 26. The

HCoO™
feeding of gaseous CO, could solve the limitation of mass transfer. Although X o,
derived from MEAFC configuration is high, the SHCOO_ derived from MEAFC
configuration is low due to the competition of other reduced species, especially 0.54
of 5, and 0.06 of S¢o. The 0.62 of 5, - derived from MFC with a zero-gap anode is

higher than that of MFC due to low resistance between two electrodes, which causes

enough overpotential for activating the electrochemical reactions.

100
80
60
HCOO
40 u
20 192 485 mco
295 291
23 220 H,
0
FE(%) EE(%) FE(%) EE(%) FE(%) EE(%)
MFC MEAFC MFC with a

zero-gap anode

Figure 27. FE (%) and EE (%) of different PEC cells configurations with applied

s pnd int at 1.5V and 1.0 mAscm photocurrent density on the TiO, photoanode.

From figure 27, the highest FE, oo of 68.6% was obtained from the MFC
with zero-gap anode configuration because it was designed to overcome the
limitation of mass transfer and ohmic overpotential loss by integrating half-cell of the
MFC and MEAFC configurations. The half-cell of MFC configuration is applied on the

cathodic compartment to increase CO, concentration, while the half-cell of the

MEAFC configuration is applied on the anodic to reduce ohmic loss. The FEHCOO_ of

58.1% and 44.9% obtained from the MFC and MEAFC are lower than that of the MFC

with a zero-gap anode due to the fact that the ohmic polarization or potential drop
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occurs as a result of product reduction performed from film covering on the cathode

surface.

The EEHCOO_ is the ratio of thermoneutral energy to applied energy of FE%,
hence, EE% is directly proportional to FE%. The EEHCOO_ of MFC, MEAFC, and MFC
with a zero-gap anode were 51.1%, 39.5%, and 60.4%, respectively.

The PEC cell for CO, RR to HCOO™ should provide high Xco, and SHCOO, for

saving capital costs as well as high FEHcoo’ and EEHCOO for saving operating cost.
Under controlled similarly operating conditions, the MFC with a zero-gap anode
configuration was chosen as a PEC cell simulation. Besides, other variables affecting

cell performance were also studied to improve the performance of PEC cells.

4.3 Light intensity

To evaluate the effect of energy consumption on cell performance, light
intensity (mWscm™) was applied in a form of photocurrent density of 0.1, 0.5, 1.0, 5.0,
10.0, and 15.0 mA«cm™ with specific boundary electric potential initial value. The
MFC with a zero-gap anode was simulated at various current densities to evaluate
the XCOZ, S, FE%, and EE% as performance indicators.

0.25
0.20 e d
0.15

0.10

CO, conversion

0.05

0.00
Q 3 6 9 12 15

Current density (mA cm™)

Figure 28. CO, conversion, Xco2r obtained at various applied current densities using

MFC with a zero-gap anode with ¢S,bnd,int at 1.5V on the TiO, photoanode.
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The overpotential of the working cathode should be directly proportional to
the amount of applied current density. The excited electrons derived from the
activation of applied bias would be transferred to reduce CO, on the cathode
surface. Then, a constant increase of X, was demonstrated when higher current
densities were applied to TiO,-photoanode as shown in figure 28. From the results,

0.19 of Xco, Was achieved when 15 mAscm™ of current density was applied.

0.80
0.60 o
cedl@ueseprrririaese
2 g - :
£ 040 @ .8 @ HCOO
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v ® ® CO
0.20
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0.00 ... """""""""""" L bl S b AR L J
0 3 6 9 12 15

Current density (mA cm™)

Figure 29. Product selectivity, S, obtained at various applied current densities using

MFC with a zero-gap anode with ¢s,bnd,int at 1.5 V on the TiO, photoanode.

Figure 29 reveals the product distribution of CO, reduction at various applied
current densities. When current densities were applied to TiO,-photoanode enough

to activate CO, RR, S, _and S, increased dramatically to the highest value. In

HCOO
contrast, SHZdecreased dramatically when CO, RR occurred. Then, the depletion of
CO, on the cathode surface caused the competition of HER and decreasing CO,
reduction. Therefore, the optimum applied current density required for CO, RR to

achieve high SHcoo’ was 0.6 when 1.0 mAscm of current density was applied.

The results given above can use to insist on the dependence of CO,
concentration on the active interface (three-phase boundary) of reaction kinetics of
CO, reduction, as described in mass-dependent equation of Butler-Volmer shown in

Eqg. (34) and (35). Besides, the reaction kinetics of HER were independent of CO,
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concentration, as described in mass-independent equation of Butler-Volmer shown in

Eqg. (36).
: -ref Cco, ( 2agcoo—F )
l -=1 - X i — - Eqg. (34)
HCOO HCOO Ccopres RT NHcoo g
. .ref Cco, ( 2acoF )
l =1 —ex — Eq. (35
co €O Ceo, rer =y co q. (35)
. .ref _2ap,F
in, = iy, exp T, Eq. (36)
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Figure 30. FE (%) obtained at various applied current densities using MFC with a

zero-gap anode with applied |E.| at 1.5 V on the TiO, photoanode
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Figure 31. EE (%) obtained at various applied current densities using MFC with a
zero-gap anode with applied |E.y at 1.5 V on the TiO, photoanode.
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The FE% can be derived from the amount of energy to drive electrochemical
production. However, FE% of the product displays a similar trend as selectivity due
to the electrons which are transferred to reduce CO, on the cathode being directly
proportional to the applied current density. The EE% is constant with respect to FE%
so the deviations of FE%, and EE% from applied various current densities show
similar trends in figures 30 and 31. Therefore, when 1.0 mAscm™ of current density
was applied, the highest values of 68.7% of FEHCOO_ and 60.4% of EEHcoo’ were

obtained.

4.4 PEC cell length

To evaluate the effect of the surface area of PEC cell on cell performance,
PEC cell lengths of 1.0, 1.5, 3.0, 4.0, 6.0, 8.0, and 10.0 cm were varied with specific
controlled PEC cell height. The MFC with a zero-gap anode was simulated at various

PEC cell lengths to evaluate the XCOZ, S, FE%, and EE% as performance indicators.

0.24

0.22

0.20 PR S——-
0.18

0.16

CO, conversion
o)

0.14
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Figure 32. CO, conversion, Xco, obtained at various PEC cell length using MFC with
a zero-gap anode with @g png int at 1.5V and 1.0 mAscm™ photocurrent density on

the TiO, photoanode

From figure 32, the various cell lengths were simulated to observe the effect
on X, . The results show that the increase X, ranged from 0.11 to 0.21 when the
co, €0,

cell length was increased from 0.1 cm to 1.0 cm. The increasing cell length can
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provide a larger surface area to absorb CO, on the electrode surface for

electrochemical reactions.
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Figure 33. Product selectivity, S, obtained at various PEC cell length using MFC with
a zero-gap anode with ¢s,bnd,int at 1.5 V and 1.0 mAs«cm™ photocurrent density on

the TiO, photoanode.
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Figure 34. FE (%) obtained at various PEC cell length using MFC with a zero-gap
anode with @g png ine at 1.5V and 1.0 mAscm? photocurrent density on the TiO,

photoanode.
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Figure 35. EE (%) obtained at various PEC cell length using MFC with a zero-gap
anode with d)s,bnd,int at 1.5 V-and 1.0 mAscm™ photocurrent density on the TiO,

photoanode.

However, the lack of average CO, concentration could occur when the longer

PEC cell was used, resulting in continuous decreasing S , FE ~and EE _as
HCOO” * ~HCOO HCOO

shown in figures 33 to 35, respectively. Another problem is the increase of the HER
which can produce H,, regardless the concentration of ion species in the cell. Hence,
diminished average CO, concentration and competition of HER would decrease the

current density for HCOO™ formation which is the cause of decreasing S, | FE )
HCOO’ ~ ~HCOO

and EE -
HCOO

According to above results, the minimum PEC cell length with acceptable
Xco, is essential to define for PEC CO, RR simulation. The minimum PEC cell length
for this study which still obtains high FE% and EE% for HCOO™ production is required.

At 1.5 cm of PEC cell length achieved 0.17 of XCOZ, 0.57 of SHcoo” 63.3% of FEHcoo”

and 55.7% of EEHCOO,.Thus, the other geometric variables of the PEC cell were

studied to guide the scaling-up PEC cell for CO, conversion industry.
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4.5 Gas channel width

To evaluate the effect of geometric configuration of the PEC cell on cell
performance, gas channel widths of 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 mm were
varied with a specific controlled surface area of the PEC cell. The MFC with a zero-
gap anode was simulated at various PEC cell lengths to evaluate XCOZ, S, FE%, and

EE% as performance indicators.

surface: Velocity magnitude (m/s)

@ R

15 10 5 ) 5 10 15 20 mm 4 2 [ 2 4 6 8 10 mm

Figure 36. (a) The flow velocity and (b) mole fraction of CO, inside the gas channel
with the width, W, of 2 mm, using MFC with a zero-gap anode with @g png int at 1.5
V and 1.0 mAscm™ photocurrent density on the TiO, photoanode.

From figure 36(a), the outlet boundary of the gas channel was set as a fully
developed laminar flow to sustain the continuous flow of gas in the channel. The
mole fraction of CO, inside the gas channel can be used to evaluate the diffusion of

CO, from the gas channel to the active site on the GDE, as shown in figure 36(b).
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Figure 37. CO, conversion, XC02 and inlet gas velocity at various gas channel widths

using MFC with a zero-gap anode with g pngine at 1.5 V and 1.0 mAscm™?

photocurrent density on the TiO, photoanode.

Figure 37 presents the effect of variation of gas channel widths on the inlet

gas velocity. When wider gas channels were simulated, the inlet gas velocity was

lowered. The decreasing inlet gas velocity provided longer residence time for

electrochemical reactions which resulted in an improvement of XCOZ. For this reason,

Xco, Was increased when wider gas channel was simulated, as shown in figure 37.

Xco, of 0.24 as obtained when 8 mm of gas channel width was used for simulation.
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Figure 38. Product selectivity, S, obtained at various gas channel widths using MFC
with a zero-gap anode with @gpnaint at 1.5 V and 1.0 mAscm? photocurrent

density on the TiO, photoanode.
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Figure 39. FE (%) obtained at various gas channel widths using MFC with a zero-gap
anode with @g png ine at 1.5V and 1.0 mAscm? photocurrent density on the TiO,

photoanode.
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Figure 40. EE (%) obtained at various gas channel widths using MFC with a zero-gap
anode with d)s,bnd,int at 1.5 V-and 1.0 mAscm™ photocurrent density on the TiO,

photoanode.

From figures 38 to 40, the high value of S ., FE _and EE _were
HCOO HCOO HCOO

obtained when a narrow gas channel was used for PEC CO, RR. When a narrow gas
channel was used, faster inlet gas velocity appeared, which could enhance the CO,
concentration on the active surface. Hence, the accumulation of CO, on the active

area motivated the increase of current density and rate of reaction. In addition,

S , FE _and EE _ tended to decrease when using the wider gas channel,
HCOO HCOO HCOO

which the diffusion and accumulation of CO, on the active area are low.

However, the reaction kinetics were independent of CO, concentration on the
active interface when narrower gas channel was used, which provided very fast inlet
gas velocity.

Consequently, the optimum gas channel width for this study is required to

achieve high 5 ., FE . and EE . with acceptable X, . Using the gas

channel width 1.5 mm achieved 0.17 of Xcoz, 0.60 of SHcoo” 68.7% of FEHcoo” and

60.4% of EEHcoo" Next, the effects of various electrolyte channel widths were

analyzed on PEC cell performance.
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4.6 Electrolyte channel width

To evaluate the effect of the geometric configuration of the PEC cell on cell
performance, electrolyte channel widths of 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0, and 8.0 mm
were varied with a specific controlled surface area of the PEC cell. The MFC with a

zero-gap anode was simulated at various electrolyte channel widths to evaluate

Xco., S, FE%, and EE% as performance indicators.
2
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Figure 41. CO, conversion, XCOZ, and inlet electrolyte velocity at various electrolyte
channel widths using MFC with a zero-gap anode with @ png ine at 1.5 V and 1.0

mAscm? photocurrent density on the TiO, photoanode.

Figure 41 presents the variation of electrolyte channel width effects on the
inlet electrolyte velocity. When wider electrolyte channels were simulated, the inlet
electrolyte velocity was lowered. Decreasing inlet electrolyte velocity provided
longer residence time for electrochemical reactions which resulted in improvement
of Xco,- For this reason, X, was increased when wider electrolyte channel was
simulated, as shown in figure 41. X, of 0.21 was obtained when 8.0 mm of

electrolyte channel width was used for simulation.
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Figure 42. Electrolyte potentlal inside catholyte channel with the width, W, of 2
mm, using MFC with a zero-gap anode with g pngint at 1.5 V and 1.0 mAscm™?

photocurrent density on the TiO, photoanode.

The rate of electrochemical reaction is given by Eq. (40) derived from the
local current density and overpotential which are described in the Butler-Volmer

equation as following Eq. (33) and (39).
. aqgFn —a-Fn
l-=k-[C ex (—)—c ex( )] Eq. (33
[ i |[“R p RT o p RT a. (33)

n=¢s- - ¢, Eq. (39)
_ Vil
R; = — Fq. (40)

From figure 42, the electrolyte potential ((]5 1) inside the catholyte channel
decreased along the cell length which was in line with the rate of reaction according
to the rate of the electrochemical reactions and are described as a function of the
overpotential (1).

In addition, charge transport which is described in the Nernst-Planck’s
equation resulted from the diffusion, migration, and convection of ionic species as
shown in Eq. (22) and (23). Therefore, the electrolyte width that affects the rate of
ionic diffusion also affects the rate of electrochemical reactions.

V-n; =R; Eq. (22)
—D;Vc; — ziug i Fe;Vg, o + uc; Eq. (23)
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Figure 43. Product selectivity, S, obtained at various electrolyte channel widths
using MFC with a zero-gap anode with ¢s,bnd,int at 1.5 V and 1.0 mAs«cm™

photocurrent density on the TiO, photoanode.
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Figure 44. FE (%) obtained at various electrolyte channel widths using MFC with a
zero-gap anode with @g pna ine at 1.5 V and v photocurrent density on the TiO,

photoanode.
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Figure 45. EE (%) obtained at various electrolyte channel widths using MFC with a
zero-gap anode with g png ine at 1.5 V. and 1.0 mAscm™ photocurrent density on

the TiO, photoanode.

From figures 43 to 45, the high values of S, | FE _and EE _ were

HCOO HCOO HCOO
obtained when a narrow electrolyte channel was used for PEC CO, RR. When narrow
electrolyte channel was used, faster transport of ionic species appeared which could
enhance the rate of electrochemical reaction. The average CO, concentration also

motivated the increase of partial current density and rate of electrochemical

reactions. However, S I EE = _ tended to decrease when using
HCOO HCOO HCOO

wider electrolyte channel. Therefore, the H, competition increased when using wider
electrolyte channel which provided lower transport of ionic species. These results
can be concluded that the ohmic loss increased when wider electrolyte channel was
used.

Consequently, the maximum electrolyte channel width for this study is
required to achieve high S FE and EE . with acceptable X, . Using

Hcoo™’ HCOO"

electrolyte channel width of 2.0 mm achieved 0.18 of X " 0.59 of SHcoo” 67.0% of

FE _, and 59.0% of EE .
HCOO HCOO

According to the simulation results of PEC cell, it is evident that the

arrangement and geometric design of cell components play important roles in the
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cell performance. The reasons for performance variation are derived from the
overpotential of activation energy, CO, concentration on the active site, and
resistivity of each component. Thus, the optimum geometric design of a specific

system should be concerned to achieve the maximum performance of the PEC cell.



Chapter 5
CONCLUSIONS

5.1 Conclusions

In this study, a simulation of CO, utilization was performed through a 2-

dimensional PEC cell applying the physics model in COMSOL Multiphysics. The

numerical analysis from COMSOL Multiphysics assembled physics models which

included tertiary current distribution (TCD), secondary current distribution (SCD),

laminar flow, and transport of concentrated species in porous media described the

behavior of the PEC process for CO, RR to CO and HCOO'.

Besides, the aim is to evaluate the affecting variables of PEC cells through

physics model simulation; thus, a steady-state and a few time-dependent conditions

were simulated. After the simulation of specific systems, it was found that the results

of the present study can be concluded as follows:

1.

MEAFC configuration provides the value of X, higher than that of MFC and
MFC with zero-gap anode configurations because the MEAFC feeding is a
reactant in form of saturated CO, in 0.5 M KHCO; while adding a
concentration of gaseous CO, of MFC and MFC with a zero-gap anode can
decrease overall conversion.

The MFC with a zero-gap anode configuration which is designed to overcome
the mass transfer limitation of MEAFC configuration and ohmic loss
polarization of MFC configuration. Therefore, this design configuration
provides high values of the product selectivity, FE, and EE of CO, RR.

Applied current density not only directly affects Xco, but also directly affects
product selectivity, FE, and EE of CO, RR of the activation of applied bias
would excite electrons to reduce CO, on the cathode surface. However, the
excess applied current densities cause product selectivity, FE, and EE of CO,

RR tended to decrease due to the competition of HER.
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4.The optimum PEC cell length should be concerned, although longer cells
can provide the increase in X from a larger surface area for
electrochemical reactions. In contrast, when the PEC cell length is too long, it
can cause a diminished average CO, concentration in the cell which results in
continuously decreasing product selectivity, FE, and EE of CO, RR.

Similarly, the optimum width of the fluid channels should be concerned. The
wider fluid channels can improve X, from a longer residence time for
electrochemical reactions. Regarding the product selectivity, FE, and EE of
CO, RR tends to decrease when using wider fluid channels since the loss of

ohmic from the product accumulation on the electrode surface.

5.2 Recommendations for the future work

1.

Investigate the effect of the pH of electrolyte solution to estimate the
optimal electrochemical environment for CO, RR to CO and HCOO'.

Investigate and simulate another type of ion-exchange membrane for the PEC
cell model, such as an anion exchange membrane (AEM) and bipolar
exchange membrane, to determine the best performance of PEC cell for CO,

RR to CO and HCOO'.



APPENDIX

Appendix A: Calculation of diffusion coefficient of multicomponent

The diffusion coefficient of the multicomponent can be determined using the

correlation of Fuller, Schettler, and Giddings, as shown in Eq (13) [69].

10_3T1'75<i + i) 1/2
]

D M;  M;
ij p(vi1/3 +Vj1/3) Eq. (13)
where Dij is multicomponent diffusion coefficient (cm?ss™)
T is temperature (K)
D is the pressure (atm)
V; is the diffusion volume for molecule i
Mi is molecular weight of gas i (gemol™)
Table 14. The diffusion volume for molecule i
Parameters of gas i Symbol Value Unit Ref.
Molecular weight of CO, Mo, 44.01 gernol’?
Molecular weight of CO Mo 28.01 gemol*
Molecular weight of H, MH2 2.02 g-mol'1 [102]
Molecular weight of N, My, 28.01 gemol™
Molecular weight of O, M,, 32.00 gemol’
Molecular weight of H,0 My,o0 18.02 gemol’
Diffusion volume of CO, Vo, 26.9 cm’smol™
Diffusion volume of CO VUco 18.9 cm’smol™?
Diffusion volume of H, Un, 6.12 cmsmol? [69]
Diffusion volume of N, Un, 17.9 cm’smol™*
Diffusion volume of O, Vo, 16.6 cm’smol™
Diffusion volume of H,O Un0 12.7 cm’smol™




The multicomponent diffusion coefficients, Dij are defined as using Eq. (13).

1/2
1 1
10‘3(298.151-75)(— + —)

Dco,co = (26.91/3:1;;;1 /32;‘01 - 9.14 x 10° m’s’!
10'3(298.151'75)(ﬁ + i) 2 Y
DCOZHZ = (26.91/3%'121/3) =3.20 x 107 m%ss
10'3(298.151'75)($ + ﬁ) V2 L
DCOZNZ = (26_91/3”7.91/3) = 9.21 x 107 m%es
10_3(298.151'75)(ﬁ+$) ¢ y
DCOZOZ = (26.91/3“6.61/3) =1.12 x 107 m%ss
10‘3(298.151'75)(L + L) 3
10'3(298.151'75)(ﬁ + i) s N
DCOHZ = (18.91/3%.121/3) = 3.47 x 107 m%es
10’3(298.151'75)($ + ﬁ) U Y
DCONZ = (18_91/3“7.91/3) = 1.08 x 107" m“es
10_3(298.151'75)($+$) = 29
DCOOZ = (18.91/3”6.61/3) = 1.06 x 107 m“es
10_3(298.151'75)($ + ﬁ) i L
Dcon,o = D = 1.29 x 10 m’s
10’3(298.151'75)($ + i) 2 Y
DNZHZ = (17_91/3%.121/3) =351 x 107 m"es
10’3(298.151'75)($+$) /2 Y
Dy,o0, = o on60) = 1.07 x 107 mPes
10’3(298.151'75)($+$) /2 Y
DNZHZO = (17_91/3“2.71/3) =3.82 x 107 m"es
10’3(298.151-75)($ . @) 2

= _ 42, -
Dy, H,0 = (o1 oe107)) = 3.82 x 10" m%s
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1/2
1 1
10‘3(298.151'75)(— + —)
32.00 18.02

— _ -4 2,1
Do,u,0 = Georio ) = 1.29 x 10 m?s

Appendix B: Calculation of permeability of GDE
The permeability of GDE is the average permeability of a porous medium
consisting of a catalyst layer (CL) and a diffusion layer (GDL). The predicted model of
Tomadakis-Sotirchos is used to identify the permeability of GDE as following Eq. (41)
[69].
e (e-£p) ¥+ 2 1}

= 8in2e (1-¢&p)%[(a+1)(e—&p)]? Eq. (41)

where K is the average permeability of the porous medium
& is the average porosity
Ep is the percolation threshold porosity (€, = 0.11)
Q Is the fitting parameter for trough-plan diffusion (& = 0.785)

T¥ is the carbon fiber radius (Tf: 4.6 x 10 m)
Besides, the average porosity of GDE can be defined following Eq. (42).

Eclt Eqdl
€= —I= Eq. (42)
2
where &, is the porosity of catalyst layer (E; = 0.4)
Egalis the porosity of gas diffusion layer (Sgdl = 0.663)

Therefore, the parameter values are substituted to specify the average

permeability of the porous medium as follows.

0.4+0.663
E =——=0.5315

0.785+2 o 2
0.5315  (0.5315-0.11) (4.6 x 10~ m)

= 0.785 2
8ln“(0.5315) (1-0.11) [(1-0.11) (0.5315-0.11)]

K = 247 x 102 m?
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Appendix C: Calculation of fluid velocity

The flow regime of fluid is assumed to be laminar flow which depends on

the range of Reynold’s number (Re). The correlation between the inlet of fluid
velocity and Re is identified as following Eq. (21).
URe

u = Eqg. (21
oL g. (21)

where U is fluid velocity (mes™)

W is dynamic fluid viscosity (kgem™*s™)

Re is Reynold numbers (Re<2000)

L is characteristic length (m)

P is fluid density (kgsm™)

However, the characteristic length, L replies to the geometry of reactors. The
fluid flow channels of the 2-dimensional model of PEC are designed to be
rectangular ducts so L can be defined from the hydraulic diameter, Dh as Eq. (43).

4ab _ 2ab
2(a+b) "~ a+b

Dy = Eq. (43)

where @ is channel width and is b channel height (m)

For electrolyte channels, the hydraulic diameter,Dh defined as:

2(0.0015 m x0.015 m)

D _ - 0.0027 m
h.elec = 4 1015 ms0.015 m

|

Weiee = 0.0015 m

HCE” =0.02m

The inlet of electrolyte velocity when Re < 2000:

HiRe

PiDhelec
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(1.07 x 10° kg'm *s™)(2000) »
= 0.8 mes

u =
elec (1030 kg"m™)(0.0027 m)

Also, the inlet of electrolyte velocity, Ugjec is set to less than 0.8 mes™ to
control the laminar flow regime of the electrolyte.

For gas channel, the hydraulic diameter,Dh defined as:

2(0.0015 m x0.015 m)

D = = 0.0027 m
h,gas 0.0015 m+0.015 m

Wyqs = 0.0015 m

HCE” =0.015m

The inlet of gas velocity when Re < 2000:

/,LgRe

Eq. (45)
PgDPh.gas

Ugas =

(1.665 x 10° kg*m s 1)(2000) y
= 8.7 mes

u =
gas (1.410 kg'm™)0.0027 m)

Also, the inlet of electrolyte velocity, Ugqgs is set to less than 8.7 mes™ to

control the laminar flow regime of the electrolyte.
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Appendix D: Calculation initial concentration of dissolved species

In order to simulate the electrochemical reduction reaction of CO, to desired
products at the interface of electrolyte/electrode, initial concentrations of dissolved
species are required. The solubility of gaseous CO, in the aqueous electrolyte
solution are necessary to study because concentration of salt of electrolyte can
affect to mass transfer in CO, RR. The solubility of CO, in salt solution can apply the
Schump relation which describes effect of moderate to high salt concentration on

gas solubility as Eq. (46).
log (%) = Y.(h; + h¢)c; Eq. (46)
G

where Cg o is the concentration dissolved gas in pure water
(Cg o at 298 Kis 33.95 molsm”)
C¢ is the concentration dissolved gas in salt solution (molem™)
C; is the concentration of ion or dissolved species
(Cj of 0.5 M KHCO5is 500 molsm )
hi is the ion specific parameter (m’smol™)
hG is the gas specific parameter (m’smol™?)
The specific parameters of gas (hG) depends on temperature, therefore,
hG can be defined by following Eq. (47).
hg= hgo+h(T-298.15 K) Eq. (47)
where hG,O is the gas specific parameter at reference temperature (m*mol™?)
hT is the gas specific parameter for the temperature effect (m?smol™eK )

T is temperature (K)



Table 15. The specific parameters for calculation of the solubility of gases in

aqueous electrolyte [44].
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Dissolved
Parameters Value Unit

species

-1.83 x 107 m>smol’?
he o
: co,
ht at 273-313 K 338 x 107 m3emol ek
T

CO5> 14.23 x 10 m>smol™*
HCO5 13.72 x 10” m>smol™*
h; H* 0.00 m>smol™*
OH 8.39 x 10” m>mol!
K 9.59 x 10” m>smol’?

For this system, the solubility of CO, at 298.15 K in 0.5 M KHCOx:

hg =-183x10°-338 x 107(298.15-298.15) = -1.83 x10° m’*mol*

C
log (%) = (500 molem?) (13.72 x 10° - 1.83 x10°° m®*mol ") (HCO;")
G
+ (500 molem™) (9.59 x 10 - 1.83 x10™ m>mol™) (K
- 0.0983

At 298.15 K, concentration of dissolved CO, in pure water is 33.95 molem?, so

concentration of CO, in 0.5 M KHCOs is:

33.95 ,
log ) = 00983, Cg =27.08 mol-m
G

The value of Cg is substituted as concentration of dissolved CO, in the 0.5 M
KHCO; at 25 °C, [CO,y.)]- Besides, the initial conditions for electrolyte without CO,
saturated, the concentration of dissolved CO, is assumed to be 1 molem™. The other
dissolved species or ionic species in the electrolyte can specify by using a
concentration of dissolved CO, in the electrolyte solution and equilibrium constants

for the absorption of CO, in 0.5 M KHCO; at 25 °C.



114

To obtain the initial conditions of dissolved species, the equilibrium constants
which performed in neutral to alkaline solution in reactions (23), (26) and (27) are
rearranged as Eq. (48) to (50).

kpzr  [H'IHCO3]

Ky = = = 4.60 x 10* molem™ Eqg. (48)
T ko [COy)
k [COZ ]
Ky o= A —— _ 469 m%mol® Eq. (49)
7 kgep  [HCO3][OH]
K, = [HJIOH] = 1.00x10® m®mol? Fq. (50)

Rearrange equations as:

[HW[HCO&] = K3.6[COZ(L)] Eq (48)
[CO5T = Ky o[HCOZJ[OH ] Eq. (49)
K, HOH] =1 Fq. (50)

In addition, equations from CO, balance and electroneutrality condition are

applied to solve the initial condition as following Eq (51) to (53).
[CO,gse] + [HCO3] = [CO, ] + HCO3] + [CO5 ] Eq. (51)

[K']+ [H'] = [OHT + [HCO3] + 2[CO5 ] Eq. (52)

K,y ) . ) 2
E = [OH] + K5 4[CO,)JIOHT + 2K; (K5 5[CO,,] [OH] Eq. (53)

The electroneutrality condition is provided in Eq. (53) is applied for iteration

KT+

method for solving [OH] The initial concentrations of dissolved species are

substituted in physics modeling of PEC CO, RR as shown in table 13.
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Appendix E: The results data for physics model validation and RMSE calculation

The FE of CO, conversion to HCOO™ as a function of the cell voltage was
compared with the experimental results of I. E. Irem et al [84] as shown in table 16.
The MFC configuration with assembling of Sn based GDE cathode as a working-
electrode and dimensional stable anode (DSA) as a counter-electrode simulated full
cell of electrochemical CO, RR to HCOO™ under controlled operating conditions.
Similarly operating conditions such as operating temperature and pressure at
ambient conditions, pH range of electrolyte in alkaline conditions, and equality of gas
to liquid feeding (G/L: 1) were set to achieve the optimum performance of the
physics model. The supplied electric of CO, conversion to HCOO™ for experimental
quantification was as 4 Ceml* of catholyte. Calculation FE of HCOO™ was used as the

performance indicator following Eq. (4).

eoutput
FE(%) = x 100%
einput

n (mol)
- e X100% Eq. (4)

Coutomb)
mol

F(
where M = the number of moles of the desired product
Y = the number of electrons needed to convert CO, into the desired product
Q = the calculated electric charge (Coulomb)
F = the Faraday constant (96485 Coulombs/mols of desired product)
Obviously, the root mean square error (RMSE) is calculated to represent the

discrepancy of FE between the experiment and physics model as a function of

HCOO™
cell voltage 1.5 to 3.0 V from following Eq. (54).

RMSE = Eq. (54)

where RMSE is root mean square error
F is the number of data point
y; is the actual data or results data from experiment

91 is the predicted value or results data from physics model
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Appendix F: The results data for study variables affecting PEC CO, RR.
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The performance indicators are used to define the effect of variables affecting

PEC CO, RR, calculation of CO, conversion (XCOZ), selectivity (S), and energy efficiency

following Eq. (2), (3), and (5).

Fco,0™ Feo,
Xco, =
Feo,.0

where  Fg o is the initial molar flow rate of CO, (mol/s)

Feo, i the final molar flow rate of CO, (mol/s)

Moles formed of interested product

5:

Moles formed of overall products

Productivity (mol 5-1)'AHocomb(J mol ™)
EE(%) = x 100
Icell(A).Ecetl(v)

Etherm(v)

= FE(%) x
Ecell(v)

where AH__, is the combustion energy under standard conditions

E is the thermoneutral voltage

therm

Eq. (2)

Eq. (3)

Eq. (5)

Table 17. The combustion energy and thermoneutral voltage of various products at

standard conditions [103].

o

Products AH o (KJ mol™) Etherm (V)
HCOO" 254.6 1.32
O 282.9 1.47
H, 241.8 1.48




118

Table 18. The results data of different configurations of PEC cells for CO, reduction
from the physics model simulation with ¢s,bnd,int at 1.5 V and 1.0 mAe«cm™

photocurrent density on the TiO, photoanode.

PEC cells MFC with a
MFC MEAFC
Performance indicator zero-gap anode
HCOO™ concentration
(rolem) 0.36 0.32 1.78
Current density (mA-cm™) 87.8 69.9 349.8
Xco, 0.12 0.23 0.17
HCOO 0.60 0.40 0.62
S CcO 0.03 0.06 0.03
H, 0.37 0.54 0.35
HCOO 58.1 a4.9 68.6
FE (%) CcO 5.7 4.9 6.1
H, 29.5 49.2 223
HCOO DAL 39.5 60.4
EE (%) CcO 5.6 4.8 6.0
H, 29.1 48.5 22.0
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Table 19. The results data of various applied photocurrent density of PEC cells for
CO, reduction from the physics model simulation with ¢s,bnd,int at 15V

photocurrent density on the TiO, photoanode.

Photocurrent density (mAscm™)
Performance indicators
0.1 0.5 1.0 5.0 10.0 15.0
Current density
154.6 238.1 349.8 350.4 352.9 357.6
(mAscm™)

Xco, 0.07 0.14 0.17 0.18 0.19 0.19

HCOO 0.29 0.42 0.60 0.55 0.50 0.41

S CcO 0.01 0.02 0.03 0.03 0.03 0.02
H, 0.70 0.56 0.37 0.42 0.48 0.56

HCOO 43.5 49.2 68.7 60.0 52.3 37.6

FE (%) CcO 2.1 4.6 6.1 5.8 5.1 4.9
H, 44.2 38.4 22.3 315 40.1 55.1

HCOO 38.2 43.3 60.4 52.8 46.0 33.1

EE (%) CcO 2.1 4.5 6.0 5.7 5.0 4.8
H, 43.6 37.9 22.0 31.1 39.6 54.4
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Table 20. The results data of various length of PEC cells for CO, reduction from the
physics model simulation with ¢s,bnd,int at 1.5 V and 1.0 mAscm™ photocurrent

density on the TiO, photoanode.

PEC cell length (cm)
Performance indicators

1.0 1.5 3.0 4.0 6.0 8.0 10.0

Surface area (cm?) 15 2.3 4.5 6.0 9.0 12.0 15.0

Current density

(A 376.5 | 3338 | 296.8 | 2543 | 1823 | 154.6 | 154.3

Xco, 0.11 0.17 0.20 0.20 0.20 0.21 0.21

HCOO 0.64 0.57 0.38 0.28 0.16 0.09 0.05

) CcO 0.03 0.03 0.03 0.02 0.02 0.02 0.02
H, 0.33 0.40 0.59 0.70 0.82 0.89 0.93

HCOO 71.8 63.3 52.0 ar.2 36.1 23.1 13.0

FE (%) CcO 6.5 6.1 58 5.4 a.7 4.5 4.2
H, 20.4 21.3 26.5 34.2 43.5 56.1 63.2

HCOO 63.1 55.7 45..8 41.6 31.7 20.3 11.4

EE (%) CcO 6.4 6.0 5K 53 4.6 4.4 4.1
H, 20.1 21.0 26.1 33.7 42.9 55.4 62.4
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Table 21. The results data of various gas channel width of PEC cells for CO,
reduction from the physics model simulation with ¢s,bnd,int at 1.5 V and 1.0

mAscm™ photocurrent density on the TiO, photoanode.

Performance Gas channel width (mm)

indicators 1.0 1.5 2.0 3.0 4.0 5.0 6.0 8.0

Gas velocity(mmes™) | 11.11 | 7.41 5.56 3.70 2.78 2.22 1.85 1.39

Current density
352.8 | 349.8 | 347.8 | 343.9 | 341.2 | 340.2 | 340.2 | 340.2
(mAscm™)

XC02 0.17 0.17 0.18 0.20 0.21 0.23 0.24 0.24

HCOO 0.63 0.60 0.57 0.53 0.50 0.45 0.40 0.36

S CcO 0.034 | 0.030 | 0.029 | 0.028 | 0.027 | 0.027 | 0.026 | 0.026

H> 0.34 0.37 0.40 0.44 0.47 0.52 0.57 0.62

HCOO 70.1 68.7 65.8 63.2 59.5 51.7 46.6 40.3

FE (%) CcoO 6.5 6.1 59 5.8 5.6 5.5 54 53

H» 20.6 22.3 25.2 25.1 257 26.8 27.5 29.3

HCOO 61.7 60.4 579 55.6 52.4 45.5 41.0 35.5

EE (%) Cco 6.4 6.0 58 5.7 55 54 53 52

H> 20.3 22.0 24.9 24.8 254 26.4 27.1 28.9
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Table 22. The results data of various electrolyte channel width of PEC cells for CO,

reduction from the physics model simulation with ¢s,bnd,int at 1.5 V and 10 Aem™

photocurrent density on the TiO, photoanode.

Performance Electrolyte channel width (mm)
indicators 1.0 1.5 2.0 3.0 4.0 5.0 6.0 8.0
Electrolyte
velocity(m-s'l) 11.11 7.41 5.56 3.70 2.78 2.22 1.85 1.39
Current density
(v 351.8 | 349.8 | 347.8 | 343.5 | 341.6 | 340.2 | 340.2 | 340.0
Xco, 0.17 0.17 0.18 0.19 0.19 0.20 0.20 0.21
HCOO 0.65 0.60 0.59 0.53 0.46 0.42 0.36 0.26
S CcO 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.03
H, 0.32 0.37 0.39 0.45 0.51 0.56 0.61 0.71
HCOO 70.7 78.7 67.0 60.8 51.1 433 35.7 235
FE (%) cOo 6.7 6.1 5.8 5.5 5.5 52 5.1 4.3
H, 20.0 22.3 23.6 26.1 335 40.0 45.8 48.6
HCOO 62.2 60.4 59.0 53.5 44.9 38.1 31.4 20.7
EE (%) co 6.6 6.0 5.7 5.4 54 5.1 5.0 4.2
H, 19.7 22.0 233 25.8 33.1 39.5 45.2 48.0
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