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Chapter 1
Introduction

1.1 Background

Fossil fuels have been utilized as a major energy source for a long time. The
emission of greenhouse gases from carbon-based energy production combustion
increased carbon dioxide (CO) concentration in the atmosphere and as a result,
accelerated global warming (1). Consequently, the new technologies that minimize
CO.accumulation and find new energy source has been investigated including storage,
capturing, and conversion (2). These strategies have potential to recycle CO; into a
profitable carbon source. Among them, the conversion of CO; is considered as an
alternative energy source compared to among technologies because CO, can be
converted to high energy small molecules such as carbon monoxide (CO) ,and
hydrocarbons (3, 4). There are different CO, conversion strategies have been studied
including electrochemical (5), photochemical (6), and thermochemical (7, 8). Among
the other technologies, electrochemical strategies can be operated under ambient
temperature and pressure (9). This strategy is also practical to adjust the energy of the
active species to reach a high selectivity with precise control of the reaction pathway.
Although, electrochemical CO, reduction has potential prospect, but its limitations
have still to be addressed including the complexity of reduction pathway, high
overpotential, and low current density. Thus, electrochemical reduction of CO; is
vitally developed in catalyst and technology.

For high carbon-based products demands in industry, the selectivity of desire
product is typically control by properties of metal electrode. Hori et al. (10) reported
the variable selectivity of CO is depends on metal electrodes. To intensify catalytic
properties, various methods have been used to improve the reduction performance
such as modified surface, nano structuring (11, 12), and so on. However, the CO;
reduction technologies is far from development to practical application. The CO-
reduction systems are divided into two categories. The liquid phase system
electrochemical reduction systems have been widely developed. However, CO;
solubility is slightly which hinders CO; to interact with catalyst in liquid medium and
difficult for scale-up (13). In contrast, electrochemical reduction in gas phase system
are arising with the purpose of overcome mass transfer limitations happening in liquid
phase and easier reactant mixing, which leads to the possibility to tune the CO./steam
ratio, and recover product form reactant (14). Regardless, evaluating the performance
of numerous electrodes in various electrolytes and different types of cells, at varying
process parameters, is challenging.



In recent years, most of the studies focus on improve products selectivity by
developed novel electrode, while there are a few attentions in reactors design and
scale up. At first, fundamental CO- reduction research has been conducted in batch
cell (H-cells). Nevertheless, H-cells are drawback because of mass transfer limitations,
and low current densities (15). According to H-cells problems, the industries prefer
continuous flow reactors which has potential to reduce CO.. The continuous flow
reactors: membrane reactor, micro-reactor, packed-bed reactor have various
configurations design in order to overcome reaction limitations. Most of flow cell
often design their stack by maximise its surface-to-volume ratio. However,
maximising reactor surface-to-volume ratio necessitates many specialized parts and
complicated assembly. Consequently, this project aims to develop a new type of
electro-chemical reactor that is suitable for industrial-scale applications.

To optimize electrochemical reduction towards CO in flow cells,
understanding how the operating parameter (e.g., temperature, pressure, cell potential,
flow rate) impact on selectivity of CO production is essential. The novel
electrochemical packed-bed reactor is designed for the electro-reduction of CO, to CO
in the gas phase system. Furthermore, the effect of applied potentials and the
influence of CO> flow rate were accounted to electrochemical packed-bed reactor
performance.

1.2 Objective

1. To develop a novel electrochemical packed-bed reactor for CO. reduction in gas
phase.

2. To study effects of applied voltages and flow rates on the CO2 reduction
performance.

3. To investigate the performance of a single-cell bed reactor compared to a two-cell
bed reactor.

1.3 Scope of study

1. The performance of a single-cell bed and a two-cell bed reactor.

2. The applied voltages from 3 to 6 V for a single-cell bed and 8 to 11 V for a two-cell
bed.

3. The flow rates of the CO; are 40, 80, and 120 ml min™.,



1.4 Schedule plan

Table 1 Research schedule plan.

No | Activity Monthly Schedule (2020-2021)

September
November
December

October
January
February
March

1 Literature reviews
2 Cell and system design
3 Preliminary

4 Study effect of
CO: flow rate
Applied voltage

5 Gathering information and
writing thesis




Chapter 2
Theory and Literature reviews

2.1 Theory

2.1.1 Electroreduction of CO2

Electrochemical reaction is the transformations of substance by shifting of
electron. The electrochemical system generally consists of cathode and anode
separated by an ion exchange membrane in electrolyte. The membrane acts as a
charge carrier and barrier preventing mixing of other products crossing over. During
this process, an external power source drives the electron transfer reaction, converting
electrical energy to chemical energy of the reaction products. The electrochemical
processes have several advantages (i) the reaction is adjustable by electrode
potentials; (16) the electrolytes can be recycled and minimized water consumption;
(iii) the electric sources in process can be obtain from alternative energy sources; and
(iv) the electrochemical process is easy to scale-up.

- ‘ -|-
CO,
Electrolyte
Products
H,0
Cathode Anode

Figure 1 General electrochemical system feature.



In electrochemical carbon dioxide reaction, CO> is a linear stable molecule
consisting of the oxygen atoms and the carbon atom. CO- reduction does not happen
simply. Transferring an electron to CO> to generate CO>" is the rate determining step
(RDS) that occur at -1.9V vs SHE because of the high energy barrier is more than the
equilibrium value (17). The CO2 reduction reaction pathway is difficult to control
indicated in table 2 (18). Hori and colleagues have been working on CO>
electroreduction in aqueous solution using different metal electrode and dividing
metal electrodes into 4 groups in compliance with the main product (19, 20).

Q) Pb, Hg, In, Sn, Cd, TI, and Bi are selective for formic acid production.

(i)  Au, Ag, Zn, Pd, and Ga produce CO as the major product.

(iii))  Cu electrode exhibits an outstanding electrocatalytic activity for multi-
hydrocarbon products such as CH4, C2Hs4 and alcohols, in which CO is
formed as an intermediate.

(iv)  Ni, Fe, Pt, and Ti have low electrolytic activity to give production from
CO: electroreduction, but hydrogen evolution occurs instead.

Nevertheless, the mechanism still needs to be understood further due to the
complex synthesis through various type of the materials. In aqueous system,
hydrolysis is comparatively positive to rate determining step. Accordingly, hydrogen
evolution reaction (HER) favorably competes with CO- reduction, and H is the main
product (17). The major obstacle preventing conversion of CO is the low solubility of
CO:- in aqueous solution. In addition, the product selectivity of this process can also
be enhanced upon various factors, such as electrode potential, electrolyte solution,
electrode material, applied voltage, and operating conditions (19,20). The integration
of these factors is able to improve CO> reduction activities in the liquid phase reactor.

Table 2 Cathodic half—cell reactions in electrochemical CO,reduction at pH = 7. (18)

Cathodic half cell reaction E° (V vs. NHE)
2H* +2¢" — H» -0.42
COz2+e - *CO, -1.90
CO2 + 2H" + 2¢* — CO +H;0 -0.53
CO2 + 2H" + 2e* - HCOOH -0.61
CO2+4H" + 4¢ —» HCHO + H.0 -0.48
CO2+ 6H" + 66" — CH30H +H20 -0.38
CO2+ 8H" +8¢" — CH4 + H20 -0.24

Despite attempts for increasing the CO reduction performance, the feasible
performance is still below the industrial demand. Electroreduction of CO, in the gas
phase could minimise the drawback of aqueous electrolytes and recover desired
product effectively. CO, gas flows toward to the cathode directly without liquidise
leading to minimise operation cost (21). In addition, gas phase achieves a high current
density and overcomes mass transport limitations (22). The key towards the
electrochemical CO: reduction process is the optimization between the individual cell
design and process efficiency.



Table 3 Faradaic efficiencies of the products in CO2 reduction in 0.1-M TEAP in PC
at various metal electrodes at —2.8 V vs. Ag/AgCl/(0.01 M LiCl + 0.1 M TEAP)/PC.
quantity of the electric charge: 100. (20)

Electrode Faradaic efficiency (%)

(COOH)2 OHCCOCH HCOOH | CO H. Total
Pb 76.6 2.9 2.5 10.4 0.0 924
Cu 0.6 - - 74.9 0.0 75.5
Ag 14 - 2.1 77.4 1.9 82.8
Au 0.2 - 3.7 83.2 13.9 100.9
Zn 0.4 - - 89.7 0.0 90.1
Pt 1.0 - 7.7 66.6 17.4 92.7

2.1.2 Faradaic efficiency

Faradaic efficiency (FE) or current efficiency implies the selectivity toward a
specific product. It is defined as the number of electrons utilized for the desired
product formation over the total charge that passed through the cell. The formula for
the current efficiency is

ynF

FE
Q

where y is the number of moles formed of the desired product, n is the number of
electrons transferred in the half-cell reaction per mole of product, F is faradaic
constant (96,485 C/mol electrons) and Q is the total charge passed between the
electrodes (current*time).

2.1.3 Current density

Current density (j or CD) is the total current (I, in Amps) per unit area of the
cathode (A/cm?) calculated by following equation. This parameter describes the
reaction rate of a certain product under particular conditions. A greater current density
indicates a higher reactant consumption rate.

/=3

Partial current density (joroduct) for a specific product can be calculate by equation
below which indicates a generation rate of the specific product.

Jproduct = FEproduct X |




2.1.4 CO> reduction to CO

The key for improving selectivity of electrochemical CO; reduction is CO>
reactivity on the surface of a metal catalyst. Variety of transition metals have been
studied on CO2 electro reduction. The transition metals give different desire product
either hydrogen, formic acid or carbon monoxide.

2.1.4.1 Gold (Au)

Gold (Au) is one of useful electrocatalysts for CO2 reduction to CO. Hori et al.
confirmed the CO production from CO2 on Au electrode. The tefal slope is around
130 mV decade™ in which indicated high partial current density on Au electrode (20).
Later, Ikeda et al. investigated electroreduction of CO2 on Au electrode in phosphate
buffer solutions of pH 2 to 6.8. The tefal slope is approximately 120 mV decade™
which agree with Hori’s work. This indicates pH does not effect on CO formation at
Au electrode, and H20 act as proton donor not H" (23). Eduardus et al. reported CO>
conversion to CO using nanostructured gold catalysts. The CO faradaic efficiency
increased to saturated point of 78% (-0.59 V vs. RHE) as the Au layer increased on
carbon paper (24).
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Figure 2 The CO: electroreduction performance of Au-T samples and Au foil: (a) CO
faradaic efficiencies, (b) CO production rates and (c) total current densities of bare
carbon paper, Au-T samples, and Au foil. (24).



2.1.4.2 Silver (AQ)

Silver (Ag) is known as high CO selectivity catalyst. The high CO selectivity
of Ag catalysts is because the weak binding energy of both proton and CO on its
surfaces, which inhibit HER and CO side reaction (25). The mechanism of CO,
reduction to CO on silver surface is reported to be responsible via *COOH
intermediate. The formation of *COOH possibly happens through a proton-coupled
electron transfer (PCET) (R1), or a single electron transfer to form *COO- (R2, R3)
followed by protonation to give *COOH (R4) (26, 27). The schematic of CO:
reduction to CO mechanism is shown in fig.3 (28).

Proton-coupled electron transfer
CO2(g) +* + H'(ag) + & — COOH* (R1)

Single electron transfer

CO (g)+*+e — COO™* (R2)
COO *+H" — COOH* (R3)
*CO and H.0 formation

COOH* + H' (ag) + &  — CO* + H,0(l) (R4)
The desorption of CO

CO* - CO(g) +* (R5)

-> > ->
+ e + H* +e, H*
‘Hzo

Figure 3 A schematic depiction of proposed CO- reduction to CO reaction mechanism
on thin film Ag catalyst (28)
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Hatsukade et al. exhibited the results from the potential dependent activity and
selectivity on silver surfaces. The outstanding faradaic efficiency of CO among other
products, however , the overpotential regions are also affect selectivity of main
products (fig 4.) (26). This reflects the kinetics and mechanism of CO: reduction
reaction. Ma et al. shown result from oxide-derived silver (OD-Ag) for CO: reduction
to CO. The overall CO production faradaic efficiency of oxide-derived Ag was
prominently displaced toward the positive potential compared to untreated Ag. The
electroreduction of CO; to CO of the OD-Ag was 80% faradaic efficiency at -0.6 V vs.
RHE. Moreover, OD-Ag can create a local pH around OD-Ag surface which promote
activity with significantly suppressed HER (29).

(a) O S (b) e
. g ‘ A0 ] d
80- 1 &
4 . B 4 [
60-' A % Total
= ' 2 015 1y
&\o, 40 4 4 g
co
g 5. @-0.01, :
é) 1 t \  .&‘/:1
0 3 -E-3 e
N O ] " cHon "
.% CH.OH
g 0204 g PV B . : .

o -+~ 00 44 42 40 08 46
@ B gyl . ) : ; ;
0.15- + CH, Potential (V vs. RHE)

~~ CHOH
-+ CHOH
0.05- \\
000{
44 42 40 08 06

Potential (V vs. RHE)

Figure 4 (a) Faradaic efficiency for each product as a function of potential, and (b)
Tafel plot of the partial current density going to each product at different
overpotential regions (26)
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2.1.4.3 Zinc (Zn)

Zinc (Zn) is another metal which categorized as a CO or HCOO™ forming
metal. Luo W. et al. synthesizes porous Zn electrocatalyst using facial
electrodeposition for CO. electroreduction to CO as shown in fig.5. The
electrocatalyst can convert CO to CO with 95% of faradaic efficiency and 27 mA cm”
2 at -0.95 V vs. RHE in 0.1 M KHCO3; in H-type cell. While a flow cell reactor can
reach 84% CO faradaic efficiency at -0.64 V and 200 mA c¢m using Zn gas diffusion
electrode (30).
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~ 40 [ ~ a0
< 40 g
] >
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£ 301 g 60
2 . £
g . s
3 201 5 40
3 104 . Q
(8] . O 20
L
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04 =" : o o o o o oo’
T T T T T T T 0-
05 -06 07 -08 09 -0 -1 05 -06 -07 -08 09 -0 -11
Potential (V vs. RHE) Potential (V vs. RHE)
(c) (d)
800 100 =20
—=#— This work e H, = CO
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£ 600 —— Hexagonal-Zn / 9 115
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2 Iy / S
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8 /c"/’/:f:/ eeseseed e g0ty
T A
01— : . . 0 . . ; . ¢ 0
-0.4 -0.6 -0.8 -1.0 -1.2 -14 0 2 4 6 8 10
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Figure 5 CO- reduction performance of P—Zn and Zn foil. Potential-dependent current
density (a) and CO faradaic efficiency (b) for P-Zn and Zn foil. (c) Comparison of
CO production rate observed over P—Zn and other state-of-the-art nanostructured Zn
catalysts. (d) Catalytic stability for P—Zn (30)

Currenty density (mA/cm?)
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Rosen et al. synthesized nanostructured Zn dendrite electrocatalyst using an
electrodeposition method for CO2 conversion under ambient conditions. The Zn
dendrite catalyst activity and CO faradaic efficiency are obviously higher than that
compared to the bulk Zn catalyst in an aqueous bicarbonate electrolyte as shown in
fig.6 (31).
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Figure 6 Comparison of (a) total current density, (b) CO faradaic efficiency, and (c)
CO current density for bulk and dendritic Zn electrocatalysts. (d) Plot of log (JCO) vs.
potential for Zn bulk foil (black) and Zn dendrite (e) Constant potential studies of
bulk and dendritic Zn catalysts at - 1.1 V vs. RHE. The bulk symbols represent the
CO faradaic efficiencies (31)

2.1.5 Electrolyte

Electrolyte plays important role in electrochemical reaction. The general
properties should include good ionic conductivity, stable pH and absorption COo.
Different type of electrolytes, concentration and pH affect to the product quality (32).
The effect of pH in CO2 reduction depends on electrolyte species (cation/anion) and
its concentration. Bumroongsakulsawat et al. investigated the influence of pH on CO>
reduction product selectivity in term of CO and HCOO" ratio at Sn electrode. A
change in ratio from 1 to 0.15 in pH 2.9 (0.1 M H3PO4/1 M NaH2POg4) to pH 7.8 (9.5
M NaOH) was observed. According to the results, decreasing pH enhanced the partial
current densities of CO and HCOO". Moreover, low pH was correlated with
increasing in HER leading to decreasing in CO> reduction (33).
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Figure 7 Meta-stable potential-pH diagram for C-H,O system considering C'V/C"
equilibria only at 298 K and 105 Pa. (33)

The selectivity and activity of CO> reduction relatively depend upon the local
environment around the electrode such as pH value, CO2 concentration, and
electrolyte concentration. Nevertheless, the electrolyte is not the priority in the
commercial process of CO> reduction as main targets regarding the performance. Yet,
the separation and recycling of electrolyte still the issue to be manage, environment
concern, and upscaling complexity.
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2.1.6 Electrochemical cell for CO» reduction

The design of electrochemical cells is a critical step in CO2 reduction,
influencing cell performances such as current density, faradaic efficiency, and
stability. Since Hori ‘s first revealed CO> reduction research in the 1980s, various cell
designs have been investigation to improve CO> reduction reaction.

2.1.6.1 H-type cell

Fundamentally, H-type cell is lab-scale reactor for CO, Reduction, which
widely used for gas and liquid products such as CO, and hydrocarbons. In this cell,
both the working electrode and reference electrode are set in cathode chamber while
the counter electrode is set in anode chamber. These electrodes are connected to
external power supply and these two chambers are separated by ion-exchange
membrane. Lu Q. et al. reported results from a nanoporous silver electrocatalyst in H-
type cell. The CO selectivity approximately 92%. although this cell has feasibility on
concept demonstration, but it still requires addition investigation for practical scale-up
(34, 35).
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Figure 8 PEM Cell Scheme of an alkaline MEA cell for electrochemical CO>
reduction. (35)
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2.1.6.2 Polymer electrolyte membrane (PEM) flow cell

This type of flow cell has potential to surmount the limitations of H-cell and it
IS a more promising technology for scale-up applications Membrane electrode
assembly (MEA) is deposition of catalysts on ion exchange membrane. PEM flow
cells can be classified in three classes: cation-exchange membrane (CEM), anion
exchange membrane (AEM) and bipolar membrane (BPM). A CEM has potential to
transport cations from anode to cathode. in contrast an AEM facilitates anions from
cathode to anode. A BPM consists of cation and anion exchange membrane that water
is dissociated to OH" and H", leading to constant pH, high current densities (36).

2.1.6.3 Microfluidic flow cell (MFC)

This electrolytic cell focuses on flowing of thin electrolyte channel between
cathode and anode. The design of the flowing electrolyte is capable of tailoring
operation conditions, including pH, and water management issues (37). Gabardo et al.
reported a nearly 100% CO selectivity with the lowest overpotential 300mV at 300
mA cm using an Ag-based GDE in microfluidic reactor as shown in fig.9. These
improvements operated in a high alkaline condition and pressurized system (38).

—~100 _ — .
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qc) [ ‘ 1
6 80.. o
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T 60 ¢ A .
o L ’ .
@ 50 Y —a— 1M KOH
o i o 5M KOH
Q [ I v— 7TM KOH ]
O 40 ° —a— 10M KOH
1 2 3 4 5 6 7 4

Pressure (atm)

Figure 9 Effect of pressure on CO; reduction at 300 mA cm at various pressures and
KOH concentrations on CO faradaic efficiency. (38)
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2.1.6.4 Solid-oxide electrolysis cell (SOEC)

For CO2 reduction at high temperature, a solid oxide electrolysis cell (SOEC)
has been attracting due to its high efficiencies. The advantage of high temperature is
promoting kinetics of reaction and reduces internal resistance Ye et al. have shown
high performance CO; electrolysis with ca. 100% faradaic efficiency. The doped
strontium titanate cooperated with Ni particle enables high temperature adsorption,
activation and thermal stability with non-degradation after 10 redox cycles for 100 h
(39). CO: electrolysis using a Ni/YSZ electrode supported solid oxide electrolysis
cells (SOECs) was reported by Ebbesen et al. The passivation rate of the SOEC range
was 0.22 to 0.44 mV htwhen reaction took place at current densities between -0.25
and -0.50 A cm in ratios of CO2/CO = 70/30 or CO,/CO = 98/02 at high temperature
(40). However, SOEC has drawbacks due to its temperature operation, including
carbon deposition, metal oxidation and cell degradation.

CO

CcO

2

Porous Cathode
4

/_/ Solid Electrolyte

Air+ 0, ™

“~Porous Anode

Air

Figure 10 A Schematic diagram of solid-oxide electrolysis cell. (41)
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2.2 Literature reviews

The complication of the CO2RR pathway is difficult to achieve the CO
product efficiently. Hence, it is significant to develop productive catalyst and
technology for CO2RR. Hori and co-worker convert CO; in 0.2 M K2SO4 solution
using silver-coated ion exchange membrane electrodes (solid polymer electrolyte:
SPE). The effect of membrane types (CEM and AEM) and SPE preparation were
investigated. The Ag-coated SPE/AEM electrode CO> reduction result is remarkably
over SPE/CEM electrode. They also compared the ultrasonic radiation and
unmodified SPE/AEM. The ultrasonic electrode enhanced current density to 92%
current efficiency at 20 mA cm, in contrast, unmodified SPE reaches 74.4% current
efficiency. The partial CO; current density is 60 mA cm that three times higher than
upper limit of conventional electrode obtained compared to Ag electrode (42).

8e-5

N Pt10-CNT
Pt10-CNT/CMP18
N Pt10-CMP18/CNT

6e:51 PH0-CMP18

mmol

4e-5 -

2e-5 -

Products

b)

Figure 11 a) TEM image of Pt nanoparticles on the TPE-CMP surface; b) productivity
for Pt doped CNT and TPE-CMP electrocatalysts (amount of metal: 10 wt. %,
current: -20mA, T=60°C). (43)

As mentioned in early section, the utilisation of CO> in an aqueous solution
brings mass transfer limitations that hinder scale-up. The continuous flow reactors:
membrane reactor, micro-reactor, packed-bed reactor was developed configuration
and design to maximise surface-to volume ratio. Electrocatalysts designed by Ampelli
et al. for gas phase CO: reduction consist of conjugated microporous polymers (TPE-
CMP) doped with Pt nanoparticles as shown in fig.11 and mixed with carbon
nanotubes (CNT). The results indicated that an assembly of Pt metal, CMP and CNT
is the key to improve proton mobility and electron conductivity. The electrocatalysts
exhibited a good performance in terms of C1-C3 liquid product formation with at
least 95% faradic efficiency (43). Jingjie Wu et al. converted CO; to formate in
microstructure electrochemical cell as shown in fig.12 operated at a low current
density (<30 mA cm). The results in fig.13 were reported in term of nafion loading,
catalyst thickness layer and catalyst size particle. The Sn catalyst average particle size
of 100 nm to 1.5 micrometer with 17-20 wt.%Nafion was found the highest in both
current density and faradaic efficiency at -1.6V vs SCE. The effective catalyst
thickness is 9 nm at -1.6V vs SCE with 20 wt.%Nafion and 100 nm of Sn (44).
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Figure 12 (a) A cell setup for measuring the electrocatalytic activity of Sn GDEs
towards CO; reduction and (b) schematic of CO: reduction at the triple-phase
interfaces. (44)
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Figure 13 (a) ieV curves of three independent Sn GDEs for CO> reduction before iR
compensation, (b) EIS measurement of ohmic resistance, (c) iV curves after iR
compensation. The inset in (b) is a magnification of impedance in high frequency.

(44)

The highly selective nickel nitride (NisN) electrocatalyst was used for
reducing COz in both the aqueous phase and the gas phase compared to Ni and NiO
that generated H,. Hou reported 85.7% of CO faradaic efficiency was observed in
aqueous solution with partial current density 6.3 mA cm at -0.90 V vs. RHE. When
CO2 flew through using the membrane-electrode assembly (MEA) consisted on anion-
exchange membrane, current density reached 23.3 mA cm with the CO faradaic

efficiency raised to 92.5% (45).
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Figure 14 Gas electrolysis in a flow cell. (a) FEs for CO (blue) and H. with different
cathode potential vs NHE, (b) FEs for CO (blue), and Hz> with NisN/C. FEs for CO
and Hz with Ni/C. (45)

Gas diffusion electrodes (GDE), solid polymer electrolyte (SPE),and ion
exchange membranes, where the catalysts are deposited directly on the membranes,
are wildly used for electrochemical CO> reduction. Wang et al. reported conversion of
humidified CO> to CO on proton-exchange and alkaline anion-exchange membrane as
shown in fig.15 using conventional Pt/C, Pd/C and Cu/CNTs as cathodic catalyst.
Figure 16 shown a result form AAEM was successful in converting CO. to CO while
PEM has no activity for CO> reduction. AAEM reactor also facilitates the CO:
reduction reaction and prohibits the hydrogen evolution reaction (HER) at the cathode.
Cu/CNT cathode catalysts shows a higher activity to convert CO,to CO among the
other catalysts at the same catalyst loading (46). Kim studied the effect of dilute feed
and pH on electrochemical reduction of CO2 to CO in flow cell using Ag-GDE. The
results confirmed even dilute CO, (10%) could be reached more 80% CO faradaic
efficiency with 29 mA cm2 of CO current density at 3.0 V though current density is
55% less when operating with 100% CO, feed (47).
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Yang et al. developed a novel three-compartment reactor for CO> reducing to
formic acid. The reactor consists of a cation-exchange membrane and anion-exchange
membrane. The cell produced formic acid operated at a current density of 140 mA

cm 2 with formic acid faradaic efficiencies of up to 94% at a cell voltage of 3.5 V (48).
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Figure 17 The results from typical cell configuration in a single pass operation (a)
current density, (b) Faradaic efficiency of formic acid. (48)

Delacourt and co-workers design electrochemical cell synthesis syngas from
CO- and H>0 at ambient conditions. The effect of Ag GDE catalysts with and without
a pH buffer layer (KHCO3 aqueous solution) was studied. The results show that the
pH buffer layer cooperated with the CEM system enhance CO selectivity to 80% and
prohibited HER at -1.7 to -1.75 V vs SCE. While CEM configuration (fig.18a)
suppressed CO> reduction reaction, leading to HER only. This pH buffer layer
prevents excess amount of H*. Nevertheless, the presence of buffer layer in a
modified CEM is not a suitable design for realistic application. To simplify a
modified CEM, AEM configuration (fig.18c) was developed and obviously improved
efficient of CO- reduction compared to CEM (49).
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Figure 18 (a) Electrochemical cell with a cation-exchange membrane (CEM). (b)
Modified electrochemical cell with a pH-buffer layer and the CEM. (c)
Electrochemical cell with an anion exchange membrane (AEM). (d) Electrochemical
cell based on a CEM in the K*-form. (49)

Verma et al. used a supported gold catalyst on polymer wrapped carbon
nanotubes in an alkaline electrolyzer which provides high conductivity and high
activate surface area. The electrolyzer exhibits high jco and overpotential at -0.55 V
vs. RHE. The tefal slopes as shown in fig 19 indicates the rate limiting step for the
CO2 to CO is a pH independent. Thus, increasing pH of system can obtain high cell
overpotentials (50). Dufek shown results from a pressurized electro-chemical cell for
continuous CO> reduction at high pressure, using an Ag-based cathode. The quantity
of produced CO at elevated pressure is 5 times higher than ambient pressure with 92%
faradic efficiencies observed at 350 mA cm?. Their research also demonstrates
benefits of increased temperature. At 225 mA cm? and 18.5 atm, Increased
temperature from 60 to 90°C contributed to a cell voltage below 3V as shown in
fig.19 equal to an electrical efficiency of 50%. (51).
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Figure 19 Comparison of cell performance at 60 and 90°C (0.5 M K>SO4 and 1.0 M
KHCO; catholyte), CO> flow rate 150 mL min ! at a—b) 18.5 atm and 225 mA cm?,
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Dufek shown results from a pressurized electro-chemical cell for continuous
CO:- reduction at high pressure, using an Ag-based cathode. The quantity of produced
CO at elevated pressure is 5 times higher than ambient pressure with 92% faradic
efficiencies observed at 350 mA cm™. Their research also demonstrates benefits of
increased temperature. At 225 mA cm and 18.5 atm, Increased temperature from 60
to 90°C contributed to a cell voltage below 3V as shown in fig.19 equal to an
electrical efficiency of 50% (52, 53).
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Figure 20 (a) The current density of CO> reduction on Pb electrode at various time
periods. (b) Faradaic current efficiency for formic acid formation on Pb electrode at
different time intervals. (52)
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Monroe et al. introduced a one-pass lamilar flow cell in fig.21 for
electrochemical reduction of CO: to liquid fuel products. To be practical, a laminar
flow in the separation strategy is significantly require partitioning the formate-
containing electrolyte (0.1 M KHCOg) produced and prevent oxidation products at Sn
cathode surface at 5 mA cm™. The product trends of the experimental separation
efficiency with channel width (W) and flow rates were corresponding to model
predictions but the separation efficiency values are generally lower than model. (54)
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Figure 21 (a) Cross section view of the Y-channel geometry of the laminar CO-
reduction flow cell. CO, reduction flow separation efficiencies as a function of
physical variables. (b) Flow rate varied at fixed W =5 mm and channel width varied
at Q = 5 ml mint (c) Overall faradaic efficiency and separation efficiency for
formate production in laminar flow reactor. (54)

Hani reported the difference between a batch electrochemical cell and a flow
cell for the electrochemical reduction of CO- using a porous gold cathode (55). The
faradaic efficiency of CO in flow cell was 80-90% at any concentration, whereas in
batch cell, the value dropped from 75% to 35% as the concentration is increased from
0.05 to 0.5 mol L™,
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Figure 22 Faradaic efficiency for CO and H: (a) the batch cell; (b) the flow cell. (55)
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Figure 23 Faradaic efficiency changes in the flow cell by time at: (a) —1.3 V; (b) —1.5

V using 0.2 mol L* KHCOs as the catholyte and a CO2 bubbling flow rate of 20 mL
min~2. (55)

To be more similarly required industrial conditions, Dufek (56) investigated
on the effect of the elevated temperature on CO. electrochemical reduction.
Increasing the temperature above room temperature increased CO EF as shown in
fig.24 to a maximum at 35°C but then deceases at 70°C. This indicated the decreasing
in CO2 solubility with temperature. For cell performance, at 70°C and 70 mA cm™
Ecen drops by 1.57 V from18°C to 70°C. The similar trend was observed in Ec
decreased from -21.9 to -1.87 V for the same temperature. This indicates increasing in
temperature minimize the process potentials needed. In case of effect of catholyte
concentration and CO. flow rate toward syn-gas products (H2:CO). The decreasing
the CO; flow rate decreases amount of syn-gas produced as shown in fig.25.
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Chapter 3
Methodology

3.1 Electrochemical cell

To achieve practical parameters for the electroreduction of CO2, our cell
design has been made to minimize complexity of cell components assembly. The
novel electrochemical packed-bed reactor for CO- reduction in the gas phase is made
from glass vessel that is shown in fig.26. The cell inside and outside diameter is 15
mm and 30 mm respectively with 6 mm of gas inlet. Titanium plates of 30 mm
diameter are placed on the two ends to close to the cell chamber and are connected to
a DC power supply. At the middle, electrocatalysts consisted of Zn-deposited felt,
ion-exchange resin, and platinized titanium arranged in this order and fixed by the
titanium mesh (Fuel Cell Store) connected with gold wire through the cell. EDPM
(Fuel Cell Store) gaskets are inserted between the flange of the cell. C-clamps are
used for holding the cell together. The cell was installed along the length of the
reactor so that a gas stream could perpendicularly flow through all cell components.

| |

l:l Current collector Ion exchange resin beads

Zn deposited felt

[ Platinized titanium

Figure 26 The novel packed bed electrochemical reactor compartments.

3.2 Preparation of Zinc deposition

Zinc was deposited on carbon felt (Fuel cell store) with size about 1.76 cm? at
30 mA in aqueous solution of 1 M ZnSO4 at pH4 adjusted by 1 M H2SO4 for 2 hours.
The Titanium plate (Local supplier) and platinized titanium mesh (Fuel cell store)
with a dimension of 2*5 cm? were used as support of carbon felt. Before deposition,
carbon felt was pressed to remove air inside the pore. The Zn deposited carbon felt
was rinsed with deionized water then drying at room temperature. The morphology of
Zn plated carbon felt was characterized by Scanning electron microscopy (SEM).
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3.3 Procedure

The 0.5 g of ion exchange resin (Dowex Marathon MSA chloride form,
Sigma-Aldrich) was immersed into an aqueous solution of 1 M NaOH for 30 min then
rinsed with DI water before packed into the electrolytic cell. The Zn plated carbon felt
was used as cathode. CO, (Linde, 99.995 %) was continuously fed through a saturator

before it was passed to the cathode side at flow rate of 40, 80, and 120 mL min*
controlled by a mass flow controller (MFC). The cell was always fed with CO-
without applied voltage for 30 min to saturate the resin. For the experiments
investigating the effect of the voltage, the voltage was adjusted from 3 (onset) to 6 V
for 30 minutes. The voltage was then stopped for 5 min before starting the next batch
to purge remaining gas products in the cell. An analogous set up was applied to a two-
cell bed reactor with varying voltage between 8 to 11 V. CO concentrations were
determined by an online IR spectrometer (Yokogawa, IR200-JNGHFGHKNN-4TU).

Flow rate of 40, 80,

120 ml/min Determine CO
>%|\|_l concentration
:I 8 I > R |—>
[Lmec |
——

A
DC power
C02 supply
Single cell : 3-6 V
| Two cell : 8-11V

Figure 27 Process flow diagram of CO> reduction.
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Chapter 4
Results and Discussion

The purpose of this work was to develop a novel electrochemical cell which
could be scaled up. The applied voltage and flow rate were a focus because these
parameters were required for industrial operation. Figure 28 shows a SEM image of
zinc-carbon felt followed by the method described in Section 3.2. The zinc particles
deposits appeared to cover the carbon fiber.

!

¥
(8540015 0kv 2 4fom 00K SE >/

Figure 28 SEM analysis of (a) Carbon felt, and (b) Zn deposited carbon felt.
4.1 COz2 reduction

4.1.1 Single-cell bed reactor.

Figure 29, 30 and 31 show the effect of applied potentials toward the
electrochemical CO> reduction with Zn deposited felt. For single-cell bed reactor, the
CO concentration was started forming at 4 V at any CO; flow rate. This evidence
indicates that the minimum voltage for driving the reaction need at least 4 V for
single-cell bed reactor. The current and CO concentration were corresponded with
increased applied voltage. The CO concentration increased from 828 ppm for 40 ml
mint to 1825 ppm for 80 ml min* at 6 V which increased CO Faradaic efficiency
from 1.72% to 14.66%.
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Figure 29 CO concentration (ppm) and current (mA) for CO2 flow rate of 40 ml min™.

The plateau of current of ~ 5mA and ~15 ma at 4 and 5 V respectively for all
flow rates implies that the reaction becomes mass transfer limited under these
conditions. Although the limiting current plateaus presents at flow rate of 80 and, 120
ml min’, the CO concentration monotonically escalate under applied voltages of 5
and 6 V. These results might be a consequence of a high flow rate indicated that the
CO concentration partially depends upon mass transfer of CO> to the felt surface.
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32

(a) (b)

—a—3V

wn
<
L

1000 4

—— — ——4 Y S
— —A—5V
—=—3V 8004 ——e6v

—a—4V

—a—5 Y

.
=4
L

e
=4
L

6004

-6V

Current (mA)

[
=4
L

4004

CO Congentration (ppm)

=
'

2004

<
(=1

Time (min) Time (min)

Figure 31 CO concentration (ppm) and current (mA) for CO; flow rate of 120 ml min-
1

The sharply increasing of CO concentration at a high flow rate through porous
cell could be describe by following scenarios: (1) The flowing CO> through packed-
bed continuously removes CO from the felt pores releasing the CO from the catalyst
surface, so that available active site for further CO- reduction. (2) The local pH in the
felt pores is stable with fresh incoming COz. Thus, increasing in flow rate appears to
be enhance mass transport of COz reduction (57). Nevertheless, the effects of flow
rate are need further investigations. The flow rate might against effects of enhancing
mass transfer and due to short residence time at high flow rate. During the experiment
of CO; reduction at 6 V with flow rate of 120 ml min™, water vapor was condensed in
packed-bed leading to high current at this condition.

4.1.2 Two-cell bed reactor.

For two-cell bed reactor, both CO concentration and the current trends were
consistency with increase applied voltage as shown in fig.32. The highest CO faradaic
efficiency (12.43%) was observed at 11 V and 120 ml mint. This suggests that the
optimum voltage for the CO selectivity is 11 V under the studied conditions. However,
the effect of flow rate on CO2 reduction in two-cell bed is inconclusive. The
fluctuation of currents during the reduction was observed. The low currents compared
to single-cell bed could be described by the deficiency of the water distribution. The
water distribution within an electrochemical cell has impacted as a crucial factor in
enhancing the CO:z reduction performance. The presence of H2O plays a significant
role in improving the CO: reduction, such as increasing conductivity and proton
donor (58) so that an unstable water distribution could lead to insufficient proton to
complete the CO- reduction reaction.
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Figure 32 CO concentration (ppm) and current (mA) for CO> flow rate of 40 (a, b), 80
(c. d), and 120 ml min (e, f) of a two-cell bed reactor.
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Figure 33 Faradaic efficiency of (a) a single-cell bed and (b) a two-cell bed.

4.2 Cell stability

The results presented in fig.34 fast deactivate after 30 minutes of operation in
packed-bed reactor. A felt was analyzed after use by scanning electron microscopy
(SEM). After 30 min of operation, both the current and the CO concentration
gradually declined. Fig.34b, the degradation of the used felt was observed and might
cause the deteriorating performance (59, 60). The SEM images showed a flaking
scattered on carbon fibre surface after CO. reduction. Further, the short-term
operation in the packed-bed might be involve the water management. The cell
stability for CO2 reduction to CO was controlled by water delivery along the cell
where dehydration of the electrochemical cell could reduce CO: reduction
performance. Otherwise, the perspiration rate could also cause hampers the CO-
diffusion. The accumulation of water in packed-bed of 120 ml min't at 6 V (fig.30)
was observed during the reaction so that accessibility of CO; to the felt active site was
restricted (61). The excess water in packed-bed triggered water splitting which
became main reaction instead of CO. reduction reaction caused unnecessary energy
loss. Hence, the optimal humidify in CO2 stream is one of the keys to maintain
uniform current and electroreduction performance (62).

Besides, the bed porosity and thickness of packed-bed also suggest that mass
transfer phenomena porosity between packed-bed might play a role in improved
selectivity towards COz electroreduction (63). The various patterns and designs
including bed height, number of cell stack, and bed compact have impact on the
diffusion of H,O and CO; along the packed-bed. The nonuniform CO. and H.O might
contribute to fluctuation in current and CO concentration which complicated the cell
performance analysis.
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Figure 34 SEM analysis of (a) Zn deposited felt, and (b) a used Zn deposited carbon
felt.
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Chapter 5
Conclusions and Perspectives

Electrochemical packed-bed reactor for reducing CO> is being developed and
was successfully converting CO to CO. In this work, applied voltage and CO> flow
rate was investigated on CO- reduction reaction in packed-bed reactor. An increasing
in applied voltage increased the current and CO concentration for both single-cell
configuration and two-cell configuration packed-bed reactor. Nevertheless, the effect
of flowrates is still inconclusive. Increasing the flow rate might against effects of
enhancing mass transfer because short residence time in the reactor. However, the
two-cell bed reactor faced a water distribution problem, which decreased both the
current and CO concentration. To modify the performance of our cell design, we have
introduced several strategies for CO2 reduction.

e Improvement the electrodeposition of Zn on carbon felt by adjusting the
current.

e Solid porous polymer electrolyte membrane might be a clue for optimizing ion
exchange, conductivity, and water transport.

e Varying time for NaOH absorption of the resin to efficiently capture COx.

e Optimized polymer loading to alleviate mass transfer limitation due to high
compact of polymer.

e Controlling process parameters including humidity, flow rate, and pressure.

The investigations in this work are still at a primitive platform that require further
commercial development and more variables need to be addressed which help to
comprehend CO; electroreduction.
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Table 4 The effect of applied voltage on CO concentration at CO2 flow rate of 40-,
80-, and 120-ml min* of a single-cell bed reactor.

Flow rate Time Current (mA) CO concentration (ppm
(ml min?) (min) 3V |4V |5V |6V |3V |4V 5V 6V
40 5 0 6 13 23 0 173 400 697
10 0 5 13 22 0 259 530 828
15 0 5 12 24 0 249 492 711
20 0 5 12 30 0 234 475 898
25 0 4 12 31 0 220 460 643
30 0 4 13 32 0 212 434 609
80 5 0 4 18 26 0 0 0 2
10 0 4 16 24 0 0 1 3
15 0 4 15 22 1 0 2 23
20 0 4 14 22 2 23 329 1064
25 0 4 14 21 4 11 679 1479
30 0 4 14 21 5 184 1008 | 1825
120 5 0 6 14 44 0 0 0 3
10 0 6 14 44 3 0 1 24
15 0 6 14 a7 8 0 204 711
20 0 5 14 48 8 1 174 969
25 0 4 13 47 8 4 667 938
30 0 4 13 48 8 11 687 849




38

Table 5 The effect of applied voltage on CO concentration at CO2 flow rate of 40-,
80-, and 120-ml min of a two-cell bed reactor.

Flow rate Time | Current (mA CO concentration (ppm)
(ml mint) (min) |8V |9V |10V |11V |8V |9V |10V |11V
40 5 9 11 12 13 10 |35 |75 119
10 9 11 11 10 20 |87 159 57
15 10 11 11 10 38 104 | 138 34
20 10 11 10 7 41 100 |75 14
25 9 11 10 6 41 106 | 50 10
30 9 9 10 5 36 100 | 33 8
80 5 4 10 |9 10 61 113 | 125 79
10 5 9 9 7 83 107 | 103 74
15 6 8 9 7 79 |8 |84 69
20 6 7 8 6 81 |73 72 65
25 7 8 10 5 83 |68 64 58
30 7 7 7 5 85 |59 61 52
120 5 10 12 19 12 20 | 136 | 250 254
10 10 12 17 10 47 134 | 268 192
15 9 13 13 6 63 148 | 233 132
20 9 14 SE3 8 74 | 164 | 203 105
25 9 13 11 7 82 169 | 170 82
30 9 13 10 6 83 168 | 148 60
Appendix B

The faradaic efficiency in chapter 4 was calculated following the formula in
section 2.1.2. Please note: Average current was substituted for this calculation, since
current was observed nearly constant over time. The area of plot between CO

concentration and time was obtained by Origin program.

Table 6 The area of graph CO concentration vs. time of 40, 80, and 120 ml min* of a
single-cell bed reactor.

Flow rate Average current (mA) Area (ppm min)

(ml mint) 3V 4V |5V 6V 3V |4V 5V 6V
40 0 483 |125 |27 0 14475 | 1870 | 2430
80 0 4 15.17 | 22.67 | 47.5 | 1130 7565 | 17360
120 0 517 |13.67 |46.33 |155 |525 6945 | 15265
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Table 7 The area of graph CO concentration vs. time of 40-, 80-, and 120-ml min™* of
a two-cell bed reactor.

Flow rate Average current (mA) Area (ppm min)

(ml mint) 8V 9V 10V |11V |8V 9V 10V |11V
40 9.33 |10.67 |10.67 |85 565 14475 | 1555 |692.5
80 583 817 867 |6.67 [470 620 555 375.5
120 9.33 |12.83 |13.83 [85 1087.5 | 485 1665 | 1840

For example, calculate mole of CO at 6 V with CO- flow rate of 80 ml min* of a
single-cell bed reactor.

17360 mol CO x min _ 80 mL CO2 1LCO2 1 mol CO2 =3.10* 10_5

Mole of =
ole of CO 106 mol CO2 min 1000 mL CO2  22.4LCO2

Q = 22.67x1073A4 x 1800 s =40.80 Ass.

3.10X105 mol x 2 x 22485 4's

— mol 0fy — 0
FE e X 100% = 14.66%

Table 8 Faradaic efficiency of a single-cell bed reactor and a two-cell bed reactor.

Flow rate A single-cell bed reactor A two-cell bed reactor

(ml min) 3V |4V 5V 6V 8V 9V 0V |11V
40 - 573 |286 |172 |1.16 2.6 279 | 156
80 - 541 [955 |14.66 |3.08 291 245 | 2.16
120 - 019 [9.73 [631 |6.69 2.17 6.91 [12.43
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