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Chapter 1

Introduction

1.1 Greenhouse effect and treatment methods for
C'O, mitigation

Earth’s atmosphere prevents the heat, that comes from the Sun, from going back
out from the atmosphere itself. This happens thanks to greenhouse gases present
in the atmosphere, such as water vapour (H20), carbon dioxide (C'O2), methane
(CHy), nitrous oxide (N20), and ozone (O3).

The Sun’s energy is adsorbed by the surface of the earth, that riemits it as a longer
wavelength infrared radiant heat, but due to greenhouse gases the atmosphere is
opaque to infrared radiation. Greenhouse molecules, after absorbing, riemits this
infrared radiation in all directions and warm the surrounding air and the other
nearby greenhouse molecules (red arrow in Figure 1.1).

Figure 1.1: Greenhouse effect

With the natural effect of greenhouses gases, in our atmosphere, is possible to
avoid that the temperature went down below the freezing point. Unfortunately
nowadays the concentration of greenhouse gases is increasing and this causes the
rising up of the temperature over the time [1].
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For example, in the modern society the high consumption of fossil fuel is unavoidable
to keep up the progress and this causes high COy emission. The anthropogenic C'O2
emission influences negatively the climate change, the human health, food security
and the sea-level rise [2].

Different mechanisms can be exploited to mitigate the concentration of CO2 molecules
in our atmosphere. These methods are shown in Figure 1.2

Treatment method Characteristics Drawback
Higher efficiency in electric energy e Use of innovative technologies usually High costs and long implementation times
production o Efficiency improvements from 30% to 53%

(16ce)
Utilization of energy with better e Requires a more conscientious attitude Difficult to plan and control in a unified manner
efficiency towards energy usage

e Methods such as driving more fuel-efficient
vehicles, using electrical appliances more
efficiently
Fuel shift e From coal to gas Distribution of resources
e Coal (950) > oil > gas (497)
Carbon capture and storage (CCS) e Large potential in CO, storage Security and economic (costly, uncertainty,
e Storage in natural fields intensive energy requirements)
e Not accepted by many countries
CO, conversion and utilization ® Recycles carbon
o Reduces the extraction of fossil-C
e Avoids emission of CO,

Figure 1.2: Mitigation methods. From Azeem Mustafa et al. [3]

The conversion and utilization mechanism is the most promising, with C'Os con-
version technologies driven by renewable energy sources Figure 1.3 [4, 5.

co,
emission

Renewable energy A
technologies

CO, capture and

Mobility, Hauseholds
utilization

and industry

Clean power 1 ' ‘ Chemicals and fuels
supply ®
CO, conversion

technologies

Figure 1.3: Anthropogenic carbon cycle. From Ashu Tufa et al. 4]

Organic molecules with high density of energy (as alcohols, CO and formate),
can be obtained from C'O9 with conversion methods. The transmutation of carbon
dioxide into fuels is economically and environmentally more advantageous, because
the fuel trade is 10-13 times higher than the chemicals one [3].
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1.2 Electrochemical C'Oy reduction

In Electrochemical C'Oy reduction (ERC) (using water, CO2 and electricity (renew-
able energy)), it is possible to produce hydrocarbons [3].

ERC is now taking much more attention for large-scale deployment thanks to invest-
ments and researches on renewable energies. These efforts are lowering the electricity
price and so ERC is becoming much more attractive [2].

Multi-carbons chemicals have much more potential, with respect to C; ones, in terms
of socioeconomic value, market size, and energy density. C'u is the only known metal
that can catalyse C'O2 in multi-carbons products with acceptable activity and effi-
ciency |2, 6].

1.2.1 General aspects

C'Oy is a molecule with two double bonds (C=O, bond length=1.12A, chemical
bond energy—750 kJ mol™'). It is chemically inert and can be activated only if high
energy is provided [2].

Figure 1.4: C'O2 molecule

The CO2 reduction reaction (CO2RR) occurs at the cathode of an electrocell
system and the general formula is:

vCOy +nH™ +ne” = products + yHy0O (1.1)

The steps that occur at the interface between the electrolyte and the electrode
are shown in Figure 1.5 and the ECR for commonly reported chemicals are listed in
Figure 1.6.

The development of an effective catalyst, that can be used to reach our needs about
the C'O2 conversion in reusable products, can be achieved only after understand-
ing the mechanisms involved in the formation of products. As shown in Figure 1.6
the potential for the Hydrogen Evolution Reaction (HER) process is paragonable
to that one needed for other molecules production. For this reason HER is the
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most competitive reaction that decreases the selectivity of the electro-reduction re-
action. So several parameters should be taken into account, as: pH (that affects
also the C'Oy solubility), temperature, potential, pressure, electrolyte, catalyst and

optimized structure of the electro-cell [3].

Step 1:Chemical adsorption of CO,
molecules on the cathode surface

v

Step 2: CO; activation to form the
radical intermediate, whose standard
redox potential is around —1.9 V

v

Step 3: multiple electron/proton
transfer processes to form
carbonaceous products

v

Step 4: the desorption of products
from electrocatalyst surface

Figure 1.5: Steps for ERC reactions. Data from Azeem Mustafa et al. [3]

Products

Reaction

E°/ V vs.RHE

0O (Oxygen)
H; (Hydrogen)

C; products (formic acid, carbon monoxide,
formaldehyde, graphite, methanol, methane)

2H,0 = 0, +4H" +4e~

2H" +2e” =Hyy)

COy +2H* + 2e” = HCOOH(aq)

CO, +2H* +2e~ = CO(g + H,0

COqg) +4H* +2e~ = HCHO4q) + H20(aq)
CO, +4H' +4e” = C +2H,;0

CO, +6H" + 6~ = CH30H(aq) + H,0

COy + 8H* +8e~ = CHy(g) + 2H20

2C0; + 2H" + 2e~ = CoH,O45)

2C0; + 8H' +8e~ = CH3COOH(4q) + 2H20

C; products (Oxalic acid, acetic acid, acetaldehyde, 2C0; + 10H" + 10e~ = CH3CHO(aq) + 3H20

ethanol, ethylene, ethane)

Cs products (Propionaldehyde and propanol)

20, + 12H* + 12e~ = C;H50Haq) + 3H,0
2C0, + 12H* + 126~ = GoHy + 4H,0

2C0, + 14H* + 14e~ = CyHg(g) + 4H,0
3C0, + 16H" + 16e~ = C;H5CHOyq) + 5H,0
3C0, + 18H" + 18~ = C3H;0Haq) + 5H,0

123
0.00
-0.12
-0.10
-0.07
0.21
0.03
0.17
-0.47
0.11
0.06
0.09
0.08
0.14
0.09
0.10

Figure 1.6: Half-reactions and reduction potential of CO2RR. Data from S. Jiao,

X. Fu, L. Zhang et al. |2]

There are distinctive pathways that lead to the formation of a particular product
and in this paths there are electrochemical and chemical steps [2]. The surface
binding energy of ECR intermediates can influence the rate-limiting step and the
selectivity of the products in the ECR process [7, 8]. Typically a large reduction

potential (-1.9 vs SHE) is required for the formation of *CO; radical with the first
electron transfer, and this is also considered as the rate-determining step [4].
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Moreover the following formation of CO is considered the initial step to obtain
multi-carbons products and *COCHO is the key intermediate for the formation
of Coy products. By the way the difficulty towards Coy molecules formation, in
Cu-based electrocatalysts, is related to C-C coupling, which may involve: at low
overpotential the dimerization of *CO to form *OCCO and at high overpotentials
the hydrogenation of *CO into *CHO species [2].

Nowadays there are different challenges related to overpotential, ohmic losses in the
cell, selectivity, product separation, and stability [9].

Chemistry of COs in aqueous media

Carbon dioxide interacts with water, forming carbonic acid [10]:

CO9 + HyO + Hy(COs (1.2)
At this point, COs speciation towards bicarbonate (HCOj ) and carbonate (CO3 ?)

occurs:

HyCO3 +» HCO; + H (1.3)

HCOz + CO3™ + H* (1.4)

Bicarbonate solution is used, with the advantage that dissolved bicarbonate acts

as a COs reservoir. Dissolved COz, HCO3 and COg_ are the active species for the

CO2RR [1].

When KOH solutions are used, the dissolved carbon (H2CO3 = sum of dissolved
COy and H2CO3) reacts with OH™ anions contained in the solution [11]:

HyCO3(aq) + OH™ + HCO; (aq) + H20(1) (1.5)

As shown in Figure 1.7, at alkaline conditions the presence of carbonate is higher

[4]:

COy +20H™ + CO; + Hy0 (1.6)

Anodic and Cathodic reactions

The reaction involved for the anodic part is the oxygen evolution reaction (OER,
eq. (1.7) or (1.8)):

2H50 — Oy +4H™ + de~ (AcidicConditions) (1.7)

A0H™ — O + 2H50 + 4e™ (AlkalineConditions) (1.8)
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Figure 1.7: Bjerrum plot of carbonate speciation as a function of pH [12]

while the CO2RR (eq. (1.9) or (1.10)) and the hydrogen evolution reaction
(HER, eq. (1.11) or (1.12)) occur in the chatodic one:

CO9 +nH' +me~ — Products + HyO(AcidicConditions) (1.9)
COz + nH20 + me~ — Products + OH ™ (AlkalineConditions) (1.10)
2H" 4 2e~ — Ho(AcidicConditions) (1.11)

2H20 + 2~ — Hy + 20H ™ (AlkalineConditions) (1.12)
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1.2.2 Electrocatalysis and parameters

CO4 is a very stable molecule and it is not reactive. To convert carbon dioxide
in other products it is necessary to supply energy to the system, decreasing the
potential barrier needed for the reaction. For this reason we use electrical energy
and we call this process electrocatalysis.

mMoQozZ >

|""‘UOI—'2>G

Figure 1.8: Electrocell

When we talk about energy potential we always have to say what is the reference
that we choose. In electrocatalysis the reference is the standard hydrogen electrode
(abbreviated SHE): this is a platinized platinum electrode and the redox reaction
referred is the following one:

2H " (aq) + 2¢~ — Ha(g) (1.13)

SHE is defined at 0.000V potential in standard condition. To compare electrode
in conditions different from the standard one, it is possible to use the reversible
hydrogen electrode (RHE), using the Nerst equation:

E = 0.000 — 0.059 % pH (1.14)

At this point, the energy potentials needed to start the C'Oy reduction reactions
towards specific products (Ej,s rgp)) are printout in scientific literature. So the
energy formula for a specific CO2 RR becomes:

Elys.rie) = 0.000 +0.059  pH + Ej 1 + Ejys ref (1.15)

Where E[Ore fl is the standard potential of the reference electrode versus SHE and
Ejys.reg) is the potential applied at the electrode involved in the CO2RR (Figure 1.9).
Moreover to drive a sufficient reduction reaction it is necessary to take into account

losses coming from different resistances [13]:
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Rtot = Rcathode + Ranode + Rions + Rmembrane + Rbubble,cathode +R (1'16>

R0t includes:

(1) The activation barriers for COaRR at cathode (Reqinode) and OER at the anode
(Ranode)-

(2) Ohmic losses from conduction of ions (R;ens) in the bulk electrolytes, ion trans-
port across the membrane (Remprane)-

(3) Loss of active electrode area from the bubbles formation at the electrodes

(Rbubble,cathode> .
(4) The sum (R) of electrical resistances in other cell components and contact resis-

tances between components.

So it is necessary to supply an overpotential to the system. So the formula becomes:

E= E[vs.RHE] + Eoverpotential (1.17)

Overpotential

Evs.ref

0
E ref

E(vs.RHE)

SHE=0

RHE = -0.059 x pH

Figure 1.9: Energy levels

Current density

The current density is proportional to the reaction rate of the electroreduction pro-
cess. So achieving high current value at low overpotential is a first goal:
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J=1I/A (1.18)

where I is the total current (A) and A is the electrode area (cm?).

Faraday efficiency (FE)

Faradaic efficiency is a parameter used to identify how much the electrode is selective
for a certain product:

FEO) = "V 100 (1.19)

where n is the number of electrons involved in the reaction, N is the amount of
generated products (mol), F is the faradaic constant (96485.33C/mol) and Q is the
charge.
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1.2.3 Electrolyzer

Current density, stability and faradaic efficiency are influenced by the electrochem-
ical cell design. So in this section we will describe different cells design.

Batch Cell

The easy operation in ambient conditions makes the H-Type cell (Figure 1.10) a
common configuration in academic research [2].

Reference electrode
Cathode

Co, Anode

Membrane

Figure 1.10: H-type cell. Image from Ashu Tufa et al. |4]

A lot of works were performed using an H-cell configuration [14, 15, 16]. The
simplicity of this set-up makes it ideal to evaluate catalytic materials [17, 18, 19, 20].
In this cell the working electrode and the reference are in the cathodic part. In the
anodic one there is a counter electrode. In the center a membrane, that allows the
passage of some anions and cations, separates anode and cathode. At high over
potential the mass-transport process becomes the rate-determining step and it rules
the reaction: in fact at high potential there is a very fast conversion of reactants in
products. However H-type electrolyzer production at large-scale is hampered by the
low C'Og solubility (33 mM at 25 °C, 1 atm in water) that limits the current under
100 mA cm~2. Other drawbacks are the high ohmic loss, due to the long distance
between the electrodes, and the limited electrode surface area |2].
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Flow-cells

Flow-cells, in which there is a circulation of reactants and products, are a solution
for the mass-transport limitation issue, that H-type cells have. Moreover they can
be constructed in stacks guaranteeing higher current density (~1000 mA cm~2).
In particular, flow-cell with gas diffusion electrode (GDE) and membrane electrode
assembly (MEA) has the flow-cell advantage (in which COy is provided dissolved
in a liquid phase [21] or in the gas phase |22, 23, 24|) and the reduced distance
between anode and cathode, reducing the ohmic loss. These typologies are shown
in Figure 1.11. A polymer electrolyte membrane (PEM), that allows the passage
of some anions and cations, separates anode and cathode; avoiding the crossover of
products.|2]

In full-MEA the electrolyte flows in both anode and cathode parts; in exchange-
MEA the electrolyte flows just only in the cathode part, moreover the cathode
is stacked with the membrane; the aqueous GDE mode is the same of the pre-
vious one with the difference that between cathode and membrane there is the
electrolyte. 2]

1
Exchange MEA | Electrolyte

: ' Anode

|
: Cathode

' coe
i . Membrane

Package
i I Electrode
oo,
i'CO2

|

: Proton

" ® Electron

Figure 1.11: Emerging membrane electrolyzer. Image from S. Jiao, X. Fu, L. Zhang
et al. 2]
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Microfluidic electrolyzer

In a reactor with membrane, the pressure can be a problem [25]. In the microfluidic
electrolyzer (Figure 1.12) there is a circulating liquid electrolyte that substitutes
the membrane between anode and cathode [2]. So there is a thin spacer (<1mm)
between anode and cathode, and the reference electrode is usually inserted in the
flow stream [4]. This configuration was used by Kenis et al [26] to produce formic
acid.

The performances of the microfluidic cell (MFC) can be influenced by channel length,
GDE configuration, COy concentration and flow rate [3].

Cathodg\: CO, + 2H* + 2e-— HCOOH

Graphite Current
co,, [N — Collector
GDE—, S— . *__,,___.‘—r/PTFE Filter

Electrolyte | \—» Reference Electrodel
‘\ PMMA Window
\ GDE
Graphite Current
Anode: HO — %20, + 2H* + 2¢ cgillgc{; uren

Figure 1.12: Microfluidic electrolizer. Image from Kenis et al. [20]

In an alkaline solution this type of reactor is more useful than the H-type one,
because in alkaline solution carbon dioxide reacts to form neutral carbonate [3].
Using 10M KOH solution with a polymer-supported copper catalyst, current density
of 473 mA cm~2 and faradic efficiency of 70% for ethane production was achieved

13].

Solid-oxide electrolysis cell (SOEC)

SOEC reactors can be used to produce syngas from COy [27, 28, 29]. ERC, at high
temperatures (800 K) can be realized in this type of reactor. Thanks to the high
temperature environment the internal resistance can be decreased end the reaction
kinetics can be increased. This lead to an increase of the efficiency. Moreover the
solid electrolyte can be: a protonic conductor and a oxygen-ionic conductor. In pro-
tonic conductors water is transported to the anode and carbon dioxide is transported
to the cathode. Protons produced at the anode are transferred to the cathode and
react with C'Os for low carbon molecules production. Using the other type of elec-
trolyte a mix of water and C'O5 arrives at the cathode and it is transformed in CO
and oxygen ions, that are transferred the anode and becomes oxygen gas. Mainly
this type of reactor produces carbon monoxide and it has carbon and methane as
by-products. This limitation is due to the high temperature used that causes the
quick desorption of products from the surface of the electrode [3]. This type of cell
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can lead to an increase of selectivity and efficiency, and the energy requirements
are lower [27]. The drawbacks are related to the complicated chemistry and the
degradation of electrodes and electrolytes at high temperature [30, 31, 32, 33, 34].

1.2.4 Membrane

The functions of the membrane are: to separate cathode from anode and to attenuate
products crossover, but permitting the transfer of charge carriers. There are 3 types
of membrane that can be used: cation exchange membrane (CEM) [35, 36, 37,
38], anion exchange membrane (AEM) [39, 10, 41, 12| and bipolar membrane
(BPM) [43, 44].

CEM

With CEM, cations can pass through the membrane, instead anions are retained.
An example of this kind of membrane is Nafion (sulfonic acid groups with a polymer
backbone), that showed high potential for Co4 products [2].

The migration of H' cations decreases the pH in the proximity of the cathode and
this accelerates the HER process. For what concern the movement of metal cations
from the anode to the cathode, this lead to an increase of the resistance and cell
voltage. This gradient of metal cations can be compensated by formic acid and
acetic acids, that form the corresponding metal salts [15].

AEM

With AEM, anions can pass through the membrane, instead cations are retained.
The goal, with this type of membranes, is to circulate an alkaline solution at the an-
ode side, promoting the membrane conductivity and the use of non noble catalysts
for OER (eq. 1.20 - 1.21) [4].

AEM is very compatible for ERC, because the majority of charge carriers are car-
bonate and bicarbonate anions. When ions are transported towards the anode, they
are consumed:

2HCO3 <+ 1/209 + 2C02 + H20 + 2e~ (1.20)
CO3™ ¢+ 1/209 + COq + 2¢~ (1.21)
HCO3 + HY — COy + H20 (1.22)

CO3™ +2H" — COy + Hy0 (1.23)
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The formation of C'O2 at the anode side is called pumping effect, and it is propor-
tional to the current density [4].

Membrane-based flow-cells, that utilize AEM membrane, show the best performance,
especially for Co4 molecules production [2]. Using AEM there are less polarization
losses and higher current densities compared with CEM [3].

With AEM there is also a COy pumping phenomena that can occurs and the quan-
tity of C'O2 crossover can be higher than the reduced one [1].

BPM

BPM (Figure 1.13) is composed by an AEM and an CEM in contact, creating also
an interfacial layer in between. And they can operate in forward bias and in reverse
bias [4]:

a)
Interfacial .
layer AEM
Anode Cathode
H* OH-
KOH Y HCO; / CO,(KHCOy)
H,0 (+ CO,) K
0, coO
Interface:
OH-+H" —» H,0O
HCO; + H* — H,O0 + CO,
b) . Interfacial
AEM layer
Anode Cathode
KOH H,0 H,0 CO,(KHCO;)
ON W
02 OH'J LH*‘ CcO
Interface:
H,O - OH + H”
Anode reaction: Cathodereaction:
20H" - 20, + H,0 + 2¢ CO,+2H"+2¢—» CO+ H,0

Overall reaction: CO, — CO + 20,

Figure 1.13: Configurations of BPM-based C'Oy electrolyzer. a) Forward bias b)
Reverse bias

In forward bias HoO and C'O5 are produced at the interfacial layer; instead water
dissociation occurs in reverse bias mode [4].
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This type of membrane has the advantage to maintain the same level of ph, leading
the migration of H™ and OH™ ions.; this allows to use inexpensive anode and cathode
electrocatalysts. The disadvantage seems to lie on the high voltage drop across the
membrane that causes a lower energy efficiency [2].

1.2.5 Electrocatalysts design

It is possible to classify metallic electrode according different classification tech-
niques. Most of these ones are related to the type of product produced.

Hori et al [16] found 4 groups: (1) Pb, In, Sn and Bi produce formate in aqueous
solution; (2) Au, Ag and Zn produce CO; (3) Cu produces hydrocarbons and alco-
hols; (4) Pt, Ni, Fe, and Ti favour Hs formation.

Also surface morphology influences the performance of COsR. For example, to in-
crease the low-coordination sites (more active for carbon dioxide reduction) nanos-
tructured metal surface should be used [4].

a 60 b 1000
13 E
§ §
< @ <
E Cu(g) £
§ §
-] 3 800
€
g &
5 s
o o
40-{ X 100-cycle Cu
600
H-type Cell Flow Cell
cu dendrite
T T a5 4T T | T T T T T T T 1
0 20 40 60 80 100 20 30 40 50 60 70 80 20 100
FE (%) FE (%)
O 4004
20-1SDCuliry Branched-Cu
< o . < cun
Ct
Ocu AgCu+
200
105
@caiycu g  CulNP Cu8cuvO I
ANGu < : cuzn© <] 250 nm Cu catalyst
0D18 Ci G
Ag-doped Ci J
0

Figure 1.14: Current state-of-the-art electrocatalyst converting C'Os into the Coy
products in the (a) H-type cell configuration and (b) flow-cell setup. Image from S.
Jiao, X. Fu, L. Zhang et al. |2]

The electrochemical conversion of carbon dioxide in hydrocarbons and oxygenates
has obtained big attention due to the high energy density and the utilization as fuels.
Cu till now is the only one that can be used to produce these types of products [4].
In Figure 1.14, FE and Current density, for different electrocatalysts, are shown. Cu
with 25nm of particle diameter is the actual best performer for Co4 products.

When we talk about electrocatalysts design we should always take into account the
range-scale that we are taking into account because tuning the different physical-
chemical characteristics (referred at the different scales) change the chemistry of the
products |2]:
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Atomic-scale

At this scale we refer on: vacancy, single-atom catalyst, adatom and chemisorbed
molecules [2].

Nanoscale

At this scale we refer on: facet, subsurface oxygen, grain boundary, alloying and
intermetallic [2]. The (111) facet favors the production of C; products; instead
the (100) and (110) ones favor the production of Cg chemicals [17, 4]. This is
attributed to the stabilization of different intermediates for each facet orientation:
-CHO intermediate ((111) facet) for CH4 and CoHy; CO dimer ((100) facet) for
CoHy [18].

Mesoscale

At this scale we refer on: morphology, porosity, roughness, particle size, interface.
[2] Tt seems that decreasing Cu particle size leads to an increase of the selectivity
for CO and Ha [1].

The kinetics of planar or porous catalytic layer depend on the rate of C'Oy transfer
to and from the electrolyte. To address this limitation it is possible to use a GDE
Figure 1.15.
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Figure 1.15: Schematics of: (a) normal electrode (b,c) gas diffusion electrode |5]

The type and nature of GDE influence the mass transfer and the kinetics of the
reduction process|4]. In any case the improved performances are attributed to the
three phase interfaces (solid catalyst, liquid electrolyte and C'O gas), but this state-
ment is still under debate[5]. To fed CO2 gas directly from the backside of the
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electrode it is necessary to use a hydrophobic component to prevent the flooding of
the electrolyte in the gas chamber; so just a microporous layer (MPL) can be added
to the carbon fiber paper (CFP) (in Figure 1.15b), or also polytetrafluoroethylene
(PTFE) particles can be added to the catalyst layer to improve the hydrophobicity
Figure 1.15¢).

1.2.6 Electrolyte

The correct design of the electrolyte has an important impact on the ECR, it should
have appropriate proton donating and buffer capacity. Also electrostatic interaction
should be taken into account. So understanding how cations and anions change
electrochemical reaction is significant, but also challenging [2].

Cation effect

Cations accumulate in the proximity of Cu electrodes and seem to stabilize polar
or highly polarizable intermediates with electric field interaction. This field sta-
bilization lead to a decreasing potential barrier for the *C'Oy adsorption and C-C
coupling [2, 3]. Larger cations in polycristallyne Cu enhance the production of Cat
molecules and decrease the HER [3]|. It seems that cations are not completely ad-
sorbed to the surface of the electrode, but tend to accumulate in the vicinity of the
electrode, changing the spread of intermediates, binding energy and blocking active
sites. Moreover, a short amount of cations is needed in some cases to obtain specific
chemical products [3]

Anion effect

Bicarbonate anions (HCOj ) can stabilize the decreasing of pH thanks to the equi-
librium with water [2] (Equation 1.24)

HCOz +OH™ < CO3™ + H20 (1.24)

HCOg3 can also favour the transportation of carbon dioxide from the bulk region
towards the catalyst surface |2].
The changing of local pH influences the C'Os electrocatalysis |2, 3| but it is also
suggested that it cannot sufficiently impact the selectivity; so probably is the po-
tential of buffering anions to generate hydrogen molecule, close to the surface of the
electrode, that can influence the selectivity [3]. Adsorption of halides anions stabi-
lizes intermediates with partial charge donation from the halide anions to COs. In
Cu-based electrochemistry halide ions can suppress HER, changing the morphology
and structure of the copper surface.|3]
Anion can also tune the coordination environment of adsorbed *CO [2] and facilitate
the production of Coy molecules [2, 3.
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pH effect

Co4 chemicals production can be enhanced with an increasing of pH close to the
active sites (local pH), thanks to the suppression of the competitive HER|2, 3]. Using
electrolyte with high pH value is now a general methods to increase the selectivity
towards multi-carbon products [2].

1.3 Aim of the project

Among the different products that can be produced by COsRR, Cy4 molecules are
preferable due to their intrinsic value as feedstock for industrial processes. Only Cu is
the element able to produce this type of molecules [19]. For this reason Cu was used
as electrode material for this project. The purpose of this work is to characterize Cu
electrodes fabricated with different loadings to understand the products for which
they are selective and what are the electrical parameters that maximize the amount
of these products.

The loadings of the fabricated electrodes are: 0.125 mg * em™2; 0.25 mg * em™2;
0.50 mg*cm™2; 1.0 mg* em™2; 2.0 mg * cm™2; 3.0 mg * cm™2. Moreover 2 different
Cu powders with 2 different particles diameters were used: 25nm and 50nm.



Chapter 2

Materials and methods

2.1 Electrode fabrication

Fabrication of the electrodes was done by drop casting technique, which is widely
used thanks to its simplicity. With this method a liquid suspension, that contains
particles of the material of interest, is deposited on the surface of a substrate drop
by drop (Figure 2.1)

4

~
~
g

Drop casting Evaporation

- ]
il

Figure 2.1: Drop casting method. Figure from Edward Bormashenko et al [50]

For this project GDL composed of carbon paper with a Microporous Layer (MPL)
that has been PTFE treated to 5 wt% was used as main substrate material (baseline
composition), but also other substrate compositions were used. An example of result
is shown in Figure 2.2.

The drop casted suspension is a mixture of Cu nanoparticles, Nafion and Iso-
propanol. After the evaporation of the solution the electrode was positioned on
the cathode base with a copper tape to ensure the electrical connection with the
base, and with a teflon tape to delimitate the electrode area of interest (Figure 2.3):
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Figure 2.2: Electrode modified by a drop casted suspension

Figure 2.3: Electrode on the cathode base

2.2 Electrode characterization

The characterization of electrodes was done by the following methods:
1) Chronopotentiometry (CP) was used to study the C'Oz reduction reaction at con-
stant current densities.
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2) High Performance Liquid Chromatography (HPLC) and Gas Chromatography
were used to identify and to quantify the electrochemical products.

3) Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)
were performed to investigate the electrochemical properties of the electrodes.

4) X-Ray diffractometry (XRD) was used to examine the composition of the elec-
trode material.

2.2.1 Chronopotentiometry

Chronopotentiometry (CP) is a method used in electrochemistry to study chemical
reaction mechanisms and kinetics. In this method a constant current is imposed for
a certain interval of time, and the potential of the working electrode is measured
and recorded as function of time. When the experiment begins the redox-active
species diffuse towards the working electrode to balance the electron current. This
happens until the concentration of redox species (diffusion-limited) becomes zero at
the surface of the electrode.

O+ne” =R (2.1)

Cosidering the general equation (2.1), when O concentration becomes zero at the
electrode surface, the potential of the electrode reaches more negative values with a
transient time 7. Moreover the transient time has an analytic connection with the
diffusion coefficient and concentration of the O species:

32 205nFADY”
36

where Cj = concentration of O, n = electrons number, F=Faraday’s Constant,

T (2.2)

A = working electrode area, D = diffusion coefficient, and 5 = sweep rate.

CP measurements were performed with a CH 700E Series Bipotentiostat at room
temperature in a two-compartment three-electrode cell with KOH 1M as electrolyte
Figure 2.4. An ion exchange membrane (Sustainion) is used to separate the com-
partments, sputtered IrO2 was used as anode material (i.e. the counter eletrode)
and Ag/AgCl as reference electrode (1mm, leak-free LF-1).

The scheme of reactor is shown in Figure 2.5: the C'Os is supplied from the backside
of the cathode that, in fact, is a gas diffusion electrode (GDE), and the electrolyte
flows both in the anode and in the cathode parts.

The setup used is shown in Figure 2.6 and Figure 2.7: the liquid path is represented
by light blue arrows, instead the gas path is represented by red arrows. It is possible
to see that KOH electrolyte is recirculated just only in the anode. The reason is
that KOH solution reacts with C'O2 forming potassium bicarbonate and this would
change the chemistry of the electrolyte.
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Figure 2.5: Membrane-based flow reactor
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Figure 2.7: Anode view of the setup with KOH electrolyte
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2.2.2 High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) is a technique used to separate
different components contained in a liquid solution and quantify the concentration
of each component.

The schematic is shown in Figure 2.8:

Liquid
Sample
=
[J Column
m \(Stationary Phase)  Detector
2 : S ? >
Solvent . ®
Pelivery Fump Convert the amount of each
l component into an electrical signal

Mobile Phase

Separate mixture
component

Figure 2.8: HPLC schematic
source by: https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/
ckeditor/an/hplc/support/basic/what_hplc/1. jpg

There is a mobile phase that is injected in the column thank to a delivery pump

that regulates the flow rate (matched with the detector). Before reaching the col-
umn, the liquid sample is mixed with the mobile phase thanks to an injector. At this
point, due to different affinities with the stationary phase (the column), the analytes
are separated. So when they are eluted from the column, they can be identified and
quantified from the detector (Figure 2.9).
At this point the information of this analysis can be read from the chromatogram
(Figure 2.10): the retention time (tR) is the time interval between the time of in-
jection of the liquid solution into the column and the apex of the peak; instead the
dead time (t0) is the time for a non retained compound (i.e. no interaction with the
stationary phase) to travel from the injector to the detector.

To perform HPLC, ThermoFischer Ultimate 3000 was used. With a UV-Vis detector
set at 210 nm by using a Reprogel H+ column (300 x 8 mm), with 9 mM H2S0O4
(flow rate of 1.0 mL min-1) as mobile phase.

The FE related to liquid products in catholyte samples, taken at the beginning of
each CP test, was calculated using FEquation 2.3


https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/ckeditor/an/hplc/support/basic/what_hplc/1.jpg
https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/ckeditor/an/hplc/support/basic/what_hplc/1.jpg
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1, Sample is introduced into column with mabile phase
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Figure 2.9: HPLC separation
source by: https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/
ckeditor/an/hplc/support/basic/what_hplc/3.jpg
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Figure 2.10: Chromatogram
source by: https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/
ckeditor/an/hplc/support/basic/what_hplc/4. jpg

FE:V*C*TL*F (2.3)

where v is the volume of catholyte (L); C is the concentration of the liquid product
(molL~'); n is the number of electrons required to obtain 1 molecule of this product;
F is the Faraday constant (96485 Cmol~1); Q is the total charge passed through
the system during the CP test (coulombs, C).


https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/ckeditor/an/hplc/support/basic/what_hplc/3.jpg
https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/ckeditor/an/hplc/support/basic/what_hplc/3.jpg
https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/ckeditor/an/hplc/support/basic/what_hplc/4.jpg
https://www.shimadzu.com/an/sites/shimadzu.com.an/files/d7/ckeditor/an/hplc/support/basic/what_hplc/4.jpg
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2.2.3 Gas chromatography

Gas chromatography (GC) is a technique used to separate components of a gas sam-
ple mixture and to perform a quantification of these components.

Sample

/ injector
Flow controller ] ' \ M

Waste
0 Detector

Column oven

Carrier gas

Figure 2.11: GC set-up

The sample is injected, with an inert carrier gas (the mobile phase), in the

analytical column (fused silica or metal tube) that contains the stationary phase.
During the analysis the column is heated in such a way to elute the chemical com-
pounds and at the end they pass through a detector.
Chemical components are separated thanks to their different interactions with the
stationary phase. In practice the detector identifies the different components as a
function of time. The time spent by the analyte to stay in the stationary phase
is called retention time (fz). The time needed for a no retained analyte to travel
through the column is called dead time (¢p). An important factor, that is used in
the analysis, is the partition time:

kn =1tr —to/to (2.4)
The separation factor between different analytes is defined as:

a = ko /ki (2.5)

It is also important to have a quantification of the resolution (R) of the tool with
the following formulas:

R =1.18(tre — tg1)/(wp1 + wp2) (2.6)

R =2(tre — tr1)/(wp1 + wp2) (2.7)

where tg,, = retention times of peaks n; wy,, = peak width at half height of peaks
n; wy, = peak widths at the base of peaks n.
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Gas-phase products were analyzed on-line with a micro gas chromatograph (uGC,
Fusion®), INFICON). The uGC has two channels equipped with a 10 m Rt-Molsieve
5A column and a 8 m Rt-Q-Bond column, respectively, and each channel with a mi-
cro thermal conductivity detector (micro-TCD).

The FE value for each gas-phase product was determined from its concentration in
the outlet gas of the cathodic compartment according to Equation 2.8

FE:V*t*C*n*F
Vin * Q

(2.8)

where V is the flow rate of COs in the cathodic side (25Lmin~1); t is the elec-
trolysis time (min); C is the concentration of the gas product (% v/v); Vi, is the
molar volume of an ideal gas (Lmol_l); n is the number of electrons required to
obtain 1 molecule of this product; F is the Faraday constant (96485 C'mol~!); Q is

the total charge passed through the system during the electrolysis time t (coulombs,
C).
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2.2.4 Cyclic Voltammetry

To investigate the redox process of molecular species a common technique is Cyclic
Voltammetry (CV). This type of process is commonly used to study electron transfer-
initiated chemical reactions. A typical schematic of this type of experiment is shown
in Figure 2.12 [51].

Electrode connections

Holes for degassing
or reagent addition

[ — Teflon cap
/— Glass solution reservoir

——— Electrolyte solution

Working electrode

— |

Reference electrode
Counter elctrode

\u

Figure 2.12: CV experiment. Image from [51]

Supplying a voltage source, the current will have the contribution of electrons
and ions in the electrolyte solution to close the circuit. A typical plot of a CV
experiment is shown in Figure 2.13 [51].
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Potential (V vs Fc*/Fc)

Figure 2.13: Cyclic Voltammetry typical plot [51]

The lines in Figure 2.13 are called voltammograms or cyclic voltammograms. In
the x-axis there is the applied potential; in y-axis there is the current. To understand
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why there are peaks in a voltammograms, we can just look at the Nernst equation
that connects the electrode potential (E) to the standard potential (E°) and to the
relative activities of ions in the solution [51].

RT (Ox)
. 0
E= Bt " (Red)

(2.9)

in eq.(2.9) F = Faraday’s constant, R = universal gas constant, n = number of
electrons, and T = temperature.

So peaks are connected to oxidation and reduction processes that change the poten-
tial of the electrode. The convention used for this project is the following:

IUPAC Convention

"
Oxidation
= e
@
= -
=
O Reduction
\J
Low (V) High
Potentials Potentials

Figure 2.14: TUPAC convention [51]

Double layer capacitance

The double layer capacitance (Cpp) is related to the double layer of opposite charges,
formed one at the electrode surface and one in the electrolyte. Solvent molecules,
that adhere at the surface of the electrode, can be considered as a dielectric in
a common capacitor (Figure 2.15). Cpp is an important parameter because it is
proportional to the accessible surface area of the electrolyte ions.

When the electrode is supplied with a voltage ramp (scan rate (v)), a steady-state
capacitive current (i.) is present if the only effect is the charging of the double layer
(i.e. no redox processes involved). In this way a double layer capacitance can be
evaluated from the slope of the i — vs — v plot:
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Figure 2.15: Double layer capacitance

ic’ = V*CDB (2.10)

CV measurements were performed with a CH 700E Series Bipotentiostat at room
temperature with a three electrodes cell as shown in Figure 2.12. A platinum wire
was used as counter electrode. Ag/AgCl electrode was used as reference. The elec-
trolyte used is KOH 1M saturated with Ny. To create the working electrodes, a
square of 0.25 em? was cut out from the fabricated GDEs and attached to a copper
tape (Figure 2.16)

Figure 2.16: GDE electrodes tested with CV measurements
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2.2.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is used to study materials in which
ionic conduction is prevalent on the electronic one (i.e when electrolytes are present
in the system). During EIS, an AC voltage is applied to the system and the corre-
sponding AC current is recorded. This technique can be done with 2 or 3 electrode
configuration [52].

Electrochemical systems are usually not linear, but a pseudo-linear approximation
can be acceptable if the amplitude of the AC voltage stimulus is low. The analytical
formulation that can be done is the following: considering a sinusoidal voltage input
V(w,t) = Vosin(wt) (where Vp is the amplitude of the input signal and w is related
to the chosen frequency f with the following equation: w = 27f). The recorded
response current at the same frequency is I(w, t) and if the characteristic equation of
the system is well known (i.e for resistor, capacitor and inductor), it can be derived
from the theory. Finally the impedance (Z) of the system is just the ratio between
the voltage and the current:

Z(w,t) = (2.11)

If the voltage is a sinusoidal function, as mentioned above, I(w,t) is also a si-
nusoidal one but, in general, it can be out-of-phase if the impedance of the system
under test is frequency dependent. To take into account this condition the analytical
expression becomes:

I(w,t) = Vpsin(wt — 6) (2.12)
Exploiting the complex relationships:

V(w,t) Voelwt -
2 =07 = s — 12" (2.13)

|Z(w)]| is the impedance modulus and @ is the impedance phase.

With Eulero’s formulas, it becomes:

’

Z(w, t) = |Z(w)|(cos(8) + jsin(0)) = Z (w) + jZ (w) (2.14)

In this way modulus and phase of the impedance can be obtained:

Z(W)| =V Z (W) + 2" (w)? (2.15)

"

0 = tan! (2.16)

Z/
In addiction to the 3 basic components (Resistor, Capacitor and Inductor), in
literature is possible to find other electrochemical models. The three most used ones
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are the constant phase element (CPE), the Warburg impedance and the Warburg
short impedance. The impedance of each element is shown in the table below:

Element Symbol Impedance
Resistor R R
Capacitor C 1
JoC
Inductor L jeoL
Constant phase element Q 1
0 (jw)?
Warburg W w
o
Warburg short Wi R, ,T—"'ranh( I )
jw \ @d

Figure 2.17: Table from Adriano Sacco, 2017 [52]

EIS were performed in a three-electrode cell Figure 2.12 at room temperature

with a CH 700E Series Bipotentiostat. EIS measurements were performed at various
potentials vs. Ag/AgCl: 1.436V - 1.636V - 1.836V - 2.036V, that correspond to:
0.4V - 0.6V - 0.8V - 1.0V vs. RHE. The AC signal was: 10 mV of amplitude and
10! — 10° Hz frequency range in a N saturated 1M KOH aqueous solution.

2.2.6 X-Ray diffractometry

X-Ray Diffraction (XRD) is a common technique used to determine crystalline struc-
ture and atomic spacing. The basic principle of XRD is the constructive interference
of monochromatic X-rays and a crystalline sample:

Figure 2.18: X-Ray diffraction

A cathode tube generates x-ray photons, that are filtered to obtain a monochro-

matic wave. When the x-ray photon impinges against the sample and the Bragg’s
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law is satisfied (eq. 2.17), there is a constructive interference and we see a peak in
the XRD plot.

nA = 2dsinf (2.17)

Looking at this law it is easy to see the simple relation between the diffraction
angle 6, the wavelength A\ and the lattice spacing d. So scanning the sample in a
range of different angles it is possible to identify the crystalline materials of the
sample.






Chapter 3

Results and discussion

This section shows the results that came from the methods described in Chapter 2.
XRD results are related to electrodes with loading equal to 3.0mg * cm 2.
Chronopotentiometry results are related to all loadings; more current densities were
also applied at that electrodes with loading equal to 1.0mg+cm ™2 and 25nm particles
size. Chronopotentiometry results with different substrate compositions are also
shown.

CV and EIS results are related to all loadings.
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3.1 XRD (Cu 25nm)

Figure 3.7 represents the results of XRD of a Cu electrode with copper particles
diameter of 25nm and loading equal to 3.0 mg % cm™2. This electrode was deposited
on a GDL substrate (Section 2.1). Cu electrode is compared with just only the GDL
substrate. It is possible to see that peaks related to Cu presence are well defined.
It is also possible to see a small presence of C'ug0.
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Figure 3.1: XRD - 25 nm 3.0 mg * cm ™2
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3.2 XRD (Cu 50nm)

Figure 3.7 represents the results of XRD of a Cu electrode with copper particles
diameter of 50nm and loading equal to 3.0 mg*cm 2. This electrode was deposited
on a GDL substrate (Section 2.1). Cu electrode is compared with just only the GDL
substrate. It is possible to see that peaks related to Cu presence are well defined,
but there are also more peaks, with respect to Cu 25nm, related to the presence of
Cu90. This probably can be related to the bigger particles size that can induce an
easier oxidation process with respect to Cu 25nm.

Intensity [a.u.]

Cu50nm on GDL

Cu,0 Cu

20 30 40 50 60 70 80
201[9

Figure 3.2: XRD - 50 nm 3.0 mg * cm ™2
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3.3 Chronopotentiometry Cu 25 nm

Figure 3.3 and Figure 3.4 show the typical potential curves during the test of a 25 nm
Cu electrode with loading = 0.5mg % em™2. The potential of the working electrodes
was recorded at 2 different current densities: 200mA * em ™2 and 267mA x cm™2
respectively. On the right side of each figures is also shown the corresponding prod-
uct analysis of micro-gas chromatography. We can see that the recorded potential,
without iR compensation, is similar in both cases ~ -1.3/-1.4 V vs. RHE.
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Figure 3.3: Potential curve and micro-gas chromatography at a constant current
density of 200mA * cm ™2
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Figure 3.4: Potential curve and micro-gas chromatography at a constant current
density of 267mA x cm ™2
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The figures below show the value of faradaic efficiencies at 2 different current den-
sities (200 mA * em ™2 and 267 mA * cm~?) and for 6 different loadings of 25nm Cu
electrode: 0.125mg*xcm™2; 0.25mgxem™2; 0.5mgxcem™2; 1.0mgxcem™2; 2.0mgxem™2;
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Figure 3.5: FE Cu 25nm

The results show that He and C'H4 concentration decreases with the increasing

of the loading, C'O concentration increases with the loading, and CyHy reaches the

maximum of concentration for loading = 1.0mg * cm™2.
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Figure 3.6 shows the FE for the main products (FE CH3sCOOH< 1.3%; FE
CHy < 3.1%, FE HCOOH < 5.0%) at different current densities for 25nm Cu with
loading = 1.0mg * em™2. The results indicate that Hy FE has a maximum for low
current densities; CO FE decreases with raising the current density; CoH4 FE has a
maximum for medium current density and Co Hs;OH FE increases with the current
density.
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Figure 3.6: FE for Hy, CO , CoH4 and CoHsOH
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Figure 3.7 shows the increasing of the cell voltage for the increasing of the current
density. The cell voltage is the potential difference between the anode and cathode,
and measured with two-electrode configuration. It can be seen that the voltage is
relatively low even at high current densities > 1 A cm-2.
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Figure 3.7: Cell voltage vs. current density
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3.4 Chronopotentiometry Cu 50 nm

Figure 3.8 and Figure 3.9 show the typical potential curves during the test of a 50
nm Cu electrode with loading = 0.5mg * cm™2. In this case the potential recorded
is higher with respect to Cu 25nm. The potential is around: -1.05 V/ -1.18 V
respectively.

. 00
w 751 = H, e CH, a CO v CH,
X -04
2 =X 60 -
2 -08 >
s N S
B e = 4
% _1.2_W é 45
g 8 A A 4 A4 A A 2 a4 4 4 a
2 164 g 304 7 v
0 I A / v s ®®
‘E © - x v vov
2 -20 L 45 - "
& .
2.4 0l ® © o e o o o o o o o
0 10 20 30 40 50 60 0 10 20 30 40 50
Time [min] Time [min]

Figure 3.8: Potential curve and micro-gas chromatography at a constant current
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Figure 3.9: Potential curve and micro-gas chromatography at a constant current
density of 267mA x cm ™2
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The figures below show the value of faradaic efficiencies at 2 different current den-
sities (200 mA * cm ™2 and 267 mA * cm~?) and for 6 different loadings of 50nm Cu

electrode: 0.125mg*xcm™2; 0.25mgxem™2; 0.5mgxcem™2; 1.0mgxcem™2; 2.0mgxem™2;
3.0mg * em™2.
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Figure 3.10: FE Cu 50nm

From this results it is possible to see that Hy and C'H4 concentration decreases
with the increasing of the loading. On the contrary C'O concentration increases
with the increasing of the loading. C9Hy reaches the maximum for loading =
1.0mg * em™2. So the trend is consistent with that observed on Cu 25nm elec-
trodes. Differences appear more evident at low loading values: Cu 25nm is more
selective for Ho and C'Hy, whereas Cu 50nm is more selective for Co.Hy and CO.

3.5 Chronopotentiometry varying GDL substrate com-
position

According to the previous results, Cu electrodes with 1.0mg % em ™2 show the best
performance for the production of CoH4. For this reason this loading value was
chosen to perform a stability test with Cu-25nm particles size, thus studying the
effect of GDL substrates with different FEPD 121 compositions. The amount of
FEPD 121 that was mixed with Vulcan XC-72R or Graphene particles was main-
tained at wt% values in the range of 20 wt% to 60 wt%. So samples compositions
are: baseline; 20%; 30%; 40%; 50%; 60%.
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Moreover tests were done at 2 different current densities:

300mA * em~2 and

600m.A x em~2. Results are shown in the figures below.
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Figure 3.13: 20% of FEPD 121 with 300mA x ecm~2. Left: potential curve. Right:
faradaic efficiencies.
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Figure 3.14: 20% of FEPD 121 with 600mA % em™2. Left: potential curve. Right:
faradaic efficiencies.
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Figure 3.15: 30% of FEPD 121 with 300mA % em™2. Left: potential curve. Right:
faradaic efficiencies.

<)
<)

~

o

I:'II:T 60 = H, e CH, a CO v CH,
X 05 S
4 =50 .
Z 10 g .0l o
5 -1.01 | Vvv
3 §40 vv",vv'v v . "
¢ 5] 330 av v gt
= . o} ..l L] M Ve
—_ | | LB}
3 201 N T Py
o 10+ il VYA
....o.o..ooooo’."o'.i'oooo
-2.5 T T T T T T 0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time [min] Time [min]

Figure 3.16: 30% of FEPD 121 with 600mA % em 2. Left: potential curve. Right:
faradaic efficiencies.
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Figure 3.17:  40% of FEPD 121 with 300mA * cm~2. Left: potential curve. Right:

faradaic efficiencies.
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Figure 3.18: 40% of FEPD 121 with 600mA % em 2. Left: potential curve. Right:

faradaic efficiencies.



3.5. CHRONOPOTENTIOMETRY VARYING GDL SUBSTRATE COMPOSITION 52

o
o
~
o

= H, e CH, a CO v CH, .

!

w
I
Z 05 = -
¢ = 50 -
> oy -
= c L] "
g -1.0 g 40 -
£ WWMM = ot
g 45l o 30 ot
= " © v
£ 8 20 ™ vm"""ﬁnflwﬂ'w
§ -2.04 L(E 10 MMM“M A Al
A A
- m.pu-m
-2.5 T T T T 0 T T T T
0 50 100 150 200 0 50 100 150 200
Time [min] Time [min]

Figure 3.19: 50% of FEPD 121 with 300mA * cm™2. Left: potential curve. Right:
faradaic efficiencies.
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Figure 3.20: 50% of FEPD 121 with 600mA % em 2. Left: potential curve. Right:
faradaic efficiencies.
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Figure 3.21: 60% of FEPD 121 with 300mA % em 2. Left: potential curve. Right:

faradaic efficiencies.
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According to these results the more stable substrate seems to be that one with
30% of FEPD 121 using a current density equal to 300mA * em™2. The reached FE
for CyHy is larger than 30%.



3.6. CYCLIC VOLTAMMETRY 25NM 55

3.6 Cyclic voltammetry 25nm

Figure 3.23 shows the typical cyclic voltammetry curves for different loadings of Cu
25nm. It is possible to see that for a higher loading the current involved is also higher
due to the higher presence of Cu particles for the same geometric area (0.25¢m?).
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Figure 3.23: Cyclic voltammetry curve

Figure 3.24 shows how the Cy was computed: on the left side, there is a zoom
of the CV curve in the voltage window between 0 V and 0.25 V (where no redox
reactions occur) for 25nm Cu with loading = 0.125mg * cm™2; on the right side the
current density, corresponding to ~ 0.15V (round the center of the CV curve), was
plotted versus the scan rate and the slope of the curve was calculated to obtain the
double layer capacitance (Cy;).

In this way the corresponding Cy; at each loading was calculated and the results are
in the table below.

LOADING [mg * cm~2] | Double layer capacitance(Cy)[mF * cm™2]
0.0 (GDL substrate) 1.6
0.125 2.8
0.25 1.4
0.5 2.1
1.0 2.7
2.0 7.4
3.0 7.8
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Figure 3.25 shows the typical cyclic voltammetry curve for different loadings of Cu

50nm.
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Figure 3.25: Cyclic voltammetry curve

Using the same method used for Cu 25nm we can calculate the Cy for Cu 50nm

and the results are in the table below.
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LOADING [mg * cm~?] | Double layer capacitance(Cy)[mFE * cm 2]
0.0 (GDL substrate) 1.6
0.125 2.8
0.25 1.2
0.5 2.0
1.0 3.0
2.0 3.5
3.0 8.6

3.8 (Cy for 25nm and 50nm

In Figure 3.26 the Cy for Cu 25nm and 50nm, at different loadings, are shown:
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Figure 3.26: Cy curves for 25nm and 50nm

In both, as expected due to the higher presence of active sites, there is an increase
of Cy value starting from 0.25 [mg*cm 2] but, the Cy; value corresponding to 0.125
[mg * cm™2] is unexpectedly higher than 0.25 [mg * cm 2] for both particles sizes.
This outcome could be due to the big contribution of the substrate to the Cy when
the catalyst layer is very thin at extremely low loading.
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3.9 Electrochemical impedance spectroscopy

In Figure 3.27 is shown an example of the Nyquist plots related to the impedance
of a Cu-based electrode (red points). It is possible to recognize a two-time constant
spectrum: the smaller arc is related to charge transport properties and the bigger one
is related to charge transfer at the electrode/electrolyte interface. The corresponding
electrical model is shown in Figure 3.28. In this model: Rs represents the electrolyte
and contact resistances; Rt and Ct are related to the catalyst charge transport and
Ret and Cdl are related to the charge transfer at the electrode/electrolyte interface
[53]. By employing this circuit, it is possible to fit the experimental data, obtaining
the fitting curve shown in Figure 3.27 (green line) and the best fit parameters related
to each circuit element.
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Figure 3.27: Typical EIS Nyquist plot

Rt Rct
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Figure 3.28: Electrical model
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The values of Rs, Rt, Ct and Cdl (listed in the tables below) are equal to the arith-
metic average of the corresponding values for each applied potential (-0.4V; -0.6V;
-0.8V; -1.0V):

Sample (mg*cm~2) | Rs (Q*em?) | Rt (Q*cm?) | Ct (uF/em?) | Cdl (mF/cm?)
GDL substrate 0.38 2.40 1.01 4.12
0.125-25nm 0.28 1.35 1.98 177
0.25-25nm 0.27 1.75 1.76 0.88
0.5-25nm 0.35 1.44 1.47 0.98
1.0-25nm 0.35 1.37 1.41 0.85
2.0-25nm 0.33 4.61 1.74 1.48
3.0-25nm 0.32 1.94 1.82 1.80
0.125-50nm 0.36 2.02 0.91 0.69
0.25-50nm 0.30 1.90 1.09 0.73
0.5-50nm 0.44 2.50 1.15 1.02
1.0-50nm 0.38 2.55 0.98 1.06
2.0-50nm 0.31 2.42 1.25 1.13
3.0-50nm 0.27 2.17 1.05 1.27
Rct values, for each applied potential, are shown in the figures Figure 3.29 and
Figure 3.30. The charge transfer resistance value (Rct) is inversely proportional to

the loading of the electrode and, using 50nm particles diameter, it reaches higher
value with respect to 25nm one, indicating higher faradic reactions rates for the elec-
trode with 25nm particles diameter. For this experiment a Na saturated electrolyte
solution was used, this means that 25nm are more active for HER reaction and this
is consistent with the chronopotentiometry results.
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Figure 3.30: Rct values for 50nm samples
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In conclusion Cu 25nm and Cu 50nm show more different results at low loadings.
In this condition few particles are present on the surface of the electrode and they
are well separated to each other, so the difference size at the nanoscale can cause
different results especially in terms of faradaic efficiencies.






Chapter 4

Conclusions and future
developments

Cu electrodes, deposited with drop-casting technique at different loadings, were
prepared and studied for electrochemical C'Oy reduction. Moreover two different
particles size diameters were used.

The results show that Cu-25nm is more selective for Ho and C'H4 production,
whereas Cu-50nm is more selective for CO and CyHy at the same conditions. Both
particles sizes reach a maximum FE value for Cy Hy at loading equal to 1.0mg*cm 2.
The stability test shows that a GDL substrate with 30% of FEPD 121 has the high-
est FE for CoHy and better stability.

The CV study shows similar Cy trend for both particles size, except for Cu loading
— 2.0mg * cm~2. Moreover at very low loading the used method fails, thus a CV
study, using a flow cell system, could be more reliable.

EIS results are coherent with the higher HER activity of Cu-25nm with respect to
that of Cu-50nm at the same conditions. Cu-50nm and Cu 25nm shows more differ-
ent results at low loadings so more particles sizes should be studied at low loading

to see if CoH4 FE can be improved.
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