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Abstract

A comparative study of three different membrane electrode assemblies for electrochemical CO,
reduction is performed in a flowcell setup utilizing gaseous CO; as a reagent. The membrane electrode
assembly consists of a bipolar or exchange membrane, an Ag-mesh catalyst and a gas diffusion layer.
The counterreaction occurring on the opposite of the electrode assembly is oxygen evolution
performedin a1l M KOH anolyte. While using a fixed cell potential of 2.5 V, it was found that the bipolar
membrane configuration produces 4 to 6 times more current versus an anion exchange membrane
assembly due to the low local pH enabled at the cathode due to the bipolar membrane. This difference
comparatively benefitted both CO; reduction and the competing H, evolution. It was further found
that the surrounding infrastructure, namely the titanium sample holder, was almost exclusively
performing H; evolution, both inhibiting reactions on the Ag-mesh and preventing the formed products
from being transported to the cathodic gas phase. Instead, all formed products were detected in the
anolyte compartment. To circumvent these issues the sample holder was removed, and ionomer
solution was applied to the Ag-mesh increase conductivity between the bipolar membrane and the Ag
catalyst. During operation the membrane ultimately delaminated due to internal gas accumulation.
The main conclusions from this work are that the examined membrane electrode assemblies using
Ag-mesh as a cathode are unable to perform CO; reduction while the Ag-mesh is located too far from
the gas diffusion layer. Even with layer compression between all components, only trace amounts of
CO were produced, implying that contact between the CO; reduction catalyst and the CO; source was
not sufficiently present. Membrane electrode assemblies might then be improved by utilising a layer
of conductive liquid between the membrane and Ag-mesh. In an alternative approach a gas diffusion
electrode was produced through the sputtering of Ag directly onto the gas diffusion layer. Even without
optimisation this system outperformed all produced membrane electrode assemblies in terms of CO,
reduction.

Keywords: CO; reduction, bipolar membrane, BPM, anion exchange membrane, AEM, membrane
electrode assembly, MEA, flowcell, gas diffusion electrode.



Table of Contents

Y o 1] - Lot TSRO POTPROTPI 2
List of symbols and abbreviations ............eeii i a e e 5
1. Introduction: The FULUIE OF ENEIEY ...uvuiiiiiiiiiiiiee e ecciiteeee ettt e e e sttt e e e e saara e e e s e saabaeeeessnnnssaeeeeeenas 6
2. Theory: Reactions, fIOWCEll @and MEA .......ooo i e s sbree e e e e s sbreee s 8
2.1 Electrochemical half reaCtioNs..........eioiiiii it e e 8
2.0.1 CO2 FEAUCTION .ttt ettt e s st e e sb e e s b e e e sabe e e e s nee e e sneeeesnneeesanneas 8
2.0.2 Ho @VOIULION ettt ettt ettt e sb et e st st e sar e sab e sar s 10
2.0.3 02 @VOIULION ettt et sttt e e sttt e e s eabe e e s bb et e s bt e e e sabe e e s aabeeeeareeeeanes 10
O N =Y | o To 1 =Y o} | PRSPPI 11

2.2 H-CeII VS, FIOWCEID .ttt sttt et e sbt et esate e st e e sabeesaeeas 15
2.2 L H-COII ettt h e h e e a bt e sa e s san e snbe e sareesarees 15
2.2, 2 FIOWCRIL ettt ettt et ettt et et s e e e s es 16

2.3 Membrane electrode assembBIY ......ccui i e e 17
2.3.1 1on eXChange MEMDIANES ....uiiiiiiiiiiieeeieee e e e e e e e e e eeeaaaaaaeeeeesessessnnnnnsnnennes 18
2.3.2 The bipolar membrane and its effect on potentials in the CO;RR ........covvvviieiiciiiieeieie, 19
2.3.3 Solubility of CO,, gas diffusion layer and the MEA ...........ccccooeciiieiee e 23

1V =Y d oo [o] [o =Y U PSR 25
R A (oY= T T=T oY = 1 I - [PPSR 25
3.2 Electrochemical cell CONfIGUIratioN ........c..uiiiiiiiiiiiieee e et e e e aaraeee e 26
3.3 MEA working principle and preparation...........ieeee e e e ee e 28
3.4 EleCtrolyte pPreparation ... e e e e e e e e e e e e s naraaaaaeas 30
3.5 Experimental setup and @QUIPMENT ...c.eeiiiiiii e e s e ee e 31
3.6 Methods of Characterisation .........c.ceooiiiii i e 33
3.6.1 Potentiostat MeasuremMeENts ...t 34
3.6.2 Gas ChromMatography .. ..uuuiii i e e e e re e e e e e st e e e e e e earbaee e e e e e anreees 34
3.6.3 SEIVIIMAZING .. veeeveeeeeeeeeeeeeeeeee e eeeee e e s seee st eeeeeeseeees s et s eeeeeeeeeee e eeeesees s e teseeeeseeeseneneenen 35

B RESUILS ..ttt ettt ettt ettt e et e e sttt e sttt e e s a bt e e e s b e e e e e abe e e e a b e e e e s b bt e e e bbe e e e bae e e s hneeeenreeeenreeennres 37
L N @Yol o Vo] I =010 .4 11 o PR 38
4.2 Chronoamperometry and gas chromatography of the BPMEA and AEMEA............c.ccceeeeennneen. 40
A2 L BPIMEA ..ot s e sttt e s bt sr e sr e s neesarees 40
A.2.2 AEMEA ... ettt e e e e e e et ettt e e e e e e e et et e et e e eee et et e eere e e e aaaeaeaees 42
4.2.3 Anode measurements of the BPMEA and AEMEA ...........ooiiiiiiiiiiiiie e 44

4.3 AAditional @XPEIMENTS ......vviiiiii it et e e e e e s re e e e e e e stbreeeeeeeeasaaeeaeeesnstaeeeaseannnrenes 46
e T O =1 - | Q=) (o YT 2 1 1= 0 U UPP PPN 46
.32 BIS BPIM ..ceiiiiiiiieiii ettt e e e e e e e e e e e e e e e ettt e et e e e e e e e e e e aeaeeeeeeeanaas 48



O 00 N O U

4.4 1onomer BPIMIEA Preparation ...ociciuuuuiuiiiieee e e eeeeeeitiiiiisess e e e e eeetetertassiaisssesseeeeesesnssnsnsssssssesssssennns 49

4.4.1 10n0MEr 0N STAINIESS STEEI..ccuiiiiiiiiie ettt e st e e e e e s sbaeessabeeeeaas 50
4.4.2 lonomer on BPM and stainless Steel ........cooueiiiiiiiiiiiiieeee e 52
4.4.3 lonomer on BPM and stainless steel with additional processing.........cccccovvvveeeiiiciiieeeeennnns 53
4.5 Chronoamperometry of the ionomer BPMEA ..........ouiiiiiiiiiiiiee ettt e e e e e 54
4.6 Alternative approach: Gas diffusion electrode ..........ccccevveiiiiiii i 58
BB ol ¥ L1 (o o DTSRRI 60
0] 3Tl TV {0 T3 RO PPPRTI 64
 ACKNOWIBAZEMENTS ...t e e e e e et e e e e e s bbaeeeeeesaaabraeaeeeesnssaeeeeeesansrenes 64
 REFEIEINCES ...t st sanees 65
B Y o] o T=T o o | PRSP 70
A. Technical Data on ElectroCell deVICES ........eiiiiiiiiiiiiie ettt 70
B. Product details on the BPM, GDL and Ag-mesh .........c..ueiiiiiiiiiiii et 71



List of symbols and abbreviations

AEM =anion exchange membrane

AEMEA = anion exchange membrane electrode assembly
BPM = bipolar membrane

BPMEA = bipolar membrane electrode assembly
C-C bond = carbon-carbon bond (molecular binding)
CC(U)S = carbon capture (utilization) and storage
C.D. = current density

CEM = cation exchange membrane

CO;RR = CO; reduction reaction

DMAc = N,N-dimethylacetamide

EC*/PEC = electrochemical/photo electrochemical
F.E. = Faradaic efficiency

F-T = Fischer-Tropsch

GDL = gas diffusion layer

HER = hydrogen evolution reaction

MEA = membrane electrode assembly

MFC = (ElectroCell’s) Micro Flow Cell

MPL = microporous layer (component of the GDL)
M.W. = molecular weight

OER = oxygen evolution reaction

PCET = proton coupled electron transfer

PTFE/Teflon = polytetrafluoroethylene

RHE = Reversible Hydrogen Electrode

SCR = Space Charge Region

SHE = Standard Hydrogen Electrode
SPEEK = sulfonated poly(ether ether ketone)
u/v = potential / voltage

wt.% = weight percent

n = overpotential

*N.B.: ElectroCell also uses EC as their abbreviation and logo. In this report ElectroCell will not be abbreviated to avoid
confusion with the term electrochemical.



1. Introduction: The Future of Energy

While moving towards a more renewable future, further emphasis is being put on the continuously
rising CO, concentration in the atmosphere, which recently went over 400 ppm [1]. Although the exact
responses of our ecosystem to this increasing concentration is not clear, it is likely to be the cause of
global warming and the recent surge in extreme weather events across the globe [2]. There have been
multiple international attempts to reduce emissions through the Kyoto protocol [3] and the Paris
Agreement [4], or by capturing CO, before it enters the atmosphere by means of carbon capture
(utilization) and storage (CC(U)S) [5]. None of these or otherwise known methods have clearly proven
to be an economically feasible way to reverse or even stabilize the CO, accumulation.

Another factor is the continuously increasing energy consumption per capita combined with the
increasing world population. According to the World Energy Council (WEC) [6] the best-case scenario
states that by 2050 the population will increase by 25% (8.7 billion), while the energy demand will rise
by roughly 123% (47.9 billion MWHh), due to greatly increased electricity usage and the electrification
of rural areas. However, adding further clean electricity sources is not a means to an end alone,
resulting in further problems that need to be addressed.

Although the rapidly growing renewable energy sector of solar and wind can help compensate for
the increasing energy demand, it does not balance out two other important factors. The first factor to
consider is the time-of-use energy disparity between consumption and production of renewable
energy on both daily and seasonal timescales. For day-night cycles it is likely that batteries can
overcome the temporary shortage by storing excess daytime energy. However, batteries leak energy
slowly and for winter times it might be more attractive to store this energy in a more stable synthetic
fuel. The second factor is our current reliance on a great deal of carbon containing products that cannot
be supplied by clean energy. A great variety of daily products consist of energy dense carbon-carbon
(C-C) bond materials and these products are mainly retrieved from heavy oil fractions and other fossil
fuels. Even though modest attempts are made to reduce the amount of fossil-based products - for
instance shops that exchange plastic bags for paper ones - this hardly scratches the surface of the
enormous oil-industry. Besides, most carbon-based products have become part of our daily lives and
cannot simply be interchanged with other materials. In a fully sustainable future it is mandatory that
we become independent of fossil fuels, motivating the need for a renewable method of producing
energy dense C-C bonds.

A potentially attractive way to deal with the CO; problem, an abundance of intermittent electricity
and the need for renewable C-C bonds, is through electrochemistry. It is possible to electrochemically
reduce CO; into CO and/or hydrocarbons that can function as intermediate building blocks or directly
as synthetic fuels. Subsequently, syngas (a mixture of CO and H, mixture) can be used in Fischer-
Tropsch synthesis [7] to produce hydrocarbons. This already implies two possible pathways for
renewable C-C bond formation. With these possibilities in mind, the goal of most electrochemical
research has been to minimize the potential losses occurring thought the system in order to increase
the energy efficiency of the studied reaction.

The electrochemical reduction of CO; is often combined with an oxygen evolution counter reaction
and can be seen as a reversed combustion reaction in which electrical energy is put back into CO; to
reform into more valuable carbon containing molecules with oxygen as a side product. The oxygen
evolution reaction in specific requires a relatively small energy input, but in practice this value lies
much higher due to inherent resistances and poor catalysts. One possible means to reduce the cost of
this reaction is by implementing a bipolar membrane, which allows the use of two separated reaction
media, which can then be optimized for both catalysts.



Aside from the efficiency of the reaction, another barrier to implementation of CO; reduction
technologies is the low current density obtainable in a typical aqueous reactor. Due to the low
solubility of CO; in water along with poor diffusion characteristics near the catalyst surface, CO;
molecules cannot reach the active surface fast enough, thus the maximum reaction rate of CO;
molecules is limited. As a result, current densities for the reduction of CO, have been stagnating around
30-40 mA/cm?[8] for liquid phase reactions. A recent technoeconomic analysis by Kenis et al. indicates
that a minimum current density of 100 mA/cm? is required to convert enough CO, to CO and make the
reaction economically attractive [9].

An interesting method for circumventing the liquid CO; limitations is by making use of a membrane
electrode assembly (MEA). This setup allows for the use of gaseous CO;, by combining a gas diffusion
layer with a liquid conducting membrane and an active catalyst layer in-between, greatly shortening
the diffusion pathway of CO,. After the reaction, dissolved products such as CO, H, and short
hydrocarbons can diffuse back into the gas phase where they can be separated in a post processing
step. Although the mechanisms behind the use of a MEA are much more convoluted than a traditional
setup, research has proven that utilizing such a setupis a successful method to increase current density
by roughly a tenfold [10-12]. Nevertheless, the field of gas-based electrochemistry is still in its infancy
and a great deal of additional research efforts are required to determine the most effective MEA type
and configuration.

Previous CO; reduction research was mainly focussed on finding the best catalyst material and
electrolyte conditions in mechanistic studies in order to increase selectivity and activity. The use of
MEA’s show a severe increase in kinetics and advanced transport limitations, which changes the
relevance of many of the involved factors, therefore also changing the direction of future research. In
this thesis different MEA configurations will be built, characterized and compared in order to shine
a light on what conditions are optimal for achieving higher current densities for the electrochemical
reduction of CO,. The scope of the research will be answering the following research questions:

- Which of the tested MEA setups provides the highest current at a fixed cell potential?

- What are the effects of altering different components in an MEA setup in terms of reaction
selectivity and stability?

- How does the bipolar membrane impact the current density?

During this research membranes, electrolytes and gas diffusion layers are altered to compare the
different components and monitor the change of characteristic parameters. The current density and
selectivity is further measured as a function of cell potential. Although a great deal of research has
been done on CO; reduction catalyst materials in aqueous setups with standardized testing methods
[13], the field of membrane electrode assemblies has no clear benchmarking method yet. This makes
current MEA research arbitrary from laboratory to laboratory. Since the MECS and TP groups at the TU
Delft have little to no experience with MEA based systems for the CO,RR, the overarching goal of this
research is to obtain a functional system that can act as a benchmarking method and platform for
future gas-diffusion based CO; reduction research.

This report is set up as follows: The theory and parameters of CO; reduction and MEA components
will be discussed in Chapter 2. In Chapter 3 the methodology of the performed experiments as well as
the characteristics of the used electrochemical cell will be explained. Chapter 4 displays the results of
the experiments while Chapter 5 discusses the found results and reflects them against relevant
literature. The discussion section will also be used to reflect and determine how to proceed with CO;
reduction research at a systems level in general and, more specifically, within the MECS research

group.



2. Theory: Reactions, flowcell and MEA

During this research the conversion of CO, will be studied. Therefore, a basic understanding of the
electrochemical principles behind the occurring reactions will be discussed first. The considered
reactions are the CO; reduction reaction (CO,RR) and the oxygen evolution reaction (OER). Both
reactions have been studied and described thoroughly in the past in terms of mechanism and working
principles and are explained according to literature in section 2.1. The CO;RR will be discussed
thoroughly, whereas the OER is more of a complementary reaction and will thus be described in lesser
detail. Secondly, despite the thermodynamics of the two half reactions remaining the same in any
setup, the used flowcell system is quite different from the conventionally used H-cell. Section 2.2 will
discuss both configurations and system parameters in detail. Finally, the function and working
principles of each component in the membrane electrode assembly will be explained in section 2.3.
Special attention will be given to describing the mechanisms of different ion exchange membranes.

2.1 Electrochemical half reactions

As with every electrochemical reaction, the driving force behind the reaction is the potential-driven
transfer of electrons from one molecule to another in order to create a system that is in
thermodynamic equilibrium. Therefore, this reaction requires an oxidizing agent, which gives up
electrons at the anode, and a reducing agent, which takes up electrons at the cathode. Naturally, these
two reactions are in balance to maintain electroneutrality. However, a wide variety of ionic
intermediates may exist momentarily, complicating the reaction. After going over the CO, reduction,
the competitive H, evolution and O, oxidation half reactions, a separate section is dedicated to the
concepts of total cell potential and overpotential.

2.1.1 CO; reduction

Although this research focusses on the conversion of CO, to CO at the cathode, CO, can be reduced
to a variety of products depending on catalyst material, applied potential, morphology and reactant
concentrations. The catalyst material determines the binding strength of all involved species
(reactants, intermediates and products) and mainly controls the selectivity of the reaction. Itis possible
to tune the reaction towards high selectivity of one product or towards a wide variety of molecules.
Examples of high CO selective materials in the CO; reduction reaction(CO2RR) are catalysts such as
oxide-derived silver (OD-Ag) [14] and gold nanoparticles (Au-NP) [15] with a selectivity of respectively
80% and 90% due to their strong binding to CO, and weak binding to CO [16], thus releasing CO as it is
produced. Oppositely, copper gives a wide array of products. Jaramillo et al. [17] showed that at least
16 different carbon containing species were formed from CO; on metallic copper (Cu) due to the
relatively strong binding to CO, which allowed CO to be an intermediate for further products. Carbon
containing products on Cu included alcohols, aldehydes, carboxylic acids and ketones, albeit in small
guantities. By changing morphology, mixing catalytic elements and changing reaction conditions it is
possible to tune the selectivity of products, as shown by Ma [18]. However promising it may sound,
the field of CO; reduction research relies on mechanistic understanding of the CO; reduction reaction,
for which even the most elementary steps for the simple conversion (CO, to CO) are still under heavy
debate [19]. Koper et al. [20] has used online mass spectrometry to monitor the quantity of
intermediates and products during the CO,RR on Cu in order to figure out mechanisms and deduce
rate determining steps. Accordingly, it was found that the first electron uptake to adsorb CO; (CO(g)
+ e -> CO0 ) is rate limiting, unless more complex products (Cz.) are formed. It was also shown that
from a mechanistic point of view it is likely that C; products are formed from adsorbed CO at moderate
overpotentials (CHs @ -0.8 V versus RHE) and that C; products are formed from the same CO
intermediate, but as a dimer at lower overpotentials (C;Hs @ -0.5 V versus RHE). Their proposed
reaction pathway on Cu is depicted in fig. 1.
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Figure 1. Proposed reaction pathways for the electrocatalytic reduction of CO, on Cu. Differently coloured arrows are used for
different products. In this proposed scheme there are two rate determining steps (RDS). RDS; is the initial uptake of an electron
by CO; in order to absorb to the surface. The initial blue and orange arrows depict a variability in possible mechanisms. RDS,
is the dimerization of two nearby adsorbed CO molecules. This step requires strongly bound CO and is therefore highly
dependent on catalyst material and overpotential. [20]

Despite the interesting mechanisms behind CO; reduction on Cu, the desired product in this project
is CO, the ‘simplest’ product of CO; reduction. In respect to fig. 1 the formation of CO is complete after
the formation of the adsorbed ‘(metal)=C=0’ intermediate. As mentioned before, Cu binds CO strongly,
thus it only allows a fraction of the adsorbed CO to be released from the metal surface. Metallic
surfaces such as Ag, Au and Zn follow the same pathway, but almost exclusively produce CO due to
their much weaker binding energy to this specific intermediate. It is not certain whether the conversion
of CO;(g) to CO(g) consists of three or four elementary reaction steps. This has to do with whether the
first intermediate, COOH*, is formed by a proton-coupled electron transfer (PCET: H* and e react
simultaneously) or by two separate steps [21]. The pathway for the PCET and the pathway for separate
electron and proton transfer are shown in fig. 2. Species with an asterisk (*) indicate adsorption to the
metal catalyst. A recent study on the pathways for CO; reduction on a Ag catalyst [22] has shown that
both primary elementary pathways may occur, depending on the applied potential. After the
elementary step(s) of producing the COOH" intermediate (1,1a+b) the subsequent steps for producing
CO are equivalent for both pathways (2+3).



PCET Pathway Electron then Proton Pathway
1.C0,(aq) + *+ H (aq) + e~ la. CO,(aq) + *+e~ - CO0™*

1b. COO™ + H*(aq) » COOH*
2.COOH*+H"(aq) + e~ » CO* + H,0(1)

3.C0* - C0(aq) + * +

Total: CO,(aq) + 2H* (aq) + 2e~ - CO(aq) + H,0

Figure 2 Reduction pathways for CO, to CO conversion. * represents an active surface site at the cathode. A species followed
by * indicates an absorbed species at the catalyst surface. Both the PCET and 2-step pathways have COOH" and CO”
intermediates.

Although it seems like this reaction would require an acidic environment (= a high proton
concentration) it has been shown that CO, reduction can also operate in alkaline media. During
operation, such a system can obtain its protons from nearby H,O molecules directly, thus producing
OH". So, during reaction in an acidic medium protons will be consumed and during reaction in a basic
medium hydroxyls will be produced. Kinetically speaking, it is favourable in terms of activity to operate
in low pH, since this allows for either easier proton access or easier disposal of hydroxyls. This,
however, greatly promotes hydrogen evolution, which is discussed more in the following section.
Regardless of which starting medium is used, in both instances the local pH near the cathode surface
increases over time.

The pH of solution has implications on product selectivity as well. Whenever pH increases the
availability of protons decreases and therefore PCET is less likely to occur. Consequentially, in an
alkaline environment products from separate electron transfers, such as ethylene (C;H4) are promoted
[23]. Although it is not likely such products will be formed on a CO,-to-CO selective catalyst, it is
important to understand how possible undesired products may be influenced by operating in a mostly
unexplored alkaline environment. (Another factor that is influenced by pH is the concentrations of
inorganic carbon species, which can be CO;, HCOs and COs*.)

2.1.2 Hy evolution

An alternative reduction reaction that can occur at the cathode is the hydrogen evolution reaction
(HER). The HER only uses protons and electrons to form hydrogen (2H* + 2e~ — H,). Since the 2
electrons and protons cannot just all find their way to one another in solution, this reaction requires a
conductive catalyst where at least one proton can be stabilized and free access for electrons is
available. In comparison to the CO2RR, which utilizes a variety of intermediates that also need to be
stabilized, the HER is a much more straightforward reaction. In the pathway for CO, reduction (fig. 1-
2) it was shown that many of the elementary steps require protons as well. Both the CO,RR and HER
compete for these surface adsorbed protons and are therefore considered to be competitive reactions.
In section 2.1.4 it will be discussed that the HER requires electrons with a slightly lower potential in
respect to the CO,RR. This makes selecting a catalyst for a selective CO;RR all the more difficult.

2.1.3 O evolution

Whereas the goal of this research is CO; conversion, a counterreaction is required to provide the
cathodic reaction with electrons. The most straightforward way to provide these electrons is by
performing the oxygen evolution reaction (OER) at the anode. This reaction converts H,O molecules,
which are always available in abundance, into oxygen, protons and electrons. The pathway for this half
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reaction is the same as for the OER occurring during water-splitting (2H,0 = 2H, + 0;) and is
depicted in fig. 3. [24]

Oxygen Evolution Pathway
1.H,0()+ * -» OH*+H*(aq) + e~
2.0H" - 0"+ H'+e”
3.H,0() + 0* - HOO*+ H" + e~
4.HOO* - 0,(g)+H *"+e + * +

Total:2H,0(l) » 0,(g) + 4H™ + 4e~

Figure 3 Oxidation pathway for water to oxygen. 0", OH* and HOO" are very unstable intermediates, leading to a high required
potential to perform this reaction

The main problem with this half reaction is that due to the stability of the H,O molecule and the
pathway along unstable intermediates (OH", O, HOO") a high potential is required to get oxygen
evolution going. Since this half reaction provides 4 protons and electrons and the CO;RR uses only 2
protons and electrons per CO, molecule, double the amount of CO; is reduced per produced O.. It has
been found that the OER half reaction, operates with the smallest losses at a high pH environment.
This does however put strain on the choice of catalyst, as it needs to be stable around the pH 14 region.
Some of the used catalysts, that can operate the OER stably in strongly alkaline solutions with minor
excess losses, are iridium oxide (IrOy) and nickel iron oxide (NiFeOy). The next section will elaborate
further on potential and losses.

2.1.4 Cell potential

One of the most important parameters in electrochemical systems, due to its implications on the
technoeconomic feasibility, is the applied cell potential. This value describes the relative electrical
energy each electron can potentially exert on an atom or molecule. An applied potential in an
electrochemical setup is required for multiple reasons. Besides driving a reaction into a n otherwise
thermodynamically unfavourable position, the applied potential is also required to create and
overcome intermediates such as adsorbed species (H", COOH") and to surpass several resistances in
the system.

When discussing potentials in electrochemistry, the standard hydrogen electrode (SHE) can be used
as a standard reference. The SHE has a defined standard electrode potential (Eo) of 0V at 1 bar, 298 K
and 1M H* (pH 0) for the previously described HER that serves as a reference. Since the HER requires
protons it performs worse as the proton concentration decreases, thus giving it a pH dependence. This
dependence comes from the Nernst equation[la] [25], where R is the ideal gas constant, T is the
temperature, z is the amount of electrons for the reaction, F is Faraday’s constant and Q is the reaction
quotient. When filled in for the HER (z = 2, In(Q) = -2*In [H*] = -2*2.303*log [H*]) this causes the SHE
to shift its potential according to equation [1c]:

E = Ey+—+In(Q) [1a]
o 8.314+298 +

E=Eq—2x%2.303x—————x log[H™] [1b]

E = Ey —0.0592V = pH [1c]
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However, a more practically used reference electrode that is preferred over the SHE is the
reversible hydrogen electrode (RHE). The reason for this is that the RHE takes pH effects directly into
account according to the Nernst equation and therefore making it pH independent.

When equation [1] is put to use it makes sense to use the RHE scale over the SHE. For instance, the
HER reaction in an acidic medium of pH 0 is defined as 0 V vs SHE as well as vs RHE. Since the reaction
consumes protons it is logical that a lower proton gradient, thus a higher pH, has more difficulty in
performing this reaction. When the same reaction is performed in a pH 14 solution the SHE will
therefore display -0.829 V (= 0 — 0.0592*14 V), since the potential value is dependent of pH. The RHE
potential for the HER will however incorporate the pH in its potential, resulting in a potential that is
still 0 V. Although the relative potential between any two reactions will still be correct for both the SHE
and the RHE in a homogeneous solution of any given pH, the SHE does not communicate the relative
potential between the two half reactions properly when two heterogeneous compartments with
different pH are present. To demonstrate this the potential of the OER is first explained.

The required potential for the adsorption and conversion of species is specific for each reaction. In
this project three reactions are of importance: At the anode only the OER occurs as was described in
section 2.1.2. The conversion of the stable H,O molecule to the much more reactive O, molecule goes
against the natural balance that would be present when no potential was applied. In order to reverse
this process the relative thermodynamic energy difference between the H,O molecule and the O,
molecule needs to be bridged. The energy difference of these molecules, thus the minimal required
potential to perform the OER half reaction is 1.23 V vs RHE at pH 0. This is the greatest contribution to
the total cell potential due to a larger overpotential that must be applied. Opposite to the HER at the
cathode, this reaction produces protons and consumes hydroxyls and will therefore occur more easily
in a high pH environment. As previously mentioned the RHE is chosen over the SHE as a reference. In
Table 1, 3 different situations are used in combination with equation [1c] to clarify this case.
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Table 1 HER and OER potentials vs RHE and SHE. E%.y is the potential difference between the two half reactions or the minimum
theoretical cell potential required to operate the given conditions and is defined as ECathode - E%node = E°Her - ECoer. The RHE
potentials are independent of pH, whereas the SHE shows a significant drop in E°; when performing the HER in pH 0 and the
OER in pH 14.

Reaction RHE SHE
HER (pH 0) oV oV
OER (pH 0) 1.23V 1.23V
Een (ApH = 0) -1.23V -1.23V
HER (pH 14) oV 0V-—(14 *0.0592) V=-0.829 V
OER (pH 14) 1.23V 1.23V—(14 *0.0592) V = 0.401 V
Een (ApH =0) -1.23V -1.23V
HER (pH 0) oV oV
OER (pH 14) 1.23V 1.23V—(14 *0.0592) V = 0.401 V
E%en (ApH = 14) -1.23V -0.401V

As shown in Table 1, the theoretical potential E°.i between the HER and OER is independent of pH
in the case of using the RHE. The SHE takes the effect of pH into account using the Nernst equation
and shows that in the HER(pH 0) — OER (pH 14) case needs a much lower potential to operate. This is
given the fact that an acidic and a basic environment can coexist in one setup. The bipolar membrane
allows for this situation, at its own cost, and will be further explained in the Membranes section (2.3.1).

At the cathode two reactions may occur. These reactions are the aforementioned CO,RR and HER.
The CO,RR to CO is the desired reaction and occurs at —0.11 V vs RHE. This reaction is combined with
the OER (1.23 V vs RHE) at the anode and requires a theoretical potential of -1.34 V vs RHE. The HER is
a competing reaction consuming both protons and electrons required for the CO3RR. Although it is
thermodynamically more favourable to combine the OER with the HER, the HER requires 2 protons
near the reaction surface in order to produce H,. This feature can be exploited to selectively reduce
CO; instead of producing H; by using a material with a higher affinity towards adsorbing CO; than H".
Each catalyst material has its own specific binding energy to reagents, intermediates and products and
the goal of catalysis is to lower the energy barrier between reagent and product by making the
intermediate step energetically more favourable, effectively reducing the required potential. As an
example, the earlier mentioned catalysts Ag, Au and Cu have different binding energies to CO, resulting
in different products at the same applied potential.

In fig. 4 the Gibbs free energy diagrams for the CO;RR and for the HER on Ag and Au are displayed.
The initial reagents and final products are desorbed from the metal surfaces and therefore have the
same thermodynamic potential (-0.11 V for the CO,RR, 0.00 V for the HER). Since both Au and Ag
metals are similar in binding energies, most intermediate products have similar energy levels. Factors
such as the orientation of reactive sites, however, have a significant effect on the observed binding
energy of intermediates. This indicates that it might be favourable to nanostructure catalysts in order
to increase the amount of corners and edges or expose various facets. When comparing the CO,RR
and the HER it is noticeable that the HER can overcome the intermediate energy barrier at a lower
potential than the CRR. The result is that regardless of which metal surface is chosen as a catalyst for
CO; reduction, the selectivity of CO and other carbon containing products can never reach 100% due
to the consumption of electrons and adsorbed protons in the competing HER.
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Figure 4 Gibbs free energy diagram for the CRR (=CO,RR) and the HER on Ag and Au. As can be seen from these graphs, the
thermodynamic minimum energy for the CO,RR and HER is far less than the energy required to overcome their respective
intermediates, COOH" and H". It is also shown that the facets of the active surface area can play a major role in reducing the
energy required to overcome the intermediates. [26]

Besides the theoretical potential necessary to perform a set of half reactions there are many factors
in the system that give rise to additional resistances. These resistances cause the theoretical potential
to be insufficient to perform the given set of half reactions and imply the need for additional potential
over the entire cell. The additional potential is also known as the overpotential, since it describes the
amount of volts needed over the theoretical minimum. The symbol used for overpotential is the fifth
letter of the Greek alphabet, n (éta), and includes all possible energy barriers. The overpotential and
the theoretical potential together form the total voltage applied over the cell and can be referred to
as the (total) cell potential (Ecen). The components of the total cell potential can be expanded as

Ecell = Erev + Nanode + Ncathode + Nmembrane +ix Rohmic [2]

where Erv is the reversible potential required to perform the reaction, nNanode anNd Necathode the
overpotentials on respectively the anode and cathode, Nmembrane the potential required to overcome
the membrane resistance and i*Ronmic the voltage losses due to the finite conductivity of the
electrolyte. Moreover, Nanode and Ncathode Mainly consist of activation losses and mass transport
limitations near the active surface. These overpotentials tend to grow with increased current density,
since a higher current density requires faster conversion, which translates to increased surface activity
and faster molecular transport. Some papers may refer to different names for overpotentials, such as
Nmass_transport aNd Nactivation [27], instead of the parameters in equation [2], but all describe the same set
of losses.
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2.2 H-cell vs. Flowcell

In electrochemical research there are two types of cells available to test the activity, selectivity and
stability of any catalyst. The conventional way to perform electroanalytic research is by utilizing a so-
called H-cell. Some of the most renown researchers in the field of CO, reduction, such as Hori [28],
Kanan [29-30] and Jaramillo [31] as well as many others [32-34], have been using the H-cell in the past
to study a vast variety of metal heterogeneous (= surface) catalysts. Whereas the use of this setup has
its benefits, more recent studies by the Kenis group [35] and others [36-37] have been leaning towards
the use of an alternative system: the flowcell. A literature survey by Janaky et al. [38] was used to make
the following graph, relating CO, research papers and citations to the amount of papers utilizing this
alternative system (fig. 5)
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Figure 5 Literature survey on (P)EC CO; reduction papers. A: number of publications on CO; reduction. B: citations of papers
in A. C: number of publications claiming to have utilized a flowcell setup.

In this section the H-cell and its features are explained first, then the flowcell and its benefits over
the conventional system are discussed.

2.2.1 H-cell

Prior to the rapid development of heterogeneous catalysis for CO, reduction (=pre-2010, see fig.
5) almost all exploratory work was performed in an H-cell configuration. Although there are no records
for why exactly this is the case, it is most likely this setup is used due to its simplicity and the
reproducibility of results. A single compartment electrochemical H-cell is shown in fig. 6 [39]. A double
compartment cell, used for instance in membrane and/or double flat electrode experiments, is shown
in fig. 7. The sturdy Teflon (PTFE) body of these cells has high corrosive resistance and combination
with rubber O-rings make for a leakproof compartment. Multiple top inlets allow for the insertion of
a wide variety of adjustments, such as reference electrodes, pH meters, gas inlets, electrolyte
injection/sampling (for NMR/electrolyte characterisation) and gaseous product collection (for gas
chromatography). Due to the formation of pH gradients in the electrolyte during operation it is desired
to mix to avoid diffusional resistances in the electrolyte. This is possible in most H-cell setups by simply
adding a magnetic stirrer and putting the cell on a magnetic hotplate, also allowing for heating where
desired. The stirrer produces a turbulent flow throughout the compartment and helps with the release
of gaseous products from the electrode surface. Since liquid flow is only regulated by the magnetic
stirrer, and not with any mechanical pump exerting pressure, the amount of variables is kept to a
minimum while most variables, such as mixing speed, temperature and pressure remain fairly
constant.
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Figure 6 Technical schematic for a generic Teflon electrochemical H-cell. The rigid Teflon body enables the use of a wide variety
of corrosive electrolytes (pH 0-14). The simple sample holder (F+Ri+Rz) allows for fast, leakproof assembly and the
standardized electrode surface area offers reproducibility and comparison between samples. This specific setup had a glass
window (within R3) to perform photoelectrochemical experiments, or to observe gas evolution in situ. A magnetic stirrer can
be added at M to mix the electrolyte.

Figure 7 (a.) Double compartment electrochemical cell as used in a previous water splitting experiment. (b.) Schematic
representation of the double compartment cell in a. The red layer represents a Nafion® membrane as was used. When a
membrane is utilized a secondary magnetic stirrer is required to mix both compartments.

2.2.2 Flowcell

More recent electrochemical (CO,) studies focussed on working with a flowcell/microfluidic cell. In
theory this cell is quite similar to the conventional H-cell, with one major adjustment; flowing
electrolyte. In previous work the main focus of research resided with finding the right catalyst for
different products by e.g. measuring the effects of surface nanostructuring. Since the quality (or
selectivity) of products was far more important than the quantity (or activity) of production, simple H-
cell measurements sufficed. Nowadays CO; reduction research has progressed as such that selectivity
is no longer the main issue, even though some mechanisms are still not fully understood. Because of
this, producing higher current densities (>100mA/cm?) and working at a system-level is gaining more
interest in order to slowly advance towards commercialisation [40].
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The specific setup and components used in this research will be described in detail in chapter 3.2,
however, the overall flow cell setup is compared here to the H-cell system. Whereas an H-cell consists
mainly of a single (or double) rigid Teflon compartment, a flowcell is usually built up from multiple thin
layers (mm scale) with specific shapes in order to more controllably flow electrolyte throughout the
system from an external reservoir. Despite the fact that the use of multiple layers makes for a system
prone to leakage, it does offer greater flexibility in terms of customizing the system to suite different
needs while keeping electrolyte usage to a minimum. The freedom in layering is almost endless since
it enables the use of many individually specialized components of different materials, and the eventual
necessity for cell stacking, which is outside of the scope of this research. An example of such a flowcell
is given in a study performed by Mallouk et al. after the use of a BPM and gaseous CO; in a flowcell
setup and is depicted in fig. 8. Since the aforementioned study has much in common with this research
(both utilizing gaseous CO; in a flowcell setup with an MEA) its results will be used in the Discussion as
a measure of comparison.
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Figure 8. Expanded view of an MEA based flowcell as used in the research by Mallouk et al. [41]

Commonly used components in flowcells [42] are metal endplates and hardware (nuts/bolts) for
mechanical compression, Teflon end frames for electrolyte in- and outlets, flow frames with
turbulence mesh, gaskets to prevent leakage, direct electrode materials or sample holders,
membranes and gas diffusion layers. The last-mentioned component, gas diffusion layers, is becoming
increasingly prominent in the field of CO, reduction due to the low solubility of CO, in aqueous
solutions [43]. This will be further elaborated on in section 2.3.3.

2.3 Membrane electrode assembly

The focal point of this research is understanding and producing an effective membrane electrode
assembly (MEA). The MEA system can be used to combine liquid and gas phase reactions and limits
product crossover while providing both half reactions with their respective required reagents. In
theory the MEA only has two constituents; A membrane and an electrode catalyst closely packed
together. However, the utilization of a MEA serves a specific purpose when combined with a gas
diffusion layer. By combining a membrane, a catalyst layer and a hydrophobic gas diffusion layer (GDL)
the system is capable of performing the CO,RR in a liquid electrolyte while using a gaseous CO, feed
stream. A slightly different configuration which integrates the electrode with the gas diffusion layer is
also known as a gas diffusion electrode (GDE) in which the membrane is a separate component at some
distance away. To avoid confusion: Since this research focusses on all three layers being packed closely
together, without integrating the electrode within the GDL, the system will be referred to as a MEA
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with GDL (and not a membrane with GDE). Section 2.3.1 explains the use of different ion exchange
membranes, with special attention paid to the use of bipolar membranes and their effect on the
required potentials described in section 2.3.2. The use of gaseous CO, as a reagent and the
functionality of the GDL are covered in section 2.3.3.

2.3.1 lon exchange membranes

A membrane is typically placed between the anode and cathode electrolyte chambers to prevent
products from crossing to the other side of the electrochemical cell and reverting back into the initial
reagents. Membranes can further be implemented to even reduce the overpotentials needed to drive
the reaction and increase the system efficiency. In theory there are three categories of ion exchange
membranes available: cation exchange membranes (CEM), Anion exchange membranes (AEM) and
bipolar membranes (BPM) which can be used depending on the choice of electrolytes and reaction
conditions. In this research only the AEM and BPM will be used and their effects compared, however,
since the BPM consists of both a CEM and an AEM it is helpful to understand all three types.

The CEM, known for DuPont’s commonly used Nafion® membrane, is a membrane that allows the
transport of cations such as H*, but also of electrolyte co-ions (K*, Na*). This transport is facilitated by
the composition of the CEM; A carbonfluor polymer backbone provides the CEM with sturdiness,
preventing product crossover, while impregnated sulfonated side groups (SO3’) provide the membrane
with a negatively charged character. The negatively charged SOs groups are immobilised and allow for
the attraction and transport of counterions (H*/K*) along the membrane while co-ions (OH/CI") are
being repelled from its surface.

The AEM operates similar to the CEM, but with a positively charged characteristic instead of a
negative one. Whereas both CEM and AEM have a carbonfluor backbone to attribute strength, the
functional SOs group in a CEM is replaced by a quaternary amine (NR,*) side group in the AEM. Because
of the positive nature of the immobilized NR;* group the transport of anions such as OH and Cl is
enabled while repelling cations. SOs"and NR4* are chosen as functional groups since their electrostatic
affinity towards counterions is present, but not strong enough to form stable molecular bonds, which
would otherwise result in passivation of the functional group. The CEM and AEM molecular and
schematic membrane structures are displayed in fig. 9. The molecular structures depicted in this figure
are not standardized for all CEMs and AEMs. Important to note is that although both ion exchange
layers are charged, neutrally charged molecules (H;0) can be co-transported with ions across the
membrane as well. Currently, a wide variety of reinforcement structures and functional groups are
available to tune selectivity, pH stability, thickness and resistance as desired [44].

Another membrane, the bipolar membrane, has quite recently been picked up as a potentially
beneficial element in electrochemical cells. This membrane consists of a combined cation- and anion
exchange membrane effectively allowing the system to be separated into two separately functioning
compartments, enabling the effective use of two individual electrolytes for the anode and cathode
compartments. As a result, the anode and cathode can be optimized independent of each other
without compromising the electrode environment. This is particularly valuable when the efficiencies
of the individual half reactions are strongly tied to the reaction environment, which is the case for
CO2RR, HER and OER.
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a. Cation exchange membrane (Nafion)

S0:H group (not ionized)

SO, group (ionized)

Figure 9 a: Molecular structure of a Nafion® CEM. The carbonfluor backbone provides strength and the SOs  group enables
cross membrane transport of protons/hydronium ions while repelling anions [45]. The red outlined area containing secondary
chain carbonfluors is often targeted for modifications. b: Molecular structure of an AEM. The NR,* group attracts and conducts
hydroxyl groups without binding to them, while cations are repelled. [46].

2.3.2 The bipolar membrane and its effect on potentials in the CO2RR

The final membrane to discuss is the bipolar membrane (BPM) (not to mistaken with a bipolar
plate). This specific type of membrane consists of three layers [47]. In order to produce a BPM a cation
and anion exchange membrane are simply pressed together after pre-treatment with an alkaline
solution containing metallic salt to improve adhesion [48]. Due to the close proximity of the positively
charged AEM and the negatively charged CEM, the interface of the two layers neutralize one another,
giving rise to an essential third layer: the space charge region (SCR). This interface layer is estimated
to be =600-10,000A thick [49]. In this area a strong electric field is present due to the nearby
oppositely charged layers, parallel to a p-n junction as seen in photovoltaics, where the fixed charges
in the AEM (NR4*) and CEM (SOs7) resemble positive and negative doping concentrations [50]. After
formation of the BPM, remaining salt ions at the interface are expelled through the respective layers.
Whereas the use of a single layer ion exchange membrane is to exchange ions, the goal of the BPM is
to transport nothing across the membrane. Instead, within the SCR, water (H.0) can be dissociated
into hydroxyls (OH’) and protons (H*)/hydronium ions (Hs0*), due to the presence of the electric field,
at an incredibly fast pace (=107 times faster than autonomous dissociation of water). Afterwards the
OH and H*ions saturate the AEM and CEM, respectively, and are transported through. As mentioned
previously, water is still able to move through the AEM and CEM, providing the reagent for this
dissociation at the interface layer. The basic functionality of the BPM is shown schematically in fig. 10.
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Figure 10 A: After putting the CEM and AEM close together solution ions (Na*/Cl) are being expelled. B: Consequently, the
only ions between the two mono-ionic membranes become hydroxyls and protons originating from the dissociation of water.
C: Putting together the two ion exchange membranes results in a system similar to B., however, water molecules are now
required to move from the bulk solutions to the BPM interface and after dissociation, hydroxyls and protons are transported
back to the bulk according to their charge. [51]

Historically this membrane was first mentioned in 1956 by Frilette [52] for use in the biochemical
industry. The BPM did, however, get picked up by the chemical industry in the ‘60s to perform
electrodialysis. By utilizing the hydroxyl and proton formation, acids and bases could be regenerated
from the massive amount of dilute wastewaters and salts produced as unwanted side products in
chemical plants. [53-55]. After being picked up as an interesting membrane, much research has been
done after the exact properties of the BPM.

In terms of potential, all ion exchange membranes have a specific characteristic, caused by the
saturation of counter-ions within. The bipolar membrane takes this even further due to the presence
of oppositely charged ions in the AEM and CEM. Fig. 11 shows the concentration and electrical
potential profile for the BPM at thermodynamic equilibrium. The concentrations of fixed charge groups
in the AEM (anion-exchange resin) and CEM (cation-exchange resin) are constant throughout the
membrane, giving rise to the concentration gradients of mobile ions. Starting from the anolyte (left)
and following the concentration of C.™ (mobile cations): As the bulk approaches the positively charged
AEM, the concentration of cations decreases, due to electric repulsion, down to the minimum
concentration within the AEM. Although the system is designed to prevent ion crossover, the
membranes are not perfectly selective, resulting in a minor cation concentration present throughout
the anion exchange membrane. At the interface layer (=2A) the polarity of the system switches rapidly,
depleting the area of most mobile ions. When the CEM is approached, C.™ increases significantly, up
to a saturation concentration, equal to the concentration sum of fixed charge groups and mobile
anions (C.:™= Cf+ C™). Near the catholyte bulk diffusion causes the high cation concentration to lower
towards the catholyte bulk concentration. For the mobile anions (C.™) a similar concentration profile
can be found, but mirrored in the SCR. The result of these oppositely charged concentrations is visible
in the potential gradient; The high anion concentration in the AEM causes a positive electrical potential
difference to be present between the anolyte and the AEM (indicated by AUpon,1). Vice versa, the high
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Figure 11 Concentration and electrical potential profiles for the bipolar membrane at thermodynamic equilibrium (no applied
potential). The ion concentrations are labelled as such: C ™ and C/ indicate the concentrations of mobile and fixed charges.
C. and C.indicate positive and negative charges. The relative electrical potential levels are indicated by AUpon,1, AUpon,> and
AUint. 2A represents the space charge region. [51]

cation concentration in the CEM causes a negative potential difference between the catholyte and the
CEM (AUpon,2). At the interface layer these effects amplify one another, resulting in a strong potential
gradient over a short distance (AUin:), which is defined as a strong electric field. The parameters AUpon,1
and AUpon 2 refer to the Donnan potential difference caused by the difference in internal and external
(near membrane) ion concentrations and is shown in equation 3.

f
. C
AUpon (V) = 255w In =2 [3]
e CJ_r

This equation looks very similar to the last term of the Nernst equation. The fixed charge groups cause
an internal acidity of =pH 0 in the CEM and =pH 14 in the AEM [56] and the BPM potential is equivalent
to AUgpm = AUint- (AUpon,1 + AUpon2), therefore the total potential over the BPM can be simplified via
equation 4 to equation 5.

kT
AUgpy (V) = 27 * (ApHugm-cEm — (ApHAEM—anolyte + ApHcatholyte—CEM)) (4]

AUgpy (V) = 0.0592 * ApHanolyte—catholyte (5]

where ApHanolyte-catholyte 1S the difference between the anolyte and catholyte solutions near the surface
of the AEM and CEM. Although it seems like this relation imposes a significant additional loss on the
system (e.g. [pH catholyte] — [pH anolyte] = 0 - 14 > AUgpp, = 0.83 V), the fact of the matter is that
the pH conditions themselves are beneficial for the half reactions occurring at the electrodes. This is
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explained through the Table 2, which compares a pH 0-0 to a pH 7-14 situation by using equation 5 for
the membrane potential and the Nernst equation for the half reaction potentials.

Table 2 Potential comparison for the CO; reduction with a bipolar membrane in two different systems. The pH 0-0 case
describes an acidic 1M H* environment in both catholyte and anolyte compartments. The pH 7-14 case compares a neutral
catholyte with a basic 1M OH- anolyte. For this table it is assumed overpotentials are negligible to clarify a proof of principle.

Location = Reaction pH0-0 pH 7-14
(Red/Ox)
BPM H20 g OH_ + H+ AUBPM = AUO,BPM AUBPM = AUO,BPM + 0059 * ApH
(x4) = 0.00V + 0.059 * 7
= 0.00V = 0.413V
Cathode COZ + 2H+ + ERed = EO,Red ERed = EO,Red — 0.059 % pHcath
(CO.RR) 2¢~ - CO + H,0 = —0.11 — 0.059 % 7
(x2) =-0.11V = —0.523V
Anode 40H™ - 02 + on = EO,Ox on = EO,OJC — 0059 * pHan
(OER) 2H,0 + 4e” = 1.23V — 0.059 * 14
(x1) =1.23V = 0.401V
Total ZCOZ - 2C0 + 02 Etot = AUBPM — Etot = AUBPM — ERed + on
ERed + EOx
=1.34V =1.34V

In previous research current density was shown to be an important factor on the potential
behaviour of the BPM [57]. At lower current densities the system works at practically no overpotential
regardless of pH, thus allowing any combination of favourable environments to be chosen for the
cathode and anode reactions according to Table 2. As a result, the bulk pH values of both electrolytes
could be used to determine the overpotential over the membrane. However, at higher current
densities, the ion transport from the CEM and AEM to both electrolytes becomes mass transport
limited, resulting in a local pH equal to that of the membrane layers and different from the bulk. If
these values are implemented in equation 5 it is found that for higher current densities the potential
difference becomes 0.83 V, regardless of the bulk pH, as was experimentally proven. The current
density dependence of the overpotential and local pH is schematically shown in fig. 12.
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Figure 12 Current density dependence of overpotential over a bipolar membrane for a pH 0 catholyte and a pH 7 anolyte. A:
at low current density the local pH difference between the AEL and the anolyte is 7 pH units, this indicated a favourable outflow
of hydroxyls from the AEL to the bulk, thus lowering the membrane potential by 0.41 V. B: as current density is increased the
local pH of the anolyte near the AEL becomes polarized, resulting in no favourable outflow of ions and a BPM overpotential
equal to the potential over the interface layer (0.83V). [57]
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2.3.3 Solubility of CO, gas diffusion layer and the MEA

The low solubility of CO; is one of the main limitations to upscaling current CO2RR research. At
standard temperature and pressure the solubility of CO; in water is ®34mM, which translates to a
maximum available current density of =30mA/cm? [58]. In practice, average current densities for liquid
CO; reduction are found to be slightly lower at 10-20mA/cm?. Although these current densities are
high enough for doing mechanistic/selectivity studies, practical devices to store electricity in fuels, such
as electrolysers that produce H,, operate at current densities of 100-300mA/cm? in alkaline AEM
conditions and reach even higher values (800-1600mA/cm?) for acidic CEM electrolysers [59]. These
numbers and related research show that CO; reduction can only become cost competitive if higher
current densities at low overpotentials (150mA/cm? @ 1V neen) are achieved [60]. This is impossible in
liquid electrolytes, even when going to extreme conditions to increase CO; solubility significantly, e.g.
sub-zero temperatures and >10bar pressures.

Fig. 5 shows the increase in the prevalence of flowcell setups reported in literature. In the same
paper it was also mentioned that one of the reasons for this shift is the potential application of a gas
diffusion layer (GDL) in order to increase the overall conversion of CO,. The GDL allows for the use of
gaseous reagents to be transported through, while reacting with liquid media on the other side. This
functionality is enabled by its hydrophilic-hydrophobic structure. A GDL consists of a carbon bilayer
structure; a thick macroporous carbonfiber based backing layer that provides mechanical properties,
such as strength and compressibility, and a thin microporous carbon black based layer that prevents
liquid crossover. To ensure the prevention of liquid crossover both layers have been treated with PTFE,
a hydrophobic polymer. Common concentrations of PTFE in the macroporous and microporous layers
are around 5% and 20%, respectively. In PEM fuel cell technology the GDL is a standard component,
where some research even specialized on the optimization of the GDL in this system [61-62]. In fig. 13
a schematic representation of the GDL in combination with an applied catalyst layer (CL) and a
membrane is displayed. This combination of GDL, CL and membrane is also referred to as a membrane
electrode assembly (MEA), and has proven to be an effective method of increasing the current density
of the CO;RR.

MPL Penetration
Micro Porous Layer

Catalyst Layer

Membrane

Figure 13 schematic representation of a membrane electrode assembly: a gas diffusion layer is combined with a catalyst layer
(CL) and a membrane. The microporous layer is directed towards the catalyst layer, where liquid electrolyte is present. The
macroporous layer provides strength and allows unhindered gas flow, relative to the microporous layer. The displayed MPL
penetration area is a transition region constructed during production, where the carbon black based MPL covers the GBDL
partially. [63]
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The increase in current density is not only attributed to the use of a gaseous layer, but also to the
application of the catalyst layer to the GDL. Due to the carbon based structure of the GDL its electric
conductivity is sufficient enough to efficiently provide electrons to the CL. Since the CL needs to be
slightly porous in order for membrane reagents (protons) and GDL reagents (CO,) to interact, the use
of a sprayed catalyst layer on top of the MPL is often used. This procedure of catalyst material
interstitial to the GDL produces a so-called gas diffusion electrode (GDE). The active catalyst surface
area in a GDE is increased while the quantitative amount of material used is reduced, due to the
dispersion of catalyst particles on and in the MPL. The combination of utilizing gaseous CO; on a
conductive backing area and a well dispersed catalyst results in an overall increase of current density,
as shown in a survey by Kenis et al. where in multiple cases current densities over 100 mA/cm? were
obtained [64]. Other research found even higher current densities could be achieved (200 mA/cm?).
Some of this research seemed genuine [65] however, other cases had issues, such as not displaying
measurements, the application of toxic and unstable ionic liquids or the use of extreme overpotentials
(Vee =5V) [66].
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3. Methodology

In the previous chapter a theoretical background and the current state of research was given. This
chapter first discusses the experimental goals of the research (3.1). The specifications of the used
electrochemical cell, as well as the setup and connections between all used components, will then be
discussed (3.2). Afterwards, the preparation procedures for the MEAs (3.3) and electrolytes (3.4) are
mentioned. This chapter closes by discussing the methods used to characterize the MEA through
potentiostatic measurements, gas chromatography and SEM imaging (3.5).

3.1 Experimental plan

The primary goal of this research is to compare the activity, selectivity and stability of three
different MEA systems in order to determine what components are beneficial and what type of system
should be focussed on in future work. The activity and stability can be measured by means of
chronoamperometry in which the quantity and time dependence of current at a stable potential are
measured. The selectivity is determined using the Faradaic efficiency calculation for produced
hydrogen and CO. In order to see the effect of component changes in the MEA composition, the
amount of variables in each system is minimized by using the same type of electrodes, electrolyte, gas
diffusion layers, assembly methods of the flowcell and assessment methods for each setup. In two
setups the BPM will be tested and in one setup the AEM will be used. The AEM setup does not have a
cation selective membrane, and will therefore operate at the pH of the bulk electrolyte solution. In
this case the AEM is only used to prevent product crossover. For the BPM experiments, measurements
are performed with and without a supporting cation ionomer solution. The cation ionomer solution is
a liquid version of the CEM and is used to create a closer, more direct connection between the active
cathode catalyst and the CEM layer of the BPM. Therefore, the only alterations made to the flowcell
setups resides at the MEA component and can be described by the parameters in Table 3. As can be
seen from Table 3 the only two interchanges made are the membrane type and the application of
ionomer solution between the membrane and Ag-mesh.

Table 3 Different flowcell setups for comparison. Setup 1 consisting of a BPM — Ag-mesh — GDL will be used as the main
reference for comparison of setups 2 and 3.

Setup MEA name Membrane Cathode  Gas diffusion

no. type catalyst layer

1 Bipolar membrane electrode assembly BPM  Ag-mesh  Sigracet 39BC
(BPMEA) 80

2 Anion exchange membrane electrode AEM  Ag-mesh  Sigracet 39BC
assembly (AEMEA) 80

3 ionomer coated bipolar membrane BPM +  Ag-mesh  Sigracet 39BC
electrode assembly Cation 80

(ionomer BPMEA) ionomer

Further details and illustrations of the base setup are given in section 3.2, as well as a detailed
description of the ElectroCell flowcell. In section 3.3 the MEA working principle and its component
materials will be discussed, including the reasoning behind the use of different membranes and the
ionomer solution. The stability and activity of the systems will be compared by performing cyclic
voltammetry and chronoamperometry measured with a potentiostat, while the selectivity will be
measured with gas chromatography.
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3.2 Electrochemical cell configuration

For all experiments performed in this research the Micro Flow Cell® by ElectroCell is used. The Micro
Flow Cell® (MFC) is the smallest (10 cm? electrode area) commercial electrochemical cell in a line of
high quality electrochemical systems that can be modified to fit a desired purpose. Fig. 14 shows the
exterior look of the MFC used in this research which has been customized for gaseous CO; utilisation.

Figure 14 Exterior view of ElectroCell’s Micro Flow Cell: a. Front view of the liquid anode compartment (indicated by 1 and 3
on the stainless steel endplate). The cathode, which is indicated similarly by 2 and 4 on the opposite side, is designed as a gas
in- and outlet. Six size 10 bolts and nuts are used to compress system to avoid leakage. b. Side view: The bolts and nuts go
through the Teflon end frames yet around the layered structure of the interior. The anode and cathode consist of Ni(s) blocks
that stick out at the centre in order to connect them via an external circuit. c. During operation the MFC is placed in an upright
position. The bottom tube connections are inlets and the top 2 connections are outlets.

As can be seen from fig. 14, the cell itself is a robust block made from polytetrafluoroethylene
(PTFE) providing mechanical strength. On the stainless steel endplates numbers 1 to 4 are displayed,
indicating different chambers where fluids enter and exit the cell. For this cell only chambers 1 and 2
are in operation for liquid and gas respectively. The internal layers, shown in 14b, alternate between
rubber gaskets and electrodes/PTFE flow frames. Technical Data of the MFC (and other devices by
ElectroCell) can be found in Appendix A. Although the technical data describes many aspects of the
system, it does not give clear indications of the parameters of the used cell, due to customisation of
the internal layers. The complex interior of the cell is illustrated in an expanded view of the cell (see
fig. 16, N.B. stainless steel endplates, bolts and a polyvinylidene fluoride mesh (PVDF, a non-reactive
thermoplastic fluoropolymer) are left out for clarity).

. iR
Going through fig. 16 from the cathode side (A) to anode side (B): The ';:_‘.%7‘.‘\\
PTFE end frame (A) is used as the inlet for gaseous CO,. The first rubber Fh g
N

gasket transports gas through channel 2 while channel 4 is sealed and
unused for these experiments. The centre cut-out (10 cm?) is due to the
standardized production of gaskets. The PTFE flow frame with internal
PVDF turbulence mesh (fig. 15) is used to distribute gas through the cell
and limits the formation of ‘dead zones’ (stagnant regions during flow). A
second gasket, this time without holes, is used to conduct gaseous
reactants and products between the PTFE flow frame and the
cathode/GDE. The cathode/GDE is where the MEA resides and the CO,RR
takes place on a 10 cm? area, where the CO, gas phase transitions into a _
liquid KOH electrolyte. This compartment will be zoomed in upon and Figure 15. PVDF turbulence

discussed in detail in section 3.3. mesh is applied to annul dead
zones.

-
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Figure 16 Expanded view of the interior of the Micro Flow Cell. Arrows inside the cell are used to indicate liquid (1) and gas (2)
flow directions. [written permission to reproduce this technical drawing is given by ElectroCell]. The inserted image is the real
representation of the same components.
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After a third gasket a PTFE flow frame identical to the one on the gas side is used on the liquid side
of the cell to mix and transport electrolyte (1M KOH) through the compartment. Whereas the flow
direction on the gas side is not really relevant (since the flow is governed by pressure and not by
gravity), the flow on the liquid side goes from bottom to top in order to allow formed O, to rise up in
the electrolyte and thus find its exit route. Reversed flow (top to bottom) on the liquid side can cause
undesired gas build-up within the cell, reducing active catalyst area in contact with the electrolyte.
After a fourth gasket with punched holes for electrolyte transport the anode plate can be found. This
plate is made of Ni(s) and is used to perform the OER. Although Ni(s) is not an optimal catalyst for
oxygen evolution, the focus of this research is on the MEA/cathode, therefore an unoptimized (yet
stable) Ni(s) anode has more of a complementary nature and will suffice for the comparison of these
experiments. After the anode plate a final gasket with punched holes (for in/outlet 1, inactive entries
3 are closed off) can be found before closing the cell with the second PTFE end frame (B). The entirety
of the cell components as shown in fig. 16 is encased in stainless steel end frames and tightened by 10
mm nuts and bolts as was depicted in fig. 14. The external compression of the cell is done by applying
a 4 Nm moment to each of the bolts with a torque wrench to provide a uniform pressure on the cell
and causes the softer rubber layers to indent and close any spacing between individual layers,
providing a leakproof whole.

3.3 MEA working principle and preparation

In the previous section the cathode/GDE compartment was skipped for the moment due to the
complexity of the system. In reality the cathode/GDE area houses the MEA and the GDL. To clarify, fig.
17 a. shows a schematic drawing of the flowcell in the BPM setup and 17b zooms in on the components
within the cathode/GDE compartment. Figure 17b in particular contains a lot of information, since it
includes the (theoretical) pathways of all involved molecular species, assuming there are no other
products than CO and H,. The working principle of this system from left to right is as follows:

The anolyte solution provides H,O to the BPM (Fumasep FBM, FuelCellStore), where it can
penetrate through the AEM to reach the SCR. Here H,O0 is split into OH", which returns to the anolyte
via the AEM to fuel the OER, and H*/H30", which travels through the CEM to be used in the CO,RR/HER.
Simultaneously, on the opposite side of the cell, the gas compartment is filled with CO,. The GDL
(Sigracet 39BC, FuelCellStore) allows for free CO, transport through the large pores of the carbon paper
backing (5% PTFE) on the gas side. To prevent liquid crossover, the liquid side of the GDL consists of a
so-called microporous layer (MPL), which has a much denser structure and higher hydrophobicity (23%
PTFE) [67]. Although the MPL prevents liquid crossover, it is mentioned that this layer can be mass
transport limiting at high current densities. After traveling past the GDL it is not sure whether CO; stays
in a gaseous phase, or undergoes short distance dissolution before it reaches the Ag catalyst. Since it
is difficult and time consuming to determine the exact working principles at the GDL interface this
aspect is outside of the scope of this project.

After H*/H30"is transported through the CEM of the BPM, it can be used alongside CO, in the CO,RR
(or in the competitive HER) at the Ag catalyst (Silver Gauze, 1024 mesh/cm?, 0.12 mm wire diam.,
MaTecK). During the CO,RR, H* and CO, are effectively converted into H,O and CO. Parallel to this
reaction the HER converts H*into H, as an unwanted side product (although the CO-H, mixture can be
used as syngas, higher purity CO has greater value). Since CO and H; have poor solubility and the BPM
prevents product crossover to the anolyte, these products tend to migrate back into the gas phase.
Oppositely, the H,0 side product of the CO,RR cannot permeate though the MPL, but can be absorbed
back into the BPM to fuel the water dissociation step, as well as keeping the membrane moistened.

Product details of the BPM, GDL and Ag-mesh can be found in Appendix B.
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Figure 17 a. Schematic view of the flowcell operating with a liquid and gaseous compartment for the BPM setup. At the anode
the OER is displayed. b. Zoom-in of the cathode/GDE compartment. Here the BPM, Ag cathode and GDL are closely packed
together. The theoretical molecular pathways show the functionality of each component. One important assumption is that
the gaseous products (CO/H,) formed at the Ag-mesh cannot move through the BPM, and vice versa the liquid products (H20)
cannot be transported through the PTFE treated GDL (dark red arrows).

In the first experiment the BPM, Ag-mesh and GDL are simply pressed together in the cathode/GDE
compartment, as shown in fig. 17, with the help of a Ni mask to keep the layers pressed together and
a silicon spacer to prevent liquid from seeping through the edges of the GDL to the gas compartment.

The second experiment interchanged the BPM for an AEM while using the same Ag-mesh and GDL
configuration. The BPM was able to maintain a pH difference between the anode and cathode, thus

29



resulting in a basic anolyte and a local (in the cathode/GDE region) neutral/acidic catholyte. When an
AEM is utilized the anolyte remains unchanged, however, the catholyte no longer has a separate ‘BPM
protected’ environment and will become alkaline as well. Because of this the CO2RR cannot be supplied
with H* to fuel its reaction, but has to obtain its protons directly from H,0, thus producing OH" which
increases local pH even further. These reaction conditions take away the extra cost of the BPM, but
induce extra potential losses to perform the CO;RR, due to the basic environment. According to the
same reasoning it is expected that the AEM setup will require a higher activation potential to start
forming products that require H*, due to the high local pH near the active catalyst area. In other words,
at a constant applied voltage less current will be produced, but in exchange hydrogen evolution, which
relies solely on the H* concentration, will be suppressed, resulting in a higher selectivity towards CO.

The third experiment uses the same BPM - Ag-mesh - GDL configuration as the first setup, but in
addition it has an applied ionomer solution between the BPM and Ag-mesh, consisting of 20 wt.%
SPEEK polymer solution in N,N-dimethylacetamide (DMAc) (Fumion® FKE-solution-2, FumaTech BWT
GmbH). The goal of applying this layer is improving proton conductivity and transport while still
allowing CO;, to reach the reactive surface. Another benefit of this is reducing the distance between
the reactive surface of the Ag-mesh and CEM side of the BPM, which allows the direct use of protons
from this layer instead of dissolution . On the other hand the increased proton gradient towards the
reactive surface might go paired with increased H, formation or CO; active site blockage at the Ag-
mesh. Since no literature can be found for a feasible application method of this chemical compound it
is assumed that the vapor pressure of the DMACc solvent is sufficient to remove itself during and/or
after application, thus leaving the sPEEK polymer on the CEM side of the BPM. The method of
application that will be used is spin-coating, which should provide a uniform heterogeneous layer of
ionomer, providing both covered and uncovered areas at the Ag-mesh with regular intervals. Before
applying the ionomer solution to the (expensive) Ag-mesh, the spin-coating method will first be
practiced on a stainless steel mesh with similar physical properties (sample size, mesh size and wire
diameter) to determine the most effective application method to achieve the desired result. This is
done by changing the applied quantity of ionomer solution (micnomer), the rotational speed of the spin-
coater (RPM) and the duration of spin-coating (t).

3.4 Electrolyte preparation

In order to exclude electrolyte contributions from the comparison of the different MEA systems a
single favourable electrolyte is chosen and kept constant throughout all experiments. The electrolyte
is mainly present as anolyte (electrolyte in the anode compartment) and is thus tuned towards the
optimisation of OER. As shown in Table 1 hydroxyls cause the OER to perform at a lower potential.
Therefore a 1 molar potassium hydroxide (1M KOH) solution is chosen as the anolyte for each
experiment. KOH is an alkaline medium which consists of 1M OH" anions and 1M K* cations.
Theoretically a hydroxyl concentration of 1M result in a pH of 14, however in practice this value will
decrease over time (to pH 13.5-14) due to acidification by dissolution of atmospheric CO,. Although
ion crossover of K*across the membranes has a minor effect on ionic resistance as well as pH, it is
assumed that in all experiments this effect is similar. The preparation of the 1M solution is done for
each experiment by diluting a 45 wt.% KOH stock solution (Alfa Aesar, 45%) with Milli-Q water (R =
18.2 MQ.cm) according to Table 4. For each experiment a 50 mL solution is prepared. A pH
measurement is taken from the solution to ensure a ‘near-pH 14’ mixture is achieved.

30



Table 4 Preparation calculation for a 50 mL 1M KOH solution from a 45 wt.% KOH stock solution.

Target solution 1 M KOH =1 mol KOH/L sol.
M.W. KOH 56,11 g KOH/mol

45 wt.% KOH 56,11 /0,45 = 124,68 g KOH(45)/mol
concentration 1M =124,68 g KOH(45)/L
50 mL solution 6,234 g KOH(45)/ 50 mL H,0

3.5 Experimental setup and equipment

Besides the cell configuration as shown in fig. 16 and 17a, the schematic of 17a can be expanded to
display the total experimental setup including all components and measurement devices that are part
of the setup (fig. 18). Note that this setup was initially used for the BPMEA case as indicated by the
BPM near the Ag-mesh cathode. For the AEMEA case the BPM was interchanged with an AEM.

CO; + CO (+ Ha)

mesh

Gas chromatograph

Bipolar membrane

Cathode

Peristaltic pump

Figure 18 Experimental setup with all external cell components, including (a.) a potentiostat for electrochemical
characterisation, (b.) an external electrolyte compartment, (c.) a peristaltic pump for electrolyte circulation, (d.) a gas
chromatograph for product identification and quantification, (e.) a mass flow controller for CO, and (f.) a high pressure CO,
bottle.

Going through the setup according to the alphabetical annotations in fig. 18 the following
components can be found:

The potentiostat (fig 18a) used in this research is a ParSTAT 4000 (Princeton Applied Research [68])
allowing for a great variety of single-channel electrochemical measurements. This system is basically a
strong controllable battery, and simulates the application of e.g. excess grid power. Initially a 1 mm
diameter reference electrode was present in the anolyte to perform a 3-electrode measurement,
however, due to the rapid gas evolution the small electrode sensor was often blocked and thus
provided inconsistent voltages during operation. This led to the use of a single channel 2-electrode
operation over the entire cell, since the main goal of the research is to measure differences between
different cathode configurations, while the OER at the anode is assumed to be non-limiting. The
potentiostat measures via 4 different electrical connections to the cell. The Working and Counter
Electrodes (WE and CE) are used to measure current, while the Sense and Reference Electrodes (SE
and RE) are used to monitor voltage. The WE and SE are connected to the anode, the CE and RE are
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connected to the cathode. These connections cause an applied positive voltage to respond with a
positive current. More detail on potentiostat measurements can be found in section 3.6.1.

The external electrolyte compartment (fig 18b) is a 100 mL Erlenmeyer flask in which the previously
described 1 M KOH anolyte was placed. The inlet of the cell is fed from the bottom of the vial, while
the outlet drips back into the vial from above the liquid level to allow formed gas products to escape,
as is depicted by the length of the in- and outlet tubing in fig. 18. In order to avoid acidification of the
electrolyte by atmospheric CO,, the Erlenmeyer was taped off at the top after insertion of the tubing.

During experiments, where GC measurements were performed on the cathode side, it was found
that the amount of current consumed did not match the quantity of measured cathode products,
implying that not all products were collected. In order to measure cathodic product crossover to the
anolyte, the GC was connected to the anolyte compartment instead of the cathode gas outlet. To
facilitate the anodic GC measurement a simple Erlenmeyer would not suffice and so the anolyte
compartment was redesigned to be airtight as shown in fig. 19. This compartment allowed gaseous
products at the anode (O, and crossover products (H,, CO)) to be taken away by an inert carrier gas to
consecutively be fed to the GC. More details on the GC and this setup can be found in section 3.6.2.

Figure 19 Altered anolyte compartment for GC measurements made from a deposition cell. In order to adequately measure
gas products at the anode an airtight system is required, while being able to circulate electrolyte.. This is achieved by internally
applying rubber O-rings and using 4 in-/outlets: 1. anolyte outlet coming from the cell. 2. anolyte inlet going to the pump/cell.
3. GC outlet taking the gas products away. 4. inert carrier gas inlet. This can be either Ar, He or N,. The two inlets indicated
with an X and tape on top are sealed from within by a circular rubber instead of an O-ring

The peristaltic pump (fig 18c) is used to circulate electrolyte through the cell via the external circuit.
The used pump was a Masterflex® L/S Precision Variable-Speed Console Drive (Cole-Parmer). This
device uses a peristaltic motion to compress the tubing partially and thereby push the electrolyte
towards the cell at an accurate rate. To ensure that the peristaltic motion would not damage the
tubing, specialized PharMed® BPT tubing (Saint Gobain) is used, which has high chemical (for pH) and
mechanical (for compression) durability. The connection to PTFE tubing of different size was ensured
by using 2-component epoxy (LOCTITE®), this was also done for connections to the cell.

The gas chromatograph (fig 18d) used in this research is a CompactGC4.0 (GAS-analyses). After
calibration, this robust system utilises three separate columns simultaneously, allowing for the
detection of most gasses. Channel 1 uses flame ionisation detection (FID), which detects products
based on boiling point. This line is used to detect hydrocarbon products. During this research it is
expected to only form CO and H,, but no hydrocarbons, therefore this line will only be used as a check
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for irregularities. The second and third columns make use of thermal conductivity detectors (TCDs)
that respond to the electrical conductivity of the sampled gas compared to a reference gas. Since each
atomic species has its own thermal conductivity, this method can be used to detect a great variety of
products. The reason for measuring with two separate TCD columns in the GC is the use of different
internal reference gasses. The second column (TCD-1) makes use of helium (He) as its carrier gas. This
makes it helpful for monitoring O, and CO, but has inconsistencies when measuring the H, content of
astream, since He and H; are comparable elements in terms of thermal conductivity. A similar situation
is present in the third column (TCD-2), which makes use of argon (Ar) reference carrier gas. This makes
it a potent device for quantifying H,. Argon does, however, have similar thermal conductive properties
to 0,. By choosing an appropriate carrier gas and detecting responses in different columns the
concentrations, and thus the selectivity of products, can be identified. More on the specific GC
measurements can be found in section 3.6.2.

The inflow of CO, is regulated by a mass flow controller (fig 18e) and allows for accurate tuning of
the gas compartment inflow. The mass flow controller (Bronkhorst High-Tech) is used to provide a CO,
stream at a rate between 10 and 20 mL/min. The rate of gas flow is one of the required parameters to
calculate the selectivity, since the flowrate determines the dilution of the formed products in gas
phase. The gas flow rate given by the mass flow controller is checked using a handheld flow meter
before and after the cell to ensure no gas leakage is present in the gas compartment.

The CO, gas flow originates from a CO, bottle (fig 18f) which contains pure CO, with only trace
guantities of contaminations. To ensure no unknown species end up in the data, background
measurements were taken directly from the bottle, as well as backgrounds after putting the cell in
place, without applying a current.

NOTE: before using the setup as shown in fig. 18, a bubbler was placed between the mass flow
controller and the cell. Similar research [69] utilizing gaseous CO, streams in a MEA or GDE
configuration have been found to humidify the gas streams in order to promote the reaction rate
and/or selectivity towards desired products. Despite of this, applying the bubbler caused atmospheric
leakage to occur, resulting in a GC measurement of a near-ambient mixture of N;and O;. After being
unable to adapt the bubbler to work leakproof as intended it was decided to put this component aside
until further progress is achieved.

3.6 Methods of characterisation

To characterize the samples and obtain information on the effectivity of different cell
configurations the following methods of characterisation have been used. The two major
characterisation tools are the potentiostat measurements and the GC measurements, as previously
mentioned. A third technique, SEM imaging, is used to visualise and obtain insight in the physical
representation of some of the components, as well as to empirically determine the optimal spin-
coating method for ionomer application. Since this research mainly focussed on a system operation
point of view, some techniques that focus on bulk chemistry (like XPS and EDX) were not used. In this
section the characterisation methods and the performed experiments for each respective technique
will be discussed.
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3.6.1 Potentiostat measurements

In order to compare the different systems,
the ParSTAT 4000 potentiostat (fig. 20) will be
used to apply a fixed potential to the cell at a
level where a significant current of 100mA is
obtained. Although industrial purposes will
require even higher currents, the value of
100mA is a good first requirement for figuring
out how to operate without damaging the
system.

e A e

Figure 20 The ParSTAT 4000 by Princeton Applied Research

The initial experiment performed is cyclic voltammetry (CV), by which the current of the system will
be measured as the total cell potential is cycled between a wide range of 0 and 3 V. This not only allows
a suitable potential to be found for use in future experiments, but also ensures that catalysts reach a
stable state prior to chronoamperometry tests. This experiment is performed on the BPM - EC GDE
configuration. After performing the initial CV experiment and identifying a potential needed to achieve
a 100 mA current, the following compositions are exposed to the empirically determined potential for
1 hour in a so-called chronoamperometry measurement.

A chronoamperometry measurement directly shows the activity and stability of the setup by
measuring the produced current over time. Once a baseline is established for the BPM — EC GDE
configuration, the same cell potential is applied to the other configurations, starting with the BPMEA
setup. A consistent applied potential will allow for experience with the customized system to be gained
and allow for issues with the setup to be more easily detected and circumvented along the way.
Examples of these issues could be based on leakage, cell construction, product collection and external
component connection (e.g. tubing and bubbler). The third measured system will be the AEMEA, which
replaces the BPM with an AEM, while the fourth and final setup applies the ionomer solution to the
BPMEA configuration. By taking and comparing the chronoamperometry data of all four experimental
configurations, the optimal configuration will be determined by the displayed activity and stability at
the fixed potential. It is important to note that these results are preliminary indicators of efficiency
and require matching gas chromatography data to become conclusive.

3.6.2 Gas chromatography
Gas chromatography (GC) will be conducted simultaneously with the potentiostat measurements
using the system shown in fig. 21. As explained through fig. 18 the GC uses three separate columns to
detect the constituents and quantities of the products in the gas feed. From these values the Faradaic
efficiency (F.E.) can be calculated. This
efficiency describes the selectivity of each
product by comparing the amount of
electrons (or charge) put into that one
product versus the total amount of
electrons that are consumed at the
cathode. After taking a product sample
every 3 minutes, the GC lets these samples
run through each column and monitors
the electrical response from the FID or
Figure 21 The gas chromatograph by Global Analyser Solutions™ TCD. The quantity of products are
converted into a peak area. Before running
these experiments a calibration s
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performed on three bottles with known quantities of possibly interesting chemicals. The calibration
provides the GC with a ratio of peak area vs concentration, which can be extrapolated to convert an
experimentally found peak area into a concentration in ppm. The concentration can then be used in
the equation for Faradaic efficiency [6-8]:

eprod _ eprod

F.E.= = 6
Htotal [+t []
Apoak P
eprodZZ*Nprod*FzZ*(ﬁ*q’)*R*T*F [7]
A P
peak
z*( *(p)* x F
a R*T
F.E.= prod 8]

I*t

In equation [6] Oprog/total indicates the number of electrons used in the reaction of the interested
product/in total. 1*t is the potentiostat measured current times the duration of the experiment.
Equation [7] describes the amount of electrons attributed to the product of interest, where z is the
stoichiometric number of involved electrons per molecule of formed product, Nproq is the total amount
of product and F is Faraday’s constant. Since it is difficult to determine Ny, the ideal gas law (PV =
NRT -> N = PV/RT) can be used to calculate this term. The pressure (P), gas constant (R) and
Temperature (T) have straightforward values. The volume (V) can be determined from the GC
measurement. The GC integrates peak area Ayeak and uses the calibration curve constant (Oprod) to
calculate the concentration of the product. This value can then be multiplied by the flowrate of the
carrier gas () to find the volume of the product. Equation [6] and [7] can be combined into equation
[8] to calculate the Faradaic efficiency.

3.6.3 SEM imaging

A scanning electron microscope (SEM) is used to visualize samples on a micrometer to nanometer
scale, depending on what magnification is interesting to the sample at hand. The used SEM (JEOL JSM-
6010LA, fig. 22) makes use of a medium energy (1-20kV) electron beam in vacuum that scans over the
surface with a spot size (beam width) of 20 to 100 nm. The secondary electrons scatter off the surface
and their energies are measured. The energies are averaged for each location and displayed in contrast
to the energy levels of other locations. Using a larger spot size gives a smoother image because of the
averaging of many scattered electron energies, whereas a small spot size gives greater detail (smaller
features can be distinguished). The downside of a smaller spot size is that images become in grainy
and noisy due to the larger deviation in energies of a smaller amount of electrons. Besides secondary

Figure 22 The JEOL JSM-6010LA scanning electron microscope (SEM). The right image shows the internal structure of the SEM, with
the most important components indicated. a. The sample holder, b. the electron beam and c. the secondary electron detector.
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electrons SEM can also be used to measure Auger electrons to determine surface composition, high
energy EDX electrons for bulk composition and backscattered electrons for crystallinity information,
but this research only makes use of the secondary electrons to obtain topographical information.
energy EDX electrons for bulk composition and backscattered electrons for crystallinity information,
but this research only makes use of the secondary electrons to obtain topographical information.

The SEM was first used to look at the Sigracet 39BC GDL. This is done for two reasons: on one hand
to practice with the SEM on a simple structure, on the other hand to display the difference between
plain carbon paper and carbon paper with a microporous layer, which plays an important role in
providing gas transport and acting as a hydrophobic barrier. After using the SEM to these means, it is
was also used for finding an adequate ionomer application method. The ionomer solution, being 20
wt.% sPEEK in DMACc, had no clear instruction on application, nor was a comparable application method
found online. Therefore, the optimal method of spin-coating was determined by changing spin-coating
parameters and looking at their respective SEM images. After finding an effective application method
on a stainless steel mesh, similar approaches were used for applying ionomer to a BPM + stainless steel
configuration. Finally the best method was used on the BPM + Ag-mesh. The production of the final
BPM + Ag-mesh was measured by SEM after operation, since sample preparation for the SEM required
cutting the sample down to the size of the SEM sample holder.
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4. Results

In this section the results for performed experiments are shown. Some experiments lead to direct
discussion, which will be mentioned here as well, since these unforeseen results formed the basis for
new insights and additionally performed experiments. During all experiments the ElectroCell Micro
Flow Cell is used as was schematically displayed in fig. 16. A picture of the real cell build-up is shown
in fig. 23 and it can be assumed this setup is used for all experiments unless specified otherwise. To

compare different systems the cathode/GDE sample holder (segment 23 e.) is altered between
experiments and its composition requires special attention for each experiment.

Figure 23 Practical build-up of the ElectroCell Micro Flow Cell. From left to right (excluding the black rubber gaskets): a. anode
endplate, b. anode end frame, c. Ni anode, d. anolyte (KOH) flow frame, e. Ti sample holder for cathode/MEA (with visible
BPM), f. cathode (gas) flow frame, g. cathode end frame, h. cathode end frame (with bolts). Only section e. is changed for
different experiments.

Prior to performing any potentiostat/GC measurements a the cell
was built several times to address any leakage of liquid and gas that may
arise during operation. It was determined that in order to prevent
electrolyte leakage between layers a stronger force on the cell was
required. This was achieved by obtaining and applying a torque wrench
to increase the momentum on the nuts and bolts up to 4-5 Nm, making
the rubber gaskets squeeze more tightly between other layers. Another
early stage problem was found on the gas and liquid side inlets. The
liquid side inlet had a connection issue between different sizes of
tubing. This was fixed by using epoxy to all staged tubing transitions.
The gas compartment also showed liquid leakage in the bottom outlet
as seen in fig. 24 when using a commercial GDL instead of the EC GDE.
Figure 25 leakage from the gas  gjnce this was not a connection issue, but an internal issue (there should
compartment. be no liquid on the gas side) the cathode/GDE was inspected for a closer
look. During this time the need of a microporous layer on top of carbon
paper was unapparent, resulting in electrolyte seeping through the open
pores of the untreated carbon paper (at that time Toray® 060/120 was
used). As is shown in fig. 25, localized droplets were visible on multiple

spots of the carbon paper. After some it was found that a microporous
layer as described in the theory was required to prevent this issue.
Sigracet 39BC was then applied in place of plain carbon paper, but some
liquid was still observed to seep through the edges of the GDL. This was
avoided in the first CV experiments using an additional silicon gasket
within the cathode/GDE.

Figure 24 Electrolyte seeping
through the GDL towards the gas
phase. Red circles indicate visible

droplets.
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4.1 Cyclic Voltammetry

The first experiments in this research were performed on the ElectroCell bought gas diffusion
electrode (EC GDE) as depicted in fig 26. The EC GDE was combined with a BPM in the cathode/GDE
compartment and, as with all experiments, measured against the Ni anode in 1M KOH.

Figure 26 The ElectroCell GDE. Left: the cathode side of the GDE with MPL, integrated Ag mesh and external PTFE frame. Right:
the gas side of the GDE consisting of dense carbon fibres.

In fig. 27 the cyclic voltammetry (CV) from 0 to 3 V is shown before and after running the EC GDE
for a 1 hour chronoamperometry. As can be seen, both the initial and after 1 hour of operation CVs
look similar. After 1 hour of chronoamperometry the CV shows a later onset potential (0.8 V vs. 0.5 V),
but a slightly higher maximum current (280 mA vs. 260 mA @ 3V) is found in comparison to the before
measurement. The goal of taking these CVs was to determine at what potential to operate the system
in order to achieve a current of at least 100 mA, indicated by the orange horizontal line. The forward
oxidation curve (upper dark blue line) reaches this value at 2.4 V and 2.35 V respectively for before
and after chronoamperometry. To ensure the difference in current for different cell compositions
would be measured a slightly higher constant cell potential of 2.5 V was chosen. This is indicated by
the orange vertical line. At this potential an initial current of 130-140 mA is measured. During the
reverse oxidation curve a current of 90 mA was observed. As can also be seen from this graph is that
when higher potentials are applied (>2.8 V) fluctuating values are found. Increased bubble transport
out of the cell was detected at the anolyte outlet when operating in this region.
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Figure 27 Cyclic voltammetry for the EC GDE sample before (light blue) and after (dark blue) 1 hour of chronoamperometry.
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A CV was also taken from the BPMEA, of which the cathode/GDE composition is displayed in fig. 28.
The initial CV measurements with the BPMEA did not include the silicon spacer shown on the right.
The planar surface area of the sample holder was 30 mm x 34 mm (= 10 cm?). Due to the use of a
porous Ag-mesh the absolute surface area of the sample was estimated to be 6.2 cm? (calculation in
Appendix B). After liquid crossover was detected at a later stage around the edges of the (not perfectly
cut) Sigracet 39BC GDL, a silicon spacer with shape identical to that of the cathode/GDE closing frame
was added between the GDL and cathode/GDE frame. By compressing all layers, including the silicon
spacer, the frequency of liquid crossover events was reduced significantly.

Figure 28 Configuration of the BPMEA in the cathode/GDE compartment. From left to right: Cathode/GDE closing frame, BPM,
Ag-mesh, Sigracet 39BC GDL, cathode/GDE frame and the silicon spacer which was later added to prevent liquid crossover.

A double sweep CV of the BPMEA system was taken from Oto 5 V at a rate of 0.1 V/s as is displayed
in fig. 29. The increase in maximum potential over this sweep from 3 Vto 5V is done for two reasons.
First to express the current instability due to increased bubble formation when operating above 3 V
and second, this experiment directly shows that the system is capable of producing high currents above
100 mA/cm?. The highest measured currents were 1440 mA and 1140 mA at 4.83 Ve for the first and
second sweep respectively. The slightly lower peak voltage is likely the result of the relatively fast
sweep rate of 0.1 V/s. The corresponding currents translate to current densities of 232 mA/cm? and
184 mA/cm? respectively. At the chosen 2.5 V potential the current is initially found to be 257 mA, but
stabilized afterwards at 194 mA for the first reverse oxidation curve and second sweep.
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Figure 29 Cyclic voltammetry for the BPMEA system. At high applied potentials (>3 V) fluctuations in current became visible
due to bubble formation at the surface. At higher potentials (>4.5 V) current densities over 100 mA/cm? were obtained.
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4.2 Chronoamperometry and gas chromatography of the BPMEA and AEMEA

The next step was applying the set cell potential of 2.5 V to the BPMEA and AEMEA systems and
monitor the current by chronoamperometry as well as the formed products in the gas phase by gas
chromatography (GC) in order to compare both systems. During the first measurements it was found
that only a fraction of the total current registered by the potentiostat was accounted for in terms of
measured products in the GC (according to the Faradaic efficiency calculated by eqn. [8]). Several
issues were considered and most time of this thesis was dedicated to identifying and solving this
problem. One of the methods of identifying more products was GC measuring the gasses found in the
anode outlet, as is described in section 4.2.3. Moreover on the disparity between product production
and detection can be found in the discussion section.

4.2.1 BPMEA

First the BPMEA was tested at a cell potential of 2.5 V. The
cathode reactions are of main interest and the anode reaction has
more of a complementary nature. During the first experiment a 4
mm reference electrode was used in the anolyte in a 3-electrode
setup to measure the potential over the cathode, or in other
words, to exclude the anode potential from the 2.5 V total cell
potential. A slightly altered flow plate and application of PTFE tape
allowed for the leak proof implementation of the reference
electrode. The electrode implementation is depicted in fig. 30.
During the 1 hour chronoamperometry the potential over the
BPMEA was measured and it was found that the gas evolution in
the anolyte compartment caused bubble blockage, thus electrical
insulation, at the sensing part of the reference electrode. This Figure 30 The 4mm reference electrode
resulted in extreme potential fluctuations during all 7 theanolyte compartmentis applied via

L L an adapted anolyte flow plate

measurements. An example of this is shown in fig. 31.
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Figure 31 V-t diagram of the reference electrode measuring over the cathode/GDE compartment containing the BPMEA. This
segment was measured using the reference electrode in order to determine what fraction of the stable 2.5 V cell potential was
put into the cathode reaction(s). Despite the continuous fluctuation due to bubbles on the electrode some stable regions can
be seen where roughly 1.5 V is used at the BPMEA.

Due to the great uncertainty and random behaviour of the reference electrode, it was opted to only
measure whole cell potential and keep factors that are not interesting to this research, such as the Ni
anode, anolyte solution and assembly method as stable as possible throughout all experiments.
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After this test the reaction was repeated without reference electrode several times and a series of
results are shown in fig. 32. The chronoamperometry measurement from the EC-GDE setup is shown
by the black dotted line. Note that the EC-GDE measurement utilized the bubbler, which caused
pressure build-up. When this pressure was released at around 2800 s the current momentarily spiked
to 300 mA, as if the surface was cleaned/emptied due to the pressure swing. The 4 individual BPMEA
measurements, which used a configuration as shown in fig. 28, did not apply a bubbler to the external
gas circuit, leading to much more stable current measurements over time.
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Figure 32 Chronoamperometries of 4 BPMEA systems (colored lines) and the EC GDE system (black dots) as a reference. The
current fluctuation for each BPMEA measurement is roughly 20 mA. This is likely also a result from the bubble-rich surface
leading to continuously changing active surface area. When different measurements of the BPMEA system are compared a
variation between 90 mA and 140 mA is seen. All systems seem rather stable over the entirety of the 1 hour measurement.
The lowest (orange) measurement was interrupted abruptly at 2800 s due to a disconnected cable but follows a similar stable
pattern.

Aside of the continuous short term fluctuations in all experiments, which are likely to also find their
origin in bubble formation leading to temporary surface passivation, a major fluctuation in the activity
of different systems is measured (90 mA to 140 mA). Although this deviation is not too extreme, it is
clear that some of the BPMEA systems respond different than others in a seemingly equivalent
configuration. The reduction in current can have a multitude of causes. Some effects that might have
a negative effect on the current are reductions in electrolyte concentration, poorer cleaning of
electrodes, the use of older BPMs and GDLs or even sloppy assembly/layering leading to resistances in
flow patterns.

A product identification by the GC was done on the products in gas phase simultaneous to the
chronoamperometry measurements. All experiments showed similar results, but only the gas product
identification of the 100 mA average (gray line) is shown in Table 5 to set an example for why the
accuracy of this data is not very relevant. To calculate the F.E. a flow rate of 12.5 sccm of CO; and an
average total current of 100 mA are used along atmospheric pressure of 1 bar and an ambient
temperature of 25 °C.
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Table 5 Faradaic efficiencies of products measured in the gas phase during a 1 hour chronoamperometry on the BPMEA.
Each 190 s a sample is taken and all products are identified. No CO was measured for this system and merely 1.8 to 2.4 % of
the total current could be attributed to H, in the cathode gas phase.

Time of meas. H; conc. in ppm Faradaic Efficiency H,
0 59 0%
190 1480 2,44 %
380 1205 1,99 %
570 1156 1,90 %
760 1111 1,83 %
950 1089 1,79 %
1140 1086 1,79 %
1330 1100 1,81 %
1520 1089 1,79 %
1710 1105 1,82 %
1900 1106 1,82 %
2090 1108 1,83 %
2280 1116 1,84 %
2470 1144 1,89 %
2660 1105 1,82 %
2850 1096 1,81 %
3040 1104 1,82 %
3230 1114 1,84 %

As can be seen from Table 5, only the F.E. of hydrogen is shown. This is the case because no other
products, such as the expected CO, were measured by the GC. In some experiments traces of CO were
detected (< 0.1 % F.E.), but this information is too minimal to make final conclusions. This lead to a
series of discussions of what could be causing the low product detection and how to circumvent it.
Details about this discussion can be found in chapter 5. Discussion. Experiments that followed from
this discussion will be briefly introduced in this chapter before showing their results.

4.2.2 AEMEA

After performing the BPMEA experiments and building this configuration numerous times, the
construction of the AEMEA system was done by using the same exact method except for exchanging
the BPM with an AEM. This was even more straightforward than the BPMEA, since the orientation of
the AEM did not matter where the BPM had to have its CEM directed towards the Ag-mesh and the
AEM towards the anode.

The chronoamperometry of 1 hour at 2.5V cell potential performed on the AEMEA system is shown
in fig. 33. As can be seen from the graph the current starts out with a spike of 50 mA and stabilises at
22 mA over the course of an hour. The temporary fluctuation seen continuously is approximately 5
mA. From comparison between the chronoamperometry measurements between the BPMEA and
AEMEA it can be seen that currents and fluctuation are both reduced fivefold, and that the stabilisation
of the BPMEA happens much faster than the AEMEA.
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Figure 33 Chronoamperometry of the AEMEA configuration in the cathode/GDE compartment. While applying 2.5 V over the
system for 1 hour, it can be seen that the current starts around 50 mA and stabilises at 22 mA. Small continuous fluctuations
are attributed to bubble formation at the active surface.

The H; and CO concentrations obtained from the GC measurements on the AEMEA system are used
to calculate the Faradaic efficiencies in Table 6 A CO; flow of 12.8 sccm was used. Other parameters
are kept constant. The Faradaic efficiencies for hydrogen are calculated to be 4 to 15 %, indicating a
larger proportional transport of formed hydrogen to the gas phase, but still far from all produced
products. During the experiment some trace amounts of CO (< 0.8 % F.E.) were measured as well.

Table 6 Faradaic efficiencies of AEMEA products in the gas phase. Besides H,, trace amount of CO are measured as well.

Time of meas. H; conc.inppm  F.E.H; CO conc. in ppm F.E.CO

0 63 0,29 % n.a. n.a.
190 2151 11,34 % 116 0,61%
380 2490 15,01 % 128 0,77
570 1976 13,34 % 73 0,49
760 1701 11,96 % 52 0,37
950 1428 10,48 % 29 0,21%
1140 1252 9,19 % 24 0,18
1330 1089 8,35% 13 0,10
1520 1001 7,68 % 10 0,08
1710 842 6,46 % n.a. n.a.
1900 760 5,83 % n.a. n.a.
2090 720 5,52 % n.a. n.a.
2280 677 5,19 % 10 0,08
2470 688 5,28 % n.a. n.a.
2660 658 5,05 % n.a. n.a.
2850 598 4,59 % n.a. n.a.
3040 562 4,31 % n.a. n.a.
3230 540 4,14 % n.a. n.a.
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As shown in Table 6, the concentration of CO peaks early around 0,77 % and then slowly dies out
over the course of 20 minutes. The first GC measurement at 0 s was a blank taken from the CO; bottle
through the cell while the potentiostat was still off. The blank indicates that the trace amounts of CO
found during operation were not coming from the gas bottle or that it was a remainder in the GC of a
previous test. The degradation patterns of CO and H, combined show that on one hand it becomes less
likely for products to be transported to the gas phase over time and on the other hand that the
production of H, over CO becomes more dominant as the reaction goes on. However, the low fraction
of measured products make any of these claims non-conclusive.

4.2.3 Anode measurements of the BPMEA and AEMEA

The disparity between formed and found products was so significant (best case: 15% of all products
were measured) that this required further attention before moving on to the next experiments. After
being unable to find any leakage of gas out of the cell, it was considered that products might find a
way to circumvent the membrane preventing product crossover. In order to test this hypothesis it was
decided to measure anode products while performing the exact same experiments as before. To do so
the anolyte flask needed to be modified to be a gastight container that was fed with a carrier gas and
still allowed for the circulation of electrolyte, while also enabling the extraction of gaseous products
through the GC. To enable this set of specifications the compartment shown in fig. 19 was built. The
cathode side gas phase entry was still fed with a 12.6 sccmCO, stream, while the anode products were
brought to the GC with the use of carrier gasses as described in fig. 34. The chronoamperometry
measurements for the BPMEA and AEMEA are shown in fig. 34 to ensure that currents of similar
guantities to the previous experiments were present while measuring the anodic products.
Theoretically this stream should only contain O, gas from the anode OER if no product crossover is
happening.
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Figure 34 Chronoamperometry measurements of the BPMEA and AEMEA cells when measuring anode products with the GC.
With an average current of 140 mA, the two BPMEA graphs shown here look near identical to the upper two BPMEA
measurements shown in fig. 32. The AEMEA also shows consistency in respect to fig. 33 with an average current just above
20 mA. Although not visible in the BPMEA graphs, every 3 minutes the GC measurements cause a minor spike in the AEMEA
cell current due to a minor pressure swing caused by the GC taking a sample.
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Fig. 34 shows that similar results were obtained to the previously shown results and that the anode
compartment addition as well as the use of different carrier gasses do not influence any of the systems.

Before showing the GC results of this experiment, it is important to note that two carrier gasses
were considered due to their benefits and limitations to the GC. The first carrier gas, argon is used for
the BPMEA system. This gas has an issue as the thermal conductivity of argon and oxygen are also close
to each other (kar = 0.016 W/(m*K), ko2 = 0.024 W/(m*K)). Ar as a carrier gas therefore covers the
produced oxygen peak (partially) in its background. Nitrogen, the carrier gas used in the AEMEA case,
does not interfere with the GC readings of hydrogen and oxygen, but does shade over the ‘atmospheric
background’ (30% O, 70% N>) found in all measurements.

The gas chromatography measurements taken from the BPMEA — 12.6 sccm Ar and AEMEA - 11.6
sccm N2 systems are shown in Table 7. During these experiments no CO was found.

Table 7 Anodic gas GC measurements of the BPMEA and AEMEA systems. As can be seen in both systems, massive amounts
of hydrogen are found. The first two measurements were before the potentiostat was turned on. After stabilisation the BPMEA
accounts 90% of the total current being used for H, that is found at the anode outlet. For the AEMEA the Faradaic efficiency
goes over 100%, which is impossible, but does indicate almost all product being H, and leaving through the anolyte exit. The
overshoot of F.E. is caused by the measured concentrations far beyond the calibration limit.

BPMEA 12.6 sccm Ar AEMEA 11.6 sccm N2
Time of meas. | H, conc.in ppm | F.E. H; Time of meas. | H, conc. in ppm | F.E. H;

0 471 0,56 0 155 0,59

190 427 0,51 190 130 0,66

380 36034 42,75 380 17394 106,40

570 65654 77,90 570 43084 263,54

760 71596 84,95 760 50124 306,61

950 73775 87,53 950 53415 326,74

1140 74515 88,41 1140 53530 327,44

1330 75763 89,89 1330 54390 332,70

1520 76193 90,40 1520 53298 326,02

1710 74827 88,78 1710 51014 312,05

1900 75561 89,65 1900 45313 277,18

2090 76393 90,64 2090 38458 235,25

2280 75738 89,86 2280 32368 197,99

2470 75957 90,12 2470 19355 118,39

2660 75776 89,91 2660 9436 57,72

2850 76543 90,82 2850 4702 28,76

3040 75941 90,10 3040 2377 14,54

3230 75458 89,53 3230 1349 8,25

Table 7 shows the concentrations and Faradaic efficiencies of hydrogen in the anode outlet stream.
The high ppm concentrations as well the Faradaic efficiencies show that the system is basically only
performing hydrogen evolution and then transporting all product to the anode as expected. The
extreme F.E.’s over 100% in the AEMEA case can be explained by the nature of how the GC calculates
the amount of gas measured. This is done by a calibration curve from different bottles with
concentrations of products between 10 and 1000 ppm. Since in this experiment values over 50000
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ppm were obtained, it is likely that the calibration does not hold for that regime. Aside of that, other
researchers who were more familiar with the GC system recognised that this occurs more extremely
at low currents and high concentrations. Regardless of the exact numbers, this Table explains why the
initial cathodic gas GC measurements almost showed no product.

4.3 Additional experiments

Due to the results found in the previous sections, it was important to momentarily change the
direction of the research towards finding out what facilitated the enormous product crossover of
hydrogen to the anode compartment. Two main questions arose and two experiments were designed
to give an answer:

- Why s the concentration of hydrogen so much higher than the expected production of CO?
- Whatis the cause for the amount of product crossover from cathode products to the anode
outlet, despite the use of a membrane?

A blank experiment was performed without active cathode catalyst or membrane, so without the
Ag-mesh and BPM, to see if the cathode/GDE sample holder, is able to catalyse the HER by itself to
such an extent. The cathode/GDE sample holder is made out of titanium and initially it was believed
this material would be either inactive or self-passivating through the formation of a titanium dioxide
(TiOy) layer.

A second experiment would build a ‘business as usual’ approach of the BPMEA system, but instead
of using the BPM cut to the size of the cathode/GDE sample holder (40 x 44 mm), a BPM would be cut
to the size of the entire cell (46 x 95 mm). Since the big BPM would not be able to fit in the sample
holder it switches places with the sample holder frame and compressed between a rubber gasket and
the solid Ti cathode. This is done to assure that no gaseous products could make their way around the
edges of the membrane in a similar fashion to the liquid that was able to seep through the edges of
the Sigracet GDL.

Further discussion of the following results will be addressed in chapter 5.

4.3.1. Blank experiment

The factory conditions of the purchased ElectroCell were tested in a blank experiment containing a
BPM, which yielded a 6 mA current. This was before knowing about the crossover or hydrogen
evolution, and therefore it was assumed that the influence of the Ti cathode/GDE sample holder was
minimal. Unfortunately, this data was accidentally overwritten, thus a new blank was required when
the aforementioned problems came up. Instead of using the BPM, the main interest of this blank was
to see whether the cathode/GDE was able to perform hydrogen evolution. To effectively perform this
experiment the cathode/GDE only consisted of the sample holder, inner silicon spacer, GDL and the
sample holder closing frame. Although the majority of the cathode/GDE was blocked by the rubber
gaskets around it (except for the 10 cm?sample area). This composition allowed the applied voltage of
2.5V to freely perform the HER. Just for consistency, the cathode gas compartment was still flushed
with a 12.0 sccm CO; flow which lead to the GC. Fig. 35 depicts the chronoamperometry of the blank
and Table 8 shows the H, concentrations measured by the anodic GC measurement as well as the
Faradaic efficiency calculations.
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Figure 35 Chronoamperometry of the blank sample. At a potential of 2.5 V the produced current is stable around 100 to 110
mA. The fluctuations in current 700 s into the experiment are caused by pressure release due to the temporary disconnection
of the GC. This result shows that the cathode/GDE sample holder is accountable for parasitically consuming a large fraction

of the electrons meant for the Ag catalyst.

Table 8 Anodic GC measurement of the blank. Quantities of hydrogen exceed the calibration limit, causing Faradaic efficiencies
to go over 100 %. As can be seen in fig. 35 the current during the GC measurement taken around 760 s was much higher (180
mA) than the average current of 110 mA. This caused the hydrogen concentration to momentarily spike to 200,000 ppm and
the faradaic efficiency to even double the theoretical 100 % limit.

Time of meas. | H2 conc. in ppm

Faradaic Efficiency

0 262 0,27
190 39046 40,44
380 107571 111,42
570 98116 101,63
760 202155 209,40
950 77369 80,14

1140 114555 118,66
1330 115276 119,41
1520 107189 111,03
1710 104620 108,37

Another result from this blank was that small amounts of CO were detected as well, as is shown in
fig. 36. During this experiment the GC gave an error for the CO calibration, making it unable to perform
any analysis on these peaks. It is estimated these peaks had a faradaic efficiency of 1-5 % according to

previous experiments with similar peak sizes.
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Figure 36 Screenshot of the GC TCD-2 channel during the blank experiment. As can be seen on the right hand side, small
amounts of CO were formed. Due to a malfunction of the calibration these values could not be integrated and converted into
Faradaic efficiencies. The size of the hydrogen peaks on the far left is not comparable to CO/do not represent the quantity of
H>, since H, has a much smaller response height in TCD-2 than CO. H, data is therefore obtained from TCD-3.

4.3.2 Big BPM

The second additional experiment using a big BPM in the BPMEA setup, as described in section 4.3,
yielded the results shown in fig. 37 and Table 9. The gas compartment was flushed with 12.0 sccm CO,.
It was anticipated that by building the setup with the big BPM, the sample holder end frame would
have to be placed between the BPM and the Ag-mesh. This distance of + 1 mm caused the cell to have
very poor conductive properties in the area between the BPM and catalyst, resulting in marginal
currents. No cathode products were measured at the anode.
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Figure 37 Chronoamperometry of the big BPM experiment . Note that the y-axis is in UA. The low currents indicated that the
application of the spaced big membrane lead to a deprivation of electrolyte near the cathode thus the ability for many
reactions to occur. The drops in current every 190 s interval are caused by the pressure drop from GC sampling.
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Table 9 Cathodic GC measurements for the big BPM experiment. Due to the low current present, only CO could be detected
in the gas phase, while H, was blurred away in the background. CO could be used along the uA current to determine
Faradaic efficiencies, which seem to be stable around 7%.

Time of meas. A COinppm | Faradaic Efficiency

0 32 10,80
190 14 6,75
380 16 7,71
570 14 6,75
760 14 6,75
950 15 7,23

1140 14 6,75
1330 14 6,75
1520 13 6,27
1710 14 6,75
1900 14 6,75
2090 13 6,27
2280 15 7,23
2470 13 6,27
2660 15 7,23
2850 15 7,23
3040 15 7,23
3230 13 6,27

4.4 lonomer BPMEA preparation

The previous experiments granted some clarity over what occurred in the cell. There was some time
left to prepare for the final experiment: the ionomer BPMEA system. The goal of applying a cationic
ionomer solution to the membrane + Ag-mesh was to increase proton conductivity between the
membrane, the Ag-mesh catalyst and the CO, steam. The sPEEK-ionomer solution had no manual and
no application method of it was found online. Spin-coating is an attractive way of producing a uniform
layer, however no knowledge on optimized parameters was available. It was therefore required to find
the best spin-coating method before applying ionomer to the expensive Ag catalyst. To practice the
spin-coating of ionomer a roll of stainless steel mesh with similar physical parameters was obtained
(same mesh size and wire thickness as the Ag-mesh). To determine the right parameters the following
experiments were performed. Before the starting with ionomer application, SEM training was first
undertaken. Then SEM images of both sides of the Sigracet 39BC were taken to gain experience with
operating the SEM. These images can be found in Appendix B.

First 30 x 34 mm samples were cut and arbitrary amounts of ionomer were weighed and different
spin-coating settings were applied on a plastic sample holder (no membrane). After drying SEM images
were taken. The best methods found here were transferred to the second selection step where similar
stainless steel samples were cut and taped against the BPM before weighing and applying ionomer.
After SEM images of these samples the final selection was made using less ionomer solution and a
post-treatment with water and ethanol to reduce the surface coverage of ionomer. The best method
of the final selection was taken and transferred to be used on the Ag-mesh. The following results were
found for all stages, including details of the recipes and SEM images of the samples.
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4.4.1 lonomer on stainless steel
The first ionomer experiments were performed on cleaned stainless steel in a sample holder. After
applying the ionomer and spin-coating 8 samples according to Table 10, the samples were left to dry.

Table 10 Spin-coating recipes for the application of ionomer to the first 8 stainless steel samples. Arbitrary values for the
parameters are chosen to map a variety of samples as a first approach.

Sample | lonomer mass (g) | Rotational speed (RPM) | Duration (min)

#1 0.27 4000 2
#2 0.23 6000 1
#3 0.47 6000 1
#4 0.52 6000 5
#5 0.25 6000 2
#6 0.62 6000 2
#7 0.47 9000 1
#8 0.46 4000 5

After the samples were dried SEM images were taken of small segments of each sample, prepared
as shown in fig. 38.

Figure 38 Prepared stainless steel + ijonomer
samples for SEM imaging

The SEM images are shown in fig. 39 on the next page. As can be seen from the SEM images a
variety of samples was produced. While selecting an adequate spin-coating technique there were two
main requirements applied to the SEM images. The sample needed to have a consistent pattern, so no
aberrations. The second requirement was the availability of many three phase regions that connected
ionomer (black) and uncovered stainless steel (grey).

Samples #7 and #8 used extreme rotational speed and duration, respectively, and resulted in
inconsistent patterns. Sample #4 also used a long rotation time, but ended up with a uniform thick
layer of ionomer covering the entire steel mesh. Samples #3 and #6 used increased amounts of
ionomer, also resulting in full coverage of the surface. Sample #2 used less ionomer and has a
homogeneous thin layer of ionomer over the entire mesh, without filling the mesh pores. Despite the
uniform coverage, sample #2 did not show the availability of three phase regions.

The two remaining samples, #1 and #5 used similar ionomer quantities and spin-coating durations.
These samples both show a consistent pattern as well as the availability of three phase regions. The
recipes for these samples are therefore taken as a starting point for the next experiments. A noticeable
thing is that samples #1, #2 and #5 used the lowest loading of ionomer, and therefore it is considered
even less loading might result in better samples.
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Figure 39 SEM images of the spin-coated samples described in Table 10. All images are taken at a magnification of x30. The
stainless steel mesh is shown in grey, while the ionomer solution is shown in black. Samples 1 and 5 have the desired
morphology.
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4.4.2 lonomer on BPM and stainless steel
The second selection was done by applying ionomer stainless steel mesh taped to a BPM. With
this method 4 samples were produced according to the recipes in Table 11.

Table 11. Preparation methods for the application of ionomer to stainless steel on a BPM.

Sample | lonomer mass (g) | Rotational speed (RPM) | Duration (min)
#1 0.32 6000 1
#2 0.30 6000 1
#3 0.26 6000 2
#4 0.22 6000 2

Due to the watery nature of the membrane and the need to be stored in a liquid to prevent
structural damage, the ionomer solutions immediately gave a visual whitening after application and
immersion in water as shown below (fig. 40):

Figure 40. Visual whitening of the ionomer solution after inmersion in water. Sample #4, which has the lowest ionomer
loading, shows the smallest visual alteration.

Although these samples did not look very promising, the SEM images in fig. 41 were taken
nonetheless.

Figure 41 SEM images of the BPM + stainless steel + ionomer samples. All samples shown full coverage of the surface.
Sample #1 shows minor defects and inconsistencies, the others show total coverage by ionomer.

As can be seen from fig. 41 none of the samples made with this method seem useful for the
desired purpose. This shows that the method used for ‘dry’ stainless steel samplesisnot1to 1
transferable to the stainless steel + BPM case. This lead to a final test of stainless steel samples, in
which again a more arbitrary approach was taken.
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4.4.3 lonomer on BPM and stainless steel with additional processing

In this final try to produce a repetitive heterogeneous layer of ionomer on top of the stainless steel
+ BPM 4 samples were made with the knowledge of the previous samples. One of the ideas to improve
the heterogeneity of the surface was applying ethanol to the top layer to thin/remove some of the
ionomer after spin-coating (Samples #1 and #2) and another was to scrape off as much ionomer as
possible before spin-coating (Samples #3 and #4). All samples are put in water afterwards to stabilize
the BPM. The recipes are shown in Table 12. The SEM images of these samples are shown in fig. 42.

Table 12 Final ionomer + stainless steel + BPM samples. Samples #1 and #2 are treated with ethanol after spin-coating.
Samples #3 and #4 scraped off as much ionomer from the surface after application (hence the low loading).

Sample | lonomer mass (g) | Rotational speed (RPM) | Duration (min)
#1 0.36 6000 1
#2 0.42 6000 2
#3 0.24 6000 2
#4 0.20 6000 1
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Figure 42 SEM images of the final ionomer + stainless steel + BPM. Samples #1 and #2 show irregularities. Samples #3 and #4
are almost uniform, but do show the heterogeneity of the surface.

From these SEM images it was determined that the ethanol application to the top (#1 and #2)
resulted in too many irregularities. Scraping off the ionomer solution as done to sample #3 and #4
showed to be an effective way of giving way to relatively uniform three phase regions.
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4.5 Chronoamperometry of the ionomer BPMEA

After determining the best method of ionomer application to the stainless steel mesh, it was time
to transfer the best spin-coating method to the Ag-mesh. Since it was also found that titanium
cathode/GDE sample holder had a high HER activity, it was decided to apply the Ag-mesh directly to
the big BPM, as was used in section 4.3.2. The previous use of the big BPM was not effective, producing
only sub-mA currents. Since this was attributed to the distance between the membrane and the Ag
catalyst, it is expected that when the BPM and Ag-mesh are ‘glued’ together much higher currents can
be achieved. The application method of ionomer was as follows:

Edges of the membrane were taped tight against a flat surface. The Ag-mesh was put in the centre
of the big BPM and edges of the mesh were taped to the BPM. 0.20 g of ionomer was applied and
spread using a flat-end spatula. The top was scraped off vigorously, since that gave the best results in
the most similar situation regarding stainless steel. The sample is then spin-coated for 1 minute at
6000 RPM. A final rinsing of water was done before storing the ionomer BPMEA in the membrane
container. The ionomer BPMEA is shown in fig. 43.

Figure 43 Left: taped Ag-mesh on immobile BPM. Right: finished ionomer BPMEA system with a thin, scraped layer of ionomer.

When the 1 hour chronoamperometry at 2.5 Vi on this sample was performed the GC was out of
order, thus no product measurements were taken. The results of doing the experiment was, however,
surprising. In fig. 44 the chronoamperometry is shown. On the left of the graph the first 20 seconds
are shown separately, since these values drowned out the majority of the measurement. Before
starting the experiment the cell is flushed with 1M KOH on the anode side, and 12.6 sccm CO; on the
anode side. The membrane already provides the Ag-mesh with an initial proton concentration, as well
as possible reactive contaminants from the ionomer solution. This causes the current to spike up to
650 mA at the start of the experiment, but rapidly diminish to 50 mA over the first 100 s. After the
initial overexpression the system recovers slightly and shows a standard curve for degradation over
time.
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Figure 44. Chronoamperometry of the ionomer BPMEA system. On the left the first 20 s of the measurement are shown. A
peak of 650 mA occurs as the experiment is started, but this value reduced quickly to 50 mA in the first 100 seconds of reaction.
After a 1000 s the current slowly degrades from 20 mA to 13 mA over the rest of the experiment.

This experiment shows that the ionomer BPMEA configuration is able to produce a high current,
but only briefly before degrading. The anode side of the BPM after reaction (fig. 45) indicates that the
BPM got deformed during operation, while the ionomer side of the Ag-mesh remains intact.

Figure 45 The ionomer BPMEA configuration after 1 h chronoamperometry. Extreme bubble formation on the anode side of
the membrane is found, while the cathode side only shows no irregularities, aside of some carbon paper stuck to the Ag-mesh.
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After the experiment the ionomer BPMEA was kept in water for a day to maintain the structure of
the BPM before taking SEM images. During the interval between the experiment and performing SEM
the ionomer BPMEA visually changed even further, as can be seen in fig. 46.

Figure 46 The ionomer BPMEA configuration after 1 day in water. On the left the partially delaminated bipolar membrane
turned black at the interface region. On the right a brownish colour appeared where the ionomer was applied, the taped off
edges do not show this colour change.

Itis not certain what the black substance on the interface layer is nor what the brownish substance
on the ionomer solution is. To gain more knowledge about the structure SEM images are taken of the
intact BPM area, the delaminated AEM layer of the membrane interface, the delaminated CEM layer
of the membrane interface and the top of the ionomer-Ag-mesh interface (fig. 47).
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Figure 47 SEM images of the ionomer BPMEA 1 day after experiments. a. intact BPM, b. delaminated AEM of the BPM
interface, c. delaminated CEM of the BPM interface, d. Ag-mesh with ionomer as produced through spin-coating.
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As can be seen from fig. 47a, the BPM seems intact seen from the AEM side. Despite of this, the
delamination at the AEM-CEM interface (shown in 47b-c) displays ruptures and defects, which
introduced the black material to be deposited mainly on the CEM layer. This only happened after
operation since fig. 45 did not show this black material. It is possible that the carbon paper shown on
edge of the ionomer side in fig. 45 dissolved and relocated into the CEM-AEM layer, since the same
carbon paper is much less visible a day later in fig. 46. As for fig. 47d, although it is uncertain whether
the Ag-mesh with ionomer structure was altered due to the reaction, the application of ionomer
seems to have been performed as desired, since a repetitive heterogeneous layer of combined
ionomer, Ag-mesh and access to the gas phase is visible. The adhesion of the ionomer to the CEM
appeared to be intact as well.
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4.6 Alternative approach: Gas diffusion electrode

No stable CO selective setup has been produced this far while using the Ag-mesh as a catalyst.
Although it is likely the Ag-mesh is capable of producing CO, the physical restrains from using three
separate layers prevented this reaction from occurring to an effective quantity. To show that the EC
MFC cell is able to provide a stable current without using the cathode/GDE sample holder a final
experiment was set up. Prior to the ionomer BPMEA experiment, an attempt was made to produce a
big BPM — Ag-mesh — GDL system between two rubber gaskets. Due to the non-cohesion between the
three layers a leak-proof system could not be achieved. As an alternative approach a final experiment
more in-line with the current development of gas utilizing electrodes was set up. Instead of using a
MEA the Ag-mesh was removed and a thin 100 nm layer of silver was sputtered on top of the
microporous layer of the Sigracet 39BC, thereby effectively creating a gas diffusion electrode (GDE).
The sputtered Ag GDE is shown in fig. 47.

Figure 48 Ag sputtered on the microporous layer of the GDL. The edges of the MPL were taped against the sputter sample
holder and therefore the MPL underneath is still visible. The size of the samples is 5 mm larger on all sides in comparison to
the 10 cm? rubber gasket opening on the gas side.

The GDE was pressed against the big BPM and an electrical connection was made via the backside
of the GDL using copper tape. During the chronoamperometry experiment the GC was operational for
the first 30 minutes, but during this time TCD-3 did not function properly, making it hard to identify H,
accurately. After 30 minutes a continuous increase in overpressure was noted on the mass flow
controller. Normally this value should stay between 100 and 200 mbar overpressure, yet this time the
pressure exceeded to over 500 mbar. When this was noted the GC measurement was stopped but the
1h chronoamperometry was continued and repeated twice afterwards, since a stable current was not
reached yet. The chronoamperometries are shown in fig. 48. During the first two measurements the
current steadily increased to a value of 95 mA where it started to level off. A short period of time was
present between the second and third measurement, after which the third experiment showed a
gradual decrease in activity.
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Figure 49 Chronoamperometry of the sputtered Ag GDE over 3 hours. The current produced by the GDE initially is lower than
expected. Over time the current increases to 35 mA during the first measurement. Immediately after the first 3600 s
experiment a second experiment is started (indicated by the first spike). During the second measurement the current started
where the first experiment ended, but then increased to 95 mA. The third measurement was started a minute after the second
experiment started and shows a dampened decrease in current from 85 to 65 mA over its duration.

The increase in current during the first two experiments is likely to be correlated to the big BPM
experiment, where the catalyst and membrane were not in direct contact. Although partial direct
contact is established between the BPM and the GDE, the conductivity of protons in the interface is
low at the start. It is speculated that during the course of the first two hours the interfacial layer
becomes more humidified, resulting in a more effective transport of protons to the active catalyst.
During the third hour of this experiment is it considered that either the sputtered Ag on the GDL
becomes less stable, or that the hydrophobic nature of the GDL becomes compromised. In Table 13
the first 30 minutes of the GC measurements are shown. Note that the GC was malfunctioning and
these values are likely incorrect, but do display that some CO is produced in this system.

Table 13 Cathodic GC measurement of a sputtered Ag GDE. during the first 30 minutes of the experiment. The first two

measurements are blanks taken before the potentiostat was turned on. Due to a malfunction in the GC the H, data was taken
from the less accurate TCD-2 instead of TCD-3. A fraction of the current is measured as CO product in the gas phase.

Time of meas. Hzin ppm Faradaic Time of meas. | COinppm | Faradaic
Efficiency Efficiency

0 n.a. n.a. 0 n.a. n.a.
190 n.a. n.a. 190 n.a. n.a
380 388 2,92 380 95 0,72
570 776 5,58 570 160 1,15
760 768 5,28 760 130 0,89
950 693 4,57 950 112 0,74
1140 694 4,39 1140 95 0,60
1330 722 4,39 1330 88 0,54
1520 739 4,50 1520 74 0,45
1710 790 4,81 1710 59 0,36
1900 923 5,41 1900 102 0,60
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5. Discussion

The goal of this research was to build and test three different MEA configurations in a flow cell
system. To compare these configurations the following research questions were developed, while
keeping in mind three base factors of cell performance: activity, selectivity and stability.

- Which of the tested MEA setups provides the highest current at a fixed cell potential?

- What are the effects of altering different components in an MEA setup in terms of reaction
selectivity and stability?

- How does the bipolar membrane impact the current density in respect to the anion exchange
membrane?

The first question directly relates to the activity of the system as a whole and can be answered by
simply comparing the chronoamperometry data for the different systems. This information on its own,
however, does not tell us which configuration is best suited for the application, since high activity is
not always accompanied by stable operation or product selectivity. To this end, the second question
was designed to support the first question by taking a look at both stability over a 1-hour period and
selectivity through product identification. The third question acted as a control addressing the impact
of the membrane between the BPMEA and the AEMEA systems.

The first goal was identifying a method to compare each of the different systems, without creating
a bias for a system that works better under the set circumstances. It was chosen to set the potential
to a value at which the BPMEA setup, being the main comparison standard, would produce a current
of about 100 mA. During the first CVs it was found that at a potential of 2.5V would suffice to obtain
the target current in the BPMEA system.

When the set potential of 2.5 V was used to compare the activity (and stability) of the BPMEA and
AEMEA in a chronoamperometry it was found that the activity of the BPMEA was 4 to 6 times higher
than under identical circumstances (BPMEA: 90-140 mA — AEMEA: 20-25 mA). This indicates that the
use of a BPM is more beneficial to the activity than the AEMEA, regardless of whether the CO,RR or
the HER was performed. Since both the CO;RR and the HER require protons for their reaction to take
place, their activities are both directly linked to the local proton concentration near the cathode. In
case of the AEMEA the AEM allows unhindered transport of hydroxyls, resulting in only a minor OH"
gradient between the cathode, where hydroxyls are formed, and the bulk, which consists of 1M KOH.
This results in both the CO,RR and HER having to perform a proton dependent reaction in a proton
deprived (pH 14) region. As a result, the reaction can only occur if a proton can be directly obtained
from H,0 dissociation near the cathode active area, which requires additional potential, thus
increasing the onset potential. In the case of the BPMEA the proton saturated CEM layer (internal pH
0) of the BPM was directed towards the cathode. Since the cathode reactions produce OH™ and/or
consume H*it is not certain what the exact local pH near the cathode is. Despite this uncertainty, the
increase in current for the BPMEA vs the AEMEA at a fixed potential implies that the BPM causes a
significant increase in local proton concentration near the cathode, which benefits both cathodic
reactions at 2.5 V. Increasing the fixed potential will have a positive effect on the activity but will also
influence the selectivity of the reaction. In other studies, it was found that the optimal Faradaic
efficiency towards CO (90%) was achieved in the range of 1 to 1.2 V vs RHE for Ag gas diffusion
electrodes [70]. It might be interesting for future experiments to operate in this region when utilizing
a gas diffusion electrode.
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One possible consequence of the low pH environment resulting from the use of a BPMEA rather
than an AEMEA, is that an extremely low pH near the cathode would benefit the HER more than the
CO3RR, thus reducing the selectivity towards CO. To this end, and to answer the second research
guestion, GC measurements were taken during the experiments.

When the cathodic GC measurements were studied for the BPMEA, only a fraction of all current
could be accounted for in terms of H,, but no CO was detected. The AEMEA showed similar H;
concentrations at much lower currents (indicating higher Faradaic efficiencies), but unlike the BPMEA
case small quantities (<1%) of CO were detected. Although this partially confirms the hypothesis of
higher product selectivities towards CO in a locally alkaline environment, the quantities of Faradaic
efficiencies and measured concentrations were too low to be conclusive. The results of the cathodic
GC measurements combined with the found currents implied that most products formed on the
cathode were escaping from the cell elsewhere.

When the anodic GC measurements for the AEMEA and BPMEA were taken, it was not only found
that in both cases almost exclusively hydrogen was produced, instead of CO, but that almost all
cathode products crossed over to the anode compartment. Looking deeper into this issue it was found
in a blank control measurement of the system that the cathode/GDE, made of titanium, accounted for
nearly all of the cathode current in the form of exclusively hydrogen. Thus, any products which may
have been created on the Ag-mesh would be masked by hydrogen evolution on titanium.

When the research was started it was assumed titanium could not produce hydrogen to such an
extent due to passivation after forming a TiO; layer at low potentials. Another study showed that
although the activity for titanium towards the HER is lower than that of other metals like nickel,
activities that explain the found current can be obtained from pure titaniumin a 1M KOH solution [71].
Interestingly enough, the use of a BPM instead of an AEM did have a positive effect on the current,
despite the electrolyte being in direct contact with the cathode/GDE sample holder without having to
pass the membrane. This indicated that the HER did happen somewhere near the membrane (at least
in the BPMEA), otherwise the observed difference in current between the BPMEA and AEMEA would
not have been visible. It is likely that the previously mentioned local pH effect caused by the BPM is
the main driver for this change in activity.

The extreme cathodic product crossover found through the cathode and anode GC measurements
indicated that the products were much more likely to traverse the cell to the cathode rather than move
to the gas phase. This issue brought up two main concerns:

First, the reaction occurred near the GDL but not on the GDL. The distance between the reactive
surface, which turned out to be the titanium sample holder, and the GDL caused the products to form
bubbles in the liquid phase instead of diffusion directly to the GDL and being taken up by the gas phase.
Itis likely that the CO,RR is still limited by the lack of available CO, near the Ag catalyst, due to the low
solubility and diffusivity of CO; in the electrolyte.

Second, the mentioned formation of product in the liquid electrolyte had no incentive to travel
towards the GDL and accumulated until a bubble was formed. The bubble would travel upwards along
the Ag-mesh until the top of the sample holder was met, where it got stuck between the sample holder
and the BPM — Ag-mesh — GDL components. As could be seen from the BPMEA configuration (fig. 28),
the separate components were manually cut to the size of the cathode/GDE sample holder. It is
believed that, due to human error, some layers did not connect perfectly along the edges of the sample
holder, despite being leak proof towards the gas phase. This allowed the gas products accumulated in
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the top of the BPMEA to slip past the BPM and be taken away by the flowing electrolyte to the anolyte
compartment, where the gas and liquid phases separated.

In order to put this hypothesis to the test and prevent crossover the Big BPM experiment was
performed. It was found that product crossover could be avoided at which point some CO was detected
at the cathode, opposing the results found in the initial BPMEA case. The downside, however, was that
only currents below 1 mA were obtained, two orders of magnitude less than the original BPMEA case.
It is believed that in the Big BPM case there was an increased spatial distance between the BPM and
either active component in the cathode/GDE (either titanium or Ag-mesh). This caused the cathode
side of the BPM to contain a marginal amount of liquid, thus reducing the proton transport near the
cathode to near-zero. In retrospect, it would have been beneficial to introduce a cathodic electrolyte
(e.g. bicarbonate) to the cathode compartment to increase ionic and electrical conductivity.

Some attempts were made to revise the initial BPMEA and AEMEA experiments while excluding the
titanium cathode/GDE sample holder to determine the exact activity and selectivity of the Ag-mesh. It
was deemed not possible to make a leakproof system of three individual layers between two gaskets.

It was decided to move forward to experimenting with the ionomer solution to see if this would
have a beneficial effect on the system. After a long series of practicing with ionomer spin-coating on
stainless steel, the best application method was transferred to the Ag-mesh on a BPM with similar
dimensions as used in the Big BPM experiment. As a first pleasant surprise it was found that the
immobilisation of the Ag-mesh on the BPM caused the ionomer BPMEA system to be leakproof
between two gaskets. When this sample was tested at 2.5 V it showed an unprecedented current peak
of 650 mA (65 mA/cm?) as the measurement started. This performance did not last for long as it
decreased to 200 mA after 20 s, further down to 20 mA after 15 minutes. When the experiment was
done and the cell was opened up the membrane was found to be permanently damaged by internal
blistering and delamination at multiple locations.

A first hypothesis for this result is that bubbles formed on the Ag-mesh underneath the ionomer
surface. The BPM facilitated the transport of protons from the centre of the membrane to the Ag
catalyst. Instead of being transported to the three-phase region where it could interact with CO; to
form CO, the HER was performed at the proton rich ionomer and Ag-mesh interface. While the initial
concentration of protons was quickly consumed, the current was rapidly reduced as well. As the
formed bubbles on the Ag-mesh accumulated, the pressure built up and the BPM was pushed away
from the Ag-mesh.

According to the previously mentioned theory the ionomer should rupture at the Ag-mesh interface
where H, is formed and thus the ionomer-Ag interface would be damaged. When SEM images were
taken it was found that the top side/interface of the ionomer-Ag-mesh remained more-or-less intact
and that the SCR, the interface layer of the BPM, had delaminated. Although it is uncertain what caused
the delamination, two theories are proposed to have caused this effect. One theory was that the
applied ionomer solution made a stronger bond than the internal structure of the BPM. If this is the
case the subsurface evolution of hydrogen would penetrate through the CEM and accumulate in the
SCR, leading to delamination. This theory does not seem likely since the produced ionomer layer had
higher flexibility and lower physical strength than the BPM. The other theory was that the system
worked exceptionally well at the start of the experiment, indicated by the extreme current. To
maintain this current density a rapid flux of protons would be required from the BPM. As a result, the
SCR had to dissociate H,0 into H" and OH" at a highly increased rate, which could have damaged the
adhesive layer or caused repelling ion concentrations to occur within the membrane.
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When all planned experiments were performed there was some time left to perform an alternative
approach to the problem. Instead of producing a MEA configuration with the membrane — Ag-mesh —
GDL, a separate GDE was created by sputtering a 100 nm Ag layer on top of the MPL of the GDL. This
integration of cathode material and GDL ensured the direct interaction of the gaseous CO; reagent,
active Ag material and electrolyte on a nanometer scale distance. At the start of this experiment the
current was 20 mA, but steadily increased to 95 mA over 2 hours. It is likely this was caused by a similar
effect as seen in the Big BPM experiment; due to an initially low amount of liquid in the cathode
compartment the current is limited. As the reaction progresses more liquid builds up on the cathode
side of the BPM, resulting in increasing currents due to increased active areas. This was the only
experiment to achieve a high current while not utilizing the titanium cathode/GDE and thus shows to
be a promising method for future experiments, although much is to be learned about the exact
functionality of the system.

For future research in the field of either MEA’s and GDE’s for the CO;RR it is recommended to make
use of (nano)powdered catalyst application methods instead of applying bulky foil or mesh-like
materials to increase the activity. To assess MEA’s it is of most importance to avoid product crossover
and to enable electrical conductivity through a non-reactive material. Damage to the MEA can be
expected though blistering and/or delamination when the active catalyst material is embedded too
deeply within the membrane.
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6. Conclusion

In this research three different membrane electrode assemblies were built in an electrochemical
flowcell that utilized gaseous CO, in order to increase the activity of the CO, reduction. To compare the
efficiency of the configurations on a systems level, a set total cell potential of 2.5 V was determined
and used throughout all experiments. Although much higher currents were obtained with the BPMEA
configuration in comparison to the AEMEA configuration, exclusively hydrogen was produced in both
cases. The efficiency of the BPMEA over the AEMEA was attributed to the titanium sample holder
performing the HER better in a more acidic environment near the bipolar membrane than near the
alkaline anion exchange membrane. Despite the reduced activity, the AEMEA did show slightly higher
CO formation, due to the highly alkaline environment suppressing hydrogen evolution. Experiments
with a membrane — Ag-mesh — GDL configuration, while excluding the titanium sample holder, either
produced low currents or were not able to form a leakproof system.

A cation ionomer solution was applied to the BPM to increase the conductivity of protons towards
the active catalyst. Despite the initial excellent activity at the chosen potential, during operation the
BPM rapidly blistered and delaminated due to gas accumulation within the membrane. It was found
that the use of a Ag-mesh is not practical for utilizing the gaseous CO; stream, since the active Ag-mesh
was located too far from the gas phase to communicate with gaseous CO; properly. In a final attempt
to increase the activity for CO, Ag was sputtered directly on the GDL to produce a gas diffusion
electrode and thus reduce the distance between the gas phase and the active catalyst. It was found
that (without optimisation) higher currents than the MEA systems could be achieved, without the
titanium sample holder. Although the results were often obscured by the extent of hydrogen evolution,
making it difficult to give any concise conclusion, it is suggested that for future research a mesh-type
catalyst is avoided and sprayed/sputtered catalyst nanoparticles are applied to either the membrane
or gas diffusion electrode.
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9. Appendix

A. Technical Data on ElectroCell devices

Electrochemical Flow Cells

SPECIFICATIONS Micro Flow Cell Electro MP Cell Electro Syn Cell Electro Prod Cell

ElectroCell

Technical Data

(Vi_2017)

Electrical data

Projected electrode area, min. [m?] 0.001 0.01 0.04 0.4
Projected electrode area, max. [m#] # - 02 1.04 16
Current density, max. [ka&rd] 2 4 4 4 4
Electrode gap range [mm] # 078 2-18 1-5 1-10
Standard electrode gap [mm)] 4 8 5 4
Dimensions

Height [mm] 120 306 550 1030
Width [mm] 70 182 238 1040
Length [mm] < >33 > 38 > 439 > 300 &7

Pipe connections

Connections female 1/8" NFT female 1/2" NPT G1 /2" (union 32mm) Flanges =
Outer pipe diameter 9 - - 32mm 90mm
Electrolyte flow data

Max number of separate flows (compartments) * 4 4 2 3
Electrolyte Flow per max. module, stack [Lfmin] =" - 20-80 65-117 100-600
Electrolyte Flow per frame, Cell [Lfmin] ' 0.18-1.6 1-4 59 5-30
Electrolyte volume per frame, Cell [L] # 0.01 0.2 06 -
Flow rate in each cell [mjsec] ¥ 0.05-0.4 0.03-0.12 0.2-0.38 0.05-0.4
Pressure drop in a module (water 25C) [kPa] - 5-50 8-50 0.5-16

Max working temperature 23 - - = -

Materials®
Flow frame materials, standard FTFE PP, PVDF PP, PVDF PR, PVDF
Sealing, gasket materials, standard EPDM, FPM (Viton)
lon exchange/selective membranes, diaphragms Nafion, other various types
End plate materials (not in contact with media) Stainless steel
Electrode materials: Stainless steel, Ti, Ni, Hastelloy, Nb, Ta, graphite, Zn, Sn, Fe, Pb, Pt foil,
Coated electrodes Pton Ti, DSA® for CI, or O, evolution (Ir-, Ru-MMO), PbO,, Boron Doped Diamond, ...
3 dimensional electrode materials Graphitefcarbon (felt, granulate, RVC), Ni foam, Cu foam, ...
GDE sheet materials Catalyzed and uncatalyzed types with/without metal screens
Remarks:
1)  Area can be minimized/modified on requast 8) DIM 2501 PM 10, Others on request
2) Depends on configuration and choice of s=aling and frame materials 89) Depends on Cell type. Other materials on request
3) Depends on application, configuration and choice of elactrode materials ate. 10} In general u=a piping with large openings (ID) in order to aveoid back pras-
4) Depends on configuration and stack size (excl. Fipe/ connectors) sure and improve gas release
B)  Max langth appros 280mm at 1.04m? stack siza 11) Max working pressura 0.5 bar (50 kPa). For higher prassura consult your
B) Max length approx 1160mm for 2 compartment 16m? stack size local ElectraCell representative

7)  Max length approx 1120mm for 3 compartment 1 2m? stack size

ElectroCell - ec @ electrocell.com - www.electrocell.com



B. Product details on the BPM, GDL and Ag-mesh
Bipolar membrane [72]:

435 FUELCELL

lo@®! “ciote

l‘ .l
Technical Data Sheet fumasep® FBM
fumasep® FBM
membrane type bipolar
appearance | colour transparent / brown
backing foil none
reinforcement PK
counter ion MNa (CEM layer ) [ Cl (AEM layer)
delivery form wet in NaCl solution
thickness (dry) pm 130 - 160
weight per unit area (dry) mg cm™ 15-17
dimensional swelling H0at T=25°C % % 0
water splitting voltage at 100 mA cm™® ® v <12
waler splitting efficiency at 100 mA em™" %o > 908
maximum operation temperature 'c 40
a) reference membrane as recened
b} in 0.5 M MaCl solution and 0.25 M May50, electrode rinse solution at 25 °C.
Gas diffusion layer [67]:
Physical Properties
Typical properties Units 28BC 29BC 38BC 39BC
PTFE load of backing wite LEY 5¢1 5¢1 51
PTFE content of MPL wie 23 23 23 23
Thickness um 235 235 325 325
Area waight gm™? 105 80 125 105
Open porosity % 36-37 40 -4 A5 - 47 50-52
TP gas permeability (Gurley)™ emfem g1 05-07 09-13 02-04 10-15
TP gas permeability* 10 % m# 5=6 6=7 7-8 12=15
IP gas permeability™* 10" % m? 14 1.9 23 27
TP area-specific resistance™ mem?® 75-85 B5-895 0-1 n-12
TP electric conductivity™* Sem™ 24-27 20-23 25-28 20-22
IP electric conductivity ()™ Sem™ 200180 175/155 225/200 170145
TP thermal conductivity® Wm= K™ 0.6 0.5 0.35 0.25
Compressibility (1 MPa) % 13 18 13 30
Recavery (2.5 MPa) g 65 &1 65 54
Resiliency (2.5 MPa) o 13 21 13 30

IP=inplane TP =thoughplane *uncompressed **compressed with 1MPa



SEM images of the Sigracet 39BC (similar to the GDL shown in fig. 13):

g @

VB A

SEl 5kV  WD10mmSS50

SEl 5kV  WD10mmSS50

Ag-mesh by MaTeck:

Silver Gauze
Product No.: a00082-1
CAS 7440224
Size 1024 meshicm?®, 0.12 mm wire diameter
purity 99 9%
Quantity 30 x 30 mm
Art. No. 000821

According to the size and wire diameter the surface area can be calculated. In order to do so the mesh
guantity can be converted to the amount of wires in horizontal and vertical directions:

/1024 mesh/cm? = 32 wires/cm

To calculate the fraction of planar surface area or the total area, the fraction covered per cm?is
calculated as such:

Awire/cmz = Ahorizontal + Avertical - Acrosssection

A 2=32%0.012cm*1cm+ 32%0.012 cm * 1 cm — (32)2(0.012 cm)?

wire/cm

A = 0.384 cm? + 0.384 cm? — 0.147 cm? = 0.621 cm?

wire/cm?

The percentage of planar surface area of the Ag-mesh is therefore 62.1%, or in other words, its porosity
is 37.9%.
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