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ABSTRACT

Electrochemical carbon dioxide reduction (CO,R) is compelling because it enables
the storage of renewable energy in the form of chemical bonds and offers the
possibility to make carbon-based chemicals and fuels from a sustainable feedstock.
A solid understanding of and control over the local microenvironment in and around

CO»R electrodes is crucial to optimize the device performance.

In this work, we develop and refine a technique to observe the microenvironment
around CO,R electrodes via fluorescent confocal laser scanning microscopy with
three-dimensional sub-micrometer spatial as well as temporal resolution. We com-
bine two fluorescent pH probes, DHPDS and APTS, to resolve the local pH value
around operando CO;R electrodes. The pH plays an important role in determining
the CO,R activity and selectivity. In a first step, we image the local pH value in
and around CO,R GDEs with a random pattern of trenches and find that the pH is
locally enhanced inside trenches. This effect becomes more pronounced for nar-
rower trenches, reaching a maximum at a trench width of 5 yum. With the help of
multiphysics simulations we can show that the high pH inside trenches is closely
related to an enhanced C,, Faradaic efficiency. We harness this effect and fabricate
COzR GDE:s with tailored patterns of holes and trenches that allow a more system-
atic study of the influence of various micromorphology geometry parameters. We
confirm experimentally that narrow holes and trenches exhibit a locally enhanced
CO3R selectivity and determine the most beneficial geometry parameters. We fur-
ther use the developed technique to investigate the influence of a GDE’s pore size
on the local pH and with it, on the CO;R selectivity. We observe that CO, transport
is slower through smaller pores which can lead to switching of the reaction pathway
and significantly alter the selectivity. We further investigate the importance of the
microenvironment pH for CO,R in acidic bulk electrolytes with the result that a
non-acidic microenvironment pH, that can be reached at sufficiently high current
densities, is required for the onset of CO,R. Finally, we aim to extend the sensing
capabilities and detect the local CO concentration in electrochemical devices but

identify several challenges, including the probe reduction at the cathode.

Overall, we utilized fluorescent confocal laser-scanning microscopy to observe the
microenvironment around CO,R electrodes and correlate it with the CO;R perfor-
mance to gain a better mechanistic understanding of CO;R and inform the design
of future CO,R electrodes.
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Chapter 1

INTRODUCTION

1.1 The Role of CO; Reduction in the Mitigation of Climate Change

Climate change is one of the greatest threats facing humanity today. Many disaster-
ous events like species extinction, floods, wildfires, drought, heat waves, and other
extreme weather events can be connected to it. This is accompanied by a plethora
of humanitarian problems like hunger, unaccessible drinking water, loss of homes,
health crises, and mass migration. This is happening today, all around the globe,
and the problem is expected to become more and more severe over the course of the

next few years and decades [|1-6].

One of the main driving forces of climate change is the rising level of greenhouse
gases in the atmosphere. One of the most prominent greenhouse gases is carbon
dioxide (CO») that results for example from burning fossil fuels, industrial processes,

or from agriculture [7, 8.

The levels of CO; in the atmosphere have been rising since the beginning of industri-
alization due to increasing emissions [9] (Fig. [I.T)). Scientists agree that to mitigate
the worst effects of climate change, it is necessary to keep the average temperature
increase below 1.5 °C [10]. To reach this goal, net-zero and even net-negative CO;

emissions are required before the end of this century [9, |11]].

To reach this goal, a globally coordinated effort is required [1]. Various different
strategies can and must contribute to this effort. It is necessary to transform the
energy sector to predominantly use sustainable energy sources like solar or wind.
Industries that are responsible for large amounts of carbon emissions should be
electrified wherever possible, e.g., in the short-distance transportation sector. An-
other important contribution can be the capture and utilization of CO, (CCU) via
CO; reduction (CO,R), a very promising route to make sustainable products like
chemicals or aviation fuels that are otherwise connected to large amounts of CO,

emissions.

Fig. proposes a strategy to reach net-zero carbon emissions in the US by
2050. This includes the transformation of the energy sector, e.g., by using solar

or wind power instead of fossil fuels, the decarbonization of transportation and
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Figure 1.1: Annual greenhouse gas emissions in gigatons of CO; equivalents as a
function of time from 1990 until 2020 as well as different future warming scenarios
until 2100 relative to pre-industrial temperatures. To reach the 1.5 °C goal, net-zero
or even net-negative greenhouse gas emissions are required before the end of the
century. Adapted from [9].

industry, electrification, the use of low carbon fuels like hydrogen and the reduction
of the emission of non-CO; greenhouse gases like methane. In addition to reducing

emissions, carbon capture, utilization, and storage (CCUS) can play a major role

[3].

It is possible to capture CO, from flue gas, from the atmosphere, or from ocean
water via various techniques and this is a very active area of research [13H17].
Various carbon capture plants of different scales and sizes are already in operation
[18-21]]. The captured CO, can be sequestered for long-term storage, for example
in geological features [13, |14, |16]. Alternatively, CO, can be transformed into
long-lived carbon-based products such as concrete or into short-lived products such
as plastics, chemical precursors, or fuels. Products that are already produced on an

industrial scale from CO; include CO,-cured concrete or urea and methanol [8]].

The focus of this work is the reduction of CO, to short-lived products. Making short-
lived products from CO; is compatible with a net-zero carbon emission strategy. It
allows the production of carbon-based products without the use of fossil fuels and
with minimal CO, emissions. Assuming that the CO, that is used as a feedstock
is captured from the air or ocean and that the energy used comes from sustainable

sources (e.g., solar), it is possible to close the carbon cycle and take as much CO,
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Figure 1.2: A proposed strategy to reach net-zero greenhouse gas emissions in the
US by 2050. This includes improved energy efficiency, decarbonizing electricity,
energy transitions, non-CO; reduction of species other than CO;, land sinks, and
CO; removal. Adapted from []] and [12].

out of the atmosphere as is released at the end of the lifecycle of a short-lived carbon

product, e.g., when fuel is burned. This is illustrated in Fig. [I.3]

Importantly, CO;R is a very promising route to make carbon-neutral products that
are otherwise very challenging to decarbonize. It can be used to make carbon-neutral
chemicals from a sustainable feedstock and decarbonize the chemical industry [22].
Further, it is a step on the route towards sustainable aviation fuels, an industry that
is very challenging to electrify [23] 24].

In addition, CO;,R presents an intriguing possibility for long-term energy storage in
the form of chemical bonds 20]]. This is necessary since many sustainable energy
sources like solar or wind are intermittent. Present energy storage technologies like
batteries or pumped hydro are limited and either lack long-term storage capacities
or require specific landscape features and large areas 28]]. Sustainable fuels

reduced from CO, are both energy-dense and long-lasting.

There have been many encouraging advances in the field of electrochemical CO,R

since the first systematic study of CO;R was performed by Hori et al. in 1985
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Figure 1.3: Simplified schematic representation of a closed carbon cycle. CO;
is being reduced electrochemically to chemicals and fuels with CO,, water and
renewable energy as input. The combustion of fuels releases CO,, which can be
captured from the air or ocean to be used as a feedstock for electrochemical CO,
reduction.

[29]]. However, the process is highly complex and still not fully understood. Many
challenges remain that, as of now, inhibit the wide-spread adaption of the technique
[30-32]]. This includes the higher cost as well as higher energy requirement for

products made via CO,R compared to products made from fossil carbon materials

[8].

The aim of this work is to develop a tool to better investigate CO;R electrodes, to
gain a better mechanistic understanding of CO,R processes and to improve the CO,R
efficiency and selectivity through electrode engineering to pave the road towards a

wide-spread application of this important technique.

1.2 Electrochemical CO, Reduction

Electrochemical CO,R only requires the application of an electrical bias which is
in contrast to photochemical or thermochemical CO,R that include the input of
photons or heat. A very basic CO;R setup consists of an aqueous electrolyte that is
saturated with CO3, an anode and a cathode. This is schematically depicted in Fig.

[1.4] If an adequate potential is applied, CO, can be reduced at the cathode surface.

Usually, a three-electrode setup with a reference electrode is used. This allows to
measure the voltage at the working electrode with reference to a stable, well known
electrode potential. In this work, we use a silver/silver chloride (Ag/AgCl) reference

electrode. At the same time, the current can be controlled and measured between



e, n e,
- (A) -
V)
U
I e @ carbon I
| g |
| % @ oxygen I
I o . hydrogen |
VI w yero8 | '@
o | g | ®
| = |
( | o * - I )
| E) |
@ | So — RS
o 2
2 *« — |
| - |
| |
BL | | BL

Figure 1.4: Schematic of a basic CO,R setup, consisting of a working electrode
(cathode), a counter electrode (anode), a reference electrode and an aqueous elec-
trolyte. The current is measured between the working and counter electrodes. The
reference electrode is necessary to measure the voltage at the working electrode on
a known scale. The dotted lines indicate the boundary layers (BLs) in the vicinity
of the anode and cathode. CO; is reduced to hydrocarbons (e.g., CO) at the cathode
and water is reduced to oxygen at the anode. Arrows indicate in which direction
different molecules diffuse.

the working electrode (cathode) and the counter electrode (anode) [33]. In this
work, a platinum mesh is used as the anode because it is very stable and has a low
overpotential [34]. The boundary layer (BL) indicates the region around electrodes
within which the concentrations of different species are different from their bulk

concentration. The BL is typically tens of micrometers to 100 micrometers thick

[35]].

1.2.1 Reaction Mechanisms of Electrochemical CO, Reduction

CO3R can proceed at the cathode surface if a suitable catalyst material is chosen
and a negative enough potential is applied. In more acidic electrolyte conditions, a
proton is consumed during CO;R, resulting in water (H,O) as a byproduct (see Table
@. In more basic conditions, CO, uses H,O as the proton source, resulting in
hydroxide (OH"™) as a byproduct (see Table[I.2). The formation of various different
carbon-based products is possible, ranging from carbon monoxide (CO) to complex
multicarbon (C,,) products [36-41].
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Table 1.1: A selection of common CO3R reactions in more acidic conditions with
their equilibrium potentials. RHE refers to the reversible hydrogen electrode.

CO; Reduction Reaction Product E°

(V vs. RHE)
CO, + ZHE’aq) +2e” — CO(g) + H2Oq Carbon Monoxide -0.10
CO;, + ZHZ“aq) +2e” — HCOOHyq) Formic Acid -0.12
CO, + 6HZ’aq) +6e” — CH30Hyq) + H2O( Methanol 0.03
CO, + SH-('-aq) +8e —> CH4(g) + 2H20(1) Methane 0.17
2C0O; + 12H-(+aq) +12e™ — CzHSOH(aq) + 3H20(]) Ethanol 0.09
2C0O; + 12Hz-aq) +12e™ — C2H4(g) + 4H20(]) Ethylene 0.08
3CO, + 18Hz’aq) +18¢~ — C3HcOH(aq) + SH,O) Propanol 0.10

Table 1.2: A selection of common CO;R reactions in more basic conditions with
their equilibrium potentials. RHE refers to the reversible hydrogen electrode.

CO, Reduction Reaction Product EY

(V vs. RHE)
CO2 + Hy,0q) +2¢™ — CO() +20H, Carbon Monoxide -0.11
CO, +H O +2¢™ — HCOO(_aq) + OH(_a 9 Formate -0.02
COz +5H,0¢) + 6™ — CH3OH@ ot 6OH@1 9 Methanol 0.03
CO; + 6HyOq) + 8e™ — CHyg) + SOH(_a 9 Methane 0.17
2C0O; + 9HLOq) + 12e™ — CoHsOH(yq) + 120H(_aq) Ethanol 0.08
2C0O; + 8HOqy + 1267 — CoHygaq) + 120H(_aq) Ethylene 0.07
3CO;z + 13H0¢) + 18¢™ — C3H70OHyq) + ISOH(_aq) Propanol 0.09

Another important reaction that takes place at the cathode is the hydrogen evolution
reaction (HER, see reactions [I] and [2] with [I] favored in acidic conditions and [2]
favored in basic conditions). HER is unwanted since it diminishes the efficiency
and selectivity of the CO,R [42-44]].

2H{, +2e” — Hay), E’=0 Vvs RHE ()

2H,0() +2€” — Hy(y) +20Hp,,, E'=0 Vvs RHE {2}

At the anode, on the other hand, the oxygen evolution reaction (OER, reaction [3))
takes place [435].

2H,0() — Oy +4H E’=1.23 Vvs RHE

(aq) +4e”,

{3}

When comparing the equilibrium potentials for different products in tables|I.T|and
it becomes evident that they are all very similar. The close spacing between
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the equilibrium potentials is one reason why performing CO2R selectively is very
difficult since merely tuning the applied potential does not allow to tune the product
selectivity. Further, the equilibrium potential of the parasitic HER (reactions[I]and
[2) is close to the equilibrium potentials of different CO,R products. In an aqueous
electrolyte, the concentration of water molecules is significantly higher than that of
CO; molecules (max. 33 mM [46]) and it is therefore a challenge to selectively
perform CO,R over HER.

In addition, specifically the CO;R reactions to more complex carbon-based molecules,
including C,, products, involve multiple protons, electrons and CO2 molecules.
Consequently, the reaction pathway can be complicated with several reaction inter-
mediates. It can therefore be difficult to find one single catalyst that is capable to

sustain all these intermediates [34]].

1.2.2 Catalyst Considerations

Different parameters can influence the performance of a CO,R device and the
interplay between these dictates the CO,R activity and selectivity. It is important
to understand the influence of each parameter. One of the most important factors
is the choice of catalyst material [29, 41}, 47]. The CO;R performance of a catalyst
mainly depends on its adsorption energy for the HER intermediate H* and the CO,R
intermediates COOH* and CO™* (* indicates that a species is adsorbed) [47].

Fig. (a) displays the binding energy for H* and for CO* on different metals. Most
transition metals (marked in red) have a negative H* binding energy which makes
them good HER catalysts and therefore unsuitable for COR. At the same time, these
metals bind CO very strongly which means that the catalyst becomes "poisoned"
since CO occupies all catalytic sites. Catalysts that are marked in blue and yellow
have a positive H* binding energy which makes them worse HER catalysts. Their
binding energy to CO is positive which means that CO is quickly released from
the catalyst surface and these materials are unable to make multicarbon products.
Copper, marked with cyan color is the only catalyst material known to date that can
make complex multicarbon products. Its moderate binding energy to CO allows for
the further reduction of CO to higher-order carbon products like ethanol or ethylene
[47].

Fig. [1.5] (b) shows the CO,R current density, a good property to compare CO,R
activity for different catalysts, at -0.8 V vs. RHE, as a function of the CO binding
strength. It displays a volcano-shaped trend. Gold exhibits the highest CO;R
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current density and therefore, CO,R activity. Catalyst materials with a lower CO
binding energy like silver and zinc are characterized by a slower CO; activation
which explains the lower CO,R activity. Metals with a higher CO binding energy,
including platinum, nickel and copper, have such a negative CO binding energy that
the slow CO desorption limits the CO,R activity [48]].

(a) o5 (b) + . —
0 >
o 3[@ 0.8020.05 V vs RHE] S |
0.0! T e > ] _” \
s g 2
— Hg | L k - . a
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oy —1.0} 3 EQ0IL -7 4 3
< gm E
_ O 0.001
1.5 o ! E
—> gk :Beyond CO 00001: L —
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Figure 1.5: (a) Categorization of different metals by binding energy to H* (x-axis)
and CO* (y-axis). Red color denotes materials that have a major Faradaic efficiency
(FE) towards H», blue towards CO and yellow towards formic acid. Copper (cyan)
forms its own group that can make multicarbon products. Adapted from [47]]. (b)
Volcano plot of the CO,R partial current density at -0.8 V vs. RHE for different
catalyst materials as a function of the CO binding energy. Gold exhibits the highest
CO3R current density. Adapted from [48]]

Even though gold possesses a superior CO,R activity, (compare Fig. (b)) it is
limited by the fact that it almost exclusively makes CO as a product (compare Fig.
[L.5](a)). Copper, while having a slightly lower CO,R activity than gold, is the only
catalyst that has the ability to make complex multicarbon products. This feature
makes copper one of the most actively studied CO,R catalysts [41} 149, |50] and the

catalyst of choice in most chapters of this work.

1.2.3 Gas Diffusion Electrodes (GDEs)

There are two possibilities how CO, can be delivered to the cathode surface. The
first is the dissolution of CO; in the electrolyte. This is usually done by bubbling
gaseous CO; through the electrolyte until it is saturated with CO,. The equilibrium
concentration of CO; in the electrolyte depends on the temperature, pressure, and
salinity of the electrolyte and reaches 33 mM in an aqueous electrolyte under ambient
conditions [46]. The other CO, delivery method is the use of gas diffusion electrodes

(GDE?) that allow the transportation of CO; in the gas phase.
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The first system, schematically depicted in Fig. [I.6] (a), is easier to implement ex-
perimentally as well as easier to understand. However, it is limited by the solubility
of CO; in water and mass transfer limitations that restrict the rate of CO, consump-

tion. As a consequence, only low current densities up to 30 :‘T/é in magnitude can
be achieved [51]].

Following this observation, scientists developed gas-fed, porous GDEs, see Fig.
[1.6] (b), that allow the transport of CO, molecules in the gas phase directly to the
catalyst-electrolyte interface. They typically consist of a macroporous layer that
provides mechanical stability and is usually 100 - 500 um thick. This is topped
with a thinner (usually 50 - 100 gm) microporous layer that is often treated with
a hydrophobic substance, e.g., polytetrafluoroethylene (PTFE). The microporous
layer is coated with a thin catalyst layer that is typically hundreds of nanometers
thick. Gaseous CO; can be fed to the GDE from the backside through a gas chamber.

(a) (b)

Electrolyte

Electrolyte
Catalyst { s
Microporous
Layer L

Macroporous

Electrode Layer

Gas|
Chamber

Figure 1.6: (a) Schematic representation of a solid CO,R electrode. CO; is dissolved
in an aqueous electrolyte that is in contact with the electrode.(b) A CO,R GDE,
consisting of a macroporous layer, a microporous layer and a catalyst that is in
contact with the electrolyte. Gaseous CO; is fed from the backside of the GDE
through a gas chamber. Schematic not to scale.

It is important that a GDE system is set up such that the GDE is not flooded since
that would prevent the effective transport of gaseous CO,. On the other hand, the
catalyst also must not be dry as aqueous electrolyte is required as a proton donor for
CO3R and an electric connection between cathode and anode is required. To create
stable wetted conditions, the pressures of the electrolyte and the gaseous CO, must
be carefully balanced [35} [52]].
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The development of GDEs for CO;R has been a milestone in enhancing the CO;R
performance. CO,R current densities higher in magnitude than 1 % have been
demonstrated [53] and the Faradaic efficiency towards multicarbon products like

ethylene can be improved with the use of a GDE.

However, CO,R GDEs are highly complex systems and difficult to investigate.
They are still not perfectly understood and not stable, selective and efficient enough
to be widely applied on an industrial scale [30-32]. A deep understanding of
the mechanisms that dictate the CO;R performance of a GDE and how it can be

optimized is urgently needed. This work aims to address these issues.

1.2.4 Electrochemical Cell Design
Fig. [[.4] schematically depicts the setup of a very simple electrochemical CO,R
cell. Multiple factors need to be taken into consideration when designing an elec-

trochemical cell.

The first is the CO; delivery method. If a GDE is used and CO; is to be fed in the
gas phase, a gas chamber at the back side of the GDE (cathode) must be included.

The next consideration is the inclusion of an ion exchange membrane. Such a
membrane is often placed between the cathode and anode to prevent the crossover
of reduced liquid products to the anode where they could be oxidized as well as
the crossover of dissolved O, to the cathode. Anion exchange membranes (AEMs)
block cations but allow the free transport of anions while cation exchange membranes
(CEM5s) block anions but allow the free transport of cations. Bipolar membranes
(BPMs) consist of an AEM and a CEM layer and can maintain a distinct pH value

on either side of the membrane.

Another cell design parameter to pay attention to is the cell resistance. It is impor-
tant to place the reference electrode close to the cathode to minimize the resistance
between cathode and the reference electrode. Further, to reduce the cell resistance,
the anode and cathode should be placed as close together as possible without caus-
ing mass transfer limitations. Membranes, particularly BPMs, increase the cell
resistance. To obtain a uniform voltage profile across the cathode, a parallel plate

configuration can be used.

Compression cells, consisting of a gas chamber in case a GDE is used, a cathode,
a catholyte chamber with a reference electrode, an ion exchange membrane, an
anolyte chamber as well as an anode allow to reliably and reproducibly set up a

parallel plate configuration and are commonly used. In most cases, the compression
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cell is oriented vertically such that gas bubbles that form at the cathode and anode

during cell operation can easily detach and leave the cell.

However, some applications require a different cell design. This is the case if the cell
is not designed to maximize the electrochemical CO;R performance but to be com-
patible with characterization techniques like scanning electrochemical microscopy
(SECM) [54, 55|, surface-enhanced Raman spectroscopy (SERS) [56], electro-
chemical atomic force microscopy (EC-AFM) [57] or surface-enhanced infrared
spectroscopy (SEIRAS) [53]].

This work focuses on the characterization of CO,R cathodes with laser-scanning
confocal microscopy (CLSM) and as a consequence, the electrochemical cell design
that is predominantly used in this work is optimized for this technique (see Fig.
(a), Fig. and Fig. [3.2). The main constraining factor is that in order to
investigate processes at the cathode, the microscope’s objective must have a direct
line of sight to the cathode. As a consequence, the cell does not contain an ion
exchange membrane and the cathode is not placed parallel to the anode but at the
side. Further, the cell is oriented horizontally and is open at the top to allow the use

of a water immersion objective.

1.3 The Role of the Local pH/ pOH Value for CO, Reduction
The local pH and pOH values are very important parameters that significantly

influence the CO;R selectivity and activity.

The pOH value is defined as

pOH = —log,o(aou-) (1.1)
and the pH value as
pH = —log,,(ag+) (1.2)

with apy- the OH™ (hydroxide) activity and ay+ the H" (proton) activity. In many
cases, the hydroxide and proton activity can be approximated as the concentration.

If the system is in equilibrium,
pH + pOH = pK,,, (1.3)

with pK,, = 14 under ambient conditions. In equilibrium, the pH can be directly

calculated from the pOH and vice versa [59].
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1.3.1 Carbonate and Bicarbonate Equilibria
In an electrochemical device, it is important to distinguish the bulk pH and the local

pH profile within the boundary layer around the anode and cathode.

The pH in the bulk and everywhere in an electrolyte with pH > 5 is influenced by the
dissolution of CO;, molecules. CO, participates in bulk equilibrium reactions and
partially reacts to carbonate (CO527) and bicarbonate (HCO3 ~)via the equilibrium

reactions [4]-[7] k; - ky are the forward rate constants.

1
COy(aq) + HoO == H' +HCO3;~,  k;=3.61-107- (4}
S
1
HCO3™ == H"+CO0s*>",  k»=59.44 - (5)
_ _ , L
COy(q + OH” == HCO;~,  k3=2.23-10 (6}
mol s
HCO;™ + OH™ == H,0+CO3*",  k4=6-10° (7}
mol s

Reactions [6| and [7] are schematically depicted in Fig. [I.7](a). As can be seen in this
figure and reactions [4] - [7] the reaction of CO; to carbonate and bicarbonate creates

protons or consumes hydroxides which leads to a decrease in pH or an increase in
pOH as per equations [[.T]and [T.2]

Further, water dissociates to protons and hydroxides everywhere in the electrolyte

according to reaction [§] with ky, the forward rate constant.

1
H,0 = H*+OH", kW:1.4-10‘3r]Ij—0 (8}
S

Fig. (c) displays the concentrations of CO,, carbonate, bicarbonate, protons and
potassium ions as a funtion of pH in a potassium bicarbonate solution [51]. While
the concentration of CO, never exceeds 33 mM at ambient conditions, it decreases
rapidly for pH values > 9.2 because the equilibrium shifts towards bicarbonate and
carbonate. This further motivates the use of GDEs that allow the delivery of CO,

in the gas phase without relying on the solubility of CO; in an aqueous electrolyte.

1.3.2 Charge Transfer Reactions

Hydroxides and protons are not only involved in the carbonate and bicarbonate
equilibrium reactions discussed above, they also play an important role in the charge-
transfer reactions of CO,R and HER as per tables and The reduction of
CO; to CO with a GDE in more basic conditions, leading to the creation of two
hydroxides, is schematically depicted in Fig. (b). For both CO;R to uncharged
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Figure 1.7: Equilibrium and charge-transfer reactions around a CO;R GDE and
the influence of pH on dissolved species. (a) Schematic representation of the bulk
equilibrium reactions of CO, to carbonate and bicarbonate. (b) Schematic of the
reduction of CO, to CO with a GDE. (c¢) Concentrations of CO,, carbonate, bicar-
bonate, protons and potassium ions as a function of pH in a potassium bicarbonate
solution at atmospheric pressure and room temperature. Adapted from [S1]].

products (Tables [I.T] and [T.2)) as well as for HER (reaction [I] and [2)), one proton is
consumed or one hydroxide is created for each electron involved. As a result, the
local pH value within the boundary layer around the cathode is expected to increase

(and the pOH decrease) if the current density is sufficiently negative.

If a GDE is used, CO; diffuses into the the electrolyte through the pores of the GDE
where it will react to bicarbonate and carbonae according to equilibrium reactions
M] - [7] which leads to an acidification and therefore decrease in local pH (increase in
local pOH) as discussed above. The effects of pH increase due to charge transfer
reactions and pH decrease due to carbonate and bicarbonate reactions are therefore in
competition. Consequentially, a high local pH around a GDE indicated the presence

of CO;R and HER charge transfer reactions.

Furthermore, it has been shown that the local pH and pOH themselves can signifi-
cantly influence the CO;R selectivity and reactivity. Several reports demonstrated
that a high pH or low pOH has the potential to suppress the parasitic HER
60] as well as shift the CO,R selectivity towards multicarbon products [60-63].
This is believed to be the case because high hydroxide concentrations suppress the
formation of H, via HER as well as single carbon products but it does not affect the

partial multicarbon product current density. Consequently, the Faradaic efficiency
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towards multicarbon products is increased at a given current density for high pH/
low pOH [31} 63|

1.3.3 Techniques to Measure the Local pH Value
Since the local pH and pOH play such a vital role for CO,R, its determination
can both provide mechanistic information and allow for the optimization of CO;R

devices.

Various theoretical models have been developed that aim to simulate the local
pH/pOH close to the surface of a cathode performing CO,R [35, 64, 65]. While
insightful, it is almost impossible to accurately represent all parameters that influence
the electrochemical environment in a model. It is therefore much more revealing
if theoretical studies are combined with experimental measurements of the pH/
pOH around CO;R electrodes. As has been established above, there is a difference
between the bulk pH and the local pH within the boundary layer around a CO;R
cathode. Further, the pH varies within the boundary layer as a function of proximity
to the cathode. If the electrode is not homogeneous, the local pH value can also
vary as a function of the lateral position along the electrode. It is therefore not
sufficient to use a pH meter and measure the bulk pH value but it is necessary to

locally resolve the pH value within the boundary layer.

Various techniques have been proposed that allow to measure the local pH value
in different electrochemical applications. These are summarized in Table
The methods can be categorized into optical techniques (fluorescence microscopy,
SEIRAS, SERS), scanning probe techniques (SECM,SICM) as well as RRDE [66].

All the techniques summarized in Table [I.3] have advantages and disadvantages.
RRDE offers the possibility to perform pH measurements under defined mass trans-
port conditions which is particularly useful for mechanistic studies. However, it
lacks lateral resolution. Scanning techniques like SECM and SICM possess supe-
rior spatial resolution along the sample surface and additionally provide information
about the sample topography. They further offer temporal resolution and allow to
study a wide pH range. A major drawback is that the probe significantly alters the
fluid dynamics. Further, while it is possible to resolve a 3D curved electrode surface,
no information is obtained about the pH in the electrolyte at a distance from the
electrode surface. SEIRAS and SERS can resolve the pH value in small volumes
around the electrode surface with good lateral and time resolution. However, they

lack vertical resolution and are unable to resolve larger macroscopic samples [66].
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Table 1.3: Methods to measure the local pH value in electrochemical applications and a
comparison of the characteristics of each technique. Spatial resolution in x-y means parallel
to the electrode surface, in z perpendicular to the electrode surface. In parts adapted from

[34].
Technique References Cell Spatial Temporal Chemical | Fluids Dy- Sensing
. . . Pertur- namics Per- .
] Requirements Resolution Resolution bation turbation Capacity
- 3D milliseconds pH, pQH,
Flgorescent 167.178] Com[.)atlt.)le w. 250 nm in x-y, to seconds, Yes Yes potenqally
Microscopy objective . depends on species
500 nm in z : .
probing volume concentrations
Surface-
enhanced icoseconds HCCOOZL
Infrared [58L79H81] ATR crystal No P No No 53’
to seconds COs;™,
Spectroscopy L. 3
(SEIRAS) indirectly pH
Surface- T 1]
enhanced Compatible w. in x- H
Raman 160, 82H85] patiy’c . Y. sub-second No Yes P
objective sub-um adsorbed species
Spectroscopy
(SERS) |
. . along electrode
Scanning Tip must be
R . surface, seconds, depends pH,
Electrochemical in electrolyte .
. [57,186.187] sub-pm, on probe and No Yes surface reactivity,
Microscopy at controlled depends field of view topograph
(SECM) position per pography
~ on tip
Scanning Ton Nanoplpgtte along electrode
Conductance must be in surface, seconds, depends H
Lo [88H90] electrolyte at 50 nm - 10 pm, on probe and No Yes P,
Microscopy . topography
controlled depends on field of view
(SICM) o .
| position nanopipette
Rotating inz
ring-disc [91193] rotating solid depends on depends on No Yes pH,.
electrode electrode rotation speed sensor potential
(RRDE) | P

Fluorescent microscopy with a widefield illumination setup allows mapping of the
pH value in the lateral direction. In that configuration, a large signal contribution
from out-of-focus light has to be accounted for. This problem can be solved by using
a confocal laser scanning microscope (see section [I.4.1)) where a confocal pinhole
blocks out-of-focus light. This technique further allows for pH mapping in three
spatial dimensions by capturing images in the x-y plane at different z-positions and
stacking them together. A sub-micrometer resolution can be achieved in all three
spatial dimensions and a sub-seconds to seconds time resolution, depending on the
captured volume and the spatial resolution. Further, this technique allows to image
whole macroscopic samples on the length scale of tens to hundreds of micrometers.
This is a capability none of the described pH imaging techniques offer. The dis-
advantages of fluorescent confocal microscopy are that the fluorescent pH-sensitive
dyes usually have a limited pH range that is determined by the dye’s pK, value (see

section[[.5.1)). This can be overcome by the combination of multiple dyes. Further,
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the fluorescent probes can potentially interfere with the electrochemical processes
that are studied. Luckily, low probe concentrations (tens to hundreds of micromo-
lar) are usually sufficient to reliably resolve the local pH value. The resolution of
fluorescent microscopy is on the order of hundreds of nanometers which makes it
ideally suited to image the local pH value within the boundary layer, however, it is

impossible to resolve the pH value within the electrical double layer.

1.4 Fluorescent Microscopy

pH imaging techniques should be chosen according to the application and the
system studied since different techniques can be best suited for different applica-
tions. Fluorescent microscopy is ideal to investigate CO;R electrodes with distinct
micrometer-scale 3D features and to study the pH value inside microcavities since
it is the only technique that can map the pH value with 3D resolution on a macro-
scopic scale. This provides the unique opportunity to correlate a CO,R electrode’s

micromorphology to the local pH value and to the CO,R performance.

1.4.1 Principles of Fluorescent Confocal Laser-Scanning Microscopy

Fluorescent confocal microscopy requires the use of fluorescent molecules. These
are molecules that can be excited via the absorption of light and emit light nanosec-
onds later via relaxation to the ground state. In most cases, the emitted light has a
longer wavelength than the absorbed light because the excited molecule undergoes
non-radiative transitions. The difference between the excitation and emission wave-
length is called Stokes shift [94]. A Jablonski diagram of the fluorescence process
can be seen in Fig. [I.§] (a). The Stokes shift allows a fluorescence microscope’s
detector to differentiate between the scattered excitation light beam and emitted

fluorescent light.

Fluorescence microscopy is very commonly used in biology. Specific parts of
a biological sample can be labelled with fluorescent molecules. By specifically
imaging the fluorescent signal, only the areas of interest are revealed while the
background appears black. Thousands of fluorescent probes have been developed

that allow labeling of many different aspects of biological samples [94].

A wide-field fluorescent microscope has the major disadvantage that the whole
sample is flooded with light and background signal from out of focus reaches the
detector. This problem can be solved with the use of a confocal laser scanning
microscope as schematically depicted in Fig. [[.§] (b). A laser beam is focused

onto the sample where it excites a fluorescent probe. On the way to the detector,
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the emitted light must pass through a confocal pinhole that eliminates out-of-focus
light such that only light that originates from the in-focus plane reaches the detector.
The point illumination and employment of a pinhole allows the elimination of
background signal. A two-dimensional image can be created by scanning the laser
beam in the lateral plane and detecting the fluorescent signal at each point. Further,
the use of confocal microscopy allows the 3D rendering of a structure by capturing
images in different planes and stacking them together. Finally, fluorescent confocal
microscopy has the advantage that is can be used for quantitative measurements.

The property that can be quantified depends on the fluorescent probe used.

(a) (b)
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inhole aperture
P P i light source
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Figure 1.8: Schematics of fluorescence and confocal microscopy. (a) Jablonski
diagram of fluorescence displaying how a photon is absorbed to excite an electron
which relaxes via non-radiative transitions before fluorescing at a longer wavelength.
(b) Schematic representation of a confocal laser-scanning microscope (CLSM),
adapted from [95]].

The quantity that is of particular interest for this work is the local pH value. Several
fluorescent probes have been reported that can resolve the local pH value with CLSM
[78,196-H100].

The drawback for CLSM compared to widefield fluorescent microscopy is that the
laser scanning requirement makes it considerably slower. In addition, the confocal
pinhole, while eliminating unwanted background noise, also reduces the overall
signal strength which can lead to a weak signal-to-noise ratio. Slow scanning can
improve the signal-to-noise ratio and resolution. The trade-off between spatial

resolution and speed must be considered.
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1.5 Fluorescent pH Sensors

The local pH value is an important parameter in biological and life-science research
and as a result, many fluorescent pH probes compatible with fluorescent CLSM
have been developed and targeted towards the biology community [96-100]. There
are three different fluorescent sensing mechanisms. The first is fluorescent quench-
ing, meaning that the fluorescence turns off upon a change in pH. The second is
fluorescent enhancement where the fluorescence turns on upon a change in pH.
The latter is more practicable and easier to use than the first but both methods are
sensitive to parameters like the probe concentration. The third sensing mechanism
is via ratiometric probes that have opposing responses to pH at two different ex-
citation or emission wavelenghts. The pH is extracted from the ratio between the
two responses which makes the signal independent of the dye concentration. Ratio-
metric probes are therefore preferable, especially if quantitative measurements are
performed. Other desirable fluorecent pH probe properties are a large Stokes shift

and brightness that can increase the signal-to-noise ratio [98].

pH probes are usually designed by choosing suitable fluorophores and engineering
proton sensitive groups. To create a ratiometric probe, two fluorophores with
opposing pH sensitive properties can be covalently linked together. Commonly used
ratiometric fluorescent pH probes include fluorescein and rhodamine derivatives,
cyanine derivatives or naphtaliminde derivatives as well as fluorescent nanoparticles
[98].

A challenge that fluorescent pH probes commonly face is a poor photostability.
Further, pH probes are almost exclusively developed for the use in biological research
and, in most cases, span a limited pH range around a neutral pH value since that is
most biologically relevant [99]. However, in the context of electrochemical CO,R,
very high pH values can be relevant. As outlined in section the local pH value
within the boundary layer increases under CO,R operation and consequently, very
basic pH values can be reached for very negative current densities. Further, a high
pH value can suppress the parasitic HER [58, 60] and increase the multicarbon
product selectivity [60-63] which makes the investigation of high pH values very

relevant in the context of CO,R.

A class of molecules that has potential to extend the pH range of fluorescent probes

are reversible excited-state photoacids and photobases [[101, [102]].
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1.5.1 Reversible Excited-State Photoacids and Photobases as Dynamic Fluo-

rescence Sensors of Local pH

Photoacids and photobases are defined as molecules that can perform reversible
excited-state proton transfer (ESPT) from or to another molecule. Since the
molecules are reversible, they can be used for prolonged light-to-ionic power con-
version. ESPT is caused by a modification of the energy of a protonic bond that
causes a change in the Brgnsted-Lowry acidity of the photoacid or photobase. This
can be quantified by the acid dissociation equilibrium constant K,, or K} in the
excited state [[102]. The pK, is defined as the base-10 logarithm of K,

pK, = —log;((Kj). (1.4)

Among others, ESPT can proceed to and from OH ™~ and H*, respectively in aqueous
environments. As a consequence, the presence of OH™ can quench the photolu-
minescent intensity of a photoacid and the presence of H* can quench the photol-
umenscence of a photobase. Therefore, photoacids and photobases can be used
as fluorescent pH probes and have been employed to investigate the pH value in

electrochemical systems [67, 75-78]].

Fig. [[.9)(a) shows a Forster cycle square scheme, a thermodynaic cycle that explains
the photophysics and photochemistry of a weak photoacid [[102, 103]]. Depicted on
the left are the ground and excited states of the photoacid PAH/ PAH*. The right
side depicts the ground and excited states of the conjugate base PA~ and PA™*. The
photoacid (PA / PA*) can be reversibly deprotonated to the conjugate base (PA™ /
PA~*) by a solvated water or hydroxide and the conjugate base can be reversibly
protonated to the photoacid by a solvated water or proton, both in the ground and
excited states. Since the energy states of the deprotonated conjugate bases are
different from those of the photoacid, the photoluminescence of the molecule is
quenched in the presence of OH™ and the molecule can be used as a sensor of the

local OH™ activity.

Fig. (b) displays a typical curve of a pH-sensitive photoacid’s photoluminscence
intensity as a function of solution pH. It displays a sigmoidal shape around the pK}

value when quasi-equilibrium is reached in the excited state [102].

In this work, mainly the two photoacids DHPDS and APTS are used as fluorescent
pH probes.
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Figure 1.9: Principles governing a reversible photoacid. (a) Forster cycle square
scheme for a reversible photoacid PA. It illustrates the excitation of PAH to PAH*
and its reversible deprotonation to PA~/ PA™* by a solvated water or hydroxide. (b)
Exemplary photoluminescence curve of a pH-sensitive photoacid as a function of
solution pH. Adapted from [102].

The Strong Photoacid DHPDS

One photoacid that can been used as a fluorescent pH probe is 6,8-dihydroxypyrene-
1,3-disulfonic acid disodium salt (DHPDS). Its molecular structure is displayed in
Fig. [I.10|(a). It has a high fluorescence quantum yield, good water solubility and,
very importantly, exhibits ratiometric properties that are enabled by two hydroxyl
groups with pK, values of 7.33 and 8.53 [[100]. Its absorption spectrum (see
Fig. (a)) exhibts three distinct peaks, connected to the doubly deprotonated
(R—(OH),), monoprotonated (R—(OH)(O™)), and doubly deprotonated (R—(O7);)
states in the ground state. DHPDS is a strong photoacid (pK} ~ 0) which means
that the excited-state proton transfer kinetics are significantly faster than the lifetime
of the excited state and therefore, the excited state can reach a chemical quasi-
equilibrium. As a consequence, excitation of either protonated state of DHPDS in
near-neutral pH solution results in the emission from a deprotonated form of the

electronic excited state [78]].

These properties can be utilized to employ DHPDS as a pH probe. Since it exhibits
ratiometric properties, two of the characteristic absorption peaks, at 405 nm (laser
power 1.2 %, gain 100) and at 485 nm (laser power 2 %, gain 80) can be excited.
The signal can be collected over the fluorescent spectrum from 495 nm and 835 nm
separately for both excitations. The ratio of emission (ratio of the signal from the
first excitation divided by the signal from the second excitation) is then a function of

the solution pH value. It fits well to the nonideal Henderson-Hasselbach equation,

1

1+ lon'(pH_pKa,abs) ’ (15)

(Ratio of Emission) =
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with n the Hill coefficient ideality factor and pK, obs an effective excited-state pK,
[78]]. For the aforementioned settings, the resulting curve can be seen together with
experimental values in Fig. [I.10] (c) in orange color. The resulting pH sensitivity

range is 6 - 11.5.
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Figure 1.10: Spectra and calibration curves for the fluorescent probes DHPDS and
APTS. (a) Molecular structure of DHPDS (adapted from [100]) and its absorption
spectrum for different pH values between 4.6 and 11.7 (adapted from [77]). Two
excitation wavelengths that match two of the absorption peaks, as well as the wave-
length range within which the fluorescence is captured, are indicated. (b) Molecular
structure of APTS and its absorption as well as fluorescent emission spectrum for
different pH values between 7.5 and 15. The excitation at 405 nm and two separate
detection windows matching the distinct fluorescence peaks are indicated (adapted
from [[102]). (c) Calibration curves of DHPDS (orange) and APTS in a basic regime
(green) as the ratio of emission as a function of pH as well as the calibration of APTS
in an acidic regime (blue) as the emission intensity as a function of pH. Together,
the pH range 0.5 — 2.5 as well as 6 — 13.5 is covered.

The Weak Photoacid APTS

While the strong photoacid DHPDS is a potent optical pH probe and can cover
a wide range from pH 6 to pH 11.5, it is unable to resolve very alkaline pH
values higher than 11.5. The weak photoacid 8-aminopyrene-1,3,6-trisulfonic acid
trisodium salt (APTS) has that capability. While DHPDS had been described
previously as a ratiometric pH probe [100], this work is the first demonstration of
the weak photoacid APTS as a pH probe. Its molecular structure, along with the
absorption and fluorescence spectra for difterent pH values is displayed in Fig. [I.10]
(b). The fluorescence spectrum of APTS exhibits two distinct peaks that are related
to the protonated (R—NH;) and deprotonated (R—NH™) states in the thermally
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equilibrated electronic excited states. This characteristic makes APTS a ratiomtric
probe. APTS is a very weak photoacid (pK, > 14) and therefore, pH > 14 is required
for the deprotonation of the electronic ground state. As a consequence, only the
protonated ground state can be excited. However, if the concentration of OH™ is
high, the equilibrated excited state can be quenched by via a proton transfer to OH™
[78].

It is important to note that the sensing mechanism of APTS varies from that of
DHPDS. While DHPDS undergoes a proton-transfer reaction in its ground state,
APTS participates in a proton-transfer reaction to aqueous OH™ in its thermally

equilibrated electronic excited state [78].

To use APTS as a pH probe in a basic pH regime, it can be excited at 405 nm (laser
power 2 %) as well as at 448 nm (laser power 0.3 %), where APTS exhibits strong
absorption (see Fig. [I.1I0] (b)). The fluorescence is captured separately over the
two characteristic emission peaks, between 460 nm and 550 nm (gain 13) as well as
between 570 nm and 840 nm (gain 25). The ratio of emission is calculated as the
ratio between the signals from the two emission peaks and is a function of the pH
between 11.5 and 13.5. The ratio of emission as a function of pH can be fitted to

the nonideal nonlinear Stern-Volmer equation,

1

(Ratio of emission) = )
1+ ((Ksv,on-) - aon-)"

(1.6)

with Ksy on- the Stern-Volmer quenching constant, apg- the activity of OH™ and
n an ideality factor [[78]]. For the settings described above, APTS is sensitive to
pH values between 11.5 and 13.5, see Fig. [I.I0] (c), green markers and green

Stern-Volmer fit curve.

Interestingly, APTS also has the capability to sense the pH value in an acidic pH
regime following a mechanism analogous to the one described for DHPDS. In an
acidic environment, APTS first undergoes proton-transfer reactions in the ground
state. While there are two distinct absorption peaks, one of them is at a wavelength
well below 405 nm and can therefore not be excited with common confocal laser-
scanning microscopes. As a consequence, it is only possible to excite one channel
with confocal microscopy and APTS can therefore not be used as a ratiometric
probe in acidic solution. It is however possible to use it as a single-channel linear
pH probe. If APTS in acidic solution is excited at 405 nm (laser power 2 %) and

448 nm (laser power 0.3 %) and the fluorescent signal is detected between 460 nm
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and 550 nm, there is a linear relation between the collected signal intensity and the
pH value between pH 0.5 and 2.5. This is depicted in Fig. [I.10|(c) in blue.

If the sensing capabilities of APTS in the acidic and basic regimes are combined
with DHPDS, both dyes can cover the pH range 0.5 — 2.5 and 6 — 13.5.

Photoacids apart from DHPDS and APTS that have been identified as potential pH
sensor candidates include e.g., HPTS or the weak photoacids 8-anilinonaphthalene-
1-sulfonic acid sodium salt, 5-((2 aminoethyl)amino)naphthalene-1-sulfonic acid
sodium salt and 5-aminonaphtalene-1-sulfonic acid [[101]]. Further, various fluores-
cent probes have been reported that can sense the local concentrations of important
CO;R products, including CO, methanol, formic acid and ethylene. Chapter [§]
includes a detailed analysis of the potential of such probes for the use in electro-

chemical CO;,R applications.

1.6 Thesis Outline

The focus of this work is the interplay between the CO,R electrode microenvi-
ronment and the CO,R performance. This is mainly investigated with fluorescent
CLSM, with an emphasis on GDEs. Chapter[2]demonstrates the imaging of the local
pH value around operating CO,R GDEs with DHPDS and provides evidence about
the influence of a GDE’s micromorphology on the CO;R performance. In Chapter
time-dependent measurements are presented that illuminate how CO, diffuses
through an inhomogeneous GDE. Chapter 4] includes more data about the interplay
between a GDE’s micromorphology and the CO,R performance with the sensing
capacity extended by APTS and a detailed look on the product distribution. Based
on these results, the focus in ChapterE] shifts towards the fabrication of CO,R GDEs
with tailored micromorphology that allow boosting the CO,R performance as well a
more systematic investigation of the influence of microcavities in a GDE’s surface.
In Chapters [6] and [7] the developed confocal pH imaging technique is applied to
investigate the influence of a GDE’s pore size on CO;R and to gain a more mech-
anistic understanding of CO,R in acidic electrolytes. Finally, Chapter [§] aims to
expand the sensing capacities to image the local CO concentration around operating
COsR electrodes. Chapter [9] summarizes the outcomes of this work and provides
a perspective on future research directions. The appendix presents additional data

and focuses on lessons learned over the course of this work.
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Chapter 2

OPERANDO LOCAL PH MEASUREMENT WITHIN GAS
DIFFUSION ELECTRODES PERFORMING
ELECTROCHEMICAL CARBON DIOXIDE REDUCTION

Contents drawn from: A.J. Welch, A. Q. Fenwick, Annette E. Bohme, H.-Y. Chen,
L. Sullivan, X. Li, J. S. DuChene, C. Xiang, and H. A. Atwater. “Operando Local pH
Measurement within Gas Diffusion Electrodes Performing Electrochemical Carbon
Dioxide Reduction”. In: J. Phys. Chem. C 125 (2021), pp. 20896-20904. DOI:
https://doi. org/10.1021/acs.jpcc.1c06265.

A.E.B. assisted with and performed pH imaging experiments as well as conceptual-

ized, designed, performed and analyzed all COMSOL Multiphysics simulations.

2.1 Introduction

As outlined in section [1.3.2] the local pH value around an operating CO,R GDE
plays a vital role in determining the local CO,R activity and selectivity. Although
challenging to determine experimentally, the local pH near the electrode surface
should be measured under operating conditions to provide the necessary insight
required to further improve the activity, selectivity, and stability of these fuel-
forming devices. In this chapter, we focus on understanding the pH in GDEs due to

their superior CO;R performance as described in section|1.2.3

The application of high current densities to a GDE results in the creation of multiple
hydroxide ions per unit time, thus rapidly increasing the pH, while any unreacted
CO, will acidify the electrolyte via reaction with OH™ to form HCO3 and H* ions.
These two characteristics have opposing effects on the pH near the electrode surface.
If the pH is increased locally, then the activity of the hydrogen evolution reaction
(HER) decreases substantially, while the CO; reduction reaction becomes relatively
more favorable[60, 104]. While both reactions consume water molecules, the rate
of H, evolution has been shown to be far more dependent on the local pH than the
rate of CO; reduction [61},[104]]. In addition to suppressing the HER, the local pH
also influences which CO; reduction pathways are most energetically favorable[/60,
62, 63]. Alkaline conditions in particular promote the formation of multicarbon
products (Ca4) such as ethanol, propanol, acetate, etc.[61-63]], see section [[.3.2]
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Techniques to measure the local pH value in electrochemical applications are de-
scribed in section

Previously, SERS has been used to measure the local pH in a CO; reduction GDE
with a 1 M KOH electrolyte (pH 14). It was found that the local pH was near 7 in the
absence of any current flow, and as the current density increased to 100 mA/ cm?,
the local pH increased to 10. It is interesting to note that even with an electrolyte
with a bulk pH of 14, the electrode surface remained in the pH range of 7-10 for
a wide range of current densities. However, this measurement did not provide any
resolution along the plane of the electrode surface. SECM studies confirm that the
local pH increases during device operation[54, 55, 57]. While SECM allows for
better spatial resolution than confocal fluorescence microscopy, it is unable to probe
the pH within the trenches that exist in the surface of a typical carbon paper GDE
(see SEM images in Fig. [2.1] (e) and (f)).

Our study builds on previous work by mapping the pH both on the surface and within
the heterogeneous reaction environments encountered in GDEs. This experimental
approach therefore allows us to correlate the width of trenches in GDE:s to the local
pH. Here, we use confocal microscopy (see section [I.4.1) and the pH-sensitive
two-color fluorescent dye DHPDS (see section [[.5]) to probe the operando local
pH of a copper (Cu) GDE under CO,;R conditions. This chapter focuses on the
imaging of the local pH value in near-neutral conditions. A study including higher
pH values that can be resolved with the fluorescent probe APTS can be found in
Chapter With CLSM, micron-scale resolution in all three spatial dimensions
(within the plane of the electrode (x, y) and perpendicular to its surface (z)) can be
achieved. This approach offers new insight into how CO, reduction affects the local
electrolyte pH near the Cu catalyst. Interestingly, our study indicates that at low
overpotentials, the pH varies widely across the electrode surface. Specifically, in
narrow trenches throughout the electrode, the pH is significantly elevated compared
to the surroundings. Our findings highlight the electrocatalytic heterogeneity in
GDEs and strongly suggest that these regions of locally high pH are the most active
parts of the electrode for CO; reduction.

A Cu-based GDE was investigated owing to the unique ability of Cu to produce C;4
products (e.g., ethanol, see Chapter (1.2.2)[47, 50]. Figure shows a schematic
of the GDE and experimental setup used, as well as scanning electron microscopy
(SEM) and optical bright-field microscopy images of different layers of the device.
The GDE used here and in many other devices[61}, [105-107]] is composed of three
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layers: (1) a gas diffusion layer, (2) a microporous layer, and (3) a catalyst layer
(Figure 2.1] (b), compare also section [1.2.3). The CO; first diffuses through the
gas diffusion layer, composed of carbon fibers (Figure[2.1jg,h), and then through the
microporous layer, which is made of carbon black coated in hydrophobic PTFE to
regulate local electrolyte availability (Figure [2.1¢.,f). After diffusion through the
microporous layer, CO, comes into contact with the electrolyte at the catalyst layer
(Figure [2.Tc,d), where it can then undergo reduction to yield a variety of chemical

products.
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Figure 2.1: Overview of a Cu gas diffusion electrode (GDE) for CO, reduction
studies. (a) Cross-sectional diagram of the custom electrochemical cell designed to
enable in situ confocal fluorescence microscopy experiments. (b) Schematic of a
typical Cu GDE, not to scale. (c, d) Scanning electron microscopy (SEM) images of
the 300 nm thick Cu catalyst layer. (e, f) SEM images of an uncoated microporous
layer. (g, h) SEM images of the gas diffusion layer.

Some CO, reacts at the catalyst surface into products such as CO, HCOOH, or
CH4. The remaining unreacted portion of the CO; then passes into the electrolyte
and increases its acidity[[108]. While several reports quantified the one pass CO,
utilization efficiency[[I09]], the vast majority of the CO, reduction experiments
did not seek to optimize the utilization of CO,. The competition between these
two processes acidification and hydroxide ion generation can be investigated via

measurement of the local pH at the catalyst-electrolyte interface.
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2.2 Methods

Copper Gas Diffusion Electrode Fabrication and Characterization

Cu GDEs were fabricated by depositing 300 nm of Cu onto the microporous layer
of a Sigracet 22BB carbon paper substrate purchased from Fuel Cell Store with an
AMOD dual electron beam deposition system by Angstrom engineering. For sam-
ples that were used for confocal fluorescent microscopy, an aluminum foil shadow
mask with 3 mm diameter holes was used. For electrodes used for product detection,
no shadow mask was used. After deposition, the samples were first spray coated
with a solution of carbon black and Nafion. The solution is one-part DI water and
one-part isopropyl alcohol with 2.5 mg of carbon black per ml of solution and 50
ml of 5 weight % Nafion per ml of solution. For both coatings, the solution was
sprayed from a distance of 3 inches for 1 second per square inch of electrode. After

the samples were coated, they were dried under vacuum overnight.

The samples were characterized with a NOVA NanoSEM 450 scanning electron

microscope and an Oxford Instrument’s Xmax 80 mm?

spectroscopy system in a NOVA NanoSEM 450.

energy-dispersive X-ray

Product Distribution Measurements

An electrochemical parallel-plate compression cell made of polyether ether ketone
(PEEK) was used to perform CO; reduction reaction experiments and measure the
product distribution. A volume of 20 mL of CO,-saturated 100 mM KHCO3 was
added to the catholyte bath and the anolyte bath. The electrolyte was then flowed
by the cathode and anode separately at a rate of 6.3 ml/min. The Cu GDE served
as the working electrode with a Ag/AgCl leakless reference electrode and a Pt mesh
counter electrode. The cathode and the anode were separated by an anion exchange
membrane (AGC, Selemion AMV). CO, was flowed through the serpentine gas
chamber at the back of the cathode at a rate of 10 standard cubic centimeters per
minute (SCCM). The outflowing gas was fed into a SRI-8610 gas chromatograph.
All experiments were performed at room temperature with a Biologic VSP-300
potentiostat. All experiments were chronoamperometric, meaning that they were at
constant voltage. All potentials were converted to the reversible hydrogen electrode

(RHE) scale using the equation:

Evs. RHE = E vs. Ag/AgCl+0.197 V +0.059 V pH™! - (bulk solution pH). (2.1)

Before each experiment, potentiostatic electrochemical impedance spectroscopy

(PEIS) was performed to determine the solution resistance of the cell, which was
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typically between 10 — 50 Q. The applied electrochemical potential was then

compensated by 85 % using iR compensation of the potentiostat.

pH Imaging Experiments

We used CLSM to measure the local pH due to its high spatial resolution relative
to the dimensions of interest in the system. The electrochemical cell used for pH
imaging experiments was different from the one used for product detection since
it must be compatible with confocal microscopy. The main constraint is that the
working distance of the objective is 1.7 mm. This necessitated the removal of
the ion exchange membrane, so that the objective could be placed close to the
cathode. Additionally, this required that the cell be rotated by 90° relative to a
typical cell. Since the objective is being submerged in the electrolyte this means
that the electrolyte is open to the atmosphere and not sealed. The fact that the
membrane is removed and the electrolyte is open to air makes it impossible to
perform gas chromatography (GC) experiments with it. First, since the cell is not
sealed, not all of the products can be captured and sent to the GC. Therefore, it is not
possible to obtain an accurate Faradaic efficiency. Also since there is no membrane
the anode can oxidize liquid products that are formed which also will make it
impossible to get an accurate Faradaic efficiency. The change in electrochemical
cell between product detection and pH imaging experiments caused a significant
change in current density. To make the results as relevant as possible, we used the
same potentials in both systems because similar potentials should produce similar
products. Everything besides the electrochemical cell was kept the same between

experiment — catalyst, electrolyte, CO, flow rate, reference electrode, etc.

Figure [2.1] (a) shows a schematic of the electrochemical cell used for pH imaging,

and Figure 2.2 shows a more detailed schematic, as well as photos of the cell.

In this study, a Zeiss LSM 710 CLSM with 458 nm, 488 nm, 514 nm, 543 nm and
633 nm diode lasers was used. The technical resolution of this system is 280 nm
in X - y and 560 nm in z. However, due to noise from the electrolyte pump and

diffusion, the resolution is on the order of a micron under our conditions.

The fluorescent dye DHPDS, that is ideally suited to resolve near-neutral pH values,
was employed (see also section [[.5.1) [100]. The absorbance vs wavelength of
DHPDS in different standard solutions of known pH is shown in Fig. [I.I0| (a). At
the most acidic pH of 4.6, the peak absorbance is centered at approx. 400 nm; at pH
8.5, the peak absorbance is at approx. 455 nm; and at pH 11.7, the peak absorbance
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Figure 2.2: Overview of the experimental setup. (a) shows a schematic of the
electrochemical cell used for imaging the pH via confocal fluorescent microscopy.
The bottom plate is the gas chamber and the top plate holds the electrolyte. This
setup has no membrane and the electrolyte is constantly being flowed across the
active catalyst layer. (b) shows a top-down photo of the electrochemical cell without
the microscope objective. (c) shows a photo of the entire experimental setup with
the objective in the cell, the electrolyte bath, and the pump to circulate the electrolyte
through the electrochemical cell.

shifts toward approx. 480 nm. We sequentially excited the dye line by line with a
458 nm (Aex1) and 488 nm (Aex2) laser. The fluorescence signal from both A and
Aexa was collected individually from 515 to 700 nm.

DHPDS was calibrated using a range of pH solutions. The solutions were made
by mixing KOH, bicarbonate, water and standard buffer solutions. The pH of
these solutions was measured by a Denver Instruments Ultra Basic pH meter and
results were confirmed with color changing pH strips. The solution was then placed
under the microscope and the water immersion objective was immersed in it. The
objective was then focused on a point in the middle of the solution. The ratio of the
fluorescence was then plotted vs. pH to generate the calibration curve displayed in
Fig. 2.3|(a). We fit the pH data to the function
—-a

" Trexp(ch Goo) ¢

y (2.2)

We found the coeflicients to be a =-33.72,b=1.413, ¢ =8.083, and d = 5.571. The
error was determined to be 0.3 pH units. These data demonstrate that the DHPDS
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dye is sensitive to changes in solution pH from pH 6 to 10 under the aforementioned

excitation conditions.

Note that for the calibration curve that is presented in Fig. [I.10](c) in orange color,
the dye was excited at 405 nm and at 485 nm which resulted in a pH range from 6 to
11.5. This was not possible in this study since these wavelengths were not available
with the CLSM system used.
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Figure 2.3: Characterization of the pH-sensitive fluorescent dye DHPDS. (a) shows
the ratio of fluorescence emission from a 458 nm and 488 nm excitation wavelength
as a function of solution pH. After acquiring all of the data, we fit the pH data to
the function, y = —a/(1+exp(-b*(x — ¢)))+d. We found the coeflicients to be a =
—-33.72,b=1.413, ¢ = 8.083, and d = 5.571 for 95% confidence bounds. From the
fit accuracy we can estimate an error of 0.3 pH units. (c) shows the current (J) vs
applied electrode potential (E) for a CO, reduction electrode with (dashed line) and
without (solid line) DHPDS dye in the electrolyte.

A CO;-saturated solution of 100 mM KHCO3 with a bulk pH of 6.8 was used as
the electrolyte in our experiments, ensuring that the bulk pH will be at the lower-
sensitivity limit of the DHPDS. DHPDS is electrochemically stable under CO,
reduction reaction conditions. In Fig. [2.3](b), the current-voltage characteristics of
the electrode are nearly identical with or without the ratiometric dye. Fig. [2.4]shows
that upon addition of the dye, HER activity slightly increases but the CO; reduction
reaction activity remains largely unchanged. Based on these control experiments,

the DHPDS dye is relatively inert with regard to CO,R GDE operating conditions.

For operando pH imaging experiments, a volume of 40 mL of 100 mM CO,-saturated
KHCO3 with 100 uM DHPDS was added to the electrolyte bath. The electrolyte
was then flowed through the cell at a rate of 6.3 ml/min. CO, flowed through the
gas chamber at the back of the cathode at a rate of 10 SCCM. The Cu GDE served
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Figure 2.4: Characterization of how the pH-sensitive DHPDS fluorescent dye affects
the activity and selectivity of the copper GDE. (a) shows the current density (J) vs
time before the dye is added (0 to 34 minutes) and after the dye is added to the
electrolyte at 35 minutes. The partial current density for HER increases but the CO,
reduction partial current densities remain stable. (b) shows the Faradaic efficiency
for gas products vs time. The dye is added to the electrolyte at 35 minutes. The
Faradaic efficiency for HER increases but the CO, reduction Faradaic efficiency
remains stable. (c) shows the Faradaic efficiency for liquid products before and after
the dye was added. The Faradaic efficiency for the CO; reduction reactions remain
similar before and after the addition of the dye, albeit with slight increase in ethanol
(orange) and decrease in formic acid (blue).

as the working electrode with a Ag/AgCl leakless reference electrode and a Pt mesh
counter electrode. The objective (WN Achroplan 63x water immersion objective
with a numerical aperture of 0.9) of the LSM 710 microscope was lowered into the
electrolyte and focused at the surface of the electrode. The power of the Argon laser
was set to 100 % power for 458nm and 20 % power for 488 nm, and the gain for
each channel was 800. The data was post-processed using the calibration curve to
determine the pH. A ‘z-stack’ of images was taken to create a series of images at
the same location but at different heights above the electrode.

When the electrode was passing current, the electrode was first allowed to stabilize
for 1 — 5 minutes until the working electrode potential was constant before a set of
images was taken. All electrolysis experiments were performed under galvanostatic
conditions. The working electrode potential was measured and is depicted in Fig.
2.3 All potentials were converted to the reversible hydrogen electrode (RHE)
scale using equation 2.1} Before each experiment, potentiostatic electrochemical
impedance spectroscopy (PEIS) was performed to determine the solution resistance
of the cell, which was typically between 5 — 30 Q.
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Multiphysics Simulations
To perform Multiphysics simulations, a two-dimensional stationary COMSOL Mul-
tiphysics 5.5 model [[110] with a combination of the Laminar Flow Module and the

Transport of Diluted Species Module was used.

To model the electrolyte flow through the electrochemical cell, a three-dimensional
COMSOL model with the Laminar Flow Module was set up. The velocity at the
inlet of the cell was experimentally determined to be 1.3 mm/s. As expected, the
flow velocity underneath the objective is found to be much lower than around it.
The average flow velocity 30 um above the electrode surface was determined to be
0.14 pum/s. This value was used as an input for the two-dimensional model of pH

around a trench.

The geometry of the two-dimensional model of the pH is depicted in Fig [2.15](a).
At the inlet (left), we assume a flow velocity of 0.14 um/s, at the outlet (right), a
zero pressure condition is applied. On the electrode surface as well as on the trench
walls and at the bottom of the trench we apply no-slip boundary conditions. Both
convection and diffusion are taken into consideration for the transport properties.
The inputs here are the velocity field calculated with the laminar flow module and
the diffusion coefficients of all species (see Table[2.2)). We assume a boundary layer
thickness of 60 um where we apply concentration boundary conditions as expected
for a CO,-saturated 100 mM KHCOj electrolyte in equilibrium (see Table[2.2). The
same concentrations are used as inflow concentrations at the inlet. On the surface
of the electrode as well as at the bottom and the side wall of the trench we assume
aCO; flux of 1 é’ nr?zol This value was determined experimentally by measuring the
difference in the CO, flow rate with a flow meter before and after passing the GDE

in the electrochemical cell. Note that this method only provides an estimate as the

CO; flux though the GDE since it is not homogeneous.

We assumed that there is catalytic activity at the planar electrode surface, the trench
walls, and trench bottom, because SEM and EDS images of our samples show that
copper coats the surface, trench sidewalls, and trench bottom (compare Figures[2.11]
and[2.12)). The charge-transfer reactions (see also section[I.2.T)) considered on these

surfaces are

COs(aq) + HyO +2¢~ — CO +20H" {9}

2H*+2e — H, {10}
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2H,O+2e" — Hy +20H" - (11}

The source terms are determined with

si-J-FE,
Ry=—) L — "~ 2.3
n==> T (2.3)
with s; the stoichiometric coefficient of equation j, J the current density, FE,
the Faradaic efficiency of species n determined experimentally (see Fig. [2.5] the
Faradaic efficiency for CO is assumed to be the sum of the Faradaic Efficiency of
all carbon products), n; the number of transferred electrons and F is the Faraday

constant.

Furthermore, bulk carbonate reactions (see section|1.3.1)) are assumed to take place

in the whole electrolyte body (see also section [I.3.1)):

COn(aq) + H20 <25 H* + HCO5™ {12}
HCO;~ 252, H* 4+ CO52 {13}
COn(aq) + OH™ 2% HCO5™ (14}
HCO;™ + OH™ &% H,0 + CO32" {15)
H,0 <", 1+ 4 OH" - (16}
The source terms are calculated with

Ry=> s;- (k| Jen—ky [ | ew (2.4)

j Sj<0 Sj>0

where s is the stoichiometric coefficient of reaction j, k; the forward rate constant,

k_; the reverse reaction rate constant, k_; = K—’ with the equilibrium constant K;
J

(see Table[2.2). ¢, is the concentration of species n.

2.3 Results and Discussion
2.3.1 Experimental Results
We first characterized the electrochemical performance of our Cu-based GDEs prior
to imaging the local solution pH. Chronoamperometry experiments were performed
across a range of applied potentials, and the products were measured via gas chro-

matography and high-performance liquid chromatography, see Fig. 2.5 All applied
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Table 2.1: Diffusion coefficient, concentration, and rate constant parameters used

for the COMSOL model.
Diffusion Coefficients [35]
K* 1.957 - 1075 <o
H 9.311-107% o
OH~ 5.293 - 1075 e’
CO, 1.91-1075 e
HCO; 1.185 - 105 en
coZ- 0.91-107% e |
Equilibrium Concentrations [35] |
K* 100 291
H* 1.58 - 10~ 29!
OH~ 6.31-107 29
CO, 37.13 !
m
HCO; 99.94 mol
3 m
CO%~ 3.02-1077 29
Forward Rate Constants [IIOL
ki 3.71-10721
ko 59.44 1
ks 2.23-107°
ks 610 L
ky 1.4- 1075 ol
Equilibrium Constants [110]
K, 10—6.37 mol
K2 10—10.32 %
K3 %—\;
Ky e 2
Kw 107" mor

potentials (E) are reported vs the reversible hydrogen electrode (E vs RHE). As
shown in Fig. [2.5h, at potentials more positive than -1.0 V vs RHE, the Cu GDE
produced primarily H, with some C; and C; products.

Consistent with prior observations from Cu GDEs, H; is the dominant product at low

overpotentials, while higher overpotentials favor CO, reduction[36, 49]. Curequires

higher overpotentials to perform the C-C coupling reactions necessary to synthesize

C; products[111]. At -1.0 V vs RHE, we begin to observe many CO, reduction

products, with the largest fraction consisting of the C, products ethylene and ethanol.

Higher overpotentials were not evaluated because the limited pH sensitivity range of
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Figure 2.5: Electrocatalytic characterization of a GDE composed of carbon paper
coated with 300 nm of Cu on top of the microporous layer. (a) Faradaic efficiency
and (b) partial current density, J, for each product as a function of electrode potential,
E. The figure legend applies to both panels (a) and (b).

the DHPDS dye is not suited for higher current densities. We therefore restricted our
electrocatalytic characterization to those conditions that could be directly examined

with confocal microscopy and DHPDS.

The DHPDS dye (100 uM) was dissolved in the electrolyte, and the electrolyte
was replaced between every experiment to ensure that the initial conditions were
standardized to keep the flux of hydroxide ions constant between experiments. The
electrode was stable between experiments with minimal changes in the potential of

the working electrode after 5 min as displayed in Fig. 2.6

For each current density that was tested, a series of images were taken 3 pum apart
in the z-direction (perpendicular to the electrode surface). Figure [2.7] shows two-
dimensional (x, y) maps of solution pH obtained from a single lateral location on the
cathode surface at varying distances from the electrode surface (within a column)
and at different current densities (along a row). The color scale in each map from
blue to yellow denotes the local solution pH from pH = 7-10. Each set of images

took approximately 30 min to collect.

In the first column of Figure at 0 mA/cm?, the solution pH is uniform throughout
the z-direction. The second row of pH maps at 0 um defines the surface of the
electrode; as the electrode is not flat, the highest point of the electrode in the image
area was chosen as the O um height. Black regions in the pH map indicate areas
where no fluorescence was observed and therefore no electrolyte was present. The
bottom row of pH maps in Figure 2.7 shows the solution pH within a trench in the

microporous layer. As the current density increases from left to right along a row,
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Figure 2.6: Stability of the Cu GDE working electrode potential (E,,.) over time.
(a) shows four different electrochemical tests where the current density is set to 3.4
mA/cm?. From this we can see that there are only very small changes in potential of
the working electrode between tests. (b) shows electrochemical tests with varying
current density. We note that the potential of the working electrode is very stable
after the first 5 minutes indicating that the electrode is stable throughout the run.

the local solution pH increases both within the trench of the microporous layer and
above the electrode surface. It is particularly interesting to note that the pH is not
completely uniform over the electrode surface, which can be most easily seen in
the 0 and -15 um height maps at a current density of -3.4 mA/cm?. We are only
able to observe this inhomogeneity at low current density where the pH gradient
built up is not large. As the current density is further increased and all catalyst
particles become electrochemically active, we are no longer able to disentangle the
pH gradient creation from individual locations along the catalyst. This effect was
repeatedly observed at multiple locations across the electrode surface, as shown in
Figure We observe much smaller local variations at -1.6 mA/cm? because the

applied bias is smaller.

We can use pH as a proxy for the total current density, as each electron catalyzing
either the HER or the CO, reduction reaction corresponds to the creation of one
hydroxide ion in the electrolyte. Hence, higher pH regions are indicative of higher
activity. As the current density was further increased, the fluorescent signal from
the dye eventually saturates. To confirm that only electrochemically active areas
of the electrode were responsible for locally increasing the solution pH, a map was
obtained 9 um above the electrode surface over a region that was only partially
covered with Cu (Fig. [2.9). The electrolyte flowed left to right across the electrode,
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Figure 2.7: Operando mapping of solution pH in three dimensions over a Cu GDE.
Maps are obtained at the same location on the electrode at different heights above
the electrode surface and at different current densities. From top to bottom, each
row of maps corresponds to 27 um above, 0 um (at the surface), 15 um below, and
30 4um below the electrocatalyst surface. From left to right, each column of maps
were obtained at 0 mA/cm? (no reaction under open-circuit conditions), -1.6,-3.4,
-14.7, and -28.0 mA/cm?. The pH color scale and the scale bar in the bottom right
corner apply to all images.

and the current density was set at -14.7 mA/cm?. As shown in Figure (a), the
left-hand side of the map has a pH approx. 7, which was obtained above a region
of the catalyst without Cu, while the right-hand side of the map has a pH approx.
9, which was taken from above a region coated in Cu. It is clear from this map that
regions of locally high pH only occur near regions of the electrode where hydroxide
ions are being created via electrocatalysis. In addition, we measured the pH under
the same conditions at the back edge of the electrolyte (Figure[2.9] (b)).

When the average pH at the surface of the electrode is below pH 9.5 (J > -14.7
mA/cm?, or applied potentials less negative than -0.7 V vs RHE), the electrode
mostly produces C; products and H;. In contrast, many C;, products were observed
when the solution pH at the surface of the electrode was above pH 10 (J < -28.0
mA/cm?, or at -1.0 V vs RHE). Potentials more negative than -0.9 V vs RHE are
required to produce these higher current densities and C; products, but the local pH
also plays a role in suppressing the HER and promoting CO; reduction[58| [104].
The activity of CO; reduction is independent, whereas the HER activity is greatly
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Figure 2.8: pH maps at three different locations along the electrode surface. Position
1 is off to the side of the electrolyte inlet, position 2 is near the electrolyte inlet,
and position 3 is near the electrolyte outlet. The first row shows pH maps all taken
at -3.4 mA/cm? and the second row shows pH maps all taken at -7.0 mA/cm?. We
observe the hot spots for all 3 positions at -3.4 mA/cm? and we do not observe the
hot spots at -7.0 mA/cm?.

dependent on the hydroxide ion concentration[104]]. For CO reduction on Cu, locally
high pH conditions reduce the free energy required for important steps along the
reaction pathway to yield C, products such as ethanol[62]. Areas of locally high
pH may also reduce the free energy for CO, reduction pathways. Thus, our results
indicate that a highly alkaline local pH increases the selectivity toward C, products
while decreasing the selectivity toward the HER.

Finally, we explore the local pH within trenches in the microporous layer, as shown
in Fig. [2.10] The trenches are randomly distributed throughout the electrode and
have an average width of 18.8 + 8 um (Fig. [2.I0] (a)). Fig. [2.I0] (b) shows a
higher-magnification SEM image of a crack, with an overlay of an energy-dispersive

spectroscopy (EDS) map indicating regions that contain Cu (red shading).

Fig. [2.11] and Fig. [2.12] show more EDS maps of Cu, fluorine (F), and carbon (C)
from different trenches. From these data, we found that Cu is coated not only on
top of the microporous layer but also at the bottom and on the sides of the trenches,
suggesting that CO; reduction can be performed within these confined regions of

the electrode.

These trenches within the microporous layer offer an interesting opportunity for
studying the influence of physical confinement on the CO, reduction process in a

GDE device. Accordingly, we employed our pH mapping techniques to these regions



39

a) _ ' b) .

r EIEETA . A g Ry | 2 10
.1 ; - "‘!fh': : o h_:.‘; A
Ty s =
9
8
4 7
: / -
No Catalyst Catalyst Catalyst No Catalyst
c) ‘ Area of increased pH |
[

GDE with no catalyst

‘ Bulk Electrolyte |

Figure 2.9: Influence of the presence of catalyst and the electrolyte flow on the pH.
(a) and (b) are pH maps stitched together, taken at 9 um above the surface of the
electrode and at a current density of -14.7 mA/cm?. In (a), the left half of the image
has no Cu while the right half has Cu catalyst. The electrolyte is flowing from left
to right across the surface of the electrode. In (b), the left half of the image is coated
with Cu while the right half has no Cu catalyst. The electrolyte is flowing from left
to right across the surface. (c) shows a schematic that is not to scale of what the pH
gradient looks like in both x-y and x-z planes. The area within the orange circle in
the x-y plane indicates where the Cu catalyst is located on the GDE. The position
where images (a) and (b) were taken are indicated in panel (c) by the red squares
and the red lines labeled ’a’ and ’b’.

of the electrode to see how the reduced dimensions of the device influence the local
solution pH near the active Cu electrocatalyst (Fig. [2.10](c) - (e)). At a current
density of -3.4 mA/ cm?, we found that the solution pH within a narrow trench
(approx. 3.2 um wide) was pH 9.5. We emphasize that this local pH was much
higher than the pH of 7.3 within a comparatively wider trench (approx. 16.2 um
wide). Interestingly, even at this relatively low current density (-3.4 mA/cm?), the
more confined electrochemically active region produces a higher local pH than more
open regions, which serves to suppress the HER without substantially impeding CO;

reduction[ 112, [113]].

We also note that the pH within a narrow trench is higher than the surrounding

surface of the electrode as can be seen in Fig. 2.13]
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Figure 2.10: Influence of physical confinement on CO; reduction performance.
(a) Low-magnification SEM image of a Cu gas diffusion electrode. (b) High-
magnification SEM image of a Cu gas diffusion electrode with an overlay of the
Cu signal obtained from an EDS map; red shading indicates Cu covered regions.
(c) Measured pH as a function of trench width. The orange data points denote
the average trench width. The error bars in the abscissa axis indicate the variation
in trench width with the smallest and largest end points denoting the thinnest and
widest points along the trench, respectively. The error bars in the ordinate axis
represent the standard deviation of pH values within the trench. (d, e) pH maps
obtained from two representative trenches with different widths located at different
regions on the electrode at a distance of 8 um below the electrode surface while
operating at a current density of -3.4 mA/cm?.

We proceeded to elucidate the trend of local pH vs. trench width, as shown in Fig.
(c). While we find that the electrolyte flow is very small between the objective
and the catalyst in our COMSOL flow model (see section [2.3.2] and Fig. [2.14)), we
only measured the pH within trenches that were perpendicular to the electrolyte flow
to ensure that the flow dynamics are as comparable as possible. We observed that
as the trench width decreased, the local solution pH within the trench increased.
This observation is consistent with prior electrochemical studies[[104, 112] and has
important implications for the design of more active GDEs capable of performing
selective CO, reduction at lower overpotentials with improved energy efficiency.
More detailed studies about the influence of trenches on the CO;R selectivity as

well as an improved GDE design are presented in chapters [4 and [5
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SEM Image Cu Map Carbon Map Fluorine Map

Figure 2.11: SEM and EDS maps of two locations on a GDE with 300 nm Cu. The
SEM images at the left show the location for all EDS maps in the corresponding
row. From the EDS maps we can see that at the bottom of the cracks, there is Cu
while less carbon and PTFE (Fluorine signal) is present.

Figure 2.12: Angled SEM and EDS maps of three locations on a GDE with 300
nm Cu as an overlay. Red shading denotes C, green shading denotes Cu, and blue
indicates F. From the EDS maps we can see that there is Cu deposited on the side
walls of the trenches.

2.3.2 Multiphysics Simulations

We additionally confirm the experimentally measured pH within the trenches for
various widths and current densities by simulating the solution pH using the charge
transfer and bulk reactions in a two-dimensional stationary COMSOL Multiphysics
5.5 model with a combination of the Laminar Flow Module and the Transport
of Diluted Species Module. To estimate the appropriate flow velocity close to the
electrode surface, a three-dimensional COMSOL model with the Laminar Flow
Module simulating the electrolyte flow in the electrochemical cell and around the
immersion objective used for experiments was set up, see Fig. [2.14] The geometry
of the two-dimensional model of the pH is depicted in Fig[2.15] (a).
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Figure 2.13: pH maps at three different locations along the electrode surface. All
measurements were taken at -3.4 mA/cm?. The image in the first row is taken at the
surface of the electrode (0 um) and the second row is at 8 um below the surface.
We observe that for all cases the pH within the narrow trench is higher than it is at

the surface of the GDE.
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Figure 2.14: COMSOL simulation of the velocity of the electrolyte in the electro-
chemical cell with the objective submerged in the electrolyte. (a) shows the velocity
in the x-z plane with the inlet on the left and outlet on the right. (b) shows the
velocity in the y-z plane with the electrolyte flowing into the page. From these
simulations it is clear that the velocity underneath the objective is small.

The simulation results are presented in Fig. [2.I5 (b) - (d). As we expected,
the pH was increased close to the electrode surface and inside the trench due to
charge transfer reactions locally creating hydroxide ions. The pH decreased further
away from the electrode surface due to convection and diffusion within the bulk
electrolyte. There was a dip in the pH profile above the trench because more CO;
comes through the electrode at this point and acidifies the electrolyte close to the

trench. Additionally, there is increased CO, flux here because CO; is able to diffuse
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Figure 2.15: Simulations of local pH within and around trenches of various dimen-
sions in the GDE. (a) Schematic of the model used for simulations indicating regions
of CO, flux (white), current density (orange), concentration boundary conditions
(green), and electrolyte flow (blue). pH map in the x - z plane at a uniform current
density of -3.4 mA/cm? for a trench with a depth of 50 #m and widths of (b) 20 um
and (d) 5 ym. (c) pH map in the x - z plane for a trench [5S0 ym deep x 5 ymm
wide] with an average current density of -3.4 mA/cm?, where the current density
in the trench is twice as high as the current density on the surface. The CO; flux
is constant through all surfaces, and boundary conditions are kept the same for all
simulations. The pH scale bar applies to all pH profiles (b)-(d).

not only through the bottom of the trench but also through the sidewalls. This
feature was also observed experimentally, as shown in the pH map in Fig. [2.7] for
-3.4 mA/cm? at -15 um. We note that the pH gradient is nearly symmetric above
the crack because the electrolyte velocity is low. At higher current densities, we

observed that pH increases in the trench and on the surface of the electrode as
expected (Fig. [2.16).

Comparing Figure [2.15] (b) and (d), it is clear that the pH is considerably lower in
the wider trenches than the narrower trenches, which is in agreement with experi-
mental results (Figure[2.10](c)). In Figure [2.15|(c), we simulated a trench with the
same dimensions as the trench shown in Figure 2.15] (d). However, we modeled
a nonuniform catalyst activity where the activity in the trench is twice as high as
it is on the electrode surface, while maintaining the same average current density
over the whole electrode. We observed that in this case, the pH within the trench is
higher than the pH above the surface of the electrode, which is in agreement with
our observations in the experiment (see Fig. [2.13)). This leads to the conclusion that

the experimentally observed higher pH in narrow trenches cannot only be explained
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-14.7 mAfcm?

Figure 2.16: COMSOL simulations of the pH profile in a trench that is Sum wide
and 50 um deep at different current densities. The current density is constant over all
surfaces. (a) shows the pH profile at -3.4 mA/cm?, (b) shows the pH profile at -7.0
mA/cm?, and (c) shows the pH profile at -14.7 mA/cm?. From these simulations we
observe that the pH near the catalyst layer increases as the current density increases.

by the confinement of the trench, but must also be due to increased catalytic activity

within the trench.

2.4 Conclusion

In conclusion, we have employed CLSM to elucidate how the operando local pH
changes with current density as a function of distance above and below the surface
of a Cu-based GDE. It is clear from the experimentally obtained pH maps that there
are nonuniform hotspots of locally high pH across the catalyst even at relatively low
overpotentials. Through experimental results confirmed by simulations, we show
that the catalyst within narrow trenches is more active than catalyst at the surface
of the electrode. We also observed that the pH was higher in narrow trenches as
opposed to wider trenches, and we confirmed this result with COMSOL simulations.
Further work towards understanding why catalyst in narrow trenches performs better

than catalyst in wider trenches is presented in Chapters [3| 4 and [5| The ability to
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locally image the solution pH in three dimensions (x, y, and z) with micrometer
spatial resolution is an important tool for understanding and identifying which part
of the catalyst is most productive under real operating conditions. Our results have
therefore demonstrated that the overpotential required to perform selective CO;
reduction can be reduced within narrow trenches. We anticipate that this knowledge
will help inform the design and construction of more efficient CO; reduction devices
as outlined in Chapter[5]
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Chapter 3

OBSERVATION OF TIME-DEPENDENT CO, FLOW PATTERNS
THROUGH GAS DIFFUSION ELECTRODES

Contents drawn from: A. E. Bohme, J. C. Bui, A. Q. Fenwick, R. Bhide, C. N.
Feltenberger, A. J. Welch, A. J. King, A. T. Bell, A. Z. Weber, S. Ardo, and H. A.
Atwater. “Direct observation of the local microenvironment in inhomogeneous CO,

reduction gas diffusion electrodes via versatile pOH imaging”. In: Energy Environ.
Sci. 16 (2023), pp. 1783—1795. DOI: https://doi.org/10.1039/D2EE02607D.

A.E.B. contributed to the conceptualization of the study and performed dye calibra-

tion and all pOH imaging experiments as well as data analysis.

3.1 Introduction
As described in section |1.4.1| and chapter [2} confocal microscopy in combination
with pH-sensitive fluorescent dyes allows measurement of the local equilibrium pH

values around operating CO,R electrodes.

Additionally, CLSM has the capacity to perform time-dependent measurements to
map the local pH value as a function of time. This capability can be used to observe

time-dependent CO, flow patterns through GDEs.

Note that in this and the next chapter (Chapter[d)), we refer to the pOH value instead
of the pH value since local measurements in these chapters are performed with
the fluorescent dye APTS which is a direct sensor of the local OH™ activity. At
equilibrium, pH + pOH = pK,,, with pK,, = 14 under ambient conditions, so if the
system 1is in equilibrium, the pH can be directly inferred from the pOH (see also

sections [1.3|and[1.5.T]).

For a GDE at open circuit, CO; diffuses through the macroporous and microporous
layers into the electrolyte where it rapidly reacts with OH™ to form bicarbonate and

carbonate anions, according to the chemical equilibrium reactions [I7]- 2] (see also

section [I.3.1).

COz(aq) + H,O — H" + HCO;~ {17}

HCO3;~™ == H' + CO3*" {18)
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COs(aq) + OH™ == HCO3~ {19}
HCO3™ + OH™ == H,0 + CO3*" {20}
H,O = H* +OH™ - (21}

This decreases the local OH™ concentration and thereby increases the pOH in the
electrolyte. This process is schematically depicted in Fig. [3.1](a) (compare also Fig.
[1.7)(a)). Due to the participation of CO; in these buffer reactions, the ability to map
the spatially and time-resolved pOH around a GDE enables us to assess the local
concentration of CO; in the electrolyte around a GDE. This can illuminate the time
scales of the CO, transport through a GDE as well as the influence inhomogeneities
in the GDE have on the CO, transport.

Figure 3.1: Structure of a carbon paper CO,R GDE. (a) Schematic cross section of a
carbon paper GDE (not to scale), including bicarbonate reactions in the electrolyte,
(b) Top—down SEM image of the GDE surface (Sigracet 22BB carbon paper with
300 nm Cu).

3.2 Methods

The GDE is made of a Sigracet 22 BB carbon paper substrate covered with 300
nm Cu as well as a carbon black, graphite and Nafion coating and is fabricated and
characterized as described in section The substrate’s surface is covered by an
irregular pattern of trenches 5-30 ym wide which is shown schematically as a cross
section in Fig. [3.1](a) as well as in a top-down scanning electron microscopy (SEM)
image in Fig. 3.1 (b) More SEM as well as EDS maps can be found in Chapter [4]
Fig. .5] The trenches cover approximately 6 % of the sample surface.

An electrochemical cell similar to the one described in Chapter [2] was used in

conbination with CLSM. The main difference is that the electrochemical cell was
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3D-printed and exhibits two perpendicular inlet tubes to create a turbulent flow
pattern at the GDE surface to mitigate the buildup of bubbles. The cell was 3D-
printed, the surfaces were sanded. A rubber gasket is placed in between the bottom
gas chamber part and the top electrolyte chamber part for sealing. A hole where
the GDE is placed connects the gas- and electrolyte chambers, which is circular and
has a surface area of 0.2 cm?. The electrolyte chamber, including the tubes used for
pumping, holds approximately 10 mL of electrolyte when the objective is immersed
into it. The cell is depicted schematically in Fig. (a) as a cross section and (b)
as a top view. Fig. [3.3]displays photographs of the imaging setup.

Outlet Inlet

(a) Objective (b)

Counter Counter
Electrolyte Electrode Electrode
Reference Reference

Electrode
Gas Diffusion
Electrode

Gas Chamber

Electrode

Gas Diffusion
Electrode

Outlet Inlet

Figure 3.2: Setup of the electrochemical cell. (a) Cross section of the electro-
chemical cell with water-immersion objective. The reference electrode is a leakless
Ag/AgCl electrode, the counter electrode is a Pt mesh. (b) Top view of the electro-
chemical cell showing two perpendicular electrolyte inlets and outlets.

The maximum spatial resolution of the confocal microscope is 250 nm in the x—y
plane and 500 nm in the z-direction, however, electrolyte flow introduces noise, so
the resolution is estimated to be on the order of one micron. We investigate features

that are no smaller than 5 pm, so this resolution is satisfactory.

The pOH was resolved with the dye APTS (see section [[.5.1)) that is sensitive to
pOH 0 — 2.8. Its spectrum is displayed in Fig. (a). In this chapter, we use a
Zeiss LSM 710 confocal microscope with a WN Achroplan 63x water immersion
objective dipped into the solution. We excite APTS using 458 nm laser light
(100power) with the pinhole set to 57.1 um and the gain set to 800. Emitted light
is detected separately in the wavelength intervals of 480 — 550 nm and 551 — 754
nm, and thus the emission ratio is the ratio between the signals collected in the two
emission wavelength ranges. To determine the APTS calibration curve of the ratio
of emission as a function of pOH, aqueous solutions of known pOH were prepared.
For this, aqueous stock solutions of KOH and HCl were diluted with nanopure water.

The pOH of the solutions was confirmed by measuring the pH separately with two
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1 - Reference Electrode

2 — Counter Electrode

2~ Working Electrode
[GDE)

4 — Electralyte Pump

5 — Electrolyte Inlet

& — Electrolyte Outlet

7 —Gas Inlet

& — Gas Outler

9 — Water Immersion
Objective

Figure 3.3: Photographs of the imaging setup with labels. (a) Electrochemical
flow cell placed under a Zeiss LSM 710 confocal microscope with water-immersion
objective. (b) Close-up image of the cell. (c) Top view of the cell filled with
electrolyte, showing two perpendicular electrolyte inlets and outlets (marked with
arrows).

different pH meters and calculating the pOH using pOH = 14 — pH. In the prepared
solutions with known pOH, 100 uM APTS was diluted from a stock solution. A
laser beam scans the sample solutions line by line over the center of a liquid droplet,
which was repeated three times and the average ratio of emission was calculated and
correlated with the known pOH. The ratio of emission was plotted as a function of

pOH (see Fig. @.1] green curve) and best fit to a sigmoidal function:

5.005

Ratio of Emissi - +5.571
(Ratio of EmISSIOn)aprs = (4 c 0 413 - (pOHpmpns — 5.971))) —
1 5.005
OH,ypps = 2.05 — —— - In(=1 + .
P APTS 2.743 n( (Ratio of Emission)apts — 0.1()41)

(3.1)

1 M KOH (pOH 0) was chosen as the electrolyte, so an expected increase in pOH
upon exposure to CO; can be detected with APTS. Experiments were performed
with carbon paper GDEs prepared as described in section[2.2] both at locations with
a trench present and at locations without a trench present. In addition, laminated
PTFE substrates with different pore sizes, coated with 300 nm Cu in the same
way as carbon paper, were investigated. Experiments were carried out both with

and without electrolyte flow through two perpendicular inlet tubes at a rate of 6
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mL/min. Measurements were performed in the plane perpendicular to the GDE
surface by scanning the laser line by line and moving the stage in the z-direction.
The measuring speed was adjusted such that capturing one frame takes four to five
seconds. The experiment was conducted as a time-series. A CO, gas stream of 10
SCCM through the gas chamber along the back of the GDE was turned on after 1

minute of continuous measurements. This time point was later defined as t = 0 s.

3.3 Results and Discussion

We investigated how the local pOH in the electrolyte surrounding a GDE changed
upon exposure to CO, at open circuit. This allowed us to draw conclusions about
the diffusion of CO, molecules through a GDE. Our developed measuring technique
is ideal for this study as it combines time resolution with the capability to spatially
resolve the local pOH inside inhomogeneities in the surface of a GDE. Fig. [3.4(a)
shows color-coded maps of the local pOH in the plane perpendicular to the electrode
surface as a cross-section through a trench as well as the above electrolyte for different
times without electrolyte flow. We define t = O s as the time when the CO; flow
through the gas chamber of the electrochemical cell was turned on. A distinct
change in pOH is immediately visible in the first frame after starting the CO, flow
but it is restricted to the trench. The pOH changes at the electrode surface and in the
bulk electrolyte as time proceeds. In Fig. [3.4{(c), the average pOH at three different
positions is tracked as a function of time. To this end, we draw a line 20 um above
the electrode surface (+20 um), at the electrode surface (0 um), and 20 um below
the electrode surface inside the trench (20 ym) as indicated in the first panel of Fig.
[3.4(a). The pOH is averaged along these lines as a function of time. The vertical
gray line in Fig. [3.4(c) indicates the time when the CO, gas supply was turned on.
This data confirms that the pOH first changes inside the trench, then at the GDE
surface and approximately five seconds later at 20 um above the surface, which is
consistent with the gaseous CO, feed coming from the backside of the GDE. After
20 s, the pOH values converge at all positions monitored and remain constant for

the duration of the experiment.

An analogous measurement was performed in a region of the electrode void of
trenches (Fig. [3.5) and we observed that the pOH increases at a slower rate in
comparison to measurements at a location with a trench. This demonstrates that
microstructures such as trenches promote faster CO; transport through a GDE

substrate.
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Figure 3.4: Changing pOH in the electrolyte due to CO, diffusion around a trench
in a carbon paper GDE at open circuit, without electrolyte flow (a), (c) and with
electrolyte flow (b), (d). Measurements performed with 1 M KOH electrolyte with
100 mM APTS, 10 SCCM CO, turned on at the backside of the electrode at t =
0 s. Frames in (a) and (b) show pOH maps as a cross section through a trench in
the plane perpendicular to the electrode surface for different times. The scale bars
apply to both (a) and (b). Panels (c) and (d) track the average pOH at locations 20
um above the surface (+20 yum), at the surface (0 um) and 20 um below the surface
in the trench (-20 um), as specified in the first frame of (a), as a function of time.
The vertical gray lines indicate the start of the CO, flow.

The experiment displayed in Fig. [3.4](a) was repeated under an electrolyte flowrate
of 6 mL/min (Fig. [3.4] (b)). This has a dramatic effect on the pOH around the
GDE: the first change in pOH is only visible after 19 s, compared to less than 5 s
without electrolyte flow. A significant increase in pOH caused by the diffusion of
CO; is solely observed inside the trench. Fig. [3.4] (d) tracks the pOH over time
in a similar manner as Fig. [3.4] (c). This confirms that the pOH increases little at
the GDE surface as well as 20 um above the surface, and even within the trench,
the pOH remains below the value obtained without electrolyte flow. A steady state,
with constant pOH up to 20 um above the electrode surface, is reached after 40 s.
However, the pOH at the three locations never converges to a single value, in contrast

to the measurements performed with stationary electrolyte. Electrolyte flow results
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Figure 3.5: pOH change in the electrolyte due to CO; diffusion through a carbon
paper GDE (a) with a trench, (b) without a trench, both without electrolyte flow.
Measurements performed with 1M KOH electrolyte with 100 uM APTS, 10 SCCM
CO; turned on at t = 0 s. Panels in (a) and (b) show pOH maps in the plane
perpendicular to the electrode surface for different times. (c) Average pOH at a
location 20 um above the surface, showing how it changes as a function of time both
with and without a trench. The vertical gray line indicates when the CO, flow was
turned on.

in a well-defined boundary layer around the GDE surface which leads to a CO,
concentration gradient. In the absence of electrolyte recirculation, diffusion is the
dominant transport mechanism for CO, and subsequent CO,R products. When the
electrolyte is circulated however, convection dominates the mass transfer and causes
OH™ to be more quickly removed from the GDE surface. This prevents the pOH
from rising as much as it would without electrolyte flow. As the electrolyte is more
stationary inside trenches, a larger pOH increase can be observed in these confined

spaces.

An additional study was conducted to compare the CO, diffusion through homo-
geneous GDE substrates made of laminated polytetrafluoroethylene (PTFE) with
pore sizes that are specified by the manufacturer as 0.1 to 0.2 mm and 0.45 um,
respectively. Fig. [3.6] shows a schematic representation of the structure of both a
carbon paper GDE and a PTFE GDE together with SEM images.

Fig. 3.7 compares the flow patterns through PTFE GDEs with different pore sizes.
We observe that, as expected, the pOH in the electrolyte above the surface increases
faster for PTFE with a larger pore size. After 45 seconds it converges to the same
value for both substrates. This result gives evidence that, not only microcavities in

a GDE’s surface, but also larger pore size can promote faster CO, transport.

However, there is a critical pore size that should not be exceeded, otherwise the pores

will be flooded with liquid electrolyte during an experiment. We observed this for
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Figure 3.6: Schematic representations of the structure of a Sigracet 22 BB carbon
paper GDE (a) and a PTFE membrane GDE (not to scale) (b), both coated with 300
nm Cu, together with SEM images of the top side (c) and the bottom side (d) of the
carbon paper GDE as well as of the top side (e) and the bottom side (f) of the PTFE
GDE.
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Figure 3.7: pOH change in the electrolyte due to CO, diffusion through a PTFE
GDE with pore size 0.1-0.2 um (a) and 0.45 um (b), both without electrolyte flow.
Measurements performed in 1 M KOH electrolyte with 100 uM APTS, 10 SCCM
CO, turned on at t = 0 s. Panels in (a) and (b) show SEM images of the GDE
(scale bar applies to both (a) and (b)) as well as pOH maps as a cross section in
the plane perpendicular to the electrode surface for different times. (c¢) Change in
average pOH at a location 20 um above the surface as a function of time for both
GDE substrates with different pore sizes. The vertical gray line indicates when the
CO, flow was turned on.

a laminated PTFE substrate with pore sizes of 5 um or greater. Flooding prevents
effective CO, transport through a GDE and inhibits CO; diffusion to catalytic sites
(35, 52]. A more detailed analysis of the influence of the pore size on the CO,R
performance of PTFE GDEs can be found in chapter[6]
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These results suggest that consideration of the influence of microstructures, even in
commercially available GDE substrates, is a critical parameter to understand device

performance.

3.4 Conclusion

We investigated the diffusion patterns of CO, through CO,R GDEs. This study
revealed that CO, diffuses through microcavities first before it reaches the bulk
electrolyte. Electrolyte flow leads to a lower pOH due to the convective transport of
OH™ and a CO, concentration gradient with the highest concentration confined to
trenches. We further observed the CO, transport through PTFE GDEs with different
pore sizes and found that larger pore sizes promote faster CO, transport as long as

the pore size does not exceed a threshold value above which the GDE floods.

The microcavities in a GDE surface as well as large pore sizes promote faster CO,
transport, highlighting the importance to understand the influence of the micron-
scale morphology of a CO,R GDE.
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Chapter 4

DIRECT OBSERVATION OF THE LOCAL
MICROENVIRONMENT IN INHOMOGENEOUS CO,
REDUCTION GAS DIFFUSION ELECTRODES VIA
VERSATILE POH IMAGING

Contents drawn from: A. E. Bohme, J. C. Bui, A. Q. Fenwick, R. Bhide, C. N.
Feltenberger, A. J. Welch, A. J. King, A. T. Bell, A. Z. Weber, S. Ardo, and H. A.
Atwater. “Direct observation of the local microenvironment in inhomogeneous CO,

reduction gas diffusion electrodes via versatile pOH imaging”. In: Energy Environ.
Sci. 16 (2023), pp. 1783—1795. doi: https://doi.org/10.1039/D2EE02607D.

A.E.B. contributed to the conceptualization of the study and performed dye calibra-

tion and all pOH imaging experiments as well as data analysis.

4.1 Introduction

We know based on the results presented in Chapters [2] and [3] that trenches in the
surface of a CO,R GDE can play an important role in determining the CO;R activity
and CO; transport properties. This chapter presents a more systematic study of the
influence of the micron-scale morphology of a GDE on the CO,R performance,

with extended sensing capabilities and including the effect on the selectivity.

As detailed in section[[.2] if a non-zero current is applied to a CO,R GDE, a portion
of the CO;, molecules is reduced to form products such as carbon monoxide, formic
acid, methane or ethylene, among others [36H41]]. This is outlined in Tables [I.1]
and[I.2] During this non-equilibrium process, one OH™ is created, or one buffer
species is deprotonated for each electron involved [|114]. The same holds true for the
competing hydrogen evolution reaction (HER) that must be suppressed to maximize
the CO,R yield. As a result, at sufficiently high current density magnitudes, we
expect that the pOH will decrease, as is depicted schematically in Fig. (b).
This effect is in competition with an increase in pOH caused by unreduced CO,
molecules that undergo reactions to form bicarbonate and carbonate anions (see Fig.
(a) and Fig. (a)). As aresult, a low observed pOH indicates the presence
of CO,R activity. In addition, it has been shown that the pH and pOH themselves

have a substantial impact on the reactivity and selectivity of CO;R. It has been
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demonstrated that high pH (corresponding to low pOH) suppresses the parasitic
HER [58] |60] and shifts the CO,R selectivity towards C,, products [60-63]], see
also chapter [[.3.2] The reason for the latter is that OH™ actively suppresses the
creation of single carbon products (C;) and hydrogen molecules (H;), while it does
not affect the C,, current density. This leads to an increased faradaic efficiency (FE)
towards Cp,; products at a given current density [63, 115]. As a result, knowledge
of the pOH in the vicinity of an operating GDE is critical and can aid researchers in

better optimizing the performance of a GDE.

As in Chapters [2]and 3] CLSM is the technique of choice to measure the local pOH
due to its sub-micrometer spatial resolution in three spatial dimensions that makes
it ideally suited to resolve the local pH inside the microcavities in a GDE. No other
technique allows one to probe the operando pOH within cavities in the surface of a
GDE. This capability presents the unique opportunity to correlate the microstructure
geometry of a GDE with its CO;R performance. Understanding the local chemical
microenvironment near a CO;R catalyst is key for understanding selectivity and
performance of these devices, as well as to validate continuum level theories of
CO3R in porous electrodes [116]. Furthermore, this novel technique might also
prove to be useful for the investigation of other electrochemical applications beyond
COzR.

In this chapter, we combine the fluorescent dye DHPDS, also used in Chapter [2] that
is sensitive to pOH 4 — 8 with the fluorescent dye APTS used in Chapter [3] that is
sensitive to pOH 0 — 2.8. A more detailed analysis of the working mechanisms of
both probes can be found in section[I.5.1]

We showed in Chapter [2]that the pH increased locally inside trenches 5-20 ym wide
in the GDE surface. Furthermore, the pH increased as the trench width diminished,
which indicated that narrow trenches exhibit a higher CO;R activity than wider
trenches and planar surfaces [77]. While these results were insightful, they were
limited by the pH range in which DHPDS is sensitive. We observed that the DHPDS
signal saturated at current density magnitudes larger than 20 mA/cm? in aqueous
100 mM KHCOs3. However, there is an interest in operating GDEs at high current
density magnitudes to increase the CO,R rate up to industrially relevant-levels (|J]
> 100 mA/cm?) [117,118].

The inclusion of an excited state proton-transfer mechanism for weak photoacids,
such as APTS allows to significantly extend the pOH sensing range and hence, the

accessible current density scale, from O to at least 200 mA/cm? in magnitude. It
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must be emphasized that this is the first demonstration of APTS as a sensor for
the local pOH. APTS exhibits a novel sensing mechanism and greatly enhances the
capabilities of our technique to map the local pOH value with CLSM. By combining
DHPDS with APTS, we are now able to cover a pOH range from O to 8 (with a gap
between 2.8 and 4) and investigate operating GDEs under current densities as large
in magnitude as 200 mA/cm?. Note that if DHPDS is excited at 405 nm, the gap
between pOH 2.8 and 4 can be closed (see Chapter [I.5.1). However, the confocal
microscope that was used in this study (Zeiss LSM 710) did not offer a 405 nm laser

line.

Additionally, we explore the influence of different bicarbonate concentrations in
the electrolyte and of different microstructure geometries. All told, this chapter
crucially enables a correlation between the bulk electrolyte properties and electrode
structure with the pOH present at the electrochemical active site across a broad
range of operating current densities. We also evaluate the CO,R performance of our
GDEs with gas chromatography measurements and supplement our experimental
analysis with continuum modeling to enable a better understanding of the correlation

between local pOH and CO,R performance.

4.2 Methods

Product Distribution Measurements

An electrochemical cell optimized for use with gas chromatography was used for
product detection during the performance of CO,R experiments with copper on
carbon paper GDEs. A leakless Ag/AgCl electrode served as reference electrode
and a platinum mesh as counter electrode. An anion exchange membrane (AGC,
Selemion AMV) was used to separate cathode and anode. The gas chamber takes the
form of a serpentine channel at the back of the GDE. The cell was sonicated before
each experiment for at least 40 minutes and rinsed thoroughly after each experiment.
100 mM KHCOj3 saturated with CO;, was pumped through the catholyte and anolyte
chambers at a rate of 6.3 mL/min. CO; was fed into the gas chamber at a rate of
10 SCCM. A flow meter placed before and after the cell was used to ensure that
there were no gas leaks. The gas coming from the cell was returned to a electrolyte
bath as a precaution in case of electrolyte breakthrough through the GDE. From
there, the gas was sent through a vapor trap to an SRI-8610 gas chromatograph.
Chronopotentiometry experiments (constant current) were carried out at -10, -50,
-100 and -200 mA/cm? with a potentiostat. Before each experiment, potetiostatic

electrochemical impedance spectroscopy (PEIS) was carried out to measure the
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resistance of the cell. This allowed us to compensate the electrochemical potential

by 85 % with iR compensation.

pOH Imaging Experiments

CLSM with the two fluorescent dyes DHPDS and APTS was used to map the pOH
around an operating GDE performing CO;R over a wide pOH range. The same
electrochemical call as used in chapter [3] see Fig. and Fig. was used. For
experiments at constant current densities, a leakless Ag/AgCl reference electrode
and a Pt mesh counter electrode are submerged into the electrolyte. The GDE is
made of a Sigracet 22 BB carbon paper substrate covered with 300 nm Cu as well as
a carbon black, graphite and Nafion coating and is fabricated as described in section
[2.2] The substrate’s surface is covered by an irregular pattern of trenches 5-30 um
wide as is schematically shown in Fig. [3.1] The trenches cover approximately 6 %
of the sample surface. Energy dispersive X-ray spectroscopy (EDS) measurements
performed with a NOVA NanoSEM 450 scanning electron microscope confocal with
an Oxford Instrument’s Xmax 80 mm?2 reveal that copper covers not only the planar

carbon paper surface but also the trench walls and bottoms, see Fig. 4.3]

A Zeiss LSM 710 confocal microscope is used in this chapter. The maximum spatial
resolution of the confocal microscope is 250 nm in the x—y plane and 500 nm in the
z-direction, however, electrolyte flow introduces noise, so the resolution is estimated
to be on the order of one micron. We investigate features that are no smaller than 5

pm, so this resolution is satisfactory.

We used both dyes DHPDS and APTS to map the pOH around an operating GDE per-
forming CO5R at current density magnitudes between 0 mA/cm? and 200 mA/cm?.
DHPDS was calibrated as described in section2.2land APTS as lined out in section
3.2l Both calibration curves are displayed in Fig. [4.I] where the red shaded area
indicates the pOH gap that can be resolved by neither dye.

Before each experiment, the electrolyte was bubbled with 30 SCCM CO, gas for at
least 30 minutes. The pH was monitored with an Oakton 5+ pH meter and bubbling
was continued until the pH stabilized. This ensured that the electrolyte was saturated
with CO,. The dye was dissolved in the CO;-saturated electrolyte: DHPDS at a
concentration of 100 uM to investigate current densities smaller in magnitude than
-20 mA/cm?2, APTS at a concentration of 200 uM for 100 mM KHCOj3 electrolyte/
300 uM for 200mM and 400 mM KHCO3 electrolyte, to investigate current densi-

ties larger in magnitude than -20 mA/cm?. All experiments were conducted with
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Figure 4.1: Calibration curves of both DHPDS (blue) and APTS (green) with
the measured ratio of emission as a function of pOH together with best fit
curves (Equations S1 and S2). In this plot, the signal for APTS was scaled by
(Ratio of Emission) - 3 + 5 for better visibility. The shaded red area indicates the
pOH range that cannot be resolved by use of either dye.

electrolyte flow (6 mL/min through two perpendicular inlets) and with a gas stream
of 10 SCCM CO; through the gas chamber of the electrochemical cell. To determine
the series resistance of the cell filled with electrolyte, potentiostatic electrochemi-
cal impedance spectroscopy (PEIS) was performed before each experiment with a
Biologic SP-200 potentiostat. This allowed us to perform an 85 % IR electronic
compensation of the electrochemical potential. A trench that is approximately 20
pum wide was identified on the GDE surface. A constant current was applied with a
Biologic SP-200 potentiostat. Measuring under galvanostatic conditions enables a
constant flux of ions between electrodes. The system was allowed to reach steady

state for at least 15 seconds.

Measurements were performed in the plane parallel to the electrode surface, at 20
um above the surface, at the surface, and at 20 um below the surface inside a
trench. The speed was set to three such that taking one image takes approximately
45 seconds. The electrolyte with dilute dye was removed from the cell and replaced

after each measurement. Every measurement was performed at least three times.

COMSOL Model Outline
The model domain is presented in Fig. [4.2] which considers a single, periodic trench

in a gas diffusion electrode (GDE).
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Figure 4.2: Schematic of the GDE model domain.

Steady-state species conservation governs the species transport for dissolved CO»,
OH-, H*, HCO;3, CO%‘, and K* within the entire model domain,

V-N;=Rp, 4.1

where N; is the flux of species 1, and Rp ;s is a volumetric source term describing
generation of species i due to homogeneous buffer reactions. The Nernst-Planck

equation is used to calculate the molar flux of species i [[119]],
ZiF
N; =-D;Vc¢; — ﬁDicchDL, (4.2)

where D;, c;, z; are the diffusivity, concentration, and charge of species i, respec-
tively, @ is the liquid-phase electric potential, F' is the Faraday constant, R the
ideal gas constant, and 7 is the temperature. The first term captures the transport
of species by diffusion, and the second term describes charged species migration,
which does not affect uncharged CO, [120]]. The diffusivities are provided in Table

4.1 To solve for the liquid-phase potential, electroneutrality is enforced,
> ziei =0. (4.3)

The homogeneous bulk reactions captured by the source term, Rp;, are (see also

section [1.3.1))

ki, k-1

COs(aq) + H2O H* +HCO;~ K| {22}
ko, k_
HCO;” ——= H'+C0:> K, {23}
ks, k3

COy(aq + OH” =— HCO3;~  Kj {24}
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Table 4.1: List of model diffusivities and their source.

Species | Diffusivity (m?/s) | Reference
Di+ oy 1.957-107° [121]
Dy 9.311-107° [121]
Don- 5.293-107° [121]
Dyco; w 1.185-107° [121]
Doz 9.10- 10710 [121]
Do, 1.91-107° [121]
_ _ ke ky 2
HCO3™ + OH™ == H,0 + CO3 Ky {25}
kyw,koyw
H,O H* + OH™ Ks {26}

where k,/ k_, are the rate constants and equilibrium constant for reaction n, re-
spectively. These constants are provided in Table 4.2] k_, is calculated by [35|
115]
kn
k_,=—, 4.4
s (4.4)

and Rp is given by

Rp; = Z SinCref(kn 1_[ a;"" - % 1—[ a;"), 4.5)

n S[,n<0 S,"n>0

where s; , is the stoichiometric coefficient for species ¢ in reaction n, and q; is the
activity of species i. c,.r is a reference concentration defined as 1 M. Although it
is well-established that Reaction [22| involves two elementary reaction steps with an
H,COj3 intermediate, we omit them from the model, as is commonly done, because
intermediate concentrations are very small and inconsequential to simulation results.
In this regard, K3 and k3 are overall observed equilibrium and rate constants,

respectively.

The forward rate constants were scaled by a factor of 0.2 to achieve electrolyte buffer-
ing more reflective of the experimental results. This minor scaling is reasonable

given the large degree of reported rate constants.

The boundary conditions at the edge of the mass-transport boundary layer are Dirich-
let boundary conditions, defined by the equilibrium concentrations of a KHCO3
electrolyte saturated with CO,. The boundary layer thickness employed is 200 um
thick, consistent with prior research in similar flow cells [122]], and recent work in
this area that have done full CFD simulations of electrochemical CO, reduction cells

have shown that within the boundary layer, electrolyte convection is not important
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Table 4.2: List of buffer reaction constants and their source.

Reaction Constant Unit Reference
K, 4.27-1077 - [122]
ki 0.0371 1/s [1122]
K> 45810711 | mol/L [1122]
k> 59.44 1/s [1122]
K3 427-1077 | L/mol [1122]
ks 2.23-10° | L/(mol-s) [122]
K4 4.86-10° - [122]
k4 6.9-10° | L/(mol-s) | [122]
K, 1-10714 mol/L [122]
K, 1.4-107 | mol/(L-s) [1122]

due to the no-slip boundary condition at the electrode surface [62]. The key mode
of transport in the boundary layer is ionic diffusion, which dictates the local pH
at the surface and in the trench and is captured adequately by the present model.
Moreover, the liquid-phase potential is set to zero. At the left and right boundaries,

n is the normal vector.

@M = @l (4.6)
e = el (4.7)

—n - N®" = NIt (4.8)
—n - VOIS = . voleT! (4.9)

This boundary condition simulates the periodicity of the trenches in the GDE. At the
Cu surface, we specify the CO, concentration to be 34 mM, since CO, gas is being
fed from the backside and dissolving into the electrolyte next to the Cu surface.
This boundary condition is of course a simplification, and assumes no gaseous CO;
transport losses within the gas diffusion layer, which will not hold at higher current
densities. However, modeling gaseous phase CO, transport in the gas diffusion layer
is beyond the scope of the present study, wich is primarily focused on the transport

OH™ anions and dissolved CO; reacting at the electrode surface.

In addition, the following electrochemical reactions are assumed to occur:
2H,0+2¢e” —> H, +20H", U;°=0Vvs SHE (27}

CO, +H,O0+2¢e — CO+20H", U,"=-0.11 Vvs, SHE {28}
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CO, + H,O0 +2e~ — HCOO™ +OH™, U3°=-0.02Vvs SHE {29}
CO, +6H,0+8¢” —— CHy +80H™, U, =0.17V vs SHE {30}
2C0, +8H,0+ 12" — C,H, + 120H", Us’=0.07Vvs SHE {31}

2C0, +9H,0 + 12¢~ — C,HsOH + 120H™, U =0.08 Vvs SHE
{32}

3CO, + 13H,0 + 18e~ — C3H,0OH + 18 OH ™, U7 =0.09 V vs SHE
{33}

3CO, + 11 H,0 + 166~ — C3HgO + 16 OH, Ug® =0.05V vs SHE -
{34}

To capture the formation of Hp, C; (CO, HCOO™, and CHy), and Cyy (CyHy,
C,H50H, C3H;0H, and C3HgO) products on Cu in the model, Neumann boundary
conditions are specified by a concentration-dependent Tafel expression, equation
4.10] and Faraday’s law, equation |4.11]

. . Cco aciF
iy = —lo,k(c—fz)ycoz”‘ exp(=Ypu k,suepH) exp(— ;?T (@5 — D, — Upyx)) (4.10)
Vilk
Ny =— 4.11
k 7 (4.11)

where yco, « is the CO; reaction order, y,p  is the sensitivity of the current
density to pH, ®; is the solid phase electrode potential, ®; is the liquid phase
electrolyte potential, and iox, ac, Uok, and vy are the exchange current density,
transfer coefficient, equilibrium potential, and reaction stoichiometric coefficient for
product k, respectively. Moreover, n is the number of electrons transferred in the
electrochemical reaction. yco, « are taken from fits of experimental data from CO,
and CO reduction at varied partial pressure as discussed in a prior study by Weng
etal. [63,116,/123]]. v, « suE are taken from fits of experimental data for partial
current vs. pH at a constant potential on an SHE scale [|120,|123]], wherein HCOOH,
H; and CH4 have been observed to have pH dependent kinetics 62} 115, |124-126].
io.x and a. are fit to the experimental data collected in this study for dark electrolysis
on a Cu GDE in 1 M KHCOj5 and take into account the fit rate orders for CO, and
pH. The fitted rate parameters are provided in Table[4.3] and the agreement with our
experimental GDE data is shown in Figure 4.7]

The governing equations (electrolyte species material balances and electroneutrality)
were used within the Tertiary Current Distribution Module and were solved with
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Table 4.3: Final kinetic parameters for modeling CO; reduction on a Cu GDE in 1

M KHCO;.
Product | iox (mA/em?) | ack | vco,k | Yo ksHE
H, 3.84-1073 [0.23 0 0.40
CO 1.10-1073 | 03 | 1.50 0
HCOO~ 2.13- 102 04 | 2.00 1.56
C,oHq 991-10"% 040 1.36 0
C,HsOH | 8.14-1070 [ 043 | 0.96 0
CH4 6.80-107% | 0.5 | 0.84 1.56

the MUMPS general solver in COMSOL Multiphysics 6.0 with a relative tolerance
of 0.001. The modeling domain was discretized with a uniform square mesh and
was comprised of 20284 elements. A sensitivity analysis on the mesh size was
performed, and the results were found to be independent for meshes greater than the
1000 elements required to achieve convergence at low current densities, but higher

current densities required 20000 elements or more.

To compare simulation to experiment, the simulation current densities, which are
averaged to the electrochemically active surface area, must be rescaled to the geo-
metric area. To do so, the following expression is used to approximate the geometric

current density:
Li+ L,

200 um

iGeo = IECSA * 4.12)
where L and L, are labelled in Fig. {.2] Using this expression assumes that the
geometry of a single, periodic trench domain is characteristic of the geometry of the
entire cracked GDE, where in actuality the geometry will consist of a distribution of
trenches of varying width and height. Nonetheless, accounting for the true geometry
would require employing a high-fidelity pore-network model or a direct numerical
simulation of the entire 3D porous electrode, both of which are beyond the scope of

the present work.

4.3 Results and Discussion

4.3.1 Experimental Results and Supporting Simulations

In a first step, we verified the CO,R performance of our GDE samples (300 nm Cu
on carbon paper) with gas chromotography. We performed chronopotentiometry
experiments for different current densities. The results are displayed in Fig. §.3]
Our results are consistent with copper GDEs previously reported in literature [29,

49, [127]. H; production dominates for low current density magnitudes. As the
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magnitude of the current density increases, we observe more CO,R products, and the
selectivity shifts towards C,,. products. We observe ethylene for current densities of
50 mA/cm? or higher in magnitude and ethanol for 200 mA/cm?. We can therefore
assume that the analogous electrodes we use for our pOH imaging experiments

behave as one would expect from literature.

(a) 100 (b)
9 80 f [ [N
P = Elco
§ £ 60! E3Hcoo
g 60 E EECH,
[&]
= = il C,H,
W 40 - 40
© © [ Ethanol
@ =
o
© 20 g 20
©
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0 0 o— o= : v
-10 -50 -100 -200 1 09 -08 07 0.6
J (mA/cm?) E vs. RHE (V)

Figure 4.3: CO;R performance characterization of 300 nm Cu on carbon paper
GDEs with gas chromatography. (a) Faradaic efficiencies at different current den-
sities. (b) Partial current densities for different products as a function of electrode
potential vs. the reversible hydrogen electrode. The legend applies to both panels
(a) and (b).

By combining the two pOH-dependent fluorescent ratiometric dyes, DHPDS and
APTS, we are able to cover the pOH range from O to 8. In the context of CO;R, a low
local pOH under operation indicates high CO,R activity and is desirable because
it has been shown that high pH can help suppress the parasitic HER and favor the
formation of C,, products [115]). Fig. #.4]displays pOH maps in the plane
parallel to the electrode surface in 100 mM KHCO3 electrolyte for different current
density magnitudes between 0 mA/cm? and 100 mA/cm? and at three different z-
positions: 20 um above the electrode surface, at the electrode surface, and 20 ym
below the electrode surface inside a trench. The panels on the left-hand side were
captured using DHPDS, and the ones on the right-hand side were captured using
APTS.

We observed that APTS degrades and slowly loses its fluorescence for high current
density magnitudes. We hypothesize that this is connected to the reduction of APTS

at the electrode surface. A more detailed analysis of this effect can be found in the
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Figure 4.4: pOH maps in the plane parallel to the electrode surface 20 ym above
the surface, at the surface and 20 um below the surface inside a trench in 100
mM KHCOj; electrolyte for different current densities between 0 mA/cm? and -100
mA/cm?, obtained with 100 uM DHPDS (left) and 200 uM APTS (right). Note the
different color legends for the panels obtained with DHPDS and APTS.

appendix, section[A.2] Despite the slow degradation of APTS, the pOH measure-
ments obtained with APTS are reliable because APTS is a ratiometric dye. The pPOH
value is calculated from the ratio between two signals that are captured indepen-
dently in two different wavelength intervals. As some dye molecules degrade, both
signals become weaker. This leads to a decreased signal-to-noise ratio, however, the
ratio between both signals remains unchanged (see Fig. [A.4). The dye degradation
effect could be mitigated by using an APTS concentration of 200 uM (compared to
DHPDS, where 100 uM is sufficient), removal and replacement of the electrolyte
after each measurement, and the introduction of two perpendicular electrolyte inlets
to ensure the transportation of fresh APTS to the GDE surface. Some of the panels
under high current density magnitudes still appear relatively dark and noisy. This is
especially evident inside the trench as the electrolyte is more stationary in confined
spaces and this encumbers the transport of fresh, undegraded dye. However, since
APTS is a ratiometric dye, the pOH it predicts does not depend on concentration.
At magnitudes of the current density as high as 200 mA/cm?, we were still able to

collect enough fluorescence signal to determine the pOH.

For a current density of J = 0 mA/cm?, the pOH equals 7.2 everywhere (pOH of
CO;-saturated 100 mM KHCO3). When the current is non-zero, the local pOH
decreases because OH™ is created as a byproduct of CO,R. The pOH is lower at
the electrode surface than 20 um above the surface because CO; is reduced at
the electrode surface and for the pOH to decrease at +20 um, OH™ has to diffuse

away from the surface. Due to electrolyte flow, a concentration gradient is created.
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Furthermore, the pOH inside the trench is lower than at the surface. This can be seen

especially well in the panels for current densities of -2 mA/cm? and -20 mA/cm?.

The surface morphology of copper does not change during CO;R experiments. We
performed SEM as well as EDS measurements for samples before and after CO,R.
We observed potassium deposits on the sample after CO,R that originate from
KHCO3; molecules in the electrolyte, but the copper catalyst does not change in

appearance, neither in the trenches nor on the planar electrode surface, see Fig. [4.5]

SEM +EDS: Cu  SEM + EDS: Cu + K

=

100 pm
e | Before
CO,R

100 um

3 After
b | co,r

Figure 4.5: SEM and EDS maps of trenches in a copper GDE surface, before and
after CO,R experiments. First column: SEM images. Second column: EDS maps
of the same area with red color signaling the presence of copper. Third column:
Overlay of SEM and EDS maps of copper. This shows that copper is present on
trench walls and at the bottom of trenches with a similar morphology and appearance
before and after CO;R. Forth column: Overlay of SEM and EDS maps of copper
(red) and potassium (green). No potassium is present before CO,R experiments,
but there are potassium deposits on samples after CO,R experiments that originate
from the KHCOs electrolyte.

Fig. [4.6] shows the average pOH as a function of current density, both from exper-
iments and from multiphysics simulations. For the experimental values, the pOH
is averaged over at least three independent measurements. The data for low current
density magnitudes was obtained with DHPDS, while the data for higher current
density magnitudes was obtained with APTS. The red shaded areas indicate the pOH
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range that is inaccessible by either dye. The insets are a zoom-in on the experimental

data for low current density magnitudes.
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Figure 4.6: The pOH as a function of current density at different positions (a), for
different KHCO3 concentrations (b) and for different trench widths (c), in experi-
ments and simulations. (a) Averaged pOH as a function of current density for 200
mM KHCO3, obtained with 100 M DHPDS (JJ] < 13 mA/cm?)/ 300 uM APTS
(J] = 20 mA/cm?) at three different positions around the electrode surface together
with simulation results. (b) Averaged pOH as a function of current density at the
electrode surface for three different KHCO3; concentrations between 100 and 400
mM, obtained with 100 uM DHPDS (JJ| < 15 mA/cm?)/200-300 uM APTS (|J| >
20 mA/cm?) together with simulation results. (¢) pOH inside a trench 20 um below
the surface as a function of current density for different trench widths between 5 ym
and 30 um. In all panels, the pOH range shaded in red is not accessible by either
dye, the inset is a zoom on the data for low current density magnitudes.

Simulations were performed to better understand the variations of pOH with re-
spect to position, electrolyte concentration and trench geometry. A 2-dimensional
continuum model of a periodic trench in a GDE was developed. The multiphysics
simulations solve for the concentration profiles of all species involved, along with
the liquid electrolyte potential in a single, periodic trench of a given width and
depth. Concentration-dependent Tafel kinetics are employed to simulate the elec-
trochemical reduction of CO; to various products on the Cu electrode surface |63,
115]]. Greater detail regarding the physics, parameters, and assumptions employed
in the continuum model (shown schematically in Fig. {.2) can be found in the
next section 4.3.2] The model replicates the experimental results with outstanding
accuracy. This is true both for the pOH values observed in all panels in Fig. {.6] as
well as for the product distribution that was measured with gas chromatography, see
Fig. The agreement between model and experiment gives us confidence that
the model is a good representation of the real world and predictions beyond what

can be observed in experiments can be trusted.
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Figure 4.7: Agreement between experimental (markers) and simulated (solid lines)
partial current densities to (a) hydrogen, (b) carbon monoxide, (c) formic acid, (d)
methane, (e) ethylene and (f) ethanol formed via electrochemical CO,R on a Cu
GDE.

Fig. 4.6 (a) compares the pOH in 200 mM KHCOs electrolyte at positions around a
GDE analogous to that shown in Fig. #.4] As the magnitude of the current density
increases, the pOH decreases accordingly, due to the generation of OH™ from the
CO»R reactions. At first, the slope of the pOH decrease is steep, then gradually
tapers as the current density magnitude increases. This can be explained by the
logarithmic nature of the pOH scale. A decrease in pOH from 4 to 3 requires the
OH™ concentration to increase from 0.1 mM to 1 mM, while a decrease in the pOH
from 2 to 1 requires the OH™ concentration to rise from 10 mM to 100 mM, a much
larger absolute change in concentration. The pOH in trenches is lower than at the
surface, which again is lower than 20 ym above the surface for all current densities;
this confirms our previously described results. The simulations agree well with
the CLSM experiments, particularly for data at the electrode surface (z = 0 um)
and in the trench (z = 20 ym). Agreement between experiments and simulations is

similarly strong for bulk electrolyte concentrations of 100 mM and 400 mM (Fig.
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Figure 4.8: Average pOH as a function of current density, obtained with 100 uM
DHPDS (J > -10 mA/cm?) and 200/ 300 uM APTS (J < -20 mA/cm?). The top row
compares the pOH at different positions around a GDE for KHCOj3 concentrations
of 100 mM (a), 200 mM (b) and 400 mM (c). The bottom row compares the pOH
for different KHCO3 concentrations at positions around a GDE (d) 20 um above
the surface, (e) at the surface and (f) 20 um below the surface inside a trench. All
panels show both experimental and simulation results.

The greatest discrepancy between experiments and simulations is apparent in the z
= +20 um data, which more closely represents the pOH of the bulk electrolyte. The
discrepancy is likely due to the static nature of the boundary layer in the simulations,
which is set to a constant value of 150 um, regardless of the applied current density.
Previous experimental studies have shown that the bulk electrolyte pH, and thus, the
boundary layer thickness is a function of current density at higher current density
magnitudes [58, |60]. However, implementing an adaptive, 2-D mesh that grows
with current would be very computationally intensive, and for the present study, the

pOH in the trench, where CO;R occurs, is more critical to simulate accurately.

Fig. 4.6 (b) displays a study of the influence of KHCO3 concentration in the elec-
trolyte on the pOH at the GDE surface. The trend observed at the electrode surface is
the same as it is 20 um above the electrode surface and 20 um below in the trenches
(Fig. B8 (d) — (f)). Measurements for higher concentrations could be carried out

at higher current density magnitudes due to the enhanced electrical conductivity
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of the electrolyte. Again, the model generally agrees with observed experimental
trends that show that the pOH decreases more slowly as electrolyte concentration is
increased. This is because KHCO3 acts as a buffer and, as the KHCO3; concentra-
tion increases, the buffering capacity is enhanced, which restrains the decrease in
pOH. However, at higher current density magnitudes, the simulated pOH becomes
more independent of current density whereas the experimental pOH remains im-
pacted by buffer capacity. This discrepancy at higher current density magnitudes
can be attributed to a multitude of factors, such as the large uncertainty in the rate
constants for the homogeneous-phase buffer reactions used in the simulations [110,
116, 128]], and the fact that dilute-solution theory was employed in the simulations
whereas concentrated solution theory may be necessary to simulate adequately the
behavior at higher current density magnitudes [129]]. Additionally, the simulations
assume that there are no mass transport losses of gas phase CO, throughout the
GDE itself, and thus the CO, concentration is at a constant value of 34 mM at the
electrode surface. This assumption is unrealistic at high current density magnitudes
and could potentially impact the simulated pOH due to the participation of CO; in
homogeneous buffer reactions. Nonetheless, the simulations are capable of gen-
erally capturing the impact of buffer composition, and the incorporation of these

second-order phenomena is beyond the scope of the present study.

Lastly, the influence of the trench geometry on the local pOH was investigated (Fig.
[4.6] (c)). Eighteen trenches with different widths in 100 mM KHCO3 were taken
into consideration. The average pOH inside the trenches, i.e., 20 um below the
surface, was evaluated at different current densities. The trenches were divided into
widths of 5-10 um, 10-15 gm, 15-20 pum, and > 20 ym and the average pOH
was calculated for each. Both measurements and simulations agree that the pOH
decreases as trench width diminishes for all current densities investigated. This

behavior is due to the increased surface-area-to-volume ratio of the thinner trenches
(Fig. 4.9)).

The increased surface-area-to-volume ratio means that more OH™ is generated via
CO3R on the trench walls relative the electrolyte volume contained within a trench.
In addition, the mass transfer out of trenches is poor compared to a planar surface,
which leads to trapping of OH™. Thus, the OH™ concentration is increased for thinner
trenches as a result of both the increased surface-area-to-volume-ratio as well as mass
transport effects. This result is in line with previously reported electrochemical

studies that have demonstrated that smaller pore radii in meso- or microstructured
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Figure 4.9: Simulated surface area to volume ratio of trenches as a function of (a)
trench width at a constant trench depth of 100 um and (b) trench depth at a constant
trench width of 20 um.

electrodes enhance local OH™ trapping [104, (112, |117, [130]. Interestingly, the
measured pOH is less sensitive to trench width at higher current density magnitudes
than the simulated pOH. A possible explanation for this discrepancy could be the
lack of bubble-induced convection in the present simulations. At high current
density magnitudes, the latter could ameliorate OH™ trapping within GDE trenches
and reduce sensitivity to trench geometry. The influence of trench width on the pOH
further emphasizes the importance to understand how a GDE’s micrometer-scale

geometry affects CO,R.

When we combine the results from Fig. [4.6] (a) and (c), we find that the pOH is
decreased inside trenches compared to the planar electrode surface and furthermore,
this effect is stronger for more narrow trenches. This observation is caused by the al-
tered mass transport inside narrow trenches. Our experiments therefore suggest that
the micrometer-scale morphology of a GDE plays an important role in determining
the mass transport properties of a GDE, and with it the CO,R performance.

4.3.2 Multiphysics Simulations and Local Product Distribution
Beyond elucidating trends observed in the CLSM experiments, continuum simula-
tions can be used to identify pOH variations at resolutions that are not achievable

experimentally.

Fig. (a) depicts OH™ transport within a simulated periodic GDE trench op-
erating at a current density of -50 mA/cm? (OH™ transport for -1, -10, and -100
mA/cm? is depicted in Fig. |4.11). As shown in the contour plot, the pOH is lowest,

and thus the concentration of OH™ is greatest deep within the trench. Examination
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of the OH™ flux rationalizes the diminished pOH within the trench: OH™ generated
via COzR in the trench exits to the bulk electrolyte, but the presence of the trench
increases the surface area available for the electrochemical reduction of CO, and,
accordingly, the generation of OH™. The trench also provides a volume where the
generated OH™ can accumulate due to the altered mass transport. OH™ generated by
COzR in the trench is thus effectively trapped within the trench, decreasing the local
pOH. Similar OH™ trapping behavior has been observed in prior multi-dimensional
continuum studies of mesostructured electrodes and has been shown to be
beneficial for CO,R selectivity [65]].
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Figure 4.10: Multiphysics simulation results. (a) pOH contour plot and OH™ flux
(white arrows) throughout the simulated domain for a periodic GDE trench (width
of 20 um and depth of -100 um) operating a -50 mA/cm? of geometric current
density. (b) Simulated electrode surface pH (14 - pOH) as a fuction of depth into
the trench for different current densities. (c¢) Simulated C,, FE as a function of
depth into the trench for different current densities. (d) Average C,; FE on trench
walls as a function of the current density passed solely through the trench. Z = 0
pm represents the top of the trench, and Z = -100 um represents the bottom of the
trench. d and w are the trench depth and width, respectively.
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Figure 4.11: Simulated variation of various performance metrics along the walls of
the trench as a function of depth into the trench. Z = 0 um represents the electrode
surface or top of the trench, Z = -100 um represents the bottom of the trench. (a)
Local total current density to all electrochemical reactions on Cu. (b) C,; FE along
the trench walls. (c) C; FE along the trench walls. (d) H, FE along the trench walls.
Metrics shown in panels (a)-(d) are measured at the surface of the trench walls as
opposed to averaged within a cross section of the electrolyte, because these metrics
are based on current densities to various electrochemical reactions which only occur
at the trench walls, and not within the bulk electrolyte.

To evaluate the influence of the pOH gradient within the trench on local selectiv-
ity variations, concentration-dependent Tafel kinetics were employed in the mul-
tiphysics model. These concentration dependent Tafel kinetics were fit to experi-
mental data collected on Cu GDEs used in the present study, and are capable of
replicating observed partial current densities quite well (Fig. .7). The study relates
local changes in OH™ activity to changes in current densities for product formation.
Fig. .10] (b) depicts the change in pH as a function of depth into the trench. Note
that Fig. .10|(b) shows the pH value while for the most part, this study focuses on
the dynamics of OH™ and hence, the pOH. Here, we chose to display the pH instead
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to emphasize the correlation between Fig. 4.10](b) and (c). In the model, the relation
pH + pOH = 14 holds true everywhere because we only consider the diffuse transport
layer while the electrical double layer is not taken into consideration in the model
because its length scale is much smaller than the length scales we study. Therefore,
within the frame of this model, pH and pOH are directly connected. Consistent with
Fig. B.10|(a), pH increases (pOH decreases) deeper inside the trench (more negative
z) due to trapping of CO,R-generated OH™.

The simulations exhibit a direct, albeit modest, relationship between pH and C,,
FE (Fig. #.10](c)). As the pH increases or the pOH decreases within the trench, the
C,+ FE correspondingly increases (variations of Cy, Hy, and local current density
within the trench are shown in Fig. [.TT)). This relationship between C; FE and
pH has been widely reported, and is connected to the suppression of HER and C;
products 50,63, |115,{130, 131]. The disproportionate suppression of Hy, CH4, and
HCOOH partial current density within the trench can be observed in Fig. .12
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Figure 4.12: Simulated variation in local partial current density for (a) species with
pH dependent partial current densities (Hy, HCOOH, and CHy4), and (b) species
with pH independent partial current densities (EtOH, C,Hy4, and CO).

This suppression of C; and H» in the trench results in an approximately 5 % increase
in Cy, FE across the depth of the trench, regardless of current density (Fig. .10](c)).
The enhancement of the performance in the trench is modest, as the change in pH is
only about 1 pH unit across the trench depth. Nonetheless, the simulations serve to
understand local selectivity trends and provide better understanding of variations in

performance within the GDE heterogeneities.
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Lastly, performance of CO,R within trenches was compared to the performance on
a flat surface without trenches (Fig. 4.10|(d)). The simulations demonstrate that the
C,4 FE at a given current density is higher within a trench compared to that on a flat
surface due to the improved OH™ trapping. In addition, as the width of the trench
decreases, and with it the pOH (Fig. §.6] (c) and Fig. @4.13), the C,, FE increases.
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Figure 4.13: Simulated variation in average (a) pOH, (b) C; FE, and (c) H; FE as
a function of trench width. Current density, pOH, and FEs are averaged across the
trench walls.

This is a result of the changed mass transport properties in the confined space as
well as the enhanced trench surface-area-to-volume ratio (Fig. [4.9), leading to a
lower pOH value. The simulations indicate that the micrometer-scale morphology
on a GDE surface has an impact on the product distribution with narrow trenches
on the order of 5 um favoring the creation of C,,; products across the entire current
density range (Fig. [4.10|(d)) by approximately 5 % compared to the flat Cu case.
Within the scope of this work, the connection between surface morphology and
CO3R selectivity can only be demonstrated via multiphysics simulations because
we have no means to locally resolve the product distribution. However, the accuracy
of our model has been demonstrated as there is an excellent agreement with the
experimentally measured CO;R performance as well as the local pOH. The simula-
tions demonstrate the potential for improved C,, FE within these microcavities and
experimental demonstration of enhanced C,, FE inside microcavities in the surface

of an operating GDE should be the subject of a future study.

The effect of the trench depth on CO;R was also evaluated (Fig. [@.14), which
demonstrates that the ability of a trench to enhance C,; FE increases as the trench

deepens.
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Figure 4.14: Simulated variation in average (a) pOH, (b) C; FE, and (c) H; FE as
a function of trench depth. Current density, pOH, and FEs are averaged across the
trench walls.

This is due to the increased surface area available for electrochemical OH™ gener-
ation for deeper trenches. The surface-area-to-volume ratio is far less sensitive to
trench depth than to trench width (Fig. which indicates that compared to the
surface area, the volume plays a minor role in determining the C,, FE. However,
enhancements in C,;. FE become marginal beyond trench depths of 50 um. Finally,
the fraction of the surface covered by the trenches was varied in the simulations, to
further evaluate the efficacy of trenches. Fig. .15 depicts the pOH and C,, FE as
a function of trench coverage, evaluated at current densities of -20 mA/cm? and -50

mA/cm? (normalized now to the electrochemical active surface area (ECSA)).

This figure aims to deconvolute the effects of roughness from the effects of changes in
the microenvironment. As the trench surface coverage increases, the pOH decreases,
and the C,, FE increases, due to the OH™ trapping ability of the trenches. While
the increase in C,; FE is minor (still approximately 5 % from a flat surface to
a completely trenched surface), the enhancement with morphology is similarly
observed at both current densities and the results reveal that heterogeneities in
commercially available GDEs can serve as local hotspots for enhanced C,; FE and
benefit CO,R due to their OH™ trapping capacity. The simulation results serve as a
great support to our novel measurements that allow to probe the microenvironment
in a GDE under operando conditions. Both experiment and simulations highlight
the importance of the micromorphology of a GDE that influences the mass transport
properties. Future work should aim to leverage this insight to develop geometries
for which transport is tailored to better trap OH™. Techniques like laser ablation can

be utilized to realize these tailored electrodes as is outlined in chapter [5]
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Figure 4.15: Simulated variation in (a) pOH, and (b) C,, FE at an applied current
density of -20 mA/cm? (normalized to ECSA) as a function of the fraction of
GDE surface covered by trenches. A current of -20 mA/cm? was chosen due
to the increased sensitivity of C,4 to pOH at lower current densities. At higher
current densities, the C,, FE approaches 1 and is less sensitive to changes in
microenvironment. Variation of the surface coverage was achieved by changing the
width of the domain (shown schematically in Fig. [{4.2) from 400 um to 20 um,
while keeping trench width and depth constant at 20 um and 100 um, respectively.
For the zero-coverage case, a rectangular domain with no trench was simulated.

Notably, apart from the influence of pOH, the effect of cations has been highly
studied in recent CO, reduction literature on Cu electrodes. While important,
because the same cation is used throughout all experiments (K*), these effects will
be implicitly captured in the fit exchange current densities [[132], as recent work has
shown that beyond the type of cation employed, the concentration of the cation is
not as important in dictating the electrochemical performance due to the saturation
of cations in the outer Helmholtz plane of the Cu double layer [[133]]. Nonetheless,
future experimental and simulation work should be employed to more thoroughly
probe and understand the impact of cations in the double layer on CO,R performance

to further advance understanding of the kinetics of this reaction on Cu.

Lastly, while it is known that *CO coverage is a major defining factor in the perfor-
mance of CO;R at high overpotentials, fully accounting for *CO coverage effects
would require the implementation of a microkinetics model, which requires far
deeper understanding of the mechanism of CO,R on Cu, beyond the scope of the
present work. We note that the lack of consideration of *CO coverage effects could
also potentially explain the discrepancy between the modeled and observed product

distributions at -200 mA/cm?2, wherein the model overpredicts the formation of CO
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and underpredicts the formation of HCOOH. Nonetheless, the model still replicates
the trends very well at all other current densities, and future work should seek to
address the effects of coverage and expand the understanding of microenvironment

on CO,R activity at higher current densities.

4.4 Conclusion

We demonstrate a novel technique to probe the microenvironment in a CO,R GDE
under operating conditions. We map the local pOH value around a GDE resolved
in time and three spatial dimensions with fluorescent confocal laser scanning mi-
croscopy (CLSM) with a combination of two ratiometric dyes, DHPDS and APTS,
that operate by different sensing mechanisms. Critically, this work could hold po-
tential applications beyond the investigation of CO;R. We were able to capture pPOH
maps in the pOH range between 0 and 8 and at current densities as large in magnitude
as 200 mA/cm?.

We mapped the local pOH around an operating GDE under applied current. This
revealed that the pOH in the vicinity of a GDE decreases as the magnitude of
the current density is increased. For all current densities covered, the pOH inside
trenches is lower than on the planar surface with the lowest pOH observed inside
narrow trenches that are approximately 5 ym wide. This decrease in pOH can
be connected to the trapping of OH™ in narrow trenches caused by altered mass

transport properties.

Multiphysics simulations confirmed all experimental trends, providing pOH maps
consistent with measured pOH and also reproduced product distributions with high
accuracy. These simulations indicate that there is a correlation between the pOH
and the Faradaic efficiency towards C,; products. Narrow trenches exhibit a de-
creased pOH and simulations suggest that this results in a locally increased Faradaic

efficiency towards C,, products.

We conclude that we successfully developed a superior technique to probe the
microenvironment around a CO;R GDE. The micrometer-scale morphology of a
GDE has a strong effect on the mass transport properties and with it, on the CO,R
performance. Microcavities on the order of 5 um on the surface of a copper GDE
serve as local hotspots with decreased pOH. This can inform the design of future
CO»R devices as described in Chapter 3]
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Chapter 5

PROBING THE EFFECT OF INTENTIONALLY TAILORED GAS
DIFFUSION ELECTRODE MICROMORPHOLOGY
GEOMETRIES ON ENHANCING THE SELECTIVITY OF CO,
REDUCTION

Contents drawn from: A. E. Bohme, A. Q. Fenwick and H. A. Atwater. “Prob-
ing the Effect of Intentionally Tailored Gas Diffusion Electrode Micromorphology

Geometries on Enhancing the Selectivity of CO, Reduction”. In preparation.

A.E.B. conceptualized the study, fabricated all samples, performed dye calibration,
pH imaging experiments and data analysis as well as performed and analyzed

multiphysics simulations.

5.1 Introduction

We know from Chapters[2]—[]that narrow microcavities in the surface of a Cu CO2R
GDE can serve as local hotspots with enhanced pH as well C,,. FE. We learned that
the pH is locally increased inside trenches compared to the surface of a CO,R GDE
and that this effect is particularly pronounced for narrow trenches that are roughly
5 um wide [77]. We attribute this to a combination of electrolyte confinement and
altered mass transport properties as well as an enhanced surface area and surface-
to-volume ratio inside narrow trenches. Multiphysics simulations revealed that the
elevated pH inside trenches comes hand in hand with an increased C,, FE and that

narrow trenches in the surface of a copper GDE serve as local CO,R hotspots [78].

The aim of this study is to exploit the effects that we found for random trench patterns
(Fig. [5.1] (a)) and to fabricate copper CO,R GDE:s that exhibit a controlled pattern
of microcavities (see SEM images in Fig. [5.1] (c), (d) and cross-section schematic
in Fig. [5.1](a)). This was realized by patterning carbon paper substrates including
a filler (Fig. (b)) using laser ablation. We fabricated samples with regular
patterns of both trenches and holes of varying geometries. The novel GDEs serve

two purposes:

(1) To systematically study the influence of different microcavity geometry parame-
ters like shape, width, depth and surface coverage on the CO;,R performance. This is

done by measuring the local pH inside these features using CLSM and additionally
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via the measurement of the bulk product distribution using gas chromatography
(GC). Since the GDEs exhibit controlled, regular patterns, bulk product detection
can provide direct information about how microcavities influence the CO;R selec-
tivity. This is impossible for samples covered with random trenches of altering
geometries. (2) To develop GDEs with improved C,; selectivity.

In this chapter, we perform spatially resolved measurements via a combination
of CLSM with the ratiometric fluorescent probe DHPDS [134] that, due to an
additional excitation capability compared to Chapters [2] and [] allows to sense pH
values between 6 and 11.5 with three-dimensional spatial resolution. Under ideal
conditions, the resolution of this technique can reach 250 nm in the plane parallel
to the GDE surface and 500 nm in the plane perpendicular to the GDE surface.

22 BB Carbon Eriape'r (b) 28 BC Carbon Paper with

Vulcan — 60% FEPD 121 Filler

Figure 5.1: Scanning electron microscopy (SEM) images of (a) a Sigracet 22 BB
carbon paper GDE that exhibits a pattern of random trenches and was studied in
Chapters 2] 3] and ] (b) Sigracet 28 BC carbon paper post-treated with a 60%
Vulcan FEPD filler to fill trenches, (c) a GDE with a regular pattern of trenches
(20 um wide, 20 um deep, 50% surface coverage) created with laser ablation and
(d) a GDE with a regular pattern of holes (20 um wide, 20 um deep, 50% surface
coverage) created with laser ablation. (e) Photograph of two Cu GDEs with tailored
microcavity patterns of size 5 mm x 5 mm (top) used for product detection and of
size 1 mm x 1 mm used for pH imaging. More SEM images can be found in Fig.

B.2land 5.3

Experimental results are supported by Multiphysics simulations to provide a better
understanding of the underlying processes that govern the CO;R performance in

and around tailored microstructures.
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5.2 Methods

Fabrication and Characterization of Cu GDEs with Tailored Micropatterns

Patterns of tailored microstructures were carved into Sigracet 28 BC carbon paper
with 60% vulcan FEPD filler as the gas diffusion substrate. Carbon paper was
chosen because of its good electrical conductivity. However, untreated Sigracet
carbon paper exhibits a random pattern of trenches (see Fig. (a)) that would
interfere with the patterning process. Consequentially, carbon paper that had been
post-treated with a Vulcan carbon filling and consequentially exhibits only very
minor trenches (Fig. (b)) was used. A regular pattern of trenches (Fig.
(c)) and holes (Fig. [5.1] (d)) with different geometry parameters was carved into
this substrate using a UP-193 laser ablation system. The sample fabrication with
laser ablation has the advantage that the structure geometry can very easily be tuned
and it is faster than most lithography processes. The pattern is created by moving
a 193 nm pulsed laser over the substrate surface with 90% laser power and a 10 Hz
repetition rate. Patterns of both trenches and holes were created. For the trenches,
the laser was moved across the substrate in a continuous motion at a defined speed.
To make holes, the laser was kept at a fixed position for a period of time before
moving to the next position. The width or diameter of the feature can be determined
with the laser spot size, the depth with the scan speed for trenches or the dwell time
for holes and the surface coverage by defining the distance between the trenches or

holes that are carved into the surface.

We created patterns of trenches and holes with similar size parameters with widths/
diameters in the range 5 um — 50 um (constant depth 20 um, constant surface
coverage 50%), with depths in the range 10 um — 40 um (constant width/ diameter
20 um, constant surface coverage 50%) and with surface coverages in the range
10% —75% (constant width/ diameter 20 um, constant depth 20 ym). The geometry
parameters as well as the laser ablation settings can be found in Table [5.2] for the
creation of trench patterns and in Table [5.2] for the creation of hole patterns. The
total size of the patterns is 1 mm x 1 mm for samples that are studied with pH
imaging via CLSM and 5 mm x 5 mm for samples that are used to determine the

product distribution via gas chromatography, see Fig. [5.1] (e).

Following the laser ablation patterning procedure, 300 nm Cu was deposited on
the samples with an AMODS dual electron beam deposition system at a rate of 2

angstrom/s while rotating the substrate holder.



83

Table 5.1: Geometry and laser ablation parameters for trench patterns. The width refers
to the trench width at the very top of the trench, the surface coverage to the percentage
of the planar sample surface that is covered with trenches, where the trench size at
the top is used as a reference. The scan speed refers to a single pass, unless noted
otherwise. The line distance is the distance between the center of a trench to the center
of an adjacent trench.

Width | Depth Surface Spot Scan Line

(um) | (um) | Coverage (%) | Size (um) | Speed (um/s) | Distance (um)
5 20 50 5 1, 3 passes 10
10 20 50 10 1 20
20 20 50 20 10 40
50 20 50 50 20 100
20 10 50 20 20 40
20 30 50 20 1 40
20 40 50 20 1, 3 passes 40
20 20 10 20 10 200
20 20 25 20 10 80
20 20 75 20 10 26.7

The samples were characterized with SEM and EDS using a NOVA NanoSEM 450
SEM with an Oxford Instrument Xmas 800 mm2 EDS system using an acceleration
voltage of 15 kV. This reveals that copper covers not only the flat surfaces, but also

the walls and bottoms of trenches and holes, see Fig. @

The cross-section of the resulting trenches and holes resembles a parabola, as can

be seen from cross-sectional SEM images (Fig. [5.3)), see also schematic in Fig. [5.§]
().

Operando pH Imaging with Confocal Laser-Scanning Microscopy

We utilized a custom-made electrochemical cell (Fig. [5.8|(b)) with a Leica Stellaris 5
confocal microscope and the fluorescent pH probe DHPDS [[77, 78, 134]] (compare
Chapters [2| and 4)) to image the local pH value inside the GDE structures under
operando CO,R conditions. The dye calibration was performed analogous to the
procedure described in Chapter 2] The calibration curve corresponds to the one
shown in Fig. (c), orange curve and takes the form

1.147
Ratio of Emission) = . . 1
(Ratio of Emission) T+ exp(—1.014 - (pH — 8.502) +0.08953 5.1

The custom-made electrochemical cell was 3D-printed with a Bambu Lab X1-

Carbon filament 3D printer. Its setup is analogous to the one described in Chapter



84

Table 5.2: Geometry and laser ablation parameters for hole patterns. The diameter
refers to the hole diameter at the very top of the hole, the surface coverage to the
percentage of the planar sample surface that is covered with holes, where the hole size
at the top is used as a reference. The spot distance is the distance between the center of
a hole to the center of an adjacent hole.

Diameter | Depth Surface Spot Dwell Spot
(um) (um) | Coverage (%) | Size (um) | Time (s) | Distance (um)
5 20 50 5 60s 6.3
10 20 50 10 5 12.5
20 20 50 20 2 25
50 20 50 50 1 62.6
20 10 50 20 1 25
20 30 50 20 5 25
20 40 50 20 20 25
20 20 10 20 2 56
20 20 25 20 2 354
20 20 75 20 2 20.5

The active surface area of the GDE that is exposed to electrolyte is 0.2 cm?. A
Cu GDE prepared as described above with a pattern covering an area of 1 mm x 1
mm serves as the working electrode, a Ag/AgCl electrode as the reference electrode

and a platinum mesh as the counter electrode.

An aqueous 100 mM KHCOs electrolyte spiked with 100 uM DHPDS is purged with
30 SCCM CO; gas for at least 30 minutes prior to experiments to ensure saturation.
The cell is placed under a Leica Stellaris 5 confocal microscope with a HC Fluotar
L 25x/0.95 W VISIR water immersion objective that is dipped into the electrolyte.
Electrolyte is pumped into the electrolyte chamber through two perpendicular inlet
tubes at a rate of 6 mL/min. A 10 SCCM CO, gas stream is fed into the gas chamber.
Potentiostatic electrochemical impedance spectroscopy (PEIS) is performed in the
beginning of each experiment using a Biologic SP-200 potentiostat to determine
the impedance and to perform IR electronic compensation. Images are captured
by scanning the electrolyte sequentially with a laser beam at 405 nm (1.2% laser
power, gain 100) and at 485 nm (laser power 2%, gain 50). The fluorescent signal
is collected separately in the range between 495 nm and 835 nm with a pinhole size
of 1 Airy unit. Images are captured around a hole or trench in the GDE surface in
the plane parallel to the electrode surface. A z-stack is performed such that images
are taken for a range of z-positions, starting below the bottom of a feature and

ending at least 20 um above the GDE surface. The distance between each image



85

Figure 5.2: SEM and EDS maps of a trench (20 ym wide and 20 um deep) in a
carbon paper GDE under different angles. (a) — (c): Overlay of an SEM image with
a EDS map where red color indicates the presence of Cu, (d) — (f): EDS maps,
red color again is an indicator for Cu. (a), (d) in the plane parallel to the sample
surface, (b), (¢) under an angle of 45° and (c), (f) under an angle of 90°. The EDS
measurements reveal that copper is not only present on the planar electrode surfaces,
but also on the bottom and walls of trenches.

plane is 565 nm. A series of such measurements is performed under galvanostatic
CO3R conditions, at current densities of 0 mA/cm?2, -2.5 mA/cm?, -5 mA/cm?, and
-10 mA/cm?. For current densities more negative than -10 mA/cm?, pH values
higher than the detection limit of DHPDS (pH 11.5), are reached. The electrolyte
with DHPDS is replaced between measurements at different current densities. Each

measurement is repeated at least three times.

Quantitative pH Analysis

pH maps (Fig. [5.8](c), (d)) can be calculated from the raw fluorescence data pixel by
pixel with the calibration curve (equation[5.1)). To obtain quantitative pH-z profiles,
arectangle within a trench or hole is defined (see Fig. [5.§](c), (d), panel at z=0 pm).
The average pH value within that rectangle is calculated as a function of z-position
where z = 0 um is defined as the GDE surface. It is taken into consideration that
the focus point of the two laser excitations is shifted by ~4 um, hence the ratio of

emission is calculated from two different frames that resemble the same z-position.
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Figure 5.3: Cross-sectional SEM images of a carbon paper GDE structured with a
regular pattern of trenches via laser ablation (width 20 pum, depth 20 um, surface
coverage 25 %). (a) Cross section of the whole GDE, displaying the macroporous
layer at the bottom and the microporous layer that is laced with trenches, (b) Cross
section of a single trench, highlighting the parabola-like cross-sectional shape.

Further, pixels with less than half of the absolute intensity of the maximum pixel
intensity within a frame are not taken into consideration when calculating the average

pH value from the ratio of emission since their signal-to-noise ratio is weak.

Fig. [5.4] (a) illustrates the different steps of the quantitative pH analysis. The dark
orange curve is the pH as calculated from the raw fluorescent signal (equation[5.1I).
Once the shift between the focus positions of the two lasers is considered and pixels
with low absolute intensity are discarded, the pH-z profile takes the shape of the pink
curve. Finally, we take the confinement and mass-transport limitations of the pH
probe DHPDS inside microcavities into consideration. The yellow curve in Fig. [5.4]
(a) displays the pH profile in and above a trench at a current density of 0 mA/cm?.
Since no charge transfer reactions proceed at open bias and the electrolyte is saturated
with COa,, it is expected that the pH remains constant as a function of z-position.
This is indeed the case in the bulk electrolyte, see Fig. [5.4](b), pink curve. However,
as the pH profile is recorded around a microcavity in the GDE surface (Fig. [5.4] (a),
yellow curve and Fig. [5.4] (b), orange curve), the pH value decreases as a function
of decreasing z-position. It is not expected that this is caused by CO; diffusing
through the GDE since the electrolyte is saturated with CO;. To confirm this, we
performed a control experiment in argon-saturated electrolyte and with argon fed to
the backside of the GDE, see Fig. [5.4](b). While the pH value is more than one pH
unit higher than in the experiment with the acidifying CO, gas, the trends are the
same. The pH vs. z curve is flat in the bulk argon-saturated electrolyte (green curve),

but the pH decreases as a function of decreasing z-position around a microcavity in
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Figure 5.4: Illustration of quantitative pH data analysis. (a) Exemplary pH profiles
for a sample with trenches (width 20 um, depth 30 um, surface coverage 50%,
current density -2.5 mA/cm?). The original pH curve (dark orange) is corrected
by a shift of the focus point of the two excitation wavelengths, the removal of dark
pixels and by a factor determined from the extrapolated pH curve at 0 mA/cm?
(bight orange), resulting in the dark blue curve. (b) Measured pH-z profiles at open
circuit both in Ar- and CO,-saturated electrolyte, inside a trench (where the 0 yum
z-position marks the GDE surface) and in the bulk electrolyte (random z-position).
The measured pH in the bulk electrolyte is constant for both Ar- and CO,-saturated
electrolyte as expected, indicating that the non-constant pH profile observed at 0
mA/cm? in a trench or hole is not an intrinsic artifact. The pH profile in and
above a trench in both Ar- and CO;-saturated electrolyte decreases as a function
of decreasing z-position. This allows the conclusion that the pH profile at open
bias is not connected to electrolyte acidification caused by additional CO, diffusion
through the GDE but by mass transfer limitations of the pH probe DHPDS. This
result justifies the pH correction with the curve at 0 mA/cm?. The baseline pH in
the argon-saturated electrolyte is higher than that in CO,-saturated electrolyte due
to the equilibrium reactions of CO, to bicarbonate and carbonate that acidify the
electrolyte.

the GDE surface that is fed with argon (blue curve). We conclude that the reason for
the observed non-constant pH at open circuit around a trench is an artifact caused
by mass transfer limitations of the probe DHPDS. The measurement at open circuit
provides us with the opportunity to correct measurement under bias for the mass-
transfer limitation effect. For this purpose, we measure the pH profile at open circuit
for each trench or hole investigated. Note that the lower detection limit of DHPDS is
pH 6. The pH vs. z profile at open bias therefore plateaus inside microcavities once
it reaches pH 6 (see Fig. [5.4](a), yellow curve and (b), orange curve). We therefore
extrapolate the pH profile by performing a linear fit to extrapolate the curve beyond
pH 6, see Fig. [5.4] (a), bright orange curve. Using this extrapolated open-bias pH
curve, we determine for each z-position separately by which factor the observed pH
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value varies from the expected pH which corresponds to the bulk pH (green and
pink curves in Fig. [5.4] (b)). To account for the probe’s mass-transfer limitation
effect for the measurements under applied bias, the measured pH at each z-position
is divided by the factor calculated from the curve at open bias. The light blue curve
in Fig. [5.4] (a) corresponds to the pH profile that is corrected with the open-bias
curve without extrapolation, the dark blue curve is the pH profile that is corrected
with the extrapolated open-bias curve. We believe that a pH calculation that takes
into consideration the shifted laser focus point, the weak signal-to-noise ratio of
pixels with low signal intensity as well as the mass transport limitations of DHPDS

is the most realistic representation of the pH.

Product Detection

A different electrochemical cell optimized for use with gas chromatography was 3D-
printed with a Elegoo Mars 3 Pro 4K resin 3D printer and used for product detection
during the performance of CO,R experiments with copper on carbon paper GDEs.
The active cathode surface area is 0.25 cm? and the anode surface area is 4 cm? to
ensure no current limitation. For intentionally patterned GDEs, the full 0.25 cm?
cathode surface area is covered with uniform microstructures. A leakless Ag/AgCl
electrode serves as reference electrode and a platinum mesh as the counter electrode.
An anion exchange membrane (AGC, Selemion AMV) is used to separate cathode
and anode. The gas chamber takes the form of a serpentine channel at the back of
the GDE. The cell is sonicated before each experiment for at least 40 minutes and
rinsed thoroughly after each experiment. An aqueous 1M KHCOs solution saturated
with CO; serves as the electrolyte and is pumped through the catholyte and anolyte
chambers at a rate of 10 mL/min. CO; is fed into the gas chamber at a rate of 10
SCCM. A flow meter placed before and after the cell is used to ensure that there are no
gas leaks. The gas coming from the cell is circulated through the cathode electrolyte
reservoir to catch any product gas that seeps into the electrolyte. The product passes
through a vapor trap en route to the SRI-8610 gas chromatograph which separates
gaseous species. Chronopotentiometry experiments (constant current) are carried
out at -100 mA/cm? and are preceded by potentiostatic electrochemical impedance

spectroscopy (PEIS) to ascertain the cell’s uncompensated resistance.

COMSOL Model
The COMSOL simulations consist of two separate models. The first simulates the
flow of CO, through the gas chamber at the backside of a GDE and the diffusion of
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CO; through the porous GDE. It separately quantifies the average amount of CO;
that diffuses through trench or hole walls as well as the flat surfaces between cavities
in a GDE (Fig. [5.5/(a)). The CO; flux quantification is used in the second model
that simulates the electrochemical processes in the electrolyte around the surface of
a CO2R GDE with a pattern of trenches or holes (Fig. [5.5](b)).
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Figure 5.5: Schematic overview of (a) the CO, diffusion as well as (b) electro-
chemistry simulations. (a) The CO, diffusion model simulates the transport of CO,
through a porous domain with a regular pattern of microcavities. The average CO,
outflow is calculated separately through trench walls (orange) and for flat walls
(blue). The results are used as input in the electrochemistry model (b) that simulates

a single trench with width w, depth d and surface coverage +Vvvvﬂa[.

CO, Diffusion Model

A stationary three-dimensional COMSOL Multiphysics model with the Free and
Porous Media Flow, Brinkman equations module is used to simulate the CO, dif-
fusion through a porous GDE with tailored microcavities. The model includes the
CO; flow through the gas chamber as well as the diffusion through the porous GDE.
The model setup is systematically depicted from different perspectives in Fig. [5.6
CO, is assumed to enter through Inlet 1 (left) with a velocity of 0.021 m/s which
corresponds to a flow rate of 10 SCCM. The specific density and viscosity of gaseous
CO, at room temperature and atmospheric pressure are used as fluid property input.
A pressure difference of 3 Pa is assumed between the gas outlet (Outlet 2) and the
GDE (Outlet 1). No slip wall boundary conditions are applied at walls except for
inlets and outlets. Gravity is included along the axis indicated in Fig. [5.6]

Fig. [5.7) shows the simulated CO, velocity profile through the gas chamber. The
GDE is treated as a continuous porous matrix thatis 225 pm thick which corresponds
to the thickness of Sigracet 28 BC carbon paper [135]. A 1 mm x 1 mm pattern in
the center of the GDE of either trenches or holes (see Fig. [5.6] inset) is included
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Figure 5.6: Schematic of the geometry of the COMSOL model that simulates the
diffusion of CO, through a GDE, in the front view (a), in the top view (b) and
close-up of the GDE and the pattern in the GDE (insets). The model entails the free
flow of CO; through a gas chamber with a gas inlet on the left and an outlet on the
right. The GDE (marked in pink in panel (a)) sits at the top of the gas chamber and
is treated as a second gas outlet. A 1 mm x 1 mm trench or hole pattern is included
in the center of the GDE (see insets).

with the same geometry parameters used in experimental studies (see Table [5.2]and
Table[5.2)). Non-Darcian flow is implemented in the porous medium. The porosity
is assumed to be 0.6 and the permeability is set to 1 - 107'3 m? which corresponds
to the permeability reported for Sigracet 28 BC carbon paper [135]. The average
outflow of CO; through the GDE surfaces is calculated separately for trench or hole
walls and for planar surfaces surrounding the microcavities (Fig. [5.5] (a)). To this
end, the gas velocity in the outward direction through these walls is integrated and
then divided by the surface area over which it was integrated. The resulting outward
CO; volume flux is multiplied with the density of CO, at room temperature and
atmospheric pressure and divided by the molar weight to obtain the CO, outflow in
mol/(s-m?). These results are used as an input for the electrochemistry COMSOL

model described below.

Electrochemistry Model

The model developed in Chapter 4] has been adapted for this study. Unless otherwise
noted, all model parameters remain unchanged. The model domain is schematically
depicted in Fig. [5.5](b). Since the model is two-dimensional and it would be sig-
nificantly more computationally expensive to extend the model to three dimensions,
only trenches but no holes are considered. The model domain consists of a single
trench with varying geometries resembling the parameters used in experiments and
in the CO, diffusion model outlined above (see Table [5.2)). Periodic boundary con-

ditions are applied to simulate a regular pattern of trenches. The surface coverage of
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Figure 5.7: Simulated CO; flow velocity through the gas chamber at the backside
of a GDE in two different perspectives, obtained with the model geometry outlined

in Fig. 5.6

trenches can be controlled by the distance of the model boundaries from the trench
(Wnar/2 in Fig. [5.2] (b)).

In the original model reported in Chapter 4] a simplified boundary condition had
been applied at the electrode surface assuming the CO, concentration of saturated
electrolyte. This assumption most likely breaks down at high current densities.
Further, deep trenches or holes with a high surface coverage can impede CO,
transport through a GDE because larger GDE surfaces must be delivered through
a smaller volume, see Figs. @ and @ For this study, the CO, concentration
boundary condition is therefore replaced by an inward CO, flux through trench walls
as well as flat surfaces as calculated from the diffusion model outlined above. While
more complicated, this is a more realistic representation of the experimental system

and allows to study the influence of the CO, transport through a patterned GDE.

5.3 Results and Discussion

As a first step, we imaged the local pH value inside tailored microstructures within
our custom-made GDEs using CLSM and the fluorescent pH probe DHPDS. This
allows to correlate the geometry parameters of the microcavities with the local pH
value. We investigated patterns of different shapes (trenches and holes), widths/
diameters (5 ym - 50 um), depths (10 gm - 40 um) and surface coverages (10% -
75%) while keeping the other geometry parameters constant. The various geometries
are listed in Table[5.2]and Table[5.2] For each sample, the local pH value was mapped

with sub-micrometer spatial resolution in three dimensions, covering a microcavity
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and the area around it as well as the bulk electrolyte up to 20 ym above the GDE
surface which is well within the boundary layer. Since protons are consumed
and hydroxides are created during electrochemical CO,R, it is expected that the pH
increases as function of the proximity to the GDE surface and as a function of current
density. In Chapters [2] and {] we could further show that the pH increases inside
microcavities compared to the surface of a GDE due to electrolyte confinement and
altered mass transfer properties. In this study, we combine local pH imaging with
measurements of the bulk product selectivity of patterned GDEs as well as with
simulations of the CO, transport through structured GDEs and electrochemical

CO»R processes.

Fig. [5.8 (c) and (d) show exemplary operando pH maps for a current density of
-2.5 mA/cm? in the x-y plane at various z positions for a trench and a hole (both
with a width/ diameter of 20 um, depth 20 um and surface coverage 50%). Directly
from the maps, we can observe that the local pH value increases inside the trench
and hole compared to the surface and hence confirms our previous observation with

random trench patterns (Chapters 2] and [4).

The interplay between several different effects influences the operando local pH

value inside and around microcavities in the surface of a CO,R GDE:

1. Electrolyte confinement and altered mass transport properties inside micro-
cavities, including CO,, CO,R products, H" and OH™~. Confinement and
impeded mass transport lead to the accumulation of OH™ and hence, an in-

crease in pH.

2. The catalyst surface area, specifically the surface-to-volume ratio (ratio be-
tween the catalyst surface and the electrolyte volume inside a microcavity). A
higher surface-to-volume ratio means that more catalyst surface is available
to facilitate CO,R (as well as HER) which leads to a higher pH value.

3. The transport and availability of CO, at the catalyst-electrolyte interface.
Microcavities can promote CO, transport [78] (see Chapter [3)) if the surface
coverage is low, however, if microstructures are deep and very close together
(high surface coverage), they can have the opposite effect and lead to less CO,
availability per surface area because less space is available for CO; to travel
through and a larger surface area must be delivered. This is schematically

illustrated in Fig. [5.9] We further performed simulations to calculate how
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Figure 5.8: Schematic cross-section of a custom-made GDE and electrochemical
cell and exemplary pH maps. (a) Schematic cross-section illustration of a custom-
made carbon paper GDE with a regular pattern of trenches or holes. CO, diffuses
through the macropourous and laser-ablated microporous layers of the GDE to the
catalyst-electrolyte interface where CO; is reduced to C; and C,, products. The
black dashed line indicates the definition of the GDE surface (z = 0 um). The white
markers illustrate the geometry parameters with d the depth, wcayity the trench width
or hole diameter and Wcayity/Wae the surface coverage. Illustration not to scale.
(b) Schematic of the custom-made electrochemical cell for operando pH imaging
with CLSM. The electrolyte used is 100 mM aqueous KHCO3 spiked with 100
uM DHPDS, the reference electrode a leakless Ag/AgCl electrode and the anode a
platinum mesh. (c) and (d) Exemplary maps of the local pH value in and around
(c) a trench and (d) a hole in a Cu GDE with width/ diameter 20 um, depth 20 um
and surface coverage 50%. Maps are captured in the plane parallel to the electrode
surface at different positions in the direction perpendicular to the surface. The scale
bars and color bar apply to all panels in (c) and (d).

microcavities influence the CO; transport, see Fig. [5.5]-[5.7] If not enough
CO, is present at the electrode surface, the CO,R efficiency is limited by the
availability of CO;, leading to a decreased selectivity towards CO,R products.
This effect is expected to be especially prominent at high current densities. On
the other hand, any unreduced CO; leads to an acidification of the electrolyte
due to equilibrium reactions with OH™ to bicarbonate and carbonate
[136,[137]]. Excess CO; is therefore expected to lower the local pH value.

4. The proximity to catalyst surfaces. Since charge transfer reactions thatincrease
the pH value proceed at the catalyst surface, the local pH is expected to increase

as a function of proximity to any catalytic surfaces.
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Figure 5.9: Schematic representation of the CO, delivery through a GDE with regu-
lar surface patterns with a simplified triangular cross-sectional shape with different
geometry parameters. (a) GDE with features with the same width and depth (e.g.,
20 um) and a surface coverage of 50%. (b) GDE with features with a depth (e.g.,
40 pm) twice as high as the width (e.g., 20 um) and a surface coverage of 50%.
(c) GDE with features with the same width and depth (e.g., 20 um) and a surface
coverage of 75%. Marked in orange is the surface through which CO, can diffuse
into the volume between structures as well as the GDE’s surface area that must be
delivered with CO;. The ratio between the two decreases with increasing structure
depth and with increasing surface coverage which can lead to limited CO; transport
and a shortage of CO, molecules at the GDE surface.

The advantage of our novel structured GDEs is that they allow to systematically
study the interplay between pH effects and various geometry parameters which is
impossible for random trenches. One important geometry parameter is the mi-
crocavity shape. We created structures that have the shape of circular holes or
rectangular trenches in the plane parallel to the electrode surface and a parabola-like
cross-sectional shape (see Fig[5.1] Fig. [5.8|(a), (c), (d) and Fig. [5.3)). It is directly
visible from the exemplary pH maps in Fig. [5.8](c) and (d) that the local pH value
increases deeper inside the trench and hole and is higher in the hole compared
to a trench with same dimensions (width/ diameter, depth and surface coverage).
Fig. [5.10, shows a more quantitative analysis of the pH value averaged in the x-y
plane as a function of z-position in and above a microcavity for a current density
of -2.5 mA/cm?. Analogous measurements were performed for -5 mA/cm? and -10
mA/cm? that exhibit similar trends at an overall higher pH. To obtain these graphs,
an area within the microstructures is defined (signified by white rectangles in Fig.
[5.8] (c) and (d) in the panels at O um) and the pH is averaged over that entire area
as a function of the z-position. Factors like a focus point shift, noise and pH probe
mass-transfer limitations inside the features are taken into account as described in
section [5.2] Fig. (a) — (c) shows the average pH as a function of z-position
in trenches and (d) — (f) in holes, for various geometric variations. In addition, the
pH profile as a function of distance from a flat Cu GDE without any microcavities
(compare Fig. [5.1] (b)) is displayed.
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Figure 5.10: Local pH averaged over an area encompassing a trench or hole (see
white rectangles in Fig. [5.§] (c¢) and (d)) vs. z-position (z = 0 um signifies the
GDE surface, negative z values are inside trenches or holes and positive z values
above the GDE surface) for various geometry parameters at a current density of -2.5
mA/cm?. (a) — (c) shows the average pH in and around trenches, (d) — (f) in and
around holes. (a), (d) pH as a function or trench width/ hole diameter for constant
depth (20 um) and constant surface coverage (50%). (b), (e) pH as a function of
depth for constant trench width/ hole diameter (20 um) and surface coverage (50%).
For better comparison with other panels, the z-position axis is extended to -20 pm
while the insets show data up to -40 um. (c), (f) pH as a function of surface coverage
for constant trench width/ hole diameter (20 ym) and depth (20 gm). All panels
include the pH profile for a flat GDE without patterns (black color).

We observe that the pH value increases as a function of the negative z-position for
all geometry parameters considered. This can easily be explained by considering
that the mass transport of OH™ is more limited deeper inside microstructures.
Further, owing to the parabola-like cross-sectional shape of the structures, the
average proximity of any point in the plane parallel to the electrode surface is closer
to the catalyst deeper inside a structure (see Fig. [5.8] (a), (c) and (d)) and this

proximity further increases the local pH value.

Comparing the pH value in holes to that in trenches, the local pH inside holes is
significantly higher by up to one pH unit at the bottom of the features (compare top
and bottom row in Fig. [5.10). We hypothesize that this can be connected to the four
pH effects described above: electrolyte confinement, surface-to-volume ratio, CO;

transport and proximity to the catalyst. OH™ gets more effectively trapped inside



96

holes compared to trenches due to the confinement in two dimensions rather than
one. Further, the surface-to-volume ratio is higher for holes than for trenches. Fig.
[5.11] displays the surface-to-volume ratio for both trenches and holes as a function
of width/diameter and depth under the simplified assumption that the cross-section
of trenches has a triangular shape and holes take the form of a cone. Under this
assumption, the surface-to-volume ratio for holes is larger than that of trenches with
same geometry parameters by a factor of 1.5. The increased surface area in holes can
facilitate the CO, transport into the electrolyte in a hole where unreduced CO, can
acidify the electrolyte. This is confirmed with simulations, see Fig. [5.14 However,
the increased catalyst surface overpowers this phenomenon, leading to an overall
higher pH in holes. Further, due to the different geometries of holes and trenches, a
larger catalytic surface area is in the proximity of a certain point in a hole compared
to a trench which is one main contributing factor for a high pH. Note that the effect
of enhanced pH in holes is pronounced inside the features but less so on or above
the GDE surface. This is again related to the stronger confinement of OH™ in holes.
While this effect contributes to a higher pH inside holes compared to trenches, it
also results in less OH™ diffusing out of holes to the GDE surface and hence explains

the faster pH decline above holes compared to trenches.
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Figure 5.11: Surface-to-volume ratio as a function of (a) trench width (depth constant
at 20 um) and depth (width constant at 20 ym) and (b) hole diameter (depth constant
at 20 um) and depth (diameter constant at 20 yum). A trench is assumed to have
a simplified triangular cross-sectional shape which allows to calculate the surface-
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to-volume ratio for a trench as % =4 . ———= where d is the feature depth and w
the width. A hole was simplified to a cone, which gives a surface-to-volume ratio
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- Wwith w the diameter. The surface-to-volume ratio inside a hole
is higher than that in a trench by a factor of 1.5. Further, the surface-to-volume
ratio is much more dependent on the trench width/ hole diameter than on the depth,
particularly for depths between 10 ym and 40 um that are considered in this study.
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Fig. [5.10](a) and (d) show the pH vs. z profile as a function of trench width and hole

diameter. There is a clear trend towards higher pH for narrower trenches and holes.
This is mainly caused by the confinement and trapping of OH™ in narrower features
as well as the increasing surface-to-volume ratio with decreasing trench width and
hole diameter, see Fig. This result is in alignment with previous reports that
studied the effect on trenches on CO,R [77, 78] as well as reports that showed that
smaller pores in structured electrochemical electrodes can enhance OH™ trapping
and hence lead to an increased pH value [[104} |112, [117, |130]. Interestingly, all
curves seem to converge to the same pH value at the bottom of the feature. We
think that this is caused by the cross-sectional shape of the features that resembles
a parabola. No matter the width at the top of the feature, all geometries converge
to a similar shape and catalyst proximity at the very bottom of the cavity. Note that
for z > 0 um, the pH profile of trenches or holes with a width/ diameter of 50 um
overlap with that of a flat, unpatterned GDE. This is a first indication that once a

microcavity reaches or exceeds a size of 50 um, its effect becomes minimal.

Fig. [5.10] (b) and (e) display the pH profiles for trenches and holes as a function
of feature depth. For easier comparison with the other panels, the z-axis is only
extended to -20 um while the inserts show the pH curve up to -40 um. Interestingly,
when comparing the pH at the same z-position, the feature depth seems to have very
little influence, both inside the cavity and above the surface. However, it must be
noted that the pH value continues to grow as a function of depth of a microcavity,
so even if the pH value at the same z-position is not influenced by how far the cavity
continues below that position, a higher pH value is reached at the bottom of deeper
structures. Again, this behavior can be explained with the pH effects described
above. Considering the OH™ mass transport, the depth has little influence. While
it becomes more and more limited the more negative the z-position is, at a certain
depth within a cavity of the same shape, OH™ confinement is similar, no matter how
far the structure continues below that z-position. Further, compared to the width
or diameter of a cavity, the depth only marginally changes the surface-to-volume
ratio especially in the range within which the depth is modulated in this study (10
pum — 40 pum), see Fig. [5.T1] This explains why the width has a significant but the
depth very little influence on the local pH within microstructures. Finally, the CO,
availability must be considered. Deeper microcavities can limit the diffusion of CO,
into the electrolyte per surface area unit. This is schematically depicted in Fig. [5.9]
and confirmed by simulations (Fig. [5.14)). Since excess CO, that is not reduced has
the capability to acidify the electrolyte, the restricted CO, delivery in deep trenches
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has the potential to lead to a higher observed pH value. On the other hand, due to the
cross-sectional shape of trenches and holes, at a fixed depth, the average proximity
to catalytic surfaces is higher in shallower trenches as schematically displayed in
Fig. [5.12] This can potentially lead to a higher pH value in shallower trenches. The
two opposing effects of CO, availability and catalyst proximity cancel each other

out, leading to a local pH value that is independent of the trench depth.

Figure 5.12: Schematic representation of the cross section through two trenches or
holes with different depths. When considering the pH value at a certain z-position
(indicated by the dashed line), more catalytic surfaces of the narrower trench (grey)
are in the proximity than the catalytic surfaces of the deeper trench (black).

Finally, the influence of the surface coverage of microstructures is displayed in Fig.
@ (c) and (f). Considering surface coverages between 10% and 50%, there is a
clear trend towards higher pH above the surface of the GDE with increasing surface
coverage while inside the trenches, the pH value is only marginally influenced. This
can easily be explained by the fact that the geometry of the trenches and holes
themselves remains constant, so inside a cavity it is irrelevant how close the next
feature is. Above the GDE surface, the pH decrease as a function of distance from
the electrode surface is slower for higher surface coverages because the density of
microcavities that serve as hotspots with enhanced pH is higher. However, the pH
profile for a surface coverage of 75% does not follow this trend, neither in trenches
nor in holes. Unexpectedly, the local pH for the 75% surface coverage curve is lower
than for a coverage of 50% or less for z > -10 um, below which the pH suddenly
increases dramatically and surpasses the pH of the other curves. Note that similar
trends can also be observed at current densities of -5 mA/cm? and -10 mA/cm?. We
attribute this unexpected behavior to two effects: Limited CO, transport as well as
species crossover between features. As the surface coverage increases, the thickness
of the walls between microcavities decreases, specifically close to the surface. This

can allow the crossover of dissolved species. Fig. [5.13] shows SEM images of a
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GDE sample with a trench coverage of 75%. Small cracks and faults through the
thin trench walls are clearly visible. We believe that this causes severe flooding and
crossover through the walls in the upper sections (z > -10 um) of trenches and holes.
The consequence is that for less negative z-positions, the microcavities lose their
effect and the GDE behaves as though it were flat with severe surface roughness.
This explains the very low pH for z > -10 ym. The thin separator walls not only allow
crossover of dissolved species, they also limit the transportation of CO; through the
GDE, schematically depicted in Fig. [5.9(c) and confirmed by simulations, Fig. [5.14]
(c) and (f). The diminished CO; availability is likely the reason for the enhanced
pH at z < -10 um deep within features with 75% surface coverage. It can also be
an indicator that the CO, availability is so low that CO,R becomes mass-transfer
limited. We conclude that while a surface coverage as high as 50% is beneficial
to sustain a high pH value above the GDE surface, microcavities loose its effect as
soon as the surface coverage reaches 75% due to a combination of species crossover

and limited CO; transport.

Figure 5.13: SEM images of a GDE with trenches with width 20 ym, depth 20 ym
and surface coverage 75%, created with laser ablation, (a) in the plane parallel to
the sample surface and (b) at an angle of 45°. Small cracks in the walls between the
trenches are clearly visible.

We performed Multiphysics simulations to connect the measured pH value with the
selectivity and to deconvolute the influence of different pH effects. In a first step, we
aimed to gain an understanding of the influence the microcavity geometry has on the
CO; transport through a GDE. To this end, we modelled the free CO, flow through
a gas chamber at the backside of a GDE as well as the diffusion of CO, through a
porous GDE domain with a regular pattern of microtrenches or microholes with a
simplified triangular cross-section (Figs. [5.5](a) -[5.7). We averaged the outward
CO; flux through the GDE separately for the walls of trenches or holes as well

as for the flat surfaces in between microcavities (see Fig. [5.5(a)). We found that
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microcavities have a strong influence on the CO, transport through the GDE (Fig.
[5.14). For both holes and trenches there is a trend towards higher CO, flux for
increasing width/ diameter, decreasing depth and decreasing surface coverage. This
can easily be explained with geometry considerations. If a larger GDE surface
area is delivered through the same GDE volume, the CO;, flux per surface area
unit decreases, see Fig. 5.9 When comparing the CO; flux through the walls
of microcavities to that through flat walls, there are opposing trends for trenches
and holes with the flux being higher through hole walls. This can be explained
considering that the surface-to-volume ratio is higher for holes than for trenches
(Fig. [5.11)) and holes therefore provide a larger surface area through which CO,
can diffuse into the electrolyte. As a consequence, more CO; diffuses through hole
walls compared to trench walls before it can reach the flat surface. Hence, there
is a large CO; availability inside holes but limited availability at the flat catalytic
surfaces between holes. For trenches on the other hand, the CO, availability at flat

surfaces is even higher than on trench walls for most geometries.
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Figure 5.14: Simulated CO, outflow in mol/(s-m?) through trench walls ((a) — (c))
or hole walls ((d) — (f)) as well as flat walls in between trenches or holes in a GDE
for different microcavity geometries, see also Fig. [5.5](a).

We used the CO; flow results (Fig. [5.14)) as an input for a second Multiphysics model
that simulates electrochemical CO,R processes around a periodic trench in a GDE
(see schematic in Fig. [5.5](b)). Concentration-dependent Tafel kinetics were used to
model the CO,R performance for different potentials and microcavity geometries.

We simulated a regular pattern of trenches with a simplified triangular cross-section
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with varying width, depth and surface coverage, with the same geometry parameters
as used in experiments (Table[5.2). Note that the aim of this model is not to exactly
replicate the experimental data which is very challenging without precise knowledge
of all input parameters; it is rather to confirm trends and gain an understanding of the
mechanistic processes that govern the pH and the CO,R performance for different
microcavity geometries. Exemplary simulated pH maps for different potentials can
be found in Fig. [5.15] confirming our prior observation that the pH is higher inside
trenches and increases as a function of decreasing z-position. Fig. shows
exemplary simulated maps of the local CO, concentration for varying potential. At
low overpotential, the CO, concentration close to the GDE surface is considerably
higher than the equilibrium concentration of CO; in water due to the constant
CO; flux from the GDE. Note that in reality, CO, would not reach such high
concentrations but form gas bubbles, an effect that the model does not capture. At
high overpotentials however, CO; is reduced at such rates that it is depleted at the

cathode.
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Figure 5.15: Simulated maps of the pH value over a periodic trench (20 um wide, 20
um deep and 50% surface coverage) in a CO,R GDE at various potentials reported
vs. SHE. The pH is higher inside trenches and increases with increasing potential.

Fig. shows the simulated pH value as well as C,; FE as a function of z-
position inside a trench for various geometry parameters at a potential of -1 V vs.
SHE. There is a very clear resemblance between the pH and the C,; FE profiles,
providing evidence that there is a distinctive relationship between high pH and high
C», FE as has been reported previously [[60-63)78]]. Most experimentally observed
trends could be replicated in the simulations. We find that the pH, and with it the
C,4+ FE, increase as a function of decreasing z-position. The pH increases with
decreasing trench width while inside a trench, the depth and surface coverage play
a minor role. One discrepancy between the model and the experimental results is

that for different trench widths, the pH value does not converge to a similar value
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Figure 5.16: Simulated maps of the CO, concentration over a periodic trench (20
pm wide, 20 um deep and 50% surface coverage) in a CO,R GDE at at various
potentials reported vs. SHE. The CO; concentration is set to 34 mM at the top
boundary and a CO; inflow calculated with simulations (see Fig. [5.14) is assumed
through the trench and flat GDE walls. This leads to excess CO; at low potentials
but at high potentials, the CO, consumption is so high that it gets depleted despite
the constant inflow.

at the bottom of trenches. We believe that the reason for this is that the model
assumes a simplified triangular cross-section for a trench while the created trenches
in GDEs exhibit a parabola-like shape. Parabolas converge to a similar outline at
the bottom irrespective of the width which is not the case for triangles. A further
simplification applied to the model is the assumption that the CO, flux through
trench walls is a constant average irrespective of the z-position while it is expected
that it is higher towards the bottom of trenches. This could be another contributing
factor for the diverging curves in Fig. [5.17](a). Further, the pH profile resembling a
surface coverage of 75% deviates from the experimental observation since species-
crossover is not captured by the model. We conclude that with the exception of the
effect of simplifications applied to the model, it captures experimentally observed
trends well. This confirms that the pH and with it, the C,,. FE, inside the trenches
in a CO2R GDE are governed by the effects of electrolyte confinement, surface-
to-volume ratio, CO, transport and proximity to catalytic surfaces since these are

captured by the model.

In a final step, we measured the product distribution of structured GDE samples
with different geometries as displayed in Fig. [5.18] Results for width, depth or
surface coverage set to zero correspond to a control experiment performed with a
standard Cu on Sigracet 28 BC carbon paper GDE. Note that this is preliminary
data. While gas chromatography only allows to measure bulk FEs, we can still

draw conclusions about the local selectivity in microcavities since entire samples
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Figure 5.17: Simulation results of (a) — (¢) the local pH value and (d) — (f) the local
C,. FE along trench walls inside trenches with varying geometry parameters at -1
V vs. SHE. (a), (d) pH and C,, FE as a function of trench width for constant depth
(20 um) and constant surface coverage (50%). (b), (e) pH and C,; FE as a function
of depth for constant trench width (20 um) and surface coverage (50%). (c), (f)
pH and C,, FE as a function of surface coverage for constant trench width (20 um)
and depth (20 um). A clear correlation between pH and C,, FE is immediately
recognizable.

are covered with a regular, periodic pattern. The measurements were performed at
a current density of -100 mA/cm? which is sufficient to observe significant amounts
of the C,, product ethylene. In analogy to pH measurements, we evaluated the
CO3R selectivity as a function of microcavity width/ diameter, depth and surface
coverage for both trenches and holes while keeping all other geometry parameters
constant. We expect that the C,, FE is influenced by the microgeometry due to
its strong correlation to pH. This is confirmed by our measurements; while the
hydrogen, carbon monoxide, formate and methane FEs change only insignificantly
as a function of geometry, the ethylene FE for a structured sample increases by up

to 7% compared to a flat control GDE.

Fig. [5.19]separately shows the C,,. FE as a function of different geometry parameters
for GDEs with holes and with trenches.

Comparing the FE towards ethylene in trenches (Fig. [5.18] top row) to that in holes
(5.18] bottom row), the difference between the two is within the expected error
(see also Fig. (5.19). This is unexpected since a higher pH was observed in holes
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Figure 5.18: FEs at a current density of -100 mA/cm? determined with gas choro-
motography for GDE samples with regular patterns of (a) — (c¢) trenches and (d) —
(f) holes. (a), (d) FEs as a function or trench width/ hole diameter for constant depth
(20 pm) and constant surface coverage (50%). (b), (e) FEs as a function of depth
for constant trench width/ hole diameter (20 um) and surface coverage (50%). (c),
(f) FEs as a function of surface coverage for constant trench width/ hole diameter
(20 pm) and depth (20 yum). The data where the width, depth or surface coverage
is 0 corresponds to a GDE without tailored microstructures. While the selectivity
towards Hp, CO, HCOO™ and CHy is only insignificantly influenced by a change
of the microcavity geometry, the selectivity towards CoHy changes with changing
feature width, depth and surface coverage.

compared to trenches (Fig. [5.10)) and due to the strong correlation between pH and
Co, FE (Fig. [5.17), a higher Cy, FE could be expected for samples with a regular
hole pattern compared to a trench pattern. The deviation from this expectation can
be explained by the limited transport of CO; through holes. Since holes have a
higher surface area than trenches (Fig. [5.11)), the majority of CO, molecules diffuse
into the electrolyte through hole walls before reaching the planar surfaces between
the holes (Fig. [5.14). Further, as explained above, OH™ is very strongly confined
inside holes which leads to a steep pH decline above a GDE surface that is patterned
with holes (Fig. [5.10](d) — (f)). As a consequence, the CO, availability as well as
the pH is very high deep inside holes which are ideal conditions for the reduction
of CO; to ethylene. On the other hand, close to and on the surface of a GDE, the
CO; availability is low (Fig. [5.14) which can lead to mass-transfer limitations and
in addition, the pH is on the same order or even lower than at the surface of samples
patterned with trenches. Hence, the Co; FE is limited. We therefore hypothesize
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Figure 5.19: Measured bulk C,; FE for samples with trenches (blue) and holes
(orange) as a function of (a) trench width/ hole diameter, (b) trench depth/ hole
depth and (c) surface coverage.

that there is a steep selectivity gradient in holes. The C,; FE is higher deep within
holes than in trenches. Close to the GDE surface however, it is lower which leads to

an overall comparable C,, FE for samples patterned with holes and with trenches.

We do find a clear trend of increasing C,, FE as a function of decreasing trench
width or hole diameter which goes hand in hand with an increasing pH (5.10). This
is experimental proof that there are local variations in the product selectivity across
the GDE surface with the highest C,, selectivity inside narrow trenches or holes.
Interestingly, the Co; FE for a trench or hole with width/ diameter 50 ym is similar
to that of a control GDE without intentional patterns. Together with the fact that
the pH profile above the GDE surface for these samples overlaps with that of a
flat control GDE (Fig. [5.10|(a), (d)), we can conclude that microcavities lose their

ability to boost pH and selectivity once the size reaches or exceeds 50 ym.

Considering the depth, an increase in bulk C,; FE can be observed as the cavity
depth increases up to 30 um. The behavior up to a depth of 30 um can be connected
to the pH profiles. While the pH at a certain z-position is not influenced by the
feature depth (Fig. (b), (e) and Fig. (b)), the pH at the bottom of a
cavity increases with increasing depth due to confinement. The increasing C,, FE
is therefore likely a local effect at the catalyst deep within cavities. However, once
the depth reaches 40 um, the C,; FE suddenly drops for both trenches and holes. A
plausible explanation is that the availability of CO, per surface area decreases with
both trench and hole depth, especially at the flat surfaces in between microcavities
(Fig. [5.14) and at a depth of 40 um, a threshold is reached at which CO,R becomes
mass-transfer limited. Another explanation could be partial flooding of the GDE
caused by the thinning of the microporous layer due to deep cavities. This effect is
not captured by the simulations (Fig. (e)), likely because a simplified constant
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CO, inflow was assumed across the trench walls and because GDE flooding is not

considered in the model.

Finally, there does not seem to be a clear trend for the C,, FE as a function of surface
coverage. Two opposing effects must be considered: The density of CO,R hotspots
with enhanced pH increases with increasing surface coverage but at the same time,
high coverage can impede the effective CO, transport to catalytic surfaces (Fig.
[5.14) and cause mass-transfer limitations. Further, for a surface coverage as high
as 75%, we hypothesize that there is species crossover through the thin, cracked
walls between trenches and holes (compare Fig. [5.10] (c), (f) and Fig. [5.13). As a
consequence, a medium surface coverage between 25% and 50% seems to be most
beneficial to boost the C,, FE.

These results highlight the interplay between GDE micromorphology geometry,
local pH and CO;R selectivity and shed light on the underlying mechanisms that

govern the CO,R performance in geometric microcavities.

5.4 Conclusion

We investigated the mechanistic influence of tailored micromorphology patterns
in a gas diffusion electrode on the CO,R performance. We studied the influence
of different microcavity geometries, including shape, width, depth and surface
coverage with spatially resolved pH imaging, multiphysics simulations as well as
product analysis. We found that, compared to a control GDE void of intentional
patterns, the local pH as well as the ethylene FE in and around GDEs with tailored
microstructures is enhanced. A clear correlation between high pH and high C,,
FE was found. We observed geometrical pH and selectivity effects that are caused
by electrolyte confinement inside microcavities, the catalyst-surface-to-electrolyte-
volume ratio, the CO, transport through a structured GDE and the proximity to
catalytic surfaces. The CO,R selectivity varies locally across a GDE surface with

microcavities.

We found that while the pH is higher deep inside holes compared to trenches, it
declines faster close to and above the GDE surface. Together with the low CO;,
availability at flat surfaces in between holes, this leads to a steep Co; selectivity
gradient and a similar bulk C,. FE for samples with hole patterns and trench
patterns. There is a clear trend of both increasing pH and increasing C,; FE for
decreasing trench width and hole diameter with the best results observed for widths/

diameters of 5-10 um. Once the size reaches 50 um, the microcavities loose their
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capability to boost CO,R. The pH at a certain z-position is independent of the
feature depth, but the pH at the bottom of a microcavity decreases as a function of
depth, leading to an enhancement in C,; FE for a depth up to 30 um. Once the
depth exceeds 30 um however, the CO; transport is impeded to an extend that CO,R
becomes mass-transfer limited and causes a decrease in Cp; FE. Considering the
surface-coverage, there is a trade-off between the density of CO;R hotspots inside
cavities and CO, transport limitation as well as species crossover. As a result, a

medium surface coverage of 25% - 50% is ideal.

Overall, we found that both trenches and holes can modestly boost the CO;R selec-
tivity towards ethylene with the strongest effect observed for features that are 5-10
pm wide, 30 um deep and exhibit a surface coverage of 25% - 50%. Overall, we
observe a strong correlation between a GDE’s micromorphology geometry, the local

pH value and the CO,R selectivity.
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Chapter 6

LOCAL MICROENVIRONMENT TUNING INDUCES
SWITCHING BETWEEN ELECTROCHEMICAL CO,
REDUCTION PATHWAYS

Contents drawn from: A. E. Bohme*, S. B. Dolmanan*, Z. Fan*, A. J. King,
A. Q. Fenwick, A. D. Handoko, W. R. Leow, A. Z. Weber, X. Ma, E. Khoo, H.
A. Atwater, and Y. Lum. “Local Microenvironment Tuning Induces Switching
between Electrochemical CO, Reduction Pathways”. 1In: J. Mater. Chem. A
11 (2023), pp. 13493-13501. doi: https://doi.org/10.1039/D3TA02558F. *These

authors contributed equally to this work.

A.E.B. designed, performed and analyzed all pH imaging and confocal microscopy

experiments.

6.1 Introduction

Chapters [2] — [5] focused on the influence of a GDE’s micrometer-scale micromor-
phology, specifically trenches and holes, on the CO,R performance. Here, we turn
our attention to a different GDE parameter that influences the microenvironment:
the gas diffusion layers’s (GDL) pore size. In the previous chapters, carbon paper
was predominantly used as the GDL because it is commercially available, cheap
and exhibits good electrical conductivity [135]]. Further, it exhibits a random pat-
tern of trenches that allow to study the influence of microcavities on the CO,R
performance, see Chapters[2]and[d] Another common GDL substrate is woven poly-
tetrafluoroethylene (PTFE) or Teflon, a synthetic fluoropolymer. It lacks electrical
conductivity and therefore requires the application of a conductive coating. How-
ever, it is considerably more stable under operando CO;R conditions than carbon
paper [61,|107]. Further, it is also commercially available. Important for this work
is that PTFE GDL membranes are available with various different pore sizes [138]].
This allows to tune the microenvironment around GDEs via the GDL pore size.
Both silver and copper are used as catalyst materials. A more detailed explanation
of GDEs and the influence of different catalyst materials can be found in sections

[.2.3|and[1.2.2] The confocal laser-scanning microscopy imaging technique that
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has been developed in this work is ideally suited to investigate the interplay between

GDL pore size, local pH value and CO;R performance.

Although the mass transport of CO, through the GDL should in principle be rapid, it
is known that its effective diffusion coeflicient is related to the porosity and average
pore radius of the porous medium through the Bruggeman relationship [35]. We
therefore reasoned that tuning these parameters could be used to influence the mass
transport of CO,, which directly impacts the catalyst microenvironment (local pH
and CO; reactant supply). This is because CO, molecules can directly react with
and hence neutralize electrochemically generated OH™ to form bicarbonate and
carbonate anions [36, 136], see also Chapter @ The altered microenvironment
could in turn result in a significant change in catalytic outcomes: an additional
experimental knob to control CO,R selectivity beyond catalyst design and choice of
electrolyte. In this work, we demonstrate this concept using sputtered Ag films onto
hydrophobic PTFE substrates with 6 different pore sizes as the GDL [53} 61] (Fig.
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Figure 6.1: Schematic of GDLs with different pore sizes. CO; mass transport
through the gas diffusion layer is slower with a smaller GDL pore size. This results
in a higher local pH, which then induces a higher selectivity towards formate. Note:
items in the schematic are not drawn to scale.

Even though Ag is well known to predominantly produce CO [48],139-142], we find
that smaller PTFE pore sizes favor formate production up to a FE of 43 %. Combined
experimental and simulation results show that a decrease in GDL pore size slows
down CO; mass transport, leading to a higher local pH and hence reaction pathway
switching from CO to formate. This is in agreement with the results presented in
Chapter[3] The pH trend was confirmed using a confocal microscopy setup [[77,78]]
equipped with a custom-built electrochemical cell and the pH sensitive fluorescent
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dye APTS in the electrolyte. Our results highlight the importance of the properties
of the GDL, which can significantly impact the catalyst local microenvironment and

should be an important consideration for the design of CO,R systems.

6.2 Methods

Sample Fabrication and Characterization

Hydrophobic PTFE substrates of various pore sizes were obtained from Beijing
Zhongxingweiye Instrument Co. Ltd. Samples were fabricated by sputter deposition
of 325 nm Ag or Cu onto PTFE substrates of various pore sizes, using a DC sputtering

system (Denton Discovery D18).

XRD analysis of Ag/PTFE samples was carried out with a Bruker D8 Discover
diffractometer. Catalyst morphology was studied using scanning electron mi-
croscopy (SEM) using a JEOL 7600F. For cross-section SEM images, focus ion
beam (FIB) scanning electron microscopy (FEI Helios NanoLab 450) was used.
The sample is milled down slowly, moving deeper into the depth of the sample until

the desired SEM cross-section is achieved.

Electrocatalytic Characterization

The Ag/PTFE samples were tested in a custom designed electrochemical flow cell
system (Fig. , with an active area of 1 cm? (cathode).
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Figure 6.2: Schematic of the experimental setup used to perform electrochemical
CO; reduction. A flow type system is employed, with the catholyte and anolyte
continuously recirculated through the cell from an external reservoir using peristaltic
pumps. Gas products are analyzed using a gas chromatograph and formate is
analyzed using liquid chromatography. Note: items in the schematic are not drawn
to scale.
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In the flow cell, Ni foam was used as the counter electrode (anode) and an an-
ion exchange membrane was used to separate the cathode and anode chambers.
Ag/AgCl (3M KCI) was used as the reference electrode. Aqueous KHCOs3 solution
of varying concentrations was employed as the electrolyte used for both the catholyte
and anolyte. The electrolyte was stored in external centrifuge tube reservoirs and
continuously recirculated through the electrochemical cell using peristaltic pumps.
CO, was supplied at a flow rate of 20 sccm using a mass flow controller (Alicat
Scientific) to the backside of the Ag/PTFE gas diffusion electrode. The effluent
CO, exiting the cell was directly connected to an online gas chromatography (GC)
system (Shimadzu Nexis GC-2030), for analysis of gas products. At the end of
the experiment, the formate in both the catholyte and anolyte were analyzed using
high-performance liquid chromatography (Shimadzu LC-2030C NT).

Double layer capacitance measurements were performed in the same electrochemical
cell. Aqueous 1 M KHCO3 was employed as the electrolyte and cyclic voltammetry
was carried out in a potential window where faradaic processes do not take place.
This was carried out under various scan rates of 80, 60, 40 and 20 mV/s. The capac-
itance current density was plotted vs scan rate and the slope of this graph gives the
double layer capacitance. This value is directly proportional to the electrochemically
active surface area (ECSA) [143]).

pH Imaging Experiments
Confocal microscopy experiments similar to the ones described in the previous

Chapters [2] - [5] were performed with a Zeiss LSM 880 confocal microscope (Fig.
[6.3).

A WN Achroplan 63x water immersion objective with a working distance of 1.7 mm
was used. A customized electrochemical cell was designed and 3D-printed to be
compatible with confocal microscopy and a water immersion objective (Fig. [6.11]
(a), analogous to the cell described in Chapter [3)). The cell is oriented horizontally
and operates without an ion exchange membrane. A rubber gasket between the
gas chamber and electrolyte chamber seals the cell. The flow rate of the CO; gas
stream through the gas chamber was adjusted to 10 sccm. The electrolyte chamber
exhibits two perpendicular inlet and outlet tubes. Electrolyte is recirculated through
the electrochemical cell at a flow rate of 6 mL/min. The active surface area of the

2

working electrode is 0.2 cm”. A leakless Ag/AgCl reference electrode and a Pt

mesh counter electrode are both immersed into the electrolyte. 200 uM APTS was
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Figure 6.3: Photographs of the confocal microscopy setup used to map the local pH
value. (a) Zeiss LSM 880 confocal microscope with a 63x water immersion objective
and an electrochemical flow cell. (b) Close-up image of the electrochemical cell.
(c) Top view of the electrochemical cell, filled with APTS-spiked electrolyte.

dissolved in aqueous 1 M KHCOj; electrolyte and filled into the electrolyte chamber.
A 458 nm laser scans the sample and excites the fluorescent APTS dye molecules.
The laser power is set to 100 %, the pinhole to 57.1 ym and the gain to 800. The
emission is collected separately in the wavelength intervals 480 — 550 nm and 551
— 754 nm. The ratio between the two signals collected is a measure of the local
pH value. The pH value can be calculated with a previously determined sigmoidal

calibration curve:

5.005
(Ratio of Emission)apts — 0.1041

1
pH = In(—1+

- 11.95. 1
2.743 ) % ©.1

More details about the calibration of APTS can be found in Chapter 3.2] Before
each experiment, a potentiostatic electrochemical impedance spectroscopy (PEIS)
was performed with a Biologic SP-200 potentiostat to determine the solution resis-
tance of the cell. A constant current was then applied with the potentiostat while
performing an automatic 85 % IR electronic compensation of the electrochemical
potential. The system was allowed to equilibrate for 15 seconds before taking flu-
orescence measurements. The laser beam scanned the electrolyte in the vicinity of
the electrode in the plane perpendicular to the electrode surface by scanning the

laser line by line and moving the stage in the z-direction in 0.5 ym increments. The
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first line was placed a few micrometers below the electrode surface. The dimensions
of the resulting map are 120 ym in x and 50 ym in z. The measuring speed was
adjusted so that capturing one frame takes approximately 30 seconds. In between
measurements, the electrolyte was removed from the electrochemical cell and re-
placed with electrolyte containing fresh APTS. Each measurement was performed

at least six times.

Multiphysics Simulations

The model employed was previously reported by Weng et al. and full details can
be found in the corresponding publication [35]]. The simulations were implemented
using the COMSOL Multiphysics software. The model is a stationary, isothermal
and 1D axisymmetric model for the cathodic compartment of the cell, which con-
tains the nanoparticle Ag catalyst layer and diffusion medium. CO formation and
the hydrogen evolution reaction are the two electrochemical reactions focused on.
Triangular meshes were applied. The governing equation is the mass balance, the
conservation of mass is implemented with the Nernst-Planck equation. The reaction
rate is composed of the electrochemical reaction, CO; dissolution and homogeneous
bulk reactions. The current density of each reaction is calculated with Butler-Volmer
type kinetics. For electrochemical reactions, the process is governed by charge con-
servation and Ohm’s law. The Bruggeman relationship is applied to obtain the
effective electrical conductivity as the diffusion medium is porous. The dissolution
rate of CO; is obtained by Fick’s law. The homogeneous buffering reactions are
mainly carbonate and water dissociation reactions. For the purposes of this work,
the porosity values of the diffusion media and catalyst layer were set to be identical
to each other and varied across the values of 0.4, 0.5, 0.6, 0.7 and 0.8. The CO»
concentration and pH profile were determined for each porosity value, at cathodic
current densities of -100, -200, -300, -400 and -500 mA/cm?2.

6.3 Results and Discussion

6.3.1 Simulation Results

To lend support to our hypothesis, we fist turned to multiphysics simulations [35]]
to understand the impact of the GDL porosity on the local pH of the electrode
during CO;R. In our simulations, we varied the porosity values from 0.4 to 0.8 and
obtained the steady-state results through a series of applied current densities. Fig.
[6.4] shows the simulation results, and we observed a qualitative trend of lower pH

and higher CO; concentration as the porosity of the diffusion medium increases.
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This is consistent with the notion that a lower porosity can indeed impede CO;

mass transport, hence resulting in changes in the reaction microenvironment of the

catalyst.
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Figure 6.4: Multiphysics simulation results of varying GDL porosity on the (a) local
pH and (b) CO, concentration at various cathodic current densities of -100, -200,
-300, -400 and -500 mA/cm?. A lower porosity is observed to result in a higher
local pH and lower CO; concentration.

6.3.2 Electrocatalytic Analysis

Encouraged by these results, we began by sputtering 325 nm thick Ag films onto
hydrophobic PTFE [53] [61]] substrates with different pore sizes of 0.02, 0.1, 0.22,
0.45, 1.0 and 3.0 um for use as gas diffusion electrodes. Each electrode will hence
be termed as Ag/PTFE(X), where X is the pore size. Top-down scanning electron
microscopy (SEM) images show the structure of these electrodes, with a web-like

morphology of interconnected PTFE fibers coated conformally with Ag (Fig. [6.5).

These SEM images reveal the 3D network of macro-scale pores that are inherently
formed between the fibers, serving as pathways for reactant and product transport.
Cross-sectional SEM images can be found in Fig. [6.6l As would be expected, the

PTFE substrates with larger pore sizes appear visibly more open and less dense.

X-ray diffraction (XRD) characterization of the electrodes was performed (Fig. [6.7]
(a)), with Ag (111) observed as the dominant crystal facet and with no obvious

differences between each of the Ag/PTFE with various GDL pore sizes.

We also carried out cyclic voltammetry in a potential range where only non-faradaic
processes occur to determine the double layer capacitance of each Ag/PTFE elec-
trode. This gives an indication of the electrochemically active surface area (ECSA)

since this value is directly proportional to the double layer capacitance [[143]. The



115

AgIPTFE(0.02)

Figure 6.5: SEM images of hydrophobic PTFE substrates of various pore sizes
coated with 325 nm of Ag using sputter deposition. The pore sizes are: (a) 0.02
um, (b) 0.1 um, (c) 0.22 um, (d) 0.45 um, (e) 1.0 um and (f) 3.0 um. Cross-section
SEM images of the samples can be found in Fig. [6.6]

results show that despite pore size differences, the double layer capacitance and

hence ECSA remains approximately within the same order of magnitude.

We then designed experiments to obtain a qualitative measure of the CO, mass
transport for the different pore size Ag/PTFE electrodes. Each electrode was assem-
bled into a gas diffusion flow cell system (Fig. [6.2)), with a similar design to what
was previously reported in the literature [61} [I44]]. 15 ml of aqueous 1 M KOH was
used as the electrolyte, which was continuously recirculated between the cathode
chamber and an external centrifuge tube reservoir using a peristaltic pump. CO;
was flowed at a rate of 20 sccm, through a gas chamber in contact with the backside
of Ag/PTFE. Without applying any current, we monitored the bulk pH of the elec-
trolyte over a 120 min period by placing a pH probe into the external centrifuge tube
reservoir. The results in Fig. [6.7] (b) show that the bulk pH decreases significantly
with time, as a result of the CO, gas continuously diffusing from the backside of the
Ag/PTFE and reacting with hydroxide in the electrolyte to form carbonate [[136].
We also observe that the bulk pH decreases more rapidly with increasing PTFE pore
size. Importantly, this allows us to experimentally confirm that larger pore sizes
do indeed facilitate faster CO, mass transport. These results are in agreement with
local pH imaging experiments to monitor the CO, diffusion through GDEs that are
presented in chapter 3]
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Figure 6.6: Cross-section SEM images of (a) Ag/PTFE(0.02), (b) Ag/PTFE(0.1),
(c) Ag/PTFE(0.22), (d) Ag/PTFE(0.45), (e) Ag/PTFE(1.0) and (f) Ag/PTFE(3.0).
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Figure 6.7: XRD spectra and evolution of the bulk pH. (a) XRD spectra of Ag
sputtered onto PTFE substrates with various pore sizes. (b) Evolution of the bulk
electrolyte pH over a 120 min period, with no current applied to the system. 15 ml
of aqueous 1 M KOH was used as the electrolyte and was continuously recirculated
through the electrochemical cell using a peristaltic pump.

Next, we sought to assess the influence of the PTFE pore size on the product
selectivity of the Ag/PTFE catalysts. Using the same flow cell system, we evaluated
each Ag/PTFE under cathodic current densities of 100, 200 and 300 mA/cm? in 1
M KHCOs electrolyte. The FE data are shown in Fig. [6.8](a) — (c). Based on the
results, we observe that the formate FE appears to increase with decreasing pore
size, from 24 % for Ag/PTFE(3.0) up to a value of 43 % for Ag/PTFE(0.02) at 200
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mA/cm?. For better visualization, the formate FE is also presented as a contour plot
(Fig. [6.8](d)), where the general trend of higher formate FE with smaller pore sizes
is observed to hold true for all tested current densities. Also, the H, FE tends to
increase with larger pore size. These combined effects result in the CO FE initially
increasing with pore size and then decreasing again, with a peak value of around 80
% at 100 mA/cm? for Ag/PTFE(1.0).
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Figure 6.8: Electrochemical CO,R FE results with 1 M KHCOs as the electrolyte.
(a), (b) and (c) show the product FE data for Ag/PTFE as a function of GDL pore
size under cathodic current densities of 100, 200 and 300 mA/cm?, respectively. (d)
is the corresponding color contour map of the HCOO™ FE data for Ag/PTFE as a
function of current density and GDL pore size.

Based on the bulk pH monitoring and simulation results, we hypothesized that this
could be due to reduced CO, mass transport at the smaller pore sizes, resulting in
a higher local pH and, thus, switching selectivity towards formate. This selectivity
switching was previously observed by Seifitokaldani et al., where CO;R was per-
formed with Ag catalysts in KOH electrolyte [145] with concentrations ranging from
0.1 M to 11 M. It was found that formate was produced with almost 60 % FE in 11
M KOH, compared to only about 4 % in 0.1 M KOH. Using DFT simulations, they
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concluded that this was due to the activation energy barrier for formate becoming

lower than that compared to CO, in the absence of hydronium ions.

Hence, we employed a suite of experiments to further understand these initial
observations and verify our working hypothesis. First, we tested the Ag/PTFE
catalysts in 2 M aqueous KHCOj3, which has a stronger pH buffering ability as
compared to 1 M KHCO3 [146]]. In this case, we did not observe any significant
differences in the formate FE as a function of GDL pore size (Fig. (a) and
(b)) at cathodic current densities of 100 and 200 mA/cm?. This suggests that the
stronger buffer results in a similar local pH value for each of these cases, leading
to a similar formate FE of around 14 “%. However, at the higher current density of
300 mA/cm?, the trend of higher formate FE with smaller pore size appears again
(Fig. [6.9/(c)), with a FE of 19 % for Ag/PTFE(3.0) as compared to a FE of 29 % for
Ag/PTFE(0.02). This results from the expected higher local pH rise with a larger
current density and is therefore consistent with the notion that pH effects are indeed

influencing the observed FE to formate.

To further investigate the effect of buffering, similar CO;R experiments were carried
out with additional buffer conditions of 0.5 M and 1.5 M KHCOj; at 300 mA/cm?
for each pore size condition. The results for Ag/PTFE(0.22) are represented in Fig.
(a), where a trend of higher formate FE with lower buffer concentration is
observed. This is because lower buffer concentrations result in a higher local pH
[146], which then promotes the conversion of CO; to formate. Formate FE for
all Ag/PTFE samples under the different buffer conditions are shown as a colour
contour map (Fig. [6.10] (b)), where the trend of higher formate FE with a lower

buffer concentration is observed to hold true for all GDL pore sizes.

We also carried out CO;R electrolysis experiments where the CO, feed was diluted
with N,. For a lower CO; partial pressure, we expect the local pH to be higher
due to fewer available CO; to react with electrochemically formed OH™. For these
experiments, Ag/PTFE(0.45) was used as the electrode and a constant current density
of 300 mA/cm? was applied. From the results (Fig. (b) and (c)), we observe
that lower CO; partial pressures do indeed result in a higher formate to CO ratio,

consistent with our working hypothesis.

Furthermore, we also conducted in situ measurements using confocal microscopy
with a pH sensitive fluorescent dye to provide experimental verification of the local
pH trends as a function of GDL pore size and applied current density. Fluorescent

confocal laser scanning microscopy enables imaging of the local pH in three spatial
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Figure 6.9: Electrochemical CO, reduction FE results with 2 M KHCO3 as the
electrolyte. (a), (b) and (c) show the product FE data for Ag/PTFE as a function
of GDL pore size under cathodic current densities of 100, 200 and 300 mA/cm?,
respectively. (d) is the corresponding color contour map of the HCOO™ FE data for
Ag/PTFE as a function of current density and GDL pore size.

dimensions with a resolution of one micrometer under operating conditions 78]
Such experiments were carried out using a custom-built electrochemical cell (Fig.
[6.3]and Fig. [6.11] (a)), consisting of a gas chamber for CO, flow and an electrolyte
chamber that is stacked above it. The electrolyte chamber is open at the top, which
allows for a water immersion objective to be dipped into the electrolyte, in close

proximity to the electrode surface.

We studied the local pH in the vicinity of the Ag/PTFE electrodes with the ratio-
metric fluorescent dye APTS, which is descibed in more detail in chapter [I.5.1]
Measurements for all cases were performed using aqueous 1 M KHCO3 electrolyte
with 200 mM APTS, which was constantly circulated through the electrochemical
cell. The pH was mapped for a series of current densities between -20 mA/cm? and
-200 mA/cm?, in the plane perpendicular to the electrode surface, starting from a

few micrometers below the electrode surface. The dimensions of each pH map are
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Figure 6.10: HCOO™ FE as a function of KHCOs3 concentration, GDL pore size
and gas composition. (a) HCOO™ FE data for Ag/PTFE(0.22) as a function of
KHCO3 concentration. (b) Color contour map of the HCOO™ FE data for Ag/PTFE
as a function of KHCO3 concentration and GDL pore size. (c) Product FE data
for the case where the CO, feed stream was diluted with various amounts of N».
Ag/PTFE(0.45) was used as the cathode and 1 M KHCOs3 was used as the electrolyte
at an applied cathodic current density of 300 mA/cm?. (d) Graph showing the
formate to CO ratio as a function of Ny gas dilution, based on the data shown in (c).

120 um in the x direction and 50 um in the z direction (Fig. [6.11](c) and Fig. [6.12).
From the maps, a pH gradient can be clearly observed for all cases, with the pH
being higher at points closer to the electrode surface. We averaged the pH in the
area between the electrode surface and 40 micrometers above the electrode surface
and plotted this as a function of current density (Fig. [6.11] (b)). As expected, the
pH increases as the current density increases since OH™ is created as a by-product

of CO; reduction and hydrogen evolution.

Most importantly, for all current densities investigated, there is the clear trend that
the local pH decreases with increasing pore size of the GDL. This is consistent

with our preceding experimental and simulation results, that a larger GDL pore size
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Figure 6.11: pH imaging experiments and results. (a) Cross section of the custom-
built electrochemical cell with water immersion objective for local pH measurements
with APTS. (b) Local pH value averaged from zero to forty micrometers above the
electrode surface as a function of current density for different Ag/PTFE GDLs. (c)
Representative pH maps as a cross section through the plane perpendicular to the
electrode surface for different Ag/PTFE samples at 100 mA/cm?. pH maps for other
current densities can be found in Fig.

can indeed better facilitate CO, mass transport. This leads to more excess CO,
molecules that are available at the electrode surface to react with electrochemically
generated OH™, leading to a lower pH value. These results are therefore strong
experimental evidence for our hypothesis that tuning the GDL pore size can indeed
directly impact the local pH. This then results in selectivity switching, leading to

the observed increased selectivity towards conversion of CO; to formate.

Finally, we sought to understand if this local microenvironment effect could also
affect other catalysts for electrochemical CO, reduction. Previous literature reports
have indicated that an increased local pH can induce a higher selectivity towards
multicarbon (C,;) products with Cu based catalysts. Hence to explore this effect,
we prepared a series of samples by sputtering 325 nm of Cu onto PTFE substrates of
different pore sizes. These catalysts were then tested at a constant cathodic current
density of 200 mA/cm? in aqueous 1 M KHCOj electrolyte. The results (Fig.
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Figure 6.12: Representative pH maps as a cross section through the plane perpendic-
ular to the electrode surface for different Ag/PTFE samples at four different cathodic
current densities between -20 mA/cm? and -200 mA/cm?. The dimension of each
of the maps is 120 ym in x and 50 um in z.

show that a smaller pore size does indeed lead to an increase in the FE towards C,
products, as a consequence of the induced higher local pH.

However, the C,, FE was observed to drop once the pore size becomes too small.
This is because the local CO, availability is expected to diminish at the smallest pore
sizes, and these conditions are less favorable towards the formation of C,, products.
Our findings are consistent with the work by Strasser and co-workers, where they
observed different “selectivity zones” within their Cu nanoparticle catalyst coatings
on a gas diffusion layer [147]. Zones closer to the gas diffusion layer experience
higher local pH and increased CO, availability, which enhances the C,, selectivity.
On the other hand, zones further away from the gas diffusion layer experience CO,
depletion, which reduces C,, product formation. These observations are supported
by another report in the literature [148], which showed that a lowered CO, partial
pressure suppresses the C,;. FE.

6.4 Conclusion

In this work, we investigated how the pore size of the gas diffusion layer can be
tuned to impact the catalyst local microenvironment and hence, the selectivity for
electrochemical CO, reduction. We first performed multiphysics modelling of the

reaction system, which showed that smaller GDL porosity can slow down CO, mass
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Figure 6.13: Electrochemical CO; reduction results with Cu sputtered on PTFE
substrates of various pore sizes. A constant cathodic current density of -200 mA/cm?
was applied and aqueous 1 M KHCOs3 was used as the electrolyte. Multicarbon
(Cy4) products are ethylene (CoHy), acetate (CH3COQO™), ethanol (C,HsOH) and
I-propanol (C3H;0OH). (a) Gas product FE as a function of pore size. (b) Liquid
product FE as a function of pore size. (c) Applied potential as a function of pore
size.

transport, resulting in a higher local pH at the electrode. Encouraged by these re-
sults, we studied this experimentally using sputtered Ag films on hydrophobic PTFE
substrates with 6 different pore sizes. Although Ag is known to be a predominantly
CO generating catalyst, we find that smaller pore sizes favor the generation of for-
mate up to a faradaic efficiency of 43 Y. This is due to the higher local pH, which
induces reaction pathway switching towards formate at the expense of CO. These
observations are also supported by further investigations with different buffer con-
centrations and partial pressure experiments. A confocal laser-scanning microscopy
setup was further used together with the fluorescent pH probe APTS to map out the
electrode local pH. Through this, we experimentally verified that a smaller (larger)

pore size does indeed result in a higher (lower) local pH. Overall, our results show
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how the GDL pore size can be used to impact the catalyst microenvironment and
hence serve as an experimental knob that can be rationally controlled to influence
the product selectivity. These findings will inform and aid the future design of more
selective and efficient CO,R systems.
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Chapter 7

ELECTROCHEMICAL CO, REDUCTION IN ACIDIC
ELECTROLYTES IS ENABLED BY AN INCREASE IN THE
MICROENVIRONMENT PH

Contents drawn from: A. E. Bohme*, W. Nie*, M. H. Hicks, H.A. Atwater, T.
Agapie, J. C. Peters. "Electrochemical CO; Reduction in Acidic Electrolytes is
Enabled by an Increase in the Microenvironment pH". in preparation. *These

authors contributed equally to this work.

A.E.B. designed and conducted confocal laser-scanning microscopy measurements,

related pH imaging and data analysis.

7.1 Introduction

The majority of CO,R studies are conducted in neutral and basic electrolytes that
help favor the selectivity for CO,R over the hydrogen evolution reaction (HER) [50,
149]. This is also the case for the studies presented in Chapters[2]—[6] Unfortunately,
these electrolytes suffer from low CO, utilization due to parasitic (bi)carbonates
formation and their subsequent migration to the anolyte [[136} 150], see also section
[[.3.1] Strategies to mitigate this problem include the use of artificial membrane-
electrode assemblies (MEA) with bipolar membranes or solid electrolytes [151+-
154], and performing COR in acidic electrolytes [[155-157].

CO3R at low pH poses the challenge of significant competition from HER. Recent
studies have shown that using electrolytes with high alkali cation concentrations
(IM*]) can suppress HER and promote CO,R, although consensus has yet to be
reached concerning the mechanistic basis of the cation effects [155-163]]. A limita-
tion of high [M*] is the potential formation of carbonate deposits that block active
sites and reduce the hydrophobicity of the catalyst surface. These factors can result
in decreased stability of catalytic systems [[164-167], especially at high current den-
sities <j> when applied to CO,R under acidic conditions [156]. Moreover, preparing
highly pure electrolytes at high [M*], or pre-treating concentrated electrolytes to
avoid catalyst poisoning [168,|169], may also pose significant technoeconomic con-
straints. Therefore, it is desirable to explore the feasibility of alternative strategies

to promote CO,R under acidic conditions that do not rely on high [M*]. A better
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understanding of the roles cations play in enabling CO;R, especially under acidic

conditions, will benefit the development of alternate strategies.

While there exist a variety of studies pertaining to alkali cation effects in neutral-to-
basic electrolytes and/or at high [M*] [133} 159, |170-173]| there exist relatively few
investigations in acidic conditions at low [M*] or nominally in M* free conditions
[44, |164, [174]. This is probably due to the inherent difficulty in suppressing
HER and/or detection limitations for CO;R products in low yields. Very recently, a
number of studies have focused on the mechanistic roles of M* with respect to CO,R
under acidic conditions [44}|155,(156,/162,/164,/173-H176]. The primary mechanistic
hypotheses that have been advanced include (Figure[7.1](a)): (i) Partially dehydrated
M ions play key roles in the CO, adsorption/activation steps, via a short-range
electrostatic or direct bonding interactions with adsorbed CO;R intermediates [44,
171, |174]. (ii) Physisorbed M* ions on the electrode surface enhance the local
electric field to stabilize adsorbed polar intermediates to promote CO,R; these
accumulated M™ cations also screen the electric field generated from the cathode to
suppress migration of H* and hence competing HER [155,/159, (164, 172,/176]. (iii)
Solvated M™ ions buffer microenvironment pH to a non-acidic regime based on the
pK, of the coordinated H;O; the buffered microenvironment mitigates carbonate
formation and maintains appropriate microenvironment [CO;] to facilitate CO,R
[173]. Notably, some recent studies have also reported effective CO;,R in the absence
of M* [164, 176, [177], or in the presence of weakly coordinating organic cations

instead of M* [175]], underscoring that M* is not strictly required for CO,R.

In the present study, we investigate CO,R under acidic conditions via controlled-
current electrolysis on Cu electrodes (Figure (b)). We further perform time-
resolved in-situ electrode surface pH measurements via fluorescent confocal laser
scanning microscopy (CLSM) using the pH-dependent ratiometric florescent dye
DHPDS, in analogy to Chapters [2} [} [5] (Figure and section [I.5.1)) [77, [78],
134]]. Together, the electrolysis and pH imaging results highlight the importance of
microenvironment pH near the electrode as the dominant factor controlling CO,R
versus HER. The correlation shows that depletion of surface [H] at a high <j>
and control of H* mass transport in combination lead to CO;R at the electrode by

attenuating HER from H* reduction in the resulting non-acidic microenvironment

(Figure[7.1] (b)).
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a) Using High Concentrations of M* (Previous Work)

M* is required for CO,R in acidic electrolytes
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Figure 7.1: Proposed hypotheses for CO,R with high M* concentrations and an
alternative strategy via manipulation of the microenvironment pH. (a) The strategy
of using electrolytes with high [M*] has been reported to promote CO,R in acidic
electrolytes. It has been hypothesized that M* is required for effective CO,R based
on the following proposals: (i) short-range interactions between partially dehydrated
M™ and the reaction intermediate; (ii) local electric field enhanced by physisorbed
M*; (iii) buffering capacity of M* to maintain the microenvironment pH. (b) An
alternative strategy of accessing and manipulating non-acidic microenvironment pH
is developed in this study to promote CO;R in acidic electrolytes. We suggest that
a non-acidic microenvironment pH is a prerequisite for effective CO,R, which has
been validated by the results of controlled-current electrolysis in pH 2 H3POy4 (i) on
bare Cu electrodes; (ii) on organic film modified Cu electrodes; and (iii) in aqueous
pH 2 H3PO4 with low [M™*] on organic film modified Cu electrodes.

The data presented collectively suggests that a non-acidic microenvironment is the
essential requirement for achieving CO,R in aqueous pH 2 H3POy, and not a high

[M*]; cations play an important role in suppressing H* mass transport and buffering

the pH near the electrode [153] 173].

7.2 Methods
Sample Preparation
Before each electrochemical experiment, Cu foil was mechanically polished to a

mirror-like finish using nanodiamond suspension, then rinsed with water and dried.
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Figure 7.2: Schematic of the CLSM setup and calibration curve. (a) Schematic of
the CLSM setup (cathode: Cu foil; anode: Pt mesh; reference electrode: leakless
Ag/AgCl; CO; continuously purges the electrolyte from the right inlet, the fluores-
cent dye is dissolved in the cycled electrolyte); (b) the calibration curve for the local
pH based on the ratio of emission of the dye (inset: absorption spectrum of the dye
as a function of pH showing the two excitation wavelengths and chemical structure
of the pH-sensitive ratiometric florescent dye DHPDS).

The Cu foil was then electropolished at +2.3 V vs. a carbon rod electrode in a
phosphoric acid bath for 5 minutes before being rinsed and dried again. Nearly-M™-
free pH = 2 electrolyte (H3PO4) was prepared by making 0.01 M H3zPO4 aqueous
solution first, with pH then adjusted to ~2.0 using concentrated H3PO4. Inductively
coupled plasma mass spectrometry (ICP-MS) was applied to test the nearly-M™*-free
pH 2 electrolyte (H3PO4), showing ~1 ppm M* in the solution. pH 2 electrolytes
with 0.2 - 500 mM K* were prepared by adding KCl into nearly-K*-free pH = 2
electrolyte (H3POy4). Prior to each electrolysis for CO; reduction, the electrolyte
solutions were sparged with CO, gas for at least 30 min. The pH of electrolytes

were measured by a SBOOMS Benchtop sympHony Meter.

Electrocatalysis Experiments

Controlled-current electrolysis experiments were carried out in a custom-made
PEEK cell setup with a copper foil as the working electrode and a platinum foil
as the counter electrode. The cathode and anode compartments were separated with
a Selemion AMV anion-exchange membrane. Chronopotentiometry (CP) mea-
surements were conducted using a Biologic VMP3 multichannel potentiostat, the
working current was kept constant and the electrode potential vs. aleakless Ag/AgCl
reference electrode was measured. Potentiostatic electrochemical impedance spec-
troscopy (PEIS) measurements were conducted before each electrolysis experiment

to determine the Ohmic resistance of the cell setup. The potentiostat was not set
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for any iR drop compensation but the reported electrode E was compensated after
measurements based on applied current and measured Ohmic resistance of the cell

setup.

All experiments were performed at room temperature for 35 min in corresponding
electrolytes under CO; or Ar atmosphere. The effluent gas stream through the cell (5
mL/min) was flowed into the sample loops of a gas chromatograph (GC-FID/TCD,
SRI 8610C, in Multi Gas 5 configuration) equipped with a HayeSep D column.
Every 10 min, 1 mL of gas was sampled to determine the concentration of gaseous
products. After electrolysis, the main liquid products (formate, ethanol and 1-
propanol) in catholytes were quantified by high performance liquid chromatography
(HPLC) (Thermo Scientific Ultimate 3000).

Fluorescence confocal laser scanning microscopy (CLSM) measurements

CLSM measurements were performed with a Leica Stellaris 5 upright confocal mi-
croscope with a HC FLUOTAR L 25x/0,95 W VISIR water immersion objective.
A custom-made electrochemical cell was 3D-printed. It exhibits a horizontal ori-
entation to be compatible with confocal microscopy. It consists of a flat base plate,
topped with a rubber gasket to prevent leakage as well as an electrolyte chamber.
A polished copper foil cathode is placed between the gasket and the electrolyte
chamber which exhibits a circular hole in the center with an area of 0.2 cm? that
exposes the copper cathode. The electrolyte chamber is open at the top to allow the
water immersion objective to be dipped into the electrolyte. It further has an inlet
with a straw that leads to the cathode surface as well as an outlet at the opposite side
of the chamber that allows for electrolyte recirculation. A third inlet port enables
constantly bubbling the electrolyte with 5 sccm CO,. A leakless Ag/AgCl reference
electrode and a Pt mesh counter electrode are immersed into the electrolyte (Fig.
[7.2). pH imaging is possible by the addition of the pH-sensitive dye DHPDS that is
sensitive to pH values between 6 and 11.5. Hence, only local pH values exceeding
6 can be resolved. 50 uM DHPDS were dissolved in the electrolyte. Compared to
pH imaging in alkaline electrolytes (compare Chapters[2] f]and [5), different settings
must be chosen for the acidic environment. For acidic pH values, the absorption of
DHPDS is close to zero at one of the main absorption peaks around 485 nm (see
Fig. [7.2] (b), inset). The excitation of that peak had been utilized in the previous
chapters. We therefore decided to use the absorption peaks around 405 nm as well as
around 448 nm instead. Consequentially, DHPDS can still be used as a ratiometric

probe while both channels exhibit a signal >0 even if the solution pH is <6. The dye
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molecules were excited separately with a laser beam at 405 nm (laser power 1.2%)
and a second laser beam at 448 nm (laser power 0.5%). The emission was collected
separately for both excitations between 495 and 835 nm with a gain of 100. The
pinhole was set to 1 Airy unit. The ratio between the emission from both excitations
is a measure for the local pH value. A calibration curve was determined previously
by measuring the ratio of emission for various solutions of known pH value and

determining a sigmoidal fit curve (Fig. (b)). It was determined as

1 10
1 —
1651 "™ (Ratio of Emission) — 0.01303

pH =8.153 - 1). (7.1)
Before each pH imaging experiment, potentiometric electrochemical impedance
spectroscopy (PEIS) was performed using a Biologic SP-200 potentiostat. Three-
dimensional confocal microscopy images were captured as a time series approxi-
mately every 5 s. The image format was chosen to be 512 x 16 pixels in the x-y plane
with a pixel size of *500 nm x 500 nm. A stack of images in the z-direction (per-
pendicular to the cathode surface) was captured with a distance of 565 nm between
each frame, starting below the surface of the cathode to 20 pm above the surface.
The local pH value was averaged over all pixels between what was determined to be

the cathode surface and ~1 um above the surface as a function of time.

The exemplary pH maps in Fig. and (c) are pH maps in the x-z plane,
averaged over the 16 pixels in the y direction. A constant current of <j> = -1.25
mA/cm?, -5.00 mA/cm? or -10.0 mA/cm? was applied 30 seconds after starting a

confocal time series.

Fresh electrolyte with unused DHPDS dye was used for each time series mea-
surement and the cell and objective were rinsed extensively with nanopure water
between each experiment. The electrolyte was circulated through the cell at a rate
of 1 mL/min during measurements to mitigate the buildup of bubbles that impede
pH imaging. Large bubbles still formed at high current densities. In that case, the
measurement was interrupted, the bubbles were removed with a glass pipette and
the measurement was resumed. This caused gaps and noise in the data obtained
at higher current densities, however, the pH trend is still clearly distinguishable.
During the course of a measurement, the buildup of bubbles intensified which is

why the duration of CLSM confocal measurements was limited to 10 min.
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Figure 7.3: Exemplary pH maps in the plane perpendicular to the cathode surface
captured with confocal microscopy and the fluorescent dye DHPDS in aqueous pH
2 H3PO,4 with 20 mM K* at -10 mA/cm? and 5 SCCM CO, flow at (a) 0 minutes
and (b) 5 minutes after starting the current. The white frames indicate the area
approximately between the electrode surface and 1 um above the surface in which
the pH value that is displayed in other figures was averaged.

7.3 Results and Discussion

COzR in pH 2 H;3POy, electrolytes

To explore the possibility of CO,R in the absence of M, controlled-current elec-
trolysis experiments were conducted on Cu foil electrodes in CO; saturated aqueous
pH 2 H3POy, electrolyte. At low <j> (-1.25 mA/cm?), the electrode potential E
remained at ~-0.50 Vrgg (versus the reversible hydrogen electrode, RHE) with a
negligible shift during 35 min electrolysis, while higher <j> (-5.00 mA/cm?) caused
a slow cathodic E shift from -0.50 to -1.40 Vryg (Figure [7.4] (a)). At both <j>,
neither gas nor liquid CO,R products could be detected, which is consistent with
previous studies showing a lack of CO;R in the absence of M* in electrolytes [174].
However, as -10.0 mA/cm? was applied, a rapid E drop was observed from -0.50 to
~-4.00 VRuE (Figure@ (a)). Once E dropped below -1.40 Vryg, gaseous products
(CO, CH4) were observed by on-line gas chromatography (GC) and formic acid
was detected in the liquid phase after electrolysis (Figure[7.4(b)), albeit at very low
FECco,r = 0.4 + 0.2%.

To further validate the 0.4% FECco,r, we conducted the same controlled-current
electrolysis using Cu gas diffusion electrodes (Cu-GDE) and obtained FECco,r =
19.8 + 5.4% in pH 2 H3POy4 at -10.0 mA/cm?, probably due to improved CO, mass
transport in the GDE configuration.

As the electrolyte bulk pH remains unchanged after electrolysis, the E shift is
assigned to a dynamic change within the catalytic microenvironment, with local pH

at the electrode being a plausible cause. CLSM measurements were performed using
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Figure 7.4: [E and pH profiles in pH 2 H3POy4. (a) The E profiles with FECco,r on
Cu foil electrodes at different <j> in aqueous pH 2 H3POy; (b) the time-dependent
E and detection of CO,R on Cu foil electrodes at -10.0 mA/cm? in pH 2 H3POy; (¢)
the pH map in the plane perpendicular to the cathode in pH 2 H3PO4 with DHPDS;
(d) the microenvironment pH at the electrode surface as a function of time and <j>
in pH 2 H3POy4 with the electrolyte circulated at 1 mL/min. The dashed lines are
guides to the eye.

the ratiometric florescent dye DHPDS to monitor the in-situ microenvironment pH
at the electrode surface at different <j>. The DHPDS dissolved in the electrolyte is
sensitive to pH values between 6 and 11.5. Although DHPDS contains Na* in the
structure, its low concentration in the test solution ([Na*]=0.05 mM, close to 1 ppm
(~0.03 mM) M* in aqueous pH 2 H3POy,) is assumed to have a negligible effect on
the CO,R results, in accord with results presented in the following section.

An electrolyte flow of 1 mL/min was applied to mitigate the buildup of bubbles
that cause noise due to blocking the fluorescent signal of the dye. Figure [7.4] (c)
shows a representative color-coded pH map in the plane perpendicular to the cathode
surface captured with confocal microscopy in aqueous pH 2 H3PO4 containing 50
uM DHPDS after 5 minutes at a current density of -10 mA/cm?. Although the

spatial resolution of these CLSM measurements (= 500 nm) is not sufficient to
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resolve the reactive double layer (= 10 nm), they do provide a resentative trend of

the microenvironment pH.

CLSM measurements of the um-scale pH gradient as a function of distance from
the electrode surface for different K* concentrations and at different <j> (Fig.
reveal a clear trend of increasing pH as a function of proximity to the electrode
surface consistent which is consistent with other literature reports [56, 58, 60, 77,
78, [178]. Based on this trend, the pH value within the double layer (=10 nm) is
expected to be even more alkaline than the pH value that was measured and averaged
within 1 um from the electrode surface (the white frame in Figure [7.4] (¢)). Still,
we caution that some computational models based on a local electric field argument
have suggested an interesting pH drop within a 2 nm layer near the electrode surface
[164, 179]. However, it remains a significant challenge to experimentally resolve

pH on the nm-scale.
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Figure 7.5: Averaged observed pH after 10 minutes as a function of current density
and the distance from the electrode surface for (a) 0 mM (inset is a zoomed-in
version of the same data); (b) 0.2 mM; (c) 2 mM; (d) 20 mM and (e) 200 mM [K™]
in pH 2 H3PO4 with 5 SCCM CO, flow.

At -1.25 mA/cm?, the observed pH was maintained at <6 (since the detection range
of the dye is between pH 6 and 11.5, pH values <6 will appear as pH 6) during the
measurement (Fig. (d)). Higher <j> (-5.00 mA/cm?) caused a gradual pH change
starting at ~2 min; the observed pH remained weakly acidic (<6.6) overall up to 10

min. In contrast, an obvious pH increase to >6.2 was observed within one minute
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of applying -10.0 mA/cm?, with the pH continuing to increase to more neutral pH
values over 10 min. Longer-time-resolved CLSM tests were unsuccessful due to
gas bubbles accumulating at the cathode interface. Nonetheless, the first 10 min of
pH measurements at different <j> in Figure [7.4](d) provide consistent trends in pH
change as predicted from the E profiles of the electrolysis results (Figure [7.4(a)).
Based on a study by Koper and coworkers, as E becomes more cathodic than -1.40
VruE, H20 reduction replaces H* reduction for HER, indicating a neutral or higher
microenvironment pH [[180], which is consistent with the microenvironment pH

increase towards a neutral value at -10.0 mA/cm? in our CLMS measurements.

The observation of CO,R exclusively at E < -1.40 Vryg in our data (Figure (b))
together with the pH imaging results suggest that a non-acidic microenvironment
pH is an important prerequisite for CO,R. This is further supported by control
experiments in H3PO, electrolytes at different bulk pH values, where a distinct
cathodic E shift and 0.8 + 0.2% FEco,r was observed at low <j> = -1.25 mA/cm?
in pH 3 H3POy, but a negligible E shift and therefore 0% FEco,r even at high <j>
(-10.0 mA/cm?) in pH 1 H3POj.

CO;R in acidic electrolytes with varying [M*]

To investigate the role of M* in catalytic CO;R, controlled-current electrolysis
experiments were studied in CO; saturated pH 2 H3PO4 with varying [KCI]. At
-1.25 mA/cm?, addition of K* (0.2 mM and 2.0 mM) does not distinctly influence
E profiles (Fig. (a)), which is consistent with only a slight change in the acidic
pH as measured by CLSM (Fig. [7.6](d)). As aresult, CO2R does not occur at acidic
microenvironment pH values regardless of [K*]. In contrast, the microenvironment
[H*] can be effectively depleted at -10.0 mA/cm?, leading to a rapid pH increase.
Higher [K*] (2.0 mM) facilitates the E drop and promotes CO;R (FEco,r = 12.4 +
5.4%), while 0.2 mM K* gives only a slightly changed E profile with FEco,r = 0.6
+ 0.2%, comparable to values in pure H3PO, electrolyte (Fig. (b)).

The CLSM measurements show a similar trend of microenvironment pH change at
-10.0 mA/cm? as predicted by the E profiles. The presence of relatively high [K*]
(2 mM) increases the observed pH to ~8 within 10 minutes, while at [K*] = 0.2
mM, pH ~7 comparable to the pH profile of pure H;PO, is achieved (Fig. (e)).
Importantly, at a constant <j>, the rate of H* depletion (or OH™ generation) from
combined HER and CO;R can be assumed to be constant. Therefore, the facilitated

microenvironment pH increase at -10.0 mA/cm? in the presence of K*, in particular
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Figure 7.6: The E profiles on Cu foil electrodes at (a) -1.25 mA/cm?, (b) -10.0
mA/cm?, and (c) -5.00 mA/cm? in pure H3POy4, 0.2 mM K* and 2.0 mM K* pH 2
H3POy; the observed pH vs. time profiles on Cu foil electrodes at (d) -1.25 mA/cm?,
(e) -10.0 mA/cm?, and (f) -5.00 mA/cm? in pure H3POy4, 0.2 mM K* and 2.0 mM
K* pH 2 H3POy4. The dashed lines are guides to the eye.

for [K*] = 2 mM, is attributed to attenuated H* mass transport to the electrode
surface due to K*, which has been proposed previously to arise from an electric
field shielding effect of M* on H* diffusion and migration [[155} |164]. This effect
was also observed in electrolysis at the more moderate <j> of -5.00 mA/cm?. A
faster E shift (Fig. (c)) and observed pH increase towards ~7 (Fig. (f)) was
observed at 2 mM K*, and FEco,r was promoted to 8.1 + 3.4% once E was cathodic
at -1.4 Vryg. 0.2 mM or trace amounts of K* showed neglectable M™* effects on
H* mass transport and hence microenvironment pH enhancement due to low [M*].
These data suggest that the presence of M* helps facilitate a microenvironment pH

increase, which in turn favors CO;R.

Similar electrolysis studies were also conducted at higher [K*] (20 mM - 500 mM).
As shown in Fig. (a), <j> of -1.25 mA/cm? was too low to effectively deplete
the local [H*] to create a sufficiently non-acidic microenvironment. Therefore,
no CO,R was observed, even at high [K*]. However, the E profiles at -5.00 and
-10.0 mA/cm? in the presence of 20 - 500 mM KT display very distinct features
compared to those at low [K*] (<2mM). With 20 mM K* at both <j> values
(Figure (a) and (b)), E drops faster than when using 2 mM K* in the first
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Figure 7.7: Local pH value at the electrode surface as a function of time and [K*]
for (a) -1.25 mA/cm? (inset is a zoomed-in version of the same data); (b) -5 mA/cm?
and (c) -10 mA/cm? in pH 2 H3PO4 with 5 SCCM CO; flow.

10 min, which we presume is due to enhanced suppression of H" mass transport
when more K* is present in the microenvironment. Interestingly, E then reached
a plateau which is maintained during the remaining time of electrolysis (Figure
[7.8] (a) and (b)). This observation suggests that a steady state microenvironment
pH is dynamically established. Increasing [K*] helps reach such a steady state
more efficiently, manifested in a less negative Epjaeau that is almost independent of
[K*] at concentrations higher than 100 mM (Figure (a) and (b)). This trend of
Eplateau With increased [K*] is consistent with the effect of [K*] on CO2R: FEco,r is
enhanced as [K*] increases from 2 mM to 100 mM, then plateaus, showing similar
C1/Cy, selectivity at [K*] >100 mM (Figure[7.8|(c) and (d)).

Accordingly, CLSM measurements in pH 2 H3POy at -5.00 and -10.0 mA/cm?
confirm a stable microenvironment pH at high [K*] (Fig. [7.9). Notably, controlled
electrolysis in pH 5.2 (200 mM KCl, CO, saturated) and pH 8.2 (20 mM KOH + 180
mM KCI, CO; saturated) electrolytes displayed almost the same Epjateay and identical
CO,R product selectivity at -10.0 mA/cm? with the same [K*] = 200 mM. These data
collectively suggest that the dynamically stable microenvironment pH established in
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Figure 7.8: The E profiles of Cu foil electrodes at (a) -5.00 mA/cm? and (b) -
10.0 mA/cm? with 2 mM =~ 500 mM K* in pH 2 H3POy; the electrolysis product
distribution on Cu foil electrodes in pH 2 H3PO,4 with different [K*] at (c) -5.00
mA/cm? and (d) -10.0 mA/cm?,

the presence of M* becomes independent of [M*] for [M*] >100 mM, and the bulk
pH of the electrolyte. Therefore, the mechanistic role for M* in the catalytic CO,R

process is related to achieving and maintaining a higher microenvironment pH.

Our observation of CO;R in nearly M*-free pH 2 H3POy as discussed above, suggest
that a coordinative interaction between an alkali M* and a surface-bound CO,
intermediate, which has been implicated as essential to CO; activation and catalysis
[178]], is unlikely a requirement of COzR. Instead, a comparatively non-acidic
microenvironment at the electrode surface is, in our view, likely the governing
factor for CO;R. Adding M* facilitates an increase in the microenvironment pH
via suppressing H* mass transport as M* is physisorbed in the double layer [[155]].
This phenomenon serves to maintain a stable, non-acidic microenvironment pH at
a suitable [M*]. Such a stabilized microenvironment pH is independent of higher

[M*] and the bulk pH of the electrolyte, but correlates with the buffering capacity
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Figure 7.9: Local pH value at the electrode surface as a function of time and current
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pH 2 H3PO4 with 5 SCCM CO; flow.

of different solvated M* cations based on the pK, values of their respective solvated
H,O molecules [[173]].

To promote CO,R at low [M*], one possibility is the application of additive films
that mitigate H* mass transport and thus suppresses HER under strongly acidic
conditions. This was tested with a film derived from the electrodeposition of N-
tolypyridinium [181]]. We found that a non-acidic microenvironment pH can be
quickly established via efficient suppression of H* mass transport. CO2R (FEco,r
~6%) on Cu/film electrodes is observed in nearly M*-free pH 2 H3POy, and is
dramatically boosted to FEco,r ~60% in pH 2 H3POy4 at low [K*] (20 mM). The
added K* is believed to buffer the microenvironment pH in favor of CO,R. Finally,
in strongly acidic pH 1 H3POy4, FEco,r #55% can be achieved on a film-modified Cu
GDE at 0.1 M K* and <j> = -50 mA/cm?. This result is distinct from the conditions
needed previously to achieve such high FE¢,, ([IM*] > IM and <j> > -500 mA/cm?).
This study hence establishes a promising strategy to promote CO,R under acidic
conditions using film-decorated electrodes, where a favorable microenvironment

displaying a non-acidic pH, as required for CO;R, is accessible.
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7.4 Conclusion

In conclusion, we studied CO;R in aqueous pH 2 H3PO,4 with varying [M*] with
a combination of electrocatalytic techniques and operando electrode surface pH
measurements via CLSM. This reveals a mechanistic correlation between non-
acidic microenvironment pH and the onset of CO,R. At an appropriate current
density <j>, CO;R can occur in aqueous pH 2 H3PO, via rapid depletion of local
H*. This process builds up a non-acidic microenvironment to attenuate the H*

reduction process and thus facilitate CO,R.

The presence of M* is not strictly required for CO,R under acidic conditions, but can
effectively increase and then buffer the microenvironment pH due to the mitigation
of H* mass transport. This attenuates HER and thereby promotes CO,R. Elevated
[M*] leads to the build-up of a steady state non-acidic microenvironment pH at a
constant <j>, which is independent of the pH and [M™*] in the bulk electrolyte, and

correlates with the buffering capacity of the solvated M*.

Overall, our results suggest that a non-acidic microenvironment is the essential

requirement for CO,R in acidic bulk electrolytes.
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Chapter 8

FLUORESCENT CARBON MONOXIDE PROBES IN
ELECTROCHEMICAL CO, REDUCTION APPLICATIONS ON
THE EXAMPLE OF NCCA: CHALLENGES AND
PERSPECTIVES

A. E. B. conceptualized the study, performed literature research to identify a suitable
probe, conducted ICP-MS experiments and performed and supervised confocal

laser-scanning imaging experiments as well as data analysis.

8.1 Introduction

In the last Chapters (2] [31 4] [5 [6|and[7), a technique to measure the spatially resolved
pH value in CO;R applications was presented and applied in various contexts. This
is very useful since it offers the opportunity to gain spatially resolved information
about the CO,R process. Unfortunately, it can only indirectly (e.g., in combination
with simulations, see chapter ) provide information about the product selectivity.
Specifically, it is unable to distinguish if a measured increased local pH value is the
result of CO;R or of HER.

On the other hand, the most common experimental technique to separate gaseous
products and hence, evaluate the selectivity of CO;R devices is gas chromatography
(GC) that provides insight into the amount of different gaseous products formed,
including CO, methane, ethane, ethylene and hydrogen. While this method is
invaluable to determine the average product selectivity of bulk electrodes, it fails to

provide spatial information about where different products are formed.

It would be highly desirable to measure the local concentrations of different CO,R
products around CO,R electrodes with micrometer-scale three-dimensional spatial
resolution as this would enable the identification of areas with a particularly high
activity towards certain products. This possibility could provide more direct in-
formation about the CO,R performance than local pH measurements. It would be
particularly useful for samples with micrometer-scale inhomogeneities like trenches
as presented in Chapters and [5] or tandem catalysis samples[[I82H184]]. Locally
resolved CO,R product concentration data around operating CO,R electrodes would

enable the targeted optimization of electrodes with the goal of enhanced selectivity.
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Since CO is the most common and simplest CO2R product, it is the molecule that

we focus on in this study.

Several studies that attempt to address the question of the CO distribution on a CO,R
electrode surface have been published. This includes surface-enhanced infrared ab-
sorption spectroscopy (SEIRAS) [185,186], surface-enhanced Raman spectroscopy
(SERS) [85, [187], and electrochemical real-time mass spectrometry (EC-RTMS)
[188,/189]]. However, none of these techniques offers the possibility to map the local
CO concentration with three-dimensional micrometer-scale spatial resolution. This
capability is crucial as it allows to identify sites with enhanced CO activity. Three-
dimensional resolution is important to resolve electrodes that are not completely
planar but exhibit features like surface facets, trenches, edges or micrometer-scale

pores.

The three-dimensional imaging of the micrometer-scale CO concentration is a field
of research that is actively pursued for the use in life-science and biological appli-
cations. Despite being toxic at high concentrations, CO is a molecule that is of high
importance in biological research and for example plays a role as a cell-signaling
molecule in living cells [190, 191]. To realize the three-dimensional imaging of
the local CO concentration in biological applications, fluorescent laser-scanning
confocal microscopy is used together with a CO-sensitive fluorescent probe. The
general working mechanism is very similar to that of pH imaging with confocal
microscopy as presented in the previous chapters. Over the past decade, a variety
of fluorescent CO probes has been published, see Table[8.1] They operate primarily
on the principles of Tsuji-Trost reactions, a palladium-mediated carbonylation or
protonation reaction which requires the addition of heavy metal ions, in most cases
Pd**. A smaller number of probes works without heavy metal ions and relies on
the reduction of nitro groups to amino groups. All probes have in common that
the reaction with CO leads to changes in the fluorescence intensity that signal the
presence of CO and can be detected with CLSM.

Despite the tremendous potential, CLSM in combination with fluorescent CO probes
has not been used to map the local CO concentration in electrochemical systems
yet. As a consequence, CO fluorescent probes optimized for the application in
electrochemical applications are yet to be developed. The requirements for a dye
to be used in the context of electrochemistry differ from those that are developed
for the use in life sciences. Some important characteristics are listed in Table [3.1]

while others are not commonly reported in publications that are targeted towards
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Table 8.1: Comparison of a selection of fluorescent CO probes that have been reported
in literature. Aex is the excitation wavelength, Aen, the emission wavelength. Note that
this table does not list all reported fluorescent CO probes but only those that were
wide detection range, short response

considered to exhibit superior performance (e.g.,

time, ratiometric properties or metal-free).

Metal- Detection | Response . .
Probe Reference | Aex (nm) | ey (Nm) mediated Range Time Ratiometric Solvent
30 nM - . PBS
BT 2+ i
HPQ-BI-CO [192] 400 450 Pd 100 M 2 min No DMSO
37 nM - PBS
2+ i ’
Rh-NIR-CO [193] 541 676 Pd 100 M 5 min No 1% DMSO
1 uM - . Dichloro-
R 2+ H
Nap-Pd [194] 440 527 Pd 1000 M 5 min No methane
CDCI-CO [195] 510 710 pd2* 33nM - 10 min N PBS
- 100 M °
37 nM - PBS
CO. 2+ i §
FL-CO-1 [196] 490 520 Pd 300 v | 19 min No 0.05% DMSO
8 M - NaH,POy4/
Probe 1 1197 420 472, 545 pd** 35 uM 20 min Yes K;HPOy,
# 30% DMSO
30.8 nM - . PBS
2+ ’
BTCV-CO [198] 465 546,710 Pd 50 uM 20 min Yes 5% DMSO
. 2+ 17.9 nM .
Ratio-CO [1199] 430 455, 545 Pd 250 uM 20 min Yes DMSO
29 nM . PBS
2+ ’
Probe 2 [200] 490 527 Pd - 400 uM 20 min No 0.5% DMSO
1.9 uM - PBS
E g 2+ M i i
Pd-BNP-OH [201]) 405 510 Pd 825 uM 150 min No 5% DMSO
COSer [202] 516 520-600 No 1161 ;:/IM 10 min No 25 mM MOPS
6.1 nM - . HEPES,
NIR-CO [203] 580 665 No 160 uM 10 min No 30% DMSO
600 nM - . HEPES,
LysoFP-NO2 [204] 440 525 No 100 uM 20 min No 1% DMSO
HCP [205]] 420 450-700 No 21 nM - 30 min No PBS
80 uM
19 nM - . PBS,
NAP-CO [206] 441 531 No 200 M 30 min No 10% DMSO
12 nM - . PBS,
NCCA [207) 405 450 No 800 M 30 min No 1% DMSO
180 nM - . HEPES,
NucFP-NO, [208] 440 520 No 100 M 45 min No 2% DMSO

the biology community. The following criteria are strictly required for a CO probe

that is to be used in electrochemical applications:

1. The excitation and emission wavelengths of the probe should be compatible

with common confocal microscopes. Most CO dyes that have been reported

fulfill this criterion since it’s also required for the application in life-science

experiments.

2. The probe must be metal-free and not require the addition of metal ions

that could plate out and poison the cathode and hence significantly alter

the electrochemical process. As noted in Table [8.1] top half, a majority of
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fluorescent CO probes requires the addition of heavy metal ions like palladium
(Pd**). This is detrimental for electrochemical CO,R systems since P4+
can plate out on the cathode when a bias is applied. Palladium, even as a
monolayer, is known to be a very potent catalyst for the parasitic hydrogen
evolution reaction (HER) [209-211] that is to be suppressed to perform CO,R
efficiently and selectively.

3. The probe should be selective towards CO without interacting with other
molecular species that are typically present in CO;R experiments, including
CO,, water, formic acid, methanol, methane, ethanol, ethylene, carbonate
and bicarbonate, among others. Importantly, it should not interact with H*
or OH™ molecules that determine the local pH value. Many reports test a
CO probe’s selectivity compared to other biologically relevant molecules like
cysteine, glutathione, and homocysteine [195} (197,198, [200, 201]] but do not
focus on molecular species that are important in the context of CO,R. Some
reports present observations of a probe’s stability for varying pH values, with

different results.

4. The probe should be stable under electrochemical operation; it should not
alter the system or interact with the cathode or anode. Since this is a require-
ment that is not relevant in biological studies, this criterion is generally not

considered in existing publications about fluorescent CO dyes.

5. The probe should exhibit a wide detection range with a lower detection limit <
1 uM and up to 1000 M which corresponds to the maximum solubility of CO
in water [212]]. It is expected that in CO,R systems, high CO concentrations
up to the solubility limit will be observed. However, in a biological context,
much lower CO concentrations are relevant. Hence, most reported probes
have a lower detection limit well below 1 uM which is sufficient for CO,R
applications. However, on the other end of the detection range, the maximum
limit is often below or on the order of 100 M, see Table 8.1}

Further criteria that are not strictly required but that an ideal fluorescent CO probe

to be used in electrochemical applications would exhibit are:

6. The probe should have a quick response time, ideally on the order of seconds.
Unfortunately, most reported probes have a response time well above one

minute, with most having a response time >20 minutes, see Table [8.1]
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7. Ideally, the probe should be ratiometric. The advantage of this method is that
the observed signal does not depend on the local dye concentration which
makes the measurement easier and more reliable. So far, only few ratiometric
fluorescent CO probes have been reported and unfortunately, they all require

the addition of metal ions and are therefore not suitable [[197-199].

8. The probe should be reversible since this makes CO concentration measure-
ments easier and more accurate. Reported CO probes are almost exclusively

irreversible.

9. Typically, CO2R experiments are carried out in aqueous electrolytes. Ideally,
the probe should be water-soluble. Most CO dyes that have been reported

require the addition of a small amount of organic solvent, see Table [8.1]

10. Ideally, the probe should be commercially available or easy and cheap to syn-
thesize. With very few exceptions, reported CO probes are not commercially

available.

Note that the fluorescent pH probes DHPDS and APTS described in previous chap-
ters fulfill all requirements listed above as applicable to pH probes. This explains

the success we had with these two probes, compare chapters [2] -

On the other hand, to the best of our knowledge, no fluorescent CO dye has been
reported that fulfills all listed requirements. After carefully reviewing the existing
literature, we identified the probe NCCA (7-nitro-2-oxo-2H-chromene-3-carboxylic
acid) [207] as one of the most promising for the use with electrochemical CO,R
systems. It exhibits a coumarin fluorophore with a reactive aromatic nitro group that,
upon exposure to CO, is reduced to an amino group which turns the fluorescence
of the molecule on, see schematic in Fig. (b). NCCA has been demonstrated
to image local CO concentrations in living cells. The fluorescent emission signal
is a function of the local CO concentration. It can be excited at 405 nm and emits
a photon with a maximum intensity at a wavelength of 450 nm which makes it
compatible with standard confocal microscopy systems. Importantly, it is a metal-
free probe and does not require the addition of heavy metal ions. It has been shown
to exhibit a stable signal for pH values 6 - 12. The selectivity has been demonstrated
for biologically relevant molecular species but not for molecules that are important
for the process of CO,R. The stability under electrochemical operation has not been

tested. The lower detection limit is reported as 12 nM CO, and the linear detection
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range reaches a concentration of 20 uM. However, the fluorescent signal continues
to increase, despite not linearly, up to a concentration of 800 — 1000 uM. The
response time is listed as 30 min. The probe in neither ratiometric nor reversible.
Low concentrations of the organic solvent DMSO are required to dissolve NCCA in

water. It is not commercially available.

In this study, we investigate the suitability of reported fluorescent CO probes for
the application in electrochemical CO,R devices. In particular, we closely examine
the probe NCCA. In a first step, we show that for the application in electrochemical
systems, a probe must be metal-free. We then demonstrate that the metal-free NCCA
indeed acts as a sensor for CO molecules. We highlight challenges, including the
calibration of a fluorescent CO probe and the reduction of NCAA at the cathode
surface which leads to an uncontrolled fluorescence turn-on. We point out how
the challenges can potentially be addressed, e.g., by the operation within a narrow
potential window or via the application of additive coatings. We further report on
fluorescent probes that have the potential to detect CO,R products beyond CO. We

point out where the opportunities are and propose future directions.

8.2 Methods

Identification of Pd>* Deposits on the Cathode

We performed experiments to verify if CO probes that require the addition of Pd**
lead to Pd deposits on CO,R electrodes. Following the procedure described in [200]
to sense CO with "Probe 2," we used 5 uM PdCl,; dissolved in the common CO;R
electrolyte aqueous 100 mM KHCOs3. An electrochemical cell like the one used for
CLSM characterization (see below, analogous to the cells used in previous chapters)
with the addition of a gas chamber to accommodate the use of a gas diffusion
electrode (GDE) was utilized. As the cathode, a gas diffusion electrode (GDE)
made of Sigracet 39 BC carbon paper with a 300 nm copper catalyst layer was used.
The anode was a Pt mesh and the reference electrode a leakless Ag/AgCl electrode.
The electrolyte was pumped through two perpendicular inlet tubes at a flow rate of
6 mL/min and a CO; gas stream of 10 SCCM was guided through the gas chamber.
A series of CO3R experiments was performed both with Pd spiked electrolyte and
Pd-free electrolyte for separate samples. To emulate a typical CO,R experimental
set, ten different current densities between 0 mA/cm? and -100 mA/cm? in steps
of 10 mA/cm? were applied for 12 minutes each. Subsequently, the used GDE
samples were investigated with inductively coupled mass spectrometry (ICP-MS) to
determine if Pd is present on the sample surfaces.



146

NCCA Synthesis

The fluorescent CO probe NCCA was synthesized in-house following the procedure
described in [207]] using the raw materials 2-hydroxy-4-nitro-benzaldehyde, malonic
acid diethyl ester and hexahydropyridine. The resulting product NCCA is a light

yellow solid.

NCCA Calibration Attempts

A 1 mM NCCA stock solution was prepared by dissolving 2.4 mg of NCCA in 1.0
mL of DMSO followed by the addition of 9.0 mL of nano-pure water. Our initial
fluorescent dye calibration attempt aimed to replicate the results previously reported
[207] by utilizing the CO-releasing molecule CORM-3 as the CO source. To achieve
this, 10 uM NCCA was dissolved in aqueous 1 M KHCOs3. After adding different
CORM-3 concentrations (100 uM, 200 uM, 400 uM, 600 uM, 1000 uM and 3000
uM), the fluorescent signal in the solution was collected with CLSM as a function

of time over a period of 60 minutes.

To test NCCA’s response to gaseous CO, 5 mL of a 1 M KHCOj3 electrolyte solution
spiked with 10 uM NCCA were purged with CO gas for >1 hour at a rate of 50
SCCM before detecting the fluorescent signal as a function of time with confocal
microscopy. To determine an appropriate NCCA concentration for detection pur-
poses, this procedure was repeated with NCCA concentrations of 20 uM, 50 uM,
100 uM, 200 uM, 300 uM, and 500 uM.

All fluorescent calibration measurements were performed with a Leica Stellaris 5
confocal microscope with a 25x water immersion objective. The dye was excited at
405 nm with a laser power of 50 mW, and the emitted fluorescence was collected
between 430 and 470 nm with a gain of 20. Images were captured over a 442 ym

by 442 um frame with a resolution of 128 x 128 pixels.

Application of Additive Coatings

Additive Nafion coatings were applied on gold foil electrodes using a Laurell WS-
400 6NPP Lite Series spin coater. A Nafion D-520 dispersion at a concentration of
5 w/w%% in water and 1-propanol (BeanTown Chemical) was sonicated for at least
30 minutes and then spin-coated on gold foil at 3000 RPM for 45 seconds. Varying
layer thicknesses were achieved by applying single layers of a diluted Nafion solution
or several layers of undiluted solution. Each layer was allowed to dry for at least

two hours in a vacuum-sealed desiccator before the next layer was applied.
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Operando Confocal Microscopy Characterization

An electrochemical cell (see Fig. compatible with CLSM, similar to the one
used in chapter 7 was used to perform fluorescence measurements around operating
CO3R electrodes. It consists of a solid base plate and an open electrolyte chamber
with a gas inlet to maintain saturation in the electrolyte. Gold, copper and silver foils
as well as gold foils with an additive Nafion coating served as working electrodes,
a Ag/AgCl electrode as the reference electrode, and a platinum mesh as the counter
electrode. A 1 M KHCO3 electrolyte solution was saturated with CO, or, for
control experiments, with Argon gas and then spiked with 200 uM NCCA prior
to experiments. During operando measurements, a constant gas flow of 10 SCCM

CO; or Ar was supplied to the electrolyte chamber.

Potentioelectrochemical impedance spectroscopy (PEIS) and chronoamperometry
measurements (CA) were performed with a Biologic SP-200 potentiostat. A po-
tential between -0.1 V vs. Ag/AgCl and -1 V vs. Ag/AgCl was applied and the
fluorescent signal was measured as a function of time. To measure the fluorescent
response, the probe was excited with a laser at 405 nm (50 mW laser power) and
the fluorescent emission was collected between 420 nm and 600 nm with a gain of
1. The line average was set to 5, the image size to 512 x 32 pixels, covering 442
pum x 28 um. The measurements were performed as a z-stack, covering a range in
the direction perpendicular to the electrode surface of 100 um with a step size of
565 nm, starting below the electrode surface and ending in the bulk electrolyte. For
data analysis, the frame located 20 ym above the electrode surface was identified
and the mean fluorescent intensity, excluding zero-value pixels, was calculated as a

function of time.

8.3 Results and Discussion

Heavy Metal Deposits on the Cathode

We investigated the suitability of reported CO probes for the application in CO;R
systems. The main challenge is the lack of fluorescent CO probes that are targeted for
the use in electrochemical systems. For instance, many probes require the addition
of Pd?* ions to the probe solution that can be deposited on the cathode surface and
compromise the CO,R performance. In a first step, we performed measurements
to quantify the amount of Pd** deposited during a typical CO,R experiment. To
this end, we used two GDE samples with a 300 nm Cu catalyst layer and performed
a series of CO;R experiments, for one sample in a Pd-free electrolyte and for one

sample in an electrolyte spiked with 5 M Pd**. Using ICP-MS, we compared how
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Figure 8.1: [Schematic of the experimental setup and working mechanism of the
fluorescent CO probe NCCA. (a) Schematic of the experimental setup, displaying a
cross-section of the electrochemical cell together with the water-immersion objective
that belongs to the confocal microscope. (b) Schematic of the detection mechanism
of NCCA. CO; is reduced to CO at the cathode surface. The nitro group of NCCA
is reduced by CO to an amino group which leads to a fluorescence turn-on.

much Pd was deposited on the two samples after the experiments, see Fig. [8.2]
We found a more than hundred-fold increase in Pd counts for the sample in the
electrolyte spiked with Pd** (Fig. C) compared to the sample in the Pd-free
electrolyte (Fig. [8.2] A). By comparing the observed Pd counts to the Cu counts,
we determined the Pd layer to be ~0.2 nm thick, which corresponds to ~1% of
Pd molecules dissolved in the 5 uM Pd** electrolyte solution. Considering that a
monolayer of Pd is sufficient to boost HER over CO;R [209-211]], this is expected
to significantly alter the GDE’s CO,R performance. As a result, probes that require
the use of Pd?*, even at trace concentrations like 5 UM, are not suitable to probe
the local CO concentration in CO;R systems. The same is expected to hold true for
other heavy metal ions that are used in the context of CO probes. Consequently, we
decided that the use of metal-free probes like NCCA [207] is essential to image the
CO concentration in CO;R systems.

CO Concentration Calibration and The Unreliability of CORMs

The testing and calibration of fluorescent CO probes requires the preparation of so-
lutions with known CO concentration. Most fluorescent CO probe reports, including
the ones listed in table @ and NCCA [207], use one of the CO-releasing molecules
CORMS-2 or CORM-3 for this purpose. The CORM concentration is usually treated
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Pd/Cu Counts

A B

Figure 8.2: ICP-MS measurement results of the ratio of detected Pd to Cu. A is
a CO;R GDE with 300 nm Cu with which experiments had been performed in a
Pd-free electrolyte, B and C are results from a sample with 300 nm Cu with which
CO;R experiments had been performed in an electrolyte spiked with 5 uM PdCl,.
B is at a location outside of the active surface area, C is within the active surface
area that had directly been exposed to the electrolyte.

as being analogous to the CO concentration. Unfortunately, despite the wide use
of CORMs, there are recent reports that suggest that CORMs do not perform as
anticipated [213-216]. The widely applied CORM-3 for example does not release
CO unless a strong nucleophile is present. It further has a pronounced chemical re-
activity on its own [214-216]. This raises the question if many CO probes that have
been reported in literature and that were only tested with CORMs can indeed sense
CO or if they undergo a different kind of chemistry with CORM. When choosing a
CO probe for the use in electrochemistry it is therefore of the utmost importance to
verify that a probe that had previously only been demonstrated with a CORM also

reacts with a more reliable CO source like CO gas.

The probe of our choice, NCCA, had been tested and calibrated with CORM-3.
Additionally, it had been demonstrated to fluoresce in living cells [207] where the
presence of CO rather than that of CORM-3 is expected which is a first indicator
that NCCA can detect CO. In a first step, we tried to replicate the calibration results
of NCCA with the use of CORM-3. The addition of CORM-3 to a solution spiked
with 10 uM NCCA lead to a strong fluorescent signal turn-on which is in accordance
with previous literature reports [207]. However, we were unable to observe a clear
trend of an increasing fluorescent signal with increasing CORM-3 concentration.
We attribute this observation to the unreliable CO releasing mechanism of CORM-3
[214-216].
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As a consequence, we attempted to test NCCA with gaseous CO which, despite
being more difficult to handle than CORMs, is a very reliable CO source. When
we purged an aqueous 1 M KHCOs solution that was spiked with 10 uM NCCA
with gaseous CO for >1 hour, we detected a small increase of the fluorescent signal
(Fig. [8.3](c)). Once we increased the NCCA concentration to > 100 uM, a strong
(=~ two-fold) increase of the fluorescent response could be observed once the probe
solution had been exposed to CO gas. This is can be observed by a visible color
change of the solution (Fig. [8.3|(a)) and by a measurable fluorescent signal increase
(Fig. [8.3](c)). We tested the response for various NCCA concentrations in solution
(Fig. [8.3] (b)) and determined that a NCCA concentration of 200 uM is sufficient

for the observation of a strong fluorescent response to CO.

This promising result confirms that NCCA does not only react with CORM-3 but
also turns its fluorescence on when exposed to CO gas and therefore acts as a CO

SEnsor.
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Figure 8.3: Response of NCCA to gaseous CO as photographs and fluorescent
signal measurements. (a) Photograph of a solution spiked with 100 ptM NCCA
before and after exposure to gaseous CO. (b) Photograph of solutions spiked with
different concentrations of NCCA after exposure to gaseous CO. (¢) Comparison of
the fluorescent signal of solutions spiked with 10 pM and 300 M NCCA, before
and after 60 min exposure to gaseous CO.
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Unfortunately, it is very challenging to control the CO concentration in a solution
using gaseous CO. It is expected that the saturation concentration of 1000 uM CO
[212] is reached if a small amount of solution (< 6 mL) is purged with gaseous
CO for >1 hour. However, as soon as the purged solution is brought into contact
with the atmosphere, CO will start to outgas on the time scale of minutes. It is

therefore challenging to reliably control a CO concentration between 0 ¢M and
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1000 M and hold that concentration for at least 30 minutes which is the time
required for the fluorescent signal of NCCA to saturate. It is vital to control the CO
concentration in solution to connect an observed fluorescent signal with a certain

local CO concentration to calibrate the probe.

Possible solutions for this challenge could be the the very careful use of CORMs.
It has been shown for example that CORM-3 does release CO in the presence of a
strong nucleophile like thiol or sulfite species [216, 217]. It must be kept in mind
however that CORM-3 is known to be a reducing agent [218-220] and could have
the potential to directly reduce NCCA. A different pathway to make solutions with
a known CO content could be to exploit a chemical reaction that produces a known
amount of CO like the dehydration of formic acid or oxalic acid [221} 222]. The

development of such a procedure is however outside of the scope of this work.

Probe Reduction at the Cathode Surface
The main goal of this study is to enable the imaging of the local micrometer-scale CO
concentration around operating CO,R electrodes. This could help answer questions

about their performance and improve the selectivity.

While we were unable to calibrate NCCA and connect the fluorescent signal strength
with a known CO concentration, we showed that NCCA can sense gaseous CO. We
therefore attempted to employ it to detect CO around operating CO,R electrodes
with different catalyst materials. In contrast to the setups described in Chapters [2]
[3L [ 5land [6] we decided to use metal foils as the cathode instead of GDEs to ensure

that produced CO remains in the electrolyte and can be detected.

Gold, silver and copper are known as good CO,R catalysts with gold and silver
mainly producing CO while copper can make a multitude of products, including
CO. All of these catalyst are expected to reduce CO; to CO at a potential of -1 V
vs. Ag/AgCl [36, 41}, 47, 62]. We performed experiments with all three catalyst
materials in CO,-saturated aqueous 1 M KHCOj electrolyte spiked with 200 uM
NCCA. Since the probe NCCA turns its fluorescence on in the presence of CO, it is
anticipated that under operando CO,R conditions, an enhanced fluorescent signal
can be observed around the catalyst surface. As a control experiment, all measure-
ments were repeated with argon-saturated aqueous KHCOj3 electrolyte. Since no
CO, is present that could be reduced to CO, a fluorescent signal enhancement is

expected for none of the catalysts investigated.
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In contrast to the expectation, we observed a strong fluorescent turn-on under
operando CO;R conditions for all three catalyst materials in both CO,- and argon-
saturated electrolytes. Fig. [8.4]displays the average fluorescent signal observed at
~20 pum above the electrode surface as a function of time for the three CO;R catalyst

materials copper, gold and silver in argon- as well as CO;-saturated electrolytes.
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Figure 8.4: Fluorescent signal as a function of time at ~20 ym above the electrode
surface in CO;- (blue) and argon- (orange) saturated 1 M KHCOj electrolytes with
200 uM NCCA at -1 V vs. Ag/AgCl for the catalysts (a) copper, (b) gold, and (c)
silver.

Since no CO can be created at the catalyst surface for the experiments performed with
argon-saturated electrolyte, there must be a different mechanism that causes NCCA
to fluoresce. The sensing mechanism of NCCA relies on the reducing characteristics
of CO and works via the reduction of a nitro- to an amino group [207]]. We therefore
propose that for all catalyst materials investigated, NCCA is directly being reduced at

the cathode rather than by CO which leads to an uncontrolled fluorescence turn-on.

The direct reduction of NCCA at the cathode surface is responsible for the steep
fluorescent signal increase within the first few minutes that can be observed for
all curves in Fig. [8.4] both in the CO,- and argon-saturated electrolytes. The
fluorescent signal then peaks and slowly decreases again. This behavior can be seen
especially well for the curves representing the copper and silver catalyst. For NCCA
that is not reduced electrochemically but exposed to CO, the fluorescent signal is
expected to increase and then plateau after 30 minutes [207]. The results in Fig.
[8.4] differ significantly from this expectation. We hypothesize that within the first
few minutes, NCCA molecules that are close to the cathode surface get collectively
reduced, causing a quick fluorescent signal enhancement. A possible reason for the
slow decrease of the fluorescent signal over the course of an hour could be the slow
degradation of NCCA under a strong applied bias. In addition, an applied bias of -1
V vs. Ag/AgCl leads to the formation of gaseous hydrocarbon products as well as

hydrogen and hence, to the formation of gas bubbles at the catalyst surface. Since
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the fluorescent probe NCCA is not present inside gas bubbles, they cause noise as
can be observed in the curves displayed in Fig. [8.4 The issue of gas bubbles is
especially severe if the electrode surface is rough because surface roughness can
prolong the residence time of bubbles [223] which leads to the accumulation of
bubbles and hence, more noise. The gold foil used in these experiments exhibits
a greater surface roughness than the other metal foils which explains the elevated
noise levels that are observed for the gold catalyst and the close-to-zero fluorescent

signal for the CO;-saturated electrolyte over the course of several minutes.

The direct reduction of NCCA at the surface of all investigated catalysts makes
it impossible to distinguish if an observed fluorescent signal originates from the
reduction via a CO molecule or from the direct reduction at the cathode surface and

therefore makes CO sensing around operating CO,R electrodes very challenging.

Influence of the Potential on the Fluorescent Signal

In a next step, we investigated the influence of the potential on NCCA’s fluorescent
signal around a gold cathode, both in argon- and CO;-saturated electrolyte. If the
onset potential of the NCCA reduction is more negative than the onset potential
for CO,R on a given catalyst, a potential window exists within which CO,R can
proceed and create CO, but NCCA is not directly reduced by the cathode and can
therefore be used to reliably detect local CO. This could present a possible solution

to the problem of direct NCCA reduction at the cathode surface.

To determine the NCCA reduction onset potential on a gold foil cathode, we observed
the fluorescent signal in argon-saturated electrolyte for various potentials between
-0.60 V vs. Ag/AgCl and -0.78 V vs. Ag/AgCl, see Fig. (a). Since no CO
is expected at the cathode surface in that system, any observed fluorescence turn-
on can be attributed to the direct NCCA reduction at the cathode. We observed
a distinct enhancement of the fluorescent signal at -0.72 V vs. Ag/AgCl (orange
curve) or more negative potentials. We conclude that the onset potential of NCCA
reduction on a gold foil cathode is -0.72 V vs. Ag/AgCl.

We then repeated these experiments in CO,-saturated electrolyte (Fig. [8.5] (b)) for
potentials between -0.60 V vs. Ag/AgCl and -0.65 V vs. Ag/AgCl and observed a
strong fluorescence turn-on already at a potential of -0.64 V vs. Ag/AgCl. The inset
in Fig. [8.5] (a) shows the curves in Ag-saturated electrolyte for the same potential
range and no increase in fluorescent signal can be observed. We conclude that the
fluorescent signal observed between -0.64 V vs. Ag/AgCl and -0.72 V vs. Ag/AgCl



154

in COyR-saturated electrolyte originates not from direct NCCA reduction at the

cathode but from CO molecules created via CO;R.
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50 50 —e—-0.60V

(a) * (b) —e—-0.61V

’; w ; —e—-0.62V

—e—-0.63V

S 40 . S 40 —e—-0.64V

(_U (_“ —0—-0.65V

20 -0.66V

g‘) 30 EO 30 -0.67V

‘V’_‘ 10 f. -0.68V

c oo e -0.69V

@ 20 0 2 4 6 8 10 Q 20 0.70V
Q Q

v (7] -0.71v

I o -0.72v

S 10 S 10 0.73v

= = —o—-0.78V

| —e—-0.75V

SISOV W __ S —e—-0.76V

0 2 4 6 8 10 0 2 4 6 8 10 oo

——-0.78V

Time (min) Time(min)

Figure 8.5: Fluorescent signal at 20 um above the surface of a gold foil cathode
as a function of time in (a) argon-saturated and (b) CO,-saturated electrolyte with
200 uM NCCA for (a) potentials between -0.60 V vs. Ag/AgCl and -0.78 V vs.
Ag/AgCl and (b) as well as (a) inset between -0.60 V vs. Ag/AgCl and -0.65 V vs.
Ag/AgCl. The least negative potential in (a) for which a change in fluorescent signal
can be observed is -0.72 V vs Ag/AgCl which is determined as the onset potential of
NCCA. The least negative potential in (b) for which a change in fluorescent signal
can be observed is -0.64 V vs Ag/AgCl which is determined as the onset potential
of COzR.

Hence, NCCA could potentially be used to reliably image the local CO concentration
around a gold foil CO,2R electrode between -0.64 V vs. Ag/AgCl and -0.72 V vs.
Ag/AgCl. However, it must be noted that this is a very narrow potential window and
its reproducibility has not been verified. Further, the onset potential for both CO;R
and NCCA reduction can differ between catalysts, electrolytes, and experimental
setups. It is therefore crucial to determine the onset potentials for both CO;R and
NCCA reduction individually for every experimental setup to take advantage of
the potential window between CO,;R and NCCA reduction for CO concentration

imaging.

Additive Coatings

As an alternative solution to the direct reduction of NCCA at a cathode, we tested
the application of an additive coating that could prevent NCCA from getting into
direct contact with the catalyst surface while still allowing the effective transport of

CO; and its reduced products.
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In a first test experiment, we applied the ionomer Nafion on a gold foil cathode
via three-fold spin-coating and measured the fluorescent signal in argon-saturated
electrolyte as a function of time for various potentials between -0.1 V vs Ag/AgCl
and -1 V vs Ag/AgCl, see Fig. [8.6] We observed that a strong fluorescence turn-
on persists despite the Nafion coating for potentials more negative than -0.7 V vs.
Ag/AgCl. Thisresultis in line with the observations made around a gold foil cathode
without a coating in argon-saturated electrolyte, see Fig. [8.5](a). We hypothesize
that NCCA gets soaked up into the Nafion layer, leading to a counterproductive
effect. Nafion is therefore not a suitable coating to prevent electrochemical NCCA

reduction.
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Figure 8.6: Fluorescent signal as a function of time at ~20 um above the electrode
surface in argon-saturated electrolyte spiked with 200 uM NCCA for a gold catalyst
with three layers of spin-coated Nafion for potentials between -0.1 V vs. Ag/AgCl
and -1.0 V vs. Ag/AgCl. The fluorescent signal turn-on persists for potentials <
-0.7 V vs. Ag/AgCl despite the Nafion coating.

Various alternative coating materials exists that could be used in the future to
achieve the desired effect. Several additive coatings derived for example from N-
tolyl pyridinium, phenyldiazonium or diphenyliodonium salts have been reported to
suppress HER and boost the CO,R performance [224-227]. It is possible that these
films could prevent the reduction of NCCA at the cathode. Further, the capability to
image the local CO concentration in and around these films could shine light onto

the underlying working mechanisms of these films.

An alternative possible solution could be the use of molecular weight cutoftf (MWCO)
membranes that are permeable to small molecules but serve as a physical barrier
towards molecules above a certain molecular weight [228| 229]]. Since NCCA has

a much larger molecular weight than CO; or its most prominent reduced products,
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a wisely chosen membrane would not inhibit the transport of CO,R but prevent the
direct reduction of NCCA at the cathode surface.

To test the effect of alternative coatings or membranes as well as to refine and
determine the feasibility of operating within a narrow potential window should be

the object of future studies.

8.4 Fluorescent Probes Beyond Carbon Monoxide

Several fluorescent probes that can sense important CO;R products beyond CO have
been reported. This includes methanol, formic acid, or ethylene, see Table @ The
capability to sense the local concentration of these species in addition to CO with
micrometer-scale spatial resolution could present a milestone in the understanding

and improvement of CO;R electrodes.

Table 8.2: Comparison of a selection of reported fluorescent probes that can sense CO,R

products other than CO. A¢ is the excitation wavelength, A¢y, the emission wavelength.

Sensing Metal- Detection | Response . .
Probe Reference Capacity Aex (nm) | Aem (Nm) mediated Range Time Ratiometric Solvent
TTO [230] Methanol 320 414 No 124 mM - N/A No organte
12M solvents
Formic 16 nM -
Receptor 1 [231] Acid 390 625 No 55 M N/A No Water
Formic 46 uM - . .
TH25 [232] Acid 365 414, 545 MOF 16 mM 0.5 min Yes DMF
FPRu [233] Ethylene 365 393 No 4721 lrln 1\1/\[/1 60 min No BSA
BEP-4 & 321 uM - ) Toluene/
BEP-5 [234] Ethylene 475 513 Ru 3 mM 6 hrs No PBS
Silver up to Chloro-
Complex I [235]] Ethylene 353 394, 415 Ag complex 62 mM N/A Yes form

Unfortunately, none of the probes presented in Table [8.2]fulfills all strictly required
criteria for a fluorescent probe to be used in CO,R applications as identified in the
introduction. Since most confocal microscopes cannot excite molecules with Agx
< 405 nm, many of the reported probes are not compatible with standard confocal
microscopes. The probes that can be excited contain metals which is problematic
in the context of CO;R due to possible deposits that can promote HER as explained
in previous sections. Consequentially, the employment of these probes for imaging

around CO»R electrodes presents a challenge.

8.5 Conclusion and Perspectives
We investigated the possibility to use an existing fluorescent CO probe to image
the local CO concentration in CO;R systems. While numerous fluorescent CO

probes have been reported for the application in biological systems, no such probe
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has been developed specifically for the electrochemistry community. We identified
the requirements for such a probe and reviewed the existing literature. We chose
the probe NCCA [207] as one of the most promising ones for CO,R applications
because it does not require the addition of heavy metal ions, has a wide CO detection

span and is stable over a wide range of pH values.

We synthesized the dye NCCA and tested its feasibility under operando CO,R
conditions. We could show that NCCA does turn its fluorescence on upon the
exposure to gaseous CO. However, we identified several challenges connected to the

use of NCCA and existing CO probes in general in electrochemical systems.

1. The calibration process of fluorescent CO probes is very challenging. It re-
quires to find the relation between a fluorescent signal and a known concentra-
tion of CO in solution. To make solutions with a controlled CO concentration,
CO-releasing molecules like CORM-2 and CORM-3 had been widely applied
in literature but recent reports have shown that they do not reliably release
CO and posses a chemical activity of their own [213-216| 218-220]. CO
gas on the other hand is a very reliable CO donor but much more difficult to
handle and it is very challenging to control the CO concentration in solution
using gaseous CO. A possible solution could be the careful use of CORMs
with nucleophiles that trigger the release of CO [217] or the exploitation of
chemical reactions that produce known amounts of CO [221] 222] but that is

outside of the scope of this study.

2. While a small number of ratiometric CO probes have been reported (see
Table [8.1)), they all require the addition of heavy metal ions which renders
them unsuitable in the context of CO;R applications. All reported metal-free
probes are not ratiometric. As a result, very careful attention must be paid to

ensure that the probe concentration is constant throughout the whole system.

3. Allreported CO probes are irreversible and have response times > 10 minutes.

This makes both the data aquisition and interpretation difficult.

4. We observed that under operando CO,;R conditions, the probe NCCA is
reduced directly at the cathode surface which leads to an uncontrolled fluo-
rescence turn-on and makes signal deconvolution impossible. Initial attempts

to prevent the probe reduction via coating the cathode with Nafion failed.
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To the best of our knowledge, all fluorescent CO probes that have been reported to
this date either rely on the addition of heavy metal ions or on the reduction of a
nitro- to an amino group. The first impede the performance of a CO;R system while
the latter are prone to a direct reduction at the cathode surface in electrochemical
systems. Consequently, it can be doubted that alternative CO probes that have been

reported are less challenging to use in electrochemical systems than NCCA.

A possible solution to the challenge of the direct probe reduction at the cathode could
be the operation within a potential window between the onset potential of NCCA
reduction and the onset potential of CO,R. For a gold catalyst, we determined the
onset potential of NCCA reduction to be -0.64 V vs. Ag/AgCl and the onset potential
of COzR to be -0.72 V vs. Ag/AgCl. This encouraging result suggests that such a
potential window exists. However, it must be kept in mind that it is very narrow,
the reproducibility has not been confirmed and it is expected that it differs between

different experimental setups.

Alternative applications of NCCA or other fluorescent CO probes, e.g., in pulsed
electrolysis or tandem catalysis systems present a challenge due to the irreversible
characteristics of the probes. It could however be possible to apply NCCA in other

chemical systems like thermochemical CO,R setups [236].

While probes for CO,;R products beyond CO have been reported, they all have
inherent problems like the required addition of metal species or incompatibility

with commercially available confocal microscopes.

In conclusion, the application of existing fluorescent CO probes in electrochemical
applications is extremely challenging and requires considerably more work that is

beyond the scope of this work.

As a perspective, we believe that the most promising way forward is the development
of novel fluorescent CO probes that are targeted for the use in electrochemical
systems and fulfill the requirements listed in section [8.1} Specifically, the probe’s
sensing mechanism should not rely on a reduction process that can also be triggered

electrochemically. It should further be reversible and ratiometric.
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Chapter 9

CONCLUSION AND OUTLOOK

The central theme of this work is the interplay between a CO,R electrode’s mi-
croenvironment and its CO,R performance. To this end, we performed operando
fluorescent confocal laser-scanning microscopy measurements and combined the

results with gas chromotography product detection and multiphysics simulations.

The first few chapters focus on the investigation of CO,R GDEs with operando
pH imaging with three-dimensional spatial resolution as well as time resolution.
Chapter 2 demonstrates the three-dimensional imaging of the local operando pH
value around copper CO,R GDEs with the fluorescent probe DHPDS. We found
that the pH increases as a function of current density and proximity to the GDE.
Interestingly, we identified nonuniform hotspots of locally enhanced pH at relatively
low overpotentials. We further observed that the pH is higher in trenches compared
to the surrounding surface and that the local pH increases as the trench width
decreases. Multiphysics simulations confirmed these results and further revealed
the superior catalyst performance inside trenches. This presents the first systematic
study of the influence of micrometer-scaled cavities in a GDE on CO,R performance

and inspired the following chapters.

In Chapter [3| we performed time-dependent confocal laser-scanning microscopy
measurements to observe how CO, diffuses through an inhomogeneous GDE at open
circuit. It was found that CO, reaches the electrolyte inside microcavities first before
it diffuses to the bulk electrolyte. The circulation of electrolyte has a dramatic effect
on the pOH and with it, the CO, concentration since OH™ is transported away via
convection, leading to a concentration gradient with the highest CO;, concentration
confined to trenches. Both microcavities and large pore sizes can promote faster
CO; transport through a GDE.

Chapter@]provides more evidence for the close relation between a GDE’s micrometer-
scale morphology and the CO,;R performance. The pOH sensing capacity is ex-
tended with an additional fluorescent probe, APTS, that unlocks a broader measur-
able pOH range between 0 and 8 (pH 6 — 14). This study is the first demonstration
of APTS as a pOH sensor. We confirmed the result reported in Chapter [2] that the

pOH is lowest inside narrow trenches ~5 ym wide. This phenomenon is connected
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to the trapping of OH™ in confined spaces and to altered mass transport properties.
Multiphysics simulations allow to find a correlation between the pOH and C,, FE
which suggests that the locally decreased pOH inside narrow trenches is connected
to an elevated C,, FE.

Based on the finding that narrow trenches can serve as local CO,R hotspots with
enhanced pH, we demonstrate the fabrication and operation of GDEs that exhibit
tailored micromorphology patterns in Chapter[5| We systematically investigate the
influence of a GDE’s microcavity shape, width, depth and surface coverage with
pH imaging, product detection and multiphysics simulations. We find is a close
correlation between a GDE’s micromorpholgy geometry, the local pH value and the
C»,, FE that is dictated by an interplay between the effects of electrolyte confinement,
surface-to-volume ratio, CO, transport and proximity to catalytic surfaces. Both
trenches and holes can modestly boost the C,; FE and the effect is most pronounced
for features with a width of 5-10 um, depth of 30 um and surface coverage of 25%
- 50%.

In Chapter [0 confocal pH imaging is applied to investigate how the tuning of a
GDE’s pore size impacts the CO;R selectivity on the basis of silver PTFE GDEs.
As expected, CO, transport is slower through smaller pores which causes a higher
pH at the GDE surface. This effect can cause a switching of the reaction pathway for
GDEs with small pores and promote the reduction of CO, to formate, even though
silver is known to be a catalyst that predominantly generates CO. The GDE pore size
is an important microenvironment factor that can be adjusted to control the product

selectivity.

In Chapter [/, we turn our attention to CO,R in acidic electrolytes. Using confocal
microscopy pH measurements, we find a mechanistic correlation between the onset
of CO2R in acidic bulk electrolytes and a non-acidic microenvironment pH. The
latter is created via the rapid depletion of H* for sufficiently high current density
magnitudes. While the addition of M* is not necessary to enable CO;R in acidic
conditions, it can mitigate the H* transport and thereby increase and buffer the
microenvironment pH. This suppresses HER and therefore promotes CO,R. We
show that a non-acidic microenvironment is the predominant requirement to perform

CO»R in acidic conditions.

Finally, we aim to expand the sensing capabilities of fluorescent confocal laser-
scanning microscopy in Chapter [§] through the local detection of CO,R products,
specifically CO. We use the fluorescent CO probe NCCA that had previously been
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reported for the use in life-science applications. While we could show that NCCA
experiences a fluorescent signal enhancement upon exposure to gaseous CO, we
identify various challenges. This mainly includes the direct reduction of NCCA
at the catalyst under operando CO;R conditions which leads to an uncontrolled
fluorescence turn-on. Further, the calibration process is very challenging, most
reported fluorescent CO probes are not ratiometric, they are irreversible and have
long response times > 10 min. Further work is required to enable the imaging of
local CO concentrations around CO;R electrodes with fluorescent confocal laser-

scanning microscopy.

As an outlook, we propose the application of the developed confocal pH imaging
technique to alternative electrochemical systems. Initial attempts have been made to
image the local pH value in and around bipolar membranes (BPMs) with promising
results. This has the potential to resolve the internal structure of BPMs and to shed
light on the reactions that proceed within and around an operating BPM. It could

also provide information about the failure mechanisms of BPMs.

Another system that would benefit from spatially resolved pH imaging is tandem
catalysis. Such devices consist of different catalyst materials that can in a first step
reduce CO; to CO and subsequently reduce CO further to C,.. products. While this
is a very promising approach, many questions about the working mechanism remain.
The spatial resolution of confocal laser-scanning microscopy could answer some of
them. Further, it would be very interesting to investigate the local pH value around
photoelectrochemical CO,R devices. This is a very appealing concept because
it allows to directly harness solar energy to reduce CO;. Spatially resolved pH
imaging around such devices could answer important questions about the reduction
mechanism. Additionally, additive electrode coatings have been developed that can
suppress HER and boost the CO,R FE and it is hypothesized that this is related to a
steep pH gradient within the coating. pH imaging with confocal microscopy could

be used confirm this theory.

Finally, future work should aim to complete the project presented in Chapter
and extend the sensing capabilities of confocal microscopy to CO;R products.
This could be possible via the operation within a narrow potential window or
if appropriate electrode coatings are identified. We further suggest that novel
fluorescent CO probes specifically for the application in electrochemical devices
should be developed. In addition, fluorescent probes that can sense CO,R products
beyond CO should be investigated in more depth.



162

Overall, we developed and refined a technique to study CO;R electrodes with
three-dimensional sub-micrometer resolution. This work enabled to answer many
questions related to the correlation between a CO,R electrode’s microenvironment,
specifically the micrometer-scale morphology, and its CO,R performance. Many
exciting opportunities to employ the developed fluorescent confocal laser-scanning

microscopy technique to other CO;R and electrochemical applications remain.
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Appendix A

LESSONS LEARNED

A.1 Electrochemical Cell Design

Various factors must be taken into consideration when designing an electrochemical
cell and some of these are described in section [I.2.4] The design focus of electro-
chemical cells optimized for the use with confocal microscopy is not to maximize

the CO;R performance but to facilitate the operando characterization of the cathode.

Fig. [A.1] shows schematic cross sections of two typical electrochemical cells used
with confocal microscopy, (a) for a solid CO;R cathode, e.g., a metal foil as used in
Chapters [7]and[§]and (b) for a CO,R GDE as used in Chapters 2] [3 @} [5]and [6] The
main difference between the two cell versions is that cell (a) has a gas inlet directly
into the electrolyte chamber that allows the constant bubbling of the electrolyte to
ensure its saturation while cell (a) exhibits a separate gas chamber through which
CO; gas can be fed to the backside of the GDE.

(a)

Reference
Electrode

Reference
Electrode
-G

== Electrolyte
Outlet

.
Cathode

Gas
Outlet

Figure A.1: Schematic drawings of electrochemical CO,R cells designed for the use
with confocal microscopy characterization, (a) for a solid cathode, e.g., a metal foil,
and (b) for a CO,R GDE. Typically, the reference electrode is a Ag/AgCl electrode
and the anode a Pt mesh dipped into the electrolyte.

Typical electrochemical CO;R cells that are used together with gas chromotography
to analyze the product distribution are in the style of a parallel-plate compression
cell with a cathode on one side, next to which is a catholyte chamber, then an ion
exchange membrane, an anolyte chamber and finally, the anode. If a GDE is used,
it is usually backed with a serpentine gas chamber through with gaseous CO» is fed.
The cell orientation is vertical to facilitate the removal of gas bubbles [52] 238].
In this work, a cell of that style was used to measure the product distribution of our

GDE samples, see Chapters[2] fland[5] We altered and improved our cell design by
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introducing tapered edges that prevent the buildup of gas bubbles in the catholyte
and anolyte chambers as well as decreasing the GDE active surface area to 0.5 cm

x 0.5 cm to reduce the size and therefore fabrication time of the GDE.

Outlet Inlet

Reference
Electrode Anode
Cathode
Outlet : . Inlet

Figure A.2: Top view of an electrochemical CO,R cell designed for confocal
microscopy, exhibiting two perpendicular inlet tubes with straws leading directly to
the cathode surface to facilitate the transport of fresh fluorescent dye molecules to
the sample surface.

Compared to this more traditional CO;R cell design, our novel cell design optimized
for confocal microscopy exhibits several major differences. First, the cell orientation
is horizontal and the electrolyte chamber is open at the top and exposed to air, see
Fig. It is therefore unsuitable for the detection of gaseous products with gas
chromotography since products are allowed to escape into the atmosphere. For the
purpose of confocal microscopy however, this configuration enables a clear field
of view for a water immersion confocal microscope objective. Water immersion
objectives have several advantages in this context, one of them is the higher numerical
aperture (NA) compared to air objectives due to the higher refractive index of water
which leads to an improved resolution [239]. In addition, it facilitates the placement
of the objective at working distance from the cathode without constraints on the size
of the electrolyte chamber. One of the objectives used in this work is a Leica HC
FLUOTAR L 25x/0,95 W VISIR, which has an NA of 0.95 and a working distance of
2.5 mm. Further, one of the main challenges for imaging purposes is the formation
of gas bubbles because they can block the field of view. The open cell design with a
water immersion objective makes the removal of accumulated gas bubbles easy. To
further mitigate the issue of bubble formation, we decided to taper the rim around

the cathode window to facilitate the release of gas bubbles.
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Another design modifications that has proven to be useful is the introduction of a
smaller active surface area and smaller electrolyte chamber to allow the use of a

smaller GDE as well as limit the consumption of expensive fluorescent probes.

Finally, one design feature that is very important especially when probes like APTS
that are prone to degradation (see Chapter [A.2)) are used is the inclusion of two
perpendicular inlet and outlet tubes (Fig. [A.2). Straws transport the electrolyte
directly from the inlet to the cathode surface. This creates a turbulent flow pattern and
ensures the effective transport of fresh, undegraded dye to the cathode. This ensures
that a sufficient fluorescent signal from which the pH can be inferred ratiometrically
can still be detected, even when high current densities that are detrimental for the

probe, are applied.

A.2 Stability of the Fluorescent pH Probes DHPDS and APTS
It is important to verify the stability of fluorescent dyes under CO,R operando

conditions to make sure that experimental results obtained during CO;R are accurate.

When performing measurements with the dye DHPDS in the current density range
between 0 and -20 mA/cm?, no significant decrease in photoluminescence intensity
was observed. Some loss of fluorescent signal is observed for cathodic current
densities of 100 mA/cm? in magnitude, or larger, but in our application the signal
of DHPDS saturates for current densities larger in magnitude than 20 mA/cm? so

this effect is not relevant herein.

In general, it can be said that DHPDS is a high-performing fluorescent pH dye owing
to its stability under operando conditions but also because of its compatibility with
standard confocal microscopes, ratiometric properties, wide accessible pH range,
quick response time, reversibility, water-solubility, non-toxicity and commercial
availability [100, 134].

APTS, too, is compatible with standard confocal microscopes, ratiometric, exhibits
a quick response time and reversibility, is water-soluble, not toxic and commercially
available [240]. Importantly, it allows to significantly expand the pH range that
can be resolved by DHPDS. However, it is not as stable under operando CO;R

conditions.

First, we tested if APTS is sensitive to the concentration of potassium bicarbonate
(KHCO:3) in solution, see Fig. This is important since the bicarbonate concen-
tration can change over the course of an experiment and for different measurements.

We dissolved different concentrations of KHCOj3 in an ammonia buffer solution to
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keep the pH value constant and added NaCl to the test solution to ensure a constant
ionic charge. We found that the ratio of emission that was detected from APTS was
nearly independent of the KHCO3 concentration which confirms that the signal is

not influenced by dissolved inorganic carbon species.
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Figure A.3: Ratio of Emission of APTS as a function of KHCOs3 concentration.
The experiment was carried out in an ammonia buffer solution to keep the pOH
constant (it varied by less than 0.1 pOH units). The total amount of ionic charge
was kept constant for all data points by adding NaCl to the test solutions. The ratio
of emission from APTS is nearly independent of KHCOs3 concentration, indicating
that aqueous dissolved inorganic carbon species insignificantly influence the sensing
mechanism of APTS.

We then turned our attention to the stability of APTS upon the application of high
current densities. We observed a decrease in photoluminescence intensity for current
density magnitudes > 80 mA/cm? and we used APTS to investigate the operation of
a GDE with current densities as high as 200 mA/cm? in magnitude. To understand
this effect, we evaluated the stability of APTS under different conditions with UV-
VIS spectroscopy (see Fig. [A.4] (a), (b)). We observed a significant decrease in
photoluminescence intensity from APTS with and without light and for solutions
with pH 7.1 and pH 3, where the degradation effect was more pronounced for the pH
3 solution. Furthermore, we noticed a significant change in color of a 10 mM APTS
stock solution that was exposed to -100 mA/cm? for 30 minutes, from bright green
to brown (see Fig. (c)), that persisted for days without indication of reverting
back to its original form. This suggests an irreversible chemical transformation
and not a transient instability, such as formation of an excited-state triplet state or
a metastable state. We observe the most significant and irreversible decrease in
photoluminescence intensity from aqueous APTS under the following simultaneous

conditions: (i) cathodic current densities >80 mA/cm? in magnitude, and (ii) closer
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to the electrode surface and/or within trenches. The presence of illumination does
not seem to play a role. In addition, we do not think that CO,R products are resulting
in observed degradation, because the steady state photoluminescence spectrum of
APTS showed minimal change in intensity as concentration of dissolved inorganic
carbon increased (see Fig. [A.3). Hence, we suspect that APTS is being reduced at
the electrode surface. Irrespective, calibration curves of fresh APTS solutions with
different APTS concentrations, as well as a curve that was measured with an APTS
stock solution that was exposed to -100 mA/cm? for 5 minutes, are nearly identical
(see Fig. [A.4](d)), suggesting that APTS is suitable to use as a pOH sensor even
in the presence of significant degradation to a less emissive product. This can be

explained by the ratiometric nature of APTS as a pOH sensor.

It must be noted that even though APTS is still a reliable pOH sensor at high
current density magnitudes, its degradation poses the challenge that even though the
ratiometric signal remains mostly unchanged, the total signal decreases significantly.
The consequence is a worse signal-to-noise ratio. This can be seen in Fig. in
the panels on the right hand side that represent high current density magnitudes
that appear noisier than the panels on the left at lower current density magnitudes.
Despite the noise, the images still exhibit a reasonable quality. Several measures
were taken to make that possible. This includes a revised electrochemical cell
design. We went from a design with one electrolyte inlet tube at the cell wall as
was used in chapter 2] (see Fig. [2.1] only DHPDS was used) to a design with two
perpendicular electrolye inlets with straws that lead directly to the GDE surface
as used in chapters [3| and onward (see Fig. [3.2] (b)). The turbulent flow pattern
ensures that fresh, undegraded APTS is constantly transported to the GDE surface.
In addition, the APTS concentration in the electrolyte was increased, from initially
100 uM to 200 - 300 uM. Finally, the electrolyte in the whole cell is removed and
replaced with electrolyte containing fresh APTS after every measurement under
bias. A typical operando measurement in this work takes 30 - 45 seconds (see
Chapters [ and [f). As consequence, APTS can only be reduced at the electrode

surface for less than a minute before fresh dye molecules are introduced.

A.3 CO; Reduction Gas Diffusion Electrodes with Flat Surfaces Deactivated
by a SiO, Layer

In Chapter [ we investigated the local influence of random trench patterns in

a GDE on the CO;R performance via operando pOH imaging in combination

with multiphysics simulations. We were able to directly measure the local pOH
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Figure A.4: UV-VIS spectra, photographs and calibration curves of fresh and de-
graded APTS. (a) UV-VIS spectra of 200 uM APTS in aqueous 100 mM KHCO3,
as freshly prepared, and exposed to a GDE operating at -100 mA/cm? for 5 minutes
under laser illumination, and for 30 minutes, with and without laser illumination.
(b) UV-VIS spectra of 200 uM APTS in an aqueous HCI pH 3 solution as freshly
prepared and exposed to a GDE operating at -100 mA/cm? under laser illumination
for 5 minutes and for 30 minutes. (c) Photographs of aqueous 10 mM APTS stock
solutions: (1): fresh, (2): degraded by exposure to a GDE operating at -100 mA/cm?
for 5 minutes, (3): degraded by exposure to a GDE operating at -100 mA/cm? for
30 minutes. (d) Calibration curves of APTS with the measured ratio of emission as
a function of pOH together with best fit curves for different APTS concentrations
between 50 M and 200 uM and for 200 uM APTS that was degraded by exposure
to a GDE operating at -100 mA/cm? for 5 minutes (solution (2) in panel (¢)).

value inside trenches and from that, deduce the local selectivity inside trenches via
simulations. However, we had no direct means to experimentally measure the local
CO32R product distributions inside trenches. The fabrication of tailored patterns
of microstructures in GDEs as presented in Chapter [5] solves this issue. However,
we also made an attempt to measure the local CO;R selectivity inside the random
trench patterns in Sigracet 38 BC carbon paper via the deactivation of surfaces

outside trenches with the application of a dielectric silicon dioxide (SiO») layer.
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We fabricated such samples by depositing 300 nm Cu on Sigracet 38 BC carbon

paper with electron beam evaporation with the sample oriented at an angle of 90°
in relation to the source, as described in Chapter ] In a subsequent step, the
sample was mounted on a custom-made, 3D-printed chuck that allows electron-
beam deposition under an angle of 30° in relation to the source, see Fig. (e).
The angled orientation allows to deposit SiO, on the Cu layer with only planar
surfaces outside of trenches covered. The thickness of the SiO; layer was varied
between 100 nm and 1000 nm. Fig. (a) — (d) shows SEM and EDS maps of a
trench in the GDE surface. EDS measurements reveal that while Cu covers both flat
surfaces and trench walls, SiO; can only be found on planar surfaces but not inside
the trench owing to the angled deposition method. We used the same method of
angled electron beam evaporation on a glass slide and measured the height thickness
profile of the resulting film with profilometry. We found that the film is up to 100
nm thicker towards the end of the sample that was closer to the source during the
deposition process. We therefore designed a better version of the sample holder
chuck that, instead of one big angled plane, consists of four smaller angled planes
next to each other. Profilometry reveals that the resulting film thickness with this

updated sample holder version is much more uniform.

We then proceeded to perform electrochemical experiments with the novel samples.
First, we performed pH imaging experiments with the pH probe DHPDS as described
in Chapters [2] 4] 5] and [7] The experiments were performed in 100 mM KHCO3
electrolyte spiked with 100 uM DHPDS, without electrolyte flow. This means that
OH™ is only transported via diffusion. Since Cu is only exposed inside trenches and
all other Cu surfaces are covered with a SiO; layer, it is expected that the pH value
only increases locally inside trenches before enough time has passed to distribute
OH~ via diffusive transport. Fig. [A.5|(f) shows an exemplary pH map as a cross-
section through a trench with flat surfaces covered with 100 nm SiO, within the first
minute after the application of a current density of -5 mA/cm?. The pH increases
from the bulk pH 6.8 to >8 not only inside the trench, but also on the flat surfaces
surrounding the trench. A similar observation was also made at a position on the
GDE void of any trenches. This indicates that the 100 nm SiO, layer is not sufficient

to disable the catalytic activity that causes the pH increase.

Further, we realized during chromopotetiometry measurements that the potential
required to keep the current constant was not reproducible, it varied between different

samples and also as a function of time. We hypothesized that this might be caused
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Figure A.5: Characterization of GDE samples with an SiO, layer deposited on flat
surfaces. (a) SEM image of a trench in a Sigracet 38 BC carbon paper sample. (b)
EDS map of the same trench with red color indicating the presence of Cu. Borh flat
surfaces and trench walls are covered with Cu. (c) EDS map of the same trench with
green color indicating the presence of silicon and hence, SiO,. Only flat surfaces
are covered while the trench remains free of SiO,. (d) Overlay of SEM and EDS
maps of both Cu and Si. (e) Photograph of the angled chuck that is used to deposit
SiO, only on flat planes, mounted in the electron beam evaporator. (f) Operando pH
map as a cross section through a trench for a sample with flat surfaces covered with
100 nm SiO; at a current density of -5 mA/cm?. The pH increases from a bulk pH
of 6.8 to >8 everywhere, also on surfaces that should be deactivated by SiO,. The
dimension of the map is 45 ym in y and 117 um in x. (g) Impedance of samples
with 1000 nm (yellow) or 100 nm (green) SiO,, deposited at an angle of 90° as well
as the impedance of a Cu on carbon paper sample without an SiO, layer (blue), as
a function of the impedance spectroscopy run. The measurements are 1 minute
apart.

by an insufficient and non-uniform SiO, surface coverage such that parts of the Cu
on flat surfaces is still exposed for some of the samples. We hoped to mitigate this
problem with the application of thicker SiO layers up to 1000 nm but still observed

the same inconsistencies.

To investigate the influence of an SiO; layer on a sample’s electrochemical behavior
more systematically, we fabricated samples with SiO, layers of varying thickness
deposited onto the copper layer under an angle of 90° such that SiO, is deposited also
inside trenches and should cover all Cu surfaces. The expectation is that resistance

of these samples is significantly higher than that of a sample with pure copper owing
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to the dielectric properties of SiO,. To test this hypothesis, we performed impedance
spectroscopy measurements for a sample covered with 1000 nm SiO,, 100 nm SiO,
and 0 nm SiO,, see Fig. [A.5|(g). This was repeated several times, approximately
once every minute. The first impedance spectroscopy measurement fulfills the
expectations: the impedance for the pure copper sample is 211 €, for the sample
with 100 nm SiO; 479 Q and for the sample with 1000 nm SiO; 1138 Q. While the
impedance remains constant over the course of several measurements for the pure
copper sample, it drastically decreases for the other two samples. The impedance
drops to the level of pure copper within the first four/ five impedance spectroscopy
measurements. This shows that the ability of SiO, to shield the catalyst surface is
highly unstable. We hypothesize that this is caused by small, unwanted pores in the
SiO, layer that are unavoidable even if the thickness of the SiO, layer is increased
to 1000 nm. The electrolyte slowly penetrates the pores during electrochemical
experiments and reaches contact with more and more Cu surfaces. As a result, the
SiO; layer fails to effectively and durably shield the catalytic surfaces outside on

trenches.

We conclude that the application of a SiO, layer on the flat surfaces of a Cu
GDE via angled electron beam evaporation is not suitable to measure the local
product distribution inside trenches. While materials other than SiO, might exist
that would be more fit for this purpose, we did not proceed with this route since the
successful fabrication of controlled patterns of microstructures in GDEs provides
a shortcut towards the direct measurement of the product distribution for various

GDE micromorphology geometries, see Chapter [5

A.4 Unsuccessful Attempts to Fabricate Gas Diffusion Electrodes with Tai-
lored Microenvironments

In Chapter [5] the fabrication of CO,R GDEs with tailored microtrenches with the

method of laser ablation is described. However, in the first stages of the project, var-

ious other fabrication methods were tried. The aim of this section is to demonstrate

why laser ablation was chosen as the most suitable fabrication pathway.

We know from the results in Chapters 2] —[5] that microcavities with feature sizes on
the order of 5 um are most beneficial to boost the CO;R performance, it is therefore

vital that geometries with that size can be fabricated.
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A.4.1 Mechanical Milling

Because mechanical milling is very easy, requires only a single production step and

very basic tools, it was the first fabrication method we tried.

As a very quick first test, a razor blade was used to cut a trench into a carbon paper
substrate, see Fig. [A.6] While this works well and is faster, easier and cheaper
than any other method, it has three major drawbacks: (1) It is impossible to make
intricate geometrical features like circular holes, (2) With a razor blade that is drawn
across a substrate by hand, it is difficult to obtain a perfectly regular and controlled

pattern and (3) The minimum trench width that can be obtained is 30 pum.

Figure A.6: Microscopic image of a Sigracet 22 BB carbon paper sample exhibiting
a trench that was created with a razor blade. It is 30 um wide.

Another mechanical patterning methods that was considered is the use of micro-
drills. Drill bits with diameters as small as 50 um are commercially available [241]].
We purchased drill bits with diameters of 60 ym and 100 ym. While drills allow to
easily make shapes like circular holes, careful engineering is required to control the
depth of the holes or to create other pattern like trenches. Furthermore, the material
that is removed from the hole tends to build up around the edges of the hole. The
biggest drawback is the size of the drill bits, even the smallest ones are an order of

magnitude above the desired 5 ym in size.

Despite these challenges, due to its simplicity, we performed some experiments
using this method. To do so, we purchased a 125 um thick polyester sheet and
drilled holes through it with a 100 pm drill bit (see Fig. [A.7(a) and (b)). We stacked
this sheet on top of a PTFE (0.45 um pore size, coated with 300 nm Cu) GDE and
placed this stack in the electrochemical cell designed for confocal microscopy as
described in Chapter[2] We used the fluorescent pH probe DHPDS (see section|[I.5.1]
and Chapters ] [5|and [7), dissolved in CO,-saturated 100 mM KHCOj3 electrolyte,

to image the operando pH value inside the holes in the polyester sheet. It must be
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noted that the sheet itself is neither conducting nor covered with catalyst, so it does
not contribute to CO,R, it only serves as a structuring mask on top of a Cu CO,R
GDE. Polyester is transparent in the visible range, which allows to see processes
happening between the sheet and the GDE (see Fig. [A.7](c)). Since the GDE and
the patterned polyester sheet are loosely stacked together, it is impossible to control

if and how much electrolyte seeps in the volume in between.

Fig. (c) shows a pH map as a cross section through a hole in a polyester
sheet upon the application of a current density <-4 mA/cm? (note that the exact
determination of the current density is challenging since it is unknown to what
extend electrolyte seeps between the polyester sheet and the GDE surface and
therefore, the exact active surface area is unknown). The presence of fluorescence
at the bottom left and bottom right of this panel indicates that some electrolyte
containing fluorescent DHPDS enters the volume between the polyester sheet and
the GDE. Further, we see that the local pH value increases locally close to the top of
the hole. It is expected that the pH would be higher at the GDE surface and hence,
at the bottom of the hole. We hypothesize that this discrepancy is connected to mass
transfer limitations of the pH probe DHPDS.

Fig. [A7) (e) - (i) displays cross sectional pH maps in a hole as a function of time
for a current density <-16 mA/cm?. Such a high current density magnitude leads to
the formation of large quantities of gaseous products that are confined to the holes
in the polyester sheet. This leads to the formation of gas bubbles that slowly start
to fill the entire channel in the polyester sheet. After 1.62 minutes (panel (e)), the
bubble covers the bottom of the hole and slowly moves up until it reaches the surface
after less than three minutes and then extends past the surface of the polyester sheet.
Fig. (d) shows a microscopic image of such a gas bubble filling the channel in
a polyester sheet stacked on top of a Cu GDE.

While this first attempt to perform experiments with deliberately structured GDEs
was interesting, there are various problems. The first is the large size of achievable
patterns. Further, it is challenging to control the depth of created structures or make
patterns other than circular holes. In addition, covering a GDE with a foil that blocks
most catalytic sites is not ideal, instead, the goal are structures in the microporous
layer of the GDE itself. These challenges can be addressed with laser ablation as
described in Chapter [3]
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Figure A.7: Creation of structured GDEs with micro-drill bits and a polymer sheet
stacked on a PTFE GDE. (a) Photograph of the drilling process with a drill press and
a 100 um drill bit. Inset: microscopic image of the drill bit. (b) Microscopic image
of the resulting polymer foil with a pattern of drilled holes. (c) Cross-sectional
pH map inside a hole in the polymer sheet stacked on top of a Cu/PTFE GDE at a
current density <-4 mA/cm?. (d) Microscopic image of a gas bubble that has formed
inside the channel in the polymer sheet at a current density <-16 mA/cm?. (e) - (i)
Cross-sectional pH maps inside a hole for different times after turning on the bias.
The evolution of a gas bubble (black) can be clearly followed. All pH maps have a
size of x =225 yum and y = 198 um. The pH color bar is valid for all maps.

A.4.2 3D Printing

We considered 3D printing as a possible method to create GDEs with tailored
micromorphology because it gives complete control over the printed structure and
the freedom to print any shape.

Max Saccone, Julia Greer et al developed a 3D printing method including hydrogel
infusion that allows to print materials from various different materials, including
metals and alloys [242]. Using this technique, a carbon structure was printed with
regular square pores of size 50 um x 50 ym x 80 um. This resolution is not suitable
to print GDEs with geometrical features on the length scale of 5 um. In theory, 3D
printers that can print considerably smaller structures are commercially available
[243]]. However, is is critical to ensure that the printed material is suitable to be used
as a COR GDE and the resulting structure must be porous to allow the transport
of CO; to the catalyst-electrolyte interface. It is a difficult balance to control both a
GDE’s pore size and hydrophobicity such that CO, transport is effective but at the
same time the GDE is not flooded. It is very challenging to achieve these material

properties with common 3D printing techniques.



201

J. Wicks et al. developed a 3D-printable fluoropolymer gas diffusion layer that
enables the 3D printing of hydrophobic porous gas diffusion layers [244]]. However,
the described process is very complex and requires self-made materials and equip-
ment. Additionally, printed features on the length scale of millimeters rather than

micrometers were demonstrated.

As a consequence, we decided that 3D-printed structures as demonstrated in
could dhave the capability to be utilized as potent flow-through CO;,R electrodes
[245]. However, considering the complex material requirements of a GDE, it is
easier to carve into an existing commercially available GDE susbtrates rather than

building an entire GDE via additive manufacturing.

A.4.3 Nanofabrication
Various very advanced and well-developed nanofabrication techniques exist that
have a resolution well below the 5 um required for this application [246].

We considered the use of focused ion beam lithography (FIB) to create the
desired structures. While this would be feasible and allow the creation of micro-
cavities with controlled shape and the desired size, the technique is very slow. The
fabrication of a single sample would require many hours or even days. Considering
how many different samples are required for the project (see Chapter[3)), this pathway
is not feasible.

Figure A.8: SEM images at different length scales of Sigracet 38 BC carbon paper
spin-coated with AZ4620 photoresist. The resist layer is non-uniform.

Another very common nanofabrication method is photolithography using a photore-
sist. We tried to spin-coat the photoresists S1813 [248]] and AZ4620 [249], both
without and with the photoresist adhesion HMDS on a Sigracet 38 BC carbon
paper substrate. The major problem with this approach is that the GDE substrate is

porous and it is therefore very challenging to achieve a uniform photoresist coating
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on the substrate surface. Fig. [[.9shows SEM images of such a sample coated with
photoresist at two different length scales. It is obvious that the resist layer is highly

non-uniform. This presents a problem for the subsequent photolithography process.

Following all the tests and considerations presented in this chapter, we decided that
for the study described in Chapter [5] laser ablation is the most suitable fabrication
pathway. It allows to make features as small as 5 ym with controlled shape and size,
it can be used to carve patterns directly into an existing GDE substrate, requires
only one step to make patterns and is considerably faster than many nanofabrication
techniques. Refer to Chapter [5] for details about the sample fabrication with laser

ablation and the results of the study.
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