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Abstract

Electrochemical processes offer promising routes to defossilize the chemical industry by
integrating low-carbon electricity. Industrial application is still hindered by high costs and
the challenging transition from lab-scale research to industrial maturity. Key processes,
such as cathodic hydrogen evolution and CO. reduction, are typically paired with the
anodic oxygen evolution reaction (OER). However, the generated oxygen holds little
value, and the electrical costs associated with energy-intensive OER pose a significant
economic barrier.

This thesis explores selective methanol oxidation as a less energy-intensive alterna-
tive to OER for paired electrolysis, which yield value-added products from both anodic
and cathodic reactions. Two paired processes were studied in electrochemical flow
cells: Methanol oxidation to formaldehyde at platinum paired with CO, reduction, and
methanol oxidation to formate at hierarchically structured copper oxide paired with hy-
drogen evolution. Investigating both processes at conditions significantly exceeding
previous studies in terms of electrode area, current density, and product concentration
allowed novel insights into selective methanol oxidation and revealed crucial interactions
within the paired systems. Furthermore, methanol oxidation was employed to introduce
'feed and bleed’ as a versatile alternative to conventional batch and single-pass opera-
tion of electrochemical flow cells.

Methanol oxidation to formaldehyde was strongly influenced by the oxidation state of
the electrode with a higher Faraday efficiency for oxidized platinum (up to 58%), but a
lower anodic potential for metallic platinum. Methanol oxidation to formate at optimized
conditions achieved nearly 100% Faraday efficiency and up to 70% yield. The reaction
conditions, in particular the conversion, had a critical impact on the selectivity for for-
mate. In both paired processes, methanol oxidation required less electrical energy than
conventional OER and provided value-added products with substantial yields. Interac-
tions between the anode and cathode side, such as ion transfer and the crossover of
water and reactants were found to be crucial for the stability of the paired processes,
especially at high product concentrations. Building on the findings on methanol oxida-
tion, the ’feed and bleed’ operating mode was established enabling the investigation of
reactions in steady state at high product concentration.

The present work highlights the benefits of paired electrolysis and provides valuable
insights on selective methanol oxidation to formaldehyde and formate with yields and
product concentrations exceeding the previous state of the art. Challenges arising from
high product concentration and adverse interactions within the paired process were
identified and discussed. The methodological aspects of this work can be applied to
the investigation of other electrochemical processes under industrially relevant condi-
tions and thus contribute to the overarching goal of bringing sustainable processes to
industrial application.






Zusammenfassung

Elektrochemische Prozesse bieten vielversprechende Routen zur Defossilisierung der
chemischen Industrie durch die Integration von emissionsarmer Elektrizitat. Die indus-
trielle Anwendung wird durch hohe Kosten und durch Herausforderungen beim Transfer
von der Forschung zur industriellen Reife behindert. Schllisselprozesse wie die katho-
dische Wasserstoffentwicklung und die CO,-Reduktion werden in der Regel mit der
anodischen Sauerstoffentwicklung (Oxygen Evolution Reaction, OER) gekoppelt. Der
erzeugte Sauerstoff hat jedoch nur einen geringen Wert und der hohe Energiebedarf
von OER stellt ein erhebliches wirtschaftliches Hindernis dar. In der vorliegenden Ar-
beit wird die selektive Methanoloxidation als energiesparende Alternative zu OER fir
die gepaarte Elektrolyse untersucht, die wertschépfende Produkte aus der anodischen
und kathodischen Reaktion gewinnt. Zwei gepaarte Prozesse wurden in elektrochemi-
schen Flusszellen untersucht: Methanoloxidation zu Formaldehyd an Platin gepaart mit
CO,-Reduktion, und Methanoloxidation zu Formiat an Kupferoxid gepaart mit Wasser-
stoffentwicklung. Beide Prozesse wurden unter Bedingungen untersucht, die in Bezug
auf die Elektrodenflache, die Stromdichte und die Produktkonzentration deutlich Gber
bisherige Studien hinausgingen. Dadurch wurden neue Erkenntnisse zur Methanoloxi-
dation gewonnen und entscheidende Wechselwirkungen innerhalb der gepaarten Sys-
teme identifiziert. Weiterhin wurde die Methanoloxidation genutzt, um den 'Feed and
Bleed’ Betriebsmodus als vielseitige Alternative zu konventionellen Betriebsarten von
elektrochemischen Flusszellen zu etablieren. Die Methanoloxidation zu Formaldehyd
wurde stark vom Oxidationszustand der Elekirode beeinflusst. Die Faraday-Effizienz
war héher fir oxidiertes Platin (bis zu 58%), aber das Anodenpotential was niedriger
mit metallischem Platin. Die Methanoloxidation zu Formiat erreichte unter optimierten
Bedingungen eine Faraday-Effizienz von nahezu 100% und eine Ausbeute von bis zu
70%. Die Reaktionsbedingungen und der Umsatz hatten einen entscheidenden Ein-
fluss auf die Selektivitat. In beiden gepaarten Prozessen erforderte die Methanoloxi-
dation weniger elektrische Energie als OER und lieferte wertsteigernde Produkte mit
erheblichen Ausbeuten. Wechselwirkungen zwischen der Anoden- und der Kathoden-
seite waren entscheidend fir die Stabilitat der gepaarten Prozesse, insbesondere bei
hoher Produktkonzentration. Aufbauend auf den Erkenntnissen zur Methanoloxidation
wurde der 'Feed and Bleed’ Betriebsmodus eingefiihrt, um Reaktionen im stationaren
Zustand und bei hoher Produktkonzentration zu untersuchen. Die vorliegende Arbeit
unterstreicht die Vorteile der gepaarten Elektrolyse und liefert wertvolle Erkenntnis-
se zur selektiven Methanoloxidation mit Ausbeuten und Produktkonzentrationen Gber
dem bisherigen Stand der Technik. Die Herausforderungen durch hohe Ausbeuten und
nachteilige Wechselwirkungen innerhalb der gepaarten Prozesse wurden identifiziert
und diskutiert. Die Methoden dieser Arbeit kdnnen fur die Untersuchung anderer elek-
trochemischer Prozesse unter industriell relevanten Bedingungen genutzt werden und
damit dazu beitragen nachhaltige Verfahren zur industriellen Anwendung zu bringen.
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1. Introduction

Anthropogenic carbon dioxide (CO,) emissions are causing global warm-
ing, which severely impacts human life and the ecosystems, if not miti-
gated [Porf2022]. To reduce CO, emissions, ongoing efforts are being
made to develop sustainable technologies to replace fossil fuels and feed-
stocks [Riss2020]. Electrochemical processes offer promising approaches
for the production of chemicals from renewable feedstocks [Wynd2021];
Cuna2019]. Especially water electrolysis and electrochemical CO, re-
duction (CO2R) have emerged as focal points of extensive research and
industrial interest. However, the high cost compared to fossil-based
routes presents a major hurdle for both processes [Grig2020; [Cuna?019;
Joun2018].

Typically, only one half-cell reaction of electrochemical reactors is ex-
ploited for the synthesis of value-added chemicals [Vass2021; Xu20149].
The value-adding reaction of water electrolysis, CO2R, and various other
electrochemical processes is a reduction reaction at the cathode side of the
cell. The cathodic reactions typically exhibit low standard potentials, specif-
ically E® = 0V vs. standard hydrogen electrode (SHE) for the hydrogen evo-
lution reaction (HER) [Shih2022] and E® = -0.1 - 0.2V vs. SHE for the CO,
reduction reaction (CO2RR) to most products [Na2019]. These cathodic re-
actions are commonly paired with the energy-intensive oxygen evolution re-
action (OER) at the anode side [Vass2021; Xu2019], which exhibits a high
standard potential of E® = 1.23V vs. SHE [Shih2022]. Consequently, OER
accounts for the majority of the electrical energy demand, while the gener-
ated oxygen holds little value and does not contribute to economic viability.
The cost of electrical energy is the main contributor to the overall produc-
tion costs for both water electrolysis and CO2R [Grig2020; Luna2019]. To




Chapter 1. Introduction

reduce the electrical energy demand and enhance economic viability, re-
cent literature has explored replacing the energy-intensive OER with or-
ganic oxidation reactions, which can reduce electricity consumption while
providing additional value-added products [Na2019; Verm?2019; Vass2021];
Vehr2023; Xu2019; Jack2021l; Chen2022].

The selective oxidation of methanol to formaldehyde or formic acid (in-
cluding corresponding formate salts) is a promising alternative anode reac-
tion to replace OER. Selective methanol oxidation exhibits a low standard
potential which allows to reduce electricity consumption compared to OER
while providing additional value-added products. Both formaldehyde and
formic acid have a higher market price than the starting material methanol
[Reus2010; ICIS2007; JounZ018; Infr20183; Infr20180]. Methanol oxida-
tion to formaldehyde was previously only investigated in mechanistic stud-
ies in the context of direct methanol fuel cells and was not applied for
the targeted synthesis of formaldehyde yet [Ota1984; Chil1999; Bafiz003].
On the other hand, methanol oxidation to formate was extensively studied
and a range of promising catalysts were developed [Wei2021; Wu2021;
[i2020a; [20200; Xian2020; Xian2027; Du2023]. However, there is still
a lack of studies addressing the paired process and the interactions be-
tween anode and cathode side such as the crossover of ions, water and
reactants. Furthermore, the formate concentration obtained in previous
studies was either low or not reported, even though product concentration
and yield are crucial parameters for any chemical synthesis. Also, in elec-
trosynthesis in general, there is a critical need for research and techniques
that study processes under industrially relevant conditions including scale,
current density, temperature, product concentration, conversion, and yield
[Burd2019; Zhou2023; This2024].

The present thesis investigates selective methanol oxidation as anode
reaction for paired electrolysis. Two products and reaction systems are
considered: Methanol oxidation to formaldehyde at platinum electrodes
and the oxidation of methanol to formate at hierarchically structured copper
oxide. Studying both reaction systems at conditions significantly exceeding
previous mechanistic and catalytic studies in terms of electrode area,



current density, temperature, and product concentration provides novel in-
sights into selective methanol oxidation and into crucial interactions within
the paired process. Furthermore, this thesis employs methanol oxidation
on a methodological level to introduce the feed and bleed operation mode
for electrochemical flow cells. The unique characteristics of the feed and
bleed mode allow to operate electrochemical reactions simultaneously at
high product concentration and steady state. From a broader perspective,
the present thesis addresses three key challenges for the transition of elec-
trochemical processes from laboratory-scale research to a viable industrial
application: (i) The high energy and operational costs of electrochemical
processes, (ii) the need for research at industrially relevant conditions and
(iii) the required process stability over time. An overview is shown in Figure
A1 which highlights the key challenges addressed by each chapter. The
scope of the thesis is further outlined in the following paragraphs.

it

Lab-scale
research

Industrial
application

e

High Relevant Process
costs conditions stability

Chapter 3
Methanol oxidation
to formaldehyde

Chapter 4
to formate
Chapter 5

Feed and bleed
operating mode

Figure 1.1.: Overview of the thesis presenting three key challenges for the transi-
tion of electrochemical processes from laboratory-scale research to a viable indus-
trial application. The key challenges addressed by each chapter are highlighted in
blue.
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Fundamentals of electrolysis, paired electrolysis, selective methanol ox-
idation, and key figures are presented in Chapter 2 with an overview of
previous works and the state of the art.

Methanol oxidation to formaldehyde exhibits beneficial characteristics as
anode reaction for paired synthesis. However, targeted synthesis was not
investigated before. The synthesis of formaldehyde by methanol oxidation
in an electrochemical flow cell is presented in Chapter B. Metallic and oxi-
dized platinum electrodes are investigated within a current density range of
25-100mA/cm? and compared with respect to selectivity and required po-
tential. Furthermore, anodic methanol oxidation to formaldehyde is paired
with cathodic CO, reduction to formate, examining both sides of the pro-
cess and their interactions.

In contrast to formaldehyde, considerable research focused on selective
methanol oxidation to formate. While high Faraday efficiency (FE) for for-
mate was reported, neither reaction conditions nor conversion and product
yield were considered. Chapter @ investigates the selectivity of methanol
oxidation to formate with progressing conversion on hierarchically struc-
tured copper(ll) oxide electrodes using a flow cell with current densities
up to 200 mA/cm?. The impact of the reaction conditions is analyzed, in-
cluding current density, temperature, flow rate, electrolyte composition, and
membrane type. Optimized reaction conditions are applied to achieve high
formate yields. Furthermore, interactions in the paired process of anodic
methanol oxidation and cathodic hydrogen evolution are examined, includ-
ing the transfer of ions, reactants and water.

Chapter B introduces the feed and bleed operating mode for electrosyn-
thesis in flow cells, which enables versatile steady-state operation of elec-
trochemical processes. The ‘feed and bleed’ mode is compared to batch
and single-pass operation. Batch, single-pass, and feed and bleed op-
eration is demonstrated by methanol oxidation to formate at 200 mA/cm?
in flow cell, providing an experimental comparison concerning product/re-
actant concentration, conversion, and FE. The comparison highlights the
characteristics of each operation mode for the electrosynthesis of chem-
icals, showcasing the unique characteristics of the feed and bleed mode,



which enables steady-state operation at industrially-relevant conditions with
high product concentration.

The findings of the thesis are summarized in Chapter B highlighting the
main results and their implications. Finally, challenges and opportunities
for future work are discussed.

Previous Publications in Student Theses

This thesis’s content and results emanate from research conducted under
the affiliation and position of the author as research fellow and PhD candi-
date at RWTH Aachen University. The position is associated with the Chair
of Chemical Process Engineering. The work comprises data based on the
following student theses:

» Tamara Oliveira, Master’s thesis, 01.12.2020, Coupled electrochem-
ical synthesis: Investigation of concurrent alcohol oxidation and CO-
reduction

« Paulina Montero, Bachelor’s thesis, 29.07.2022, Methanol oxidation
paired with CO., reduction: 200% electrochemical synthesis of for-
mate

» Sophia Schenke, Bachelor’s thesis, 10.06.2023, 200% electrochemi-
cal synthesis of formate: Paired methanol oxidation and CO, reduc-
tion

While working at the Chair of Chemical Process Engineering, the author
further supervised the student theses listed below. The findings, methods
and devices from these works contributed to this thesis and other publica-
tions of the author. The work of all students is gratefully acknowledged.

« Szymon Herdzik, Master’s thesis, 26.09.2019, Carbon dioxide as a
resource: Electrochemical synthesis of basic chemicals

» Miriam Mineur, Bachelor’s thesis, 08.04.2020, Rapid manufacturing
for electrosynthesis: Design of a modular and scalable electrochemi-
cal cell
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Hexin Zhu, Bachelor’s thesis, 30.04.2020, Model-based design and
construction of a temperature control system in a parallelized experi-
mental set-up for electrochemical synthesis

Florian Schwarz, Master’s thesis, 29.05.2020, Electrochemical Dehy-
drogenation of Methanol to Formaldehyde as the Anode Reaction for
the Reduction of CO

Niklas Vollmert, Master’s thesis, 24.12.2021, Synthesis of formic acid
by concurrent methanol oxidation and CO, reduction in an electro-
chemical flow cell

Markus Wessling, Bachelor’s thesis, 17.02.2022, Rapid Manufactur-
ing for electrosynthesis: Design and optimization of a modular and
scalable electrochemical cell

Jannik Mehlis, Master’s thesis, 11.06.2022, Experimental and simu-
lative investigation of mass transport limitation in the electrochemical
flow-cell flex-E-cell

Alexander Kohushdlter, Master’s thesis, 22.07.2022, Tunable anode
reactions for CO, reduction: Experimental investigation for strategies
towards flexible energy demand in electrosynthesis

Florian Frick, Bachelor’s thesis, 29.07.2022, Design and implemen-
tation of an experimental setup for electrochemical CO, reduction to
carbon monoxide at industrially relevant conditions

Lukas Griesberg, Bachelor’s thesis, 09.09.2022, 200% electrochem-
ical synthesis of formate: CO, reduction paired with methanol oxida-
tion

Nicolas Mulandi, Master’s thesis, 11.09.2023, Spiral wound electro-
chemistry: Design of a modular flow cell and its application in alkaline
water electrolysis

Markus Wessling, Master’s thesis, 22.12.2023, Additive manufactur-
ing of electrochemical cell components: Multi-material structures to
improve mass transfer and enable function integration



2. Fundamentals

2.1. Principles of electrolysis

Electrochemistry is concerned with the mutual conversion of electrical and
chemical energy [Bago2006], whereby two different types of electrochemi-
cal cells can be distinguished based on the direction of energy conversion
[Bard2001; Inze2015]. Galvanic cells convert chemical energy into electri-
cal energy, which allows to draw current from the cell to power an exter-
nal load [Bard2001]; Inze?2015]. The present work focuses on electrolysis
and electrolytic cells, in which electrical energy is converted to chemical
energy by applying an electric potential from an external source to drive
electrochemical reactions [Bard2001; [nze2015]. A basic electrolytic cell
consists of two electrodes connected by an ionically conductive electrolyte
[Schm2004]]. Figure P depicts a simple electrolytic cell with two electrolyte
compartments and an ion-permeable separator in between. Electrochem-
ical reactions occur at the electrode-electrolyte interface and involve the
transfer of electrons between the electrode and a reactant [Schm2004].
Based on the direction of electron transfer, electrochemical reactions can
be classified into oxidation and reduction reactions [Schm2004]].
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Anode Separator Cathode

ze O

Anolyte Catholyte

Figure 2.1.: Schematic of an electrolytic cell with two electrolyte compartments
(anolyte and catholyte) and an ion-permeable separator in between. The cir-
cles with positive and negative signs represent ions migrating in the electric field.
Adapted from [Schm2004].

Oxidation is characterized by the release of electrons from a reactant to
the electrode (Equation P), leading to an increase in the oxidation state of
the reactant. The electrode where an oxidation occurs is defined as anode
[Schm2004].

Red — Ox + ze~ (2.1)

with the reduced species Red, the oxidized species Ox and the number
of electrons transferred per reaction z. Reduction involves the uptake of
electrons (Equation £22), while the oxidation state of the reactant is re-
duced. The electrode at which a reduction occurs is known as cathode
[Schm2004].

Ox + ze- — Red (2.2)

Electrochemical oxidation and reduction are intrinsically linked in an elec-
trochemical cell, since the same current passes through the anode and
cathode [P1ef1993; Schm2004]. Thus, the rate of charge transfer at the
anode and cathode is identical, but in the opposite direction (oxidation vs.
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reduction).

The minimum potential required to drive an electrochemical reaction is
defined by thermodynamics. The standard electrode potential E° is the
minimum potential required at standard conditions and can be calculated
from the change of the Gibbs energy AG over the reaction, as shown in
Equation .3 [Elia2019], where F is the Faraday constant and z the num-
ber of electrons transferred in the reaction. Standard conditions refer to a
temperature of 25°C, a pressure of 101.325 kPa, and an activity of 1 mol/L

for all soluble species [Hayn2017].

£o AG°

electrode = _ F (2.3)

Electrode potentials are reported as the difference in potential relative to
a well-defined reference electrode [Ping2020]. The standard electrode po-
tential is typically reported against the standard hydrogen electrode (SHE),
which uses the potential of the redox couple of 2H* = H, at standard con-
ditions as a reference [Bard2001]].

The thermodynamic minimum potential required beyond standard condi-
tions, the reversible electrode potential EJ7Y, .. is described by the Nernst
equation (Equation 2-4)), which considers the influence of the temperature
and the activity of the reactants and products [Pefr2021]; Seeb2015].

Ting = £ ull

ARed
electrode ZF In (2-4)

Erev — EO

electrode electrode ZF

with the ideal gas constant R, the temperature T, and the reaction quotient
Q. For a simple oxidation reaction (Equation 21l), the reaction quotient
equals the quotient of the activities of the reactant ar,y and the product ap,
[Seeb?015]. The Nernst equation is only valid for an ideal reaction in equi-
librium without electric current passing through the electrode [Chak?2018].
lon exchange membranes are commonly used as separators for elec-
trolytic cells, which selectively allow the passage of positive or negative
ions, while blocking ions of the opposite charge [Luo2018]. The reversible
membrane potential between the separate electrolyte phases at equilibrium
can be calculated analogously to the Nernst equation by Equation B8, with
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the simplified assumption that one permeating ion species (index i) ac-
counts for the entire charge transport [Bard2007; Zosk2007]. The equa-
tion has a negative or positive sign for cations and anions as permeating
species, due to their opposite direction of migration.

catholyte
Erev AT (2.5)

membrane = = S F ganolyte
i

The actual electrode potential Egectrode required to drive an electrochemi-
cal reaction beyond equilibrium with an electric current / can exceed the
reversible potential significantly. The potential required beyond the re-
versible electrode potential is defined as overpotential ngjectrode (Equation
28) [Elia20719].

rev
Nelectrode = Ee/ectrode - Eelectrode (2-6)

The overpotential can be considered as a sum of terms that are as-
sociated with different steps of the electrode reaction (Equation P)
[Bard2001]. The reaction pathway in Figure P2 illustrates multiple steps
from reactant to product: Mass transfer from the bulk solution to the elec-
trode surface, electron transfer at the electrode surface, chemical reactions
preceding or following the electron transfer, and adsorption/desorption at
the electrode surface [Bard2001]].

Nelectrode = "Imt + Trxn + 7ct (2.7)

with the mass-transfer overpotential ., the charge-transfer overpotential
net (also called activation overpotential [Elia2019]), and 7,x, the overpoten-
tial caused by preceding chemical reactions [Bard2001]].

10
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Figure 2.2.: Pathway of electrode reactions illustrating multiple steps from reactant
to product. Oxidation and reduction are depicted counterclockwise and clockwise,
respectively (compare to Equation P and P2). Adapted from [Bard2007].

Similar to the electrode overpotential, the overpotential at the cell level is
also composed of multiple components (Equation 2.8).

Ticell = Nanode t Nanolyte * membrane + "catholyte + Tlcathode (2.8)

Figure P23 illustrates the distribution of the overpotential over the distance
from the anode to the cathode of a simple two-compartment cell.

11
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Figure 2.3.: Schematic distribution of the overpotential over the distance from an-
ode to cathode in a simple two-compartment cell. Adapted from [Schm2004].

The overpotentials of the electrolyte and membrane can be described
as potential drop over the ohmic resistance of the electrolyte Rgjeciroyte

and membrane R emprane; respectively (Equation 29 and 2110) [Schm?2004;
Caost2007]).

Nelectrolyte = [- Relectrolyte (2 -9)

lmembrane = [ Rmembrane (2 A 0)

Finally, the overall cell potential is composed of the ideal reversible po-
tentials of the cathode, membrane, and anode, and the overpotential of the
cell (Equation E111). The reversible potentials describe the minimum po-
tential required at equilibrium without electrical current. The overpotential
of the cell increases with increasing current and accounts for the losses in

12
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electric potential due to the components and phenomena discussed in the
previous paragraphs.

— rev rev rev
Ecen = Ecathode + Emembrane - Eanode — Tcell (2.11)

The general equation for the cell potential yields a negative cell potential
for electrolytic cells (potential from an external source must be applied to
drive the reactions), while the cell potential is positive for galvanic cells (the
reactions can drive electric current to power an external load). However,
literature on electrolysis, as well as the present work, omits the negative
sign of the cell potential since the direction of energy conversion is clear
and the electric potential must be applied.

This section provides an overview of important components and phe-
nomena in electrolysis. However, it should be noted that the representation
of the cell components includes simplifications and neglects certain de-
tails. For a comprehensive description of the phenomena and components
in electrochemical cells, the author would like to refer to existing literature
[Brow2018; Elia2019; Bard2001; Schm2004]].

13
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2.2. Key figures of electrolysis

Faraday efficiency

The Faraday efficiency (FE) describes how much of the total charge trans-
ferred is utilized to form a specific product [Scho2020]. The Faraday effi-
ciency is defined by Equation 212 for cumulative calculation [Scho2020], or
by Equation P13 for discrete calculation based on the difference in charge
between two points in time [Bird2020].

_ Qproduct
FE = O (2.12)
_ AQproduct

Quroauct 18 the theoretical charge required to form the measured amount of
product and Q4 is the total charge that was transferred during electrolysis.
The charge of Qproauer and Qo can be calculated by Equation 214 and
P18 respectively [Scho2020]:

Qproduct =Z: nproduct -F (2 -14)
Qiotal = / ot 2SN Q=1 t (2.15)
current

where z is the number of electrons transferred per reaction, Npyoguct 1S
the molar amount of product formed (e.g., formaldehyde or formate from
methanol oxidation), F is the Faraday constant, / the electric current and ¢
the duration of electrolysis.

In this work, the FE is calculated at a constant current based on measured
concentrations. Hence, Equation 2218 can be derived for the FE of a closed
system from inserting Equations P14 and P15 in Equation E13.

zFV Cn— Cp—1
I tn - tn_‘]

FE, = (2.16)

where c¢ is the concentration of the product, V is the electrolyte volume

14
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in the closed system and the indices denote the current data point (index
n) and the previous data point (index n — 1). Please refer to Section
531 for a comparison of FE calculation for different operation modes of
electrochemical flow cells.

Potential

The cell potential is measured between the anode and cathode and
comprises all components within the cell, as discussed in Section 3. The
electrode potential of the anode or cathode is the potential applied to drive
the electrochemical reaction at the corresponding electrode (see Section
P1). This work reports electrode potentials relative to the reversible
hydrogen electrode (RHE), which uses the potential of the redox couple of
2H* = H, in the surrounding electrolyte as reference [Krey2014]. Thus,
a positive electrode potential of an oxidation reaction indicates how much
more potential is needed than for the oxidation of H, to 2H*.

Current density
The current density / describes the electric current per electrode area as
defined by equation 237 [Bard2001]:

= (2.17)

with the electric current | and the electrode area A. In the present thesis,
the current density is always calculated with the geometric area of the
electrode, which is defined by its external dimensions.

15
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Conversion and yield

The conversion indicates how much of a substance has been reacted, while
the (fractional) yield provides information on how much of the reacted sub-
stance has been converted to a specific product [Leve1999]. The conver-
sion and yield of methanol oxidation can be calculated with the Equations
P18 and B39 [Leve1999]. The indices denote the current concentration
(index n) and the initial concentration (index 0).

. C — C
conversion = 0,methanol n,methanol (2.1 8)
CO,methanol
. C
yield = =™Product. (2.19)
CO,methanol
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2.3. Paired electrolysis

In paired electrolysis, the anodic and cathodic reactions are involved in
the production of value-added products, utilizing both sides of the electro-
chemical cell [Iban2017]. Various terms are used in the literature for paired
electrolysis (e.g., combined, concurrent, dual, duet, parallel, simultaneous,
and synchronous electrochemical processes)[Iban2017/]. The present work
uses the term ’paired’ in accordance with the consistent scheme for nomen-
clature and classification proposed by Ibanez et al. [Iban2017]. Paired
electrochemical processes can be classified by their mode of action, as il-
lustrated in Figure P4 [Ausi20714; [ban?017]. Divergent paired electrolysis
describes the formation of two different products from the same reactant,
whereas convergent paired electrolysis describes the formation of the same
product from two different reactants (Figure P_4la-b). The present thesis is
focused on parallel paired electrolysis with the anodic and cathodic reaction
forming two different products from two different reactants (Figure E-4c).

a) Divergent b) Convergent €) Parallel
paired electrolysis paired electrolysis paired electrolysis

GO G

Figure 2.4.: Selected types of paired electrolysis, based on the classification
scheme from Ibanez et al. [[ban?0717].

The concept of paired electrolysis was already applied in the early years
of industrial electrochemistry with the first chlor-alkali electrolysis plants
that produced chlorine at the anode and caustic soda and hydrogen at the
cathode [Bald1927]. For the current transition from fossil-based processes
to the production of chemicals from renewable feedstocks, especially re-
duction reactions at the cathode are of major interest. Cathodic hydrogen
evolution (HER) and CO, reduction (CO2R) are regarded as highly promis-
ing reactions for the sustainable production of hydrogen, carbon monoxide,

17
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ethylene, and other basic chemicals [Wynd2021]; Cuna2019]. Hydrogen
evolution or CO, reduction is typically paired with the anodic oxygen evo-
lution reaction (OER) [WVass2021); Kahl2023]. However, OER has a high
energy demand and the oxygen produced has no relevant market value
[Kahl2023]. In this context, alternative anode reactions and the strategy of
paired electrolysis have come into focus [Wass2021; Kahl2023]. While the
simultaneous production of chlorine and caustic soda was a mere result of
brine electrolysis, current research is focused on the targeted exploration
of useful and compatible anode reactions to substitute oxygen evolution
[Vass?2021); Kah[2023]. Alternative anode reactions ideally have two advan-
tages over oxygen evolution: A lower anodic potential and the production of
value-added products [Vass2021]; Kahl?023]. Reducing the anodic poten-
tial compared to OER can significantly affect the viability of the overall pro-
cess, as OER accounts for the majority of the electricity consumption which
is the main contributor to the overall production costs for both conventional
water electrolysis and CO, reduction [Grig2020; Luna2019]. The formation
of value-added oxidation products can further improve the overall process
by contributing to the overall economic viability [Vass2021; Kahl2023]. Suc-
cessful pairing of two reactions require compatibility in terms of reaction
conditions, as the paired reactions are required to work in the same cell at
the same current density. From a macroeconomic perspective, alternative
anode reactions that yield products with significantly lower demand than for
the cathodic product can only improve a small fraction of the total produc-
tion. Therefore, the demand for the anodic product should ideally range in
the same order of magnitude as that for the cathodic product [Kahl2023].

A broad range of anodic reactions has been considered as an alternative
to OER for paired electrolysis. The overview over selected reactions in Fig-
ure P8 shows feedstocks and products, as well as the reactions standard
potential vs. standard hydrogen electrode (SHE). The characteristics and
the state of the art of the illustrated reactions are briefly summarized in the
following paragraphs.
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Anode Cathode

Conventional anodic reaction Cathodic reactions

Oxygen evolution (1.23V) Hydrogen evolution (0V)

CO, reduction (-0.1...0.2V)

CO, C,H,,
HCOOH, ...

Hydrogen peroxide formation (0.7V)

Alternative anodic reactions

Methanol oxidation (0.1...0.3V)

Glycerol oxidation (0.1...0.4V)

R-COOH,
HCooH, ... \C3Hs(OH);

HMF oxidation (-0.78V)

Chlorine evolution (1.36V)

Figure 2.5.: Schematic illustrating the concept of paired electrolysis in which the
reactions on both sides of the electrochemical cell are utilized to produce value-
added products. Selected anodic and cathodic reactions are presented providing
the standard electrode potential vs. SHE in brackets.
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Nitrate reduction to ammonia (0.7V)

Oxygen evolution has a high standard potential of 1.23V vs. SHE and
provides no value-added product [Kahi2Z023]. Nonetheless, OER is the
standard anodic reaction for conventional water electrolysis and CO, reduc-
tion [Vass2021); Kahl2023]. Water electrolysis utilizes different processes,
in particular alkaline electrolysis and proton exchange membrane (PEM)
electrolysis, which have different characteristics [Seze2025]. Iridium- and
ruthenium-based catalysts are considered as the state of the art for OER
in PEM electrolysis and nickel-iron based oxides and (oxy)hydroxides for
alkaline electrolysis [Wang2021]. OER is operated in water electrolysis
with high current densities, the range differs depending on the process
(alkaline electrolysis: 0.2-0.7 A/cm?, PEM electrolysis: 1.0-2.2 A/cm?)
[Seze2025]. The sluggish kinetics of OER still causes considerable over-
potentials leading to typical anodic potentials of 1.5-2.0 V vs. RHE
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[Seze?025; HuanZ20240].

Selective methanol oxidation offers a low standard potential
(0.1...0.3V vs. SHE) [Wei2021; Hayn2017] and can provide formalde-
hyde or formic acid/formate as value-added products. Methanol can be
produced from renewable feedstock [Olah2018] and its oxidation products
are needed on a large scale, especially formaldehyde with a production of
18 Mt/year [Vass2021]. Formaldehyde formation on platinum electrodes oc-
curs at 0.5-0.7 vs. RHE and was investigated mainly in mechanistic studies
(current density < 10 mA/cm?) [Chil1999; Bafi2003; Ofa1984); Jusy2003].
Methanol oxidation to formate typically employs copper, nickel, and cobalt-
based catalysts at alkaline conditions with anodic potentials of 1.3-1.6V
vs. RHE reaching current densities of 10 - 200 mA/cm? [Li2020a; Wei2021;
Wu2021); Xian2020]. The reaction mechanism and the state-of-the-art of
selective methanol oxidation to formaldehyde and formate are discussed in
detail in Chapter P-4.

Glycerol oxidation exhibits a low standard potential (0.1...0.4V vs.
SHE)[Verm2019; Mehr2023] and forms a wide range of products, such
as formic acid, lactic acid, glyceraldehyde, and oxalic acid [Kuma2023].
Typically, several of these products are formed concurrently, which can in-
crease the complexity of downstream processing [Ean2021]. Glycerol is
produced from renewable feedstock as a by-product of biodiesel produc-
tion [Kuma2023]. However, the demand for the glycerol oxidation products
(< 1 Mt/year) is significantly lower compared to the demand for formalde-
hyde [Kahl2023]. Catalysts based on platinum, gold, nickel, or cobalt were
frequently used for glycerol oxidation with typical current densities of 10 -
100 mA/cm? [KumaZ2023]. The corresponding anodic potential is between
0.5-1.5V vs. RHE with the noble metal electrodes being typically at the
lower end of the range [KumaZ2(023].

Hydroxymethylfurfural (HMF) oxidation to 2,5-furandicarboxylic acid
(FDCA) exhibits a remarkably low standard potential (-0.78 V vs. SHE) and
a significant increase in value from feedstock to product [Kahl2023]. The
current annual production of FDCA is rather low (0.5 Mt/year)[KahlZ023],
but could increase if FDCA-based polymers gained a larger market share.
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HMF oxidation is typically performed on nickel-, cobalt- or copper-based
catalysts at anodic potentials of 1.3-1.6V vs. RHE reaching current den-
sities of 10-100 mA/cm? [Chen2023]. Recent studies demonstrated HMF
oxidation to FDCA surpassing the typical current range with current densi-
ties of up to 1000 mA/cm? [Chen2023].

Chlorine evolution exhibits a high standard potential of 1.36 V vs. SHE
[Vass2021]] and is an established reaction in industrial chlorine production
from chlor-alkali or hydrochloric acid electrolysis [Kinf2017; Deng2024].
The yearly production of chlorine is about 100 Mt/year [WVass2021]]. Chlo-
rine evolution is performed on dimensionally stable anodes (DSA) which
are coated with a mixture of RuO, and TiO, oxides at current densities of
150 - 700 mA/cm? [Deng2024].

Hydrogen evolution has a low standard potential of 0V vs. SHE and is
paired with OER for conventional water electrolysis [Shih2022; Kahl2023].
Hydrogen is an important base chemical with a production of 90 Mt/year,
which is expected to increase to 130 Mt/year by 2030 [Infe2022]. As with
OER, it should be differentiated between alkaline electrolysis and PEM
electrolysis. Platinum-based electrodes are considered as the state of the
art for PEM electrolysis, nickel based electrodes for alkaline electrolysis
[Chat?2022]. HER is operated at high current densities in conventional wa-
ter electrolysis, the range differs depending on the process (alkaline elec-
trolysis: 0.2-0.7 A/lcm?, PEM electrolysis: 1.0-2.2 A/cm?)[Seze2025]. The
cathode potential is typically in the range of -0.1...-0.5V vs. RHE with alka-
line HER being at the higher end [Seze2025; Huan20240; Mahm20718].

Electrochemical CO, reduction can produce a wide range of basic
chemicals, such as carbon monoxide, formic acid, or ethylene [Chen2018;
Joun2018; Gawe2022]. CO, reduction is a promising sustainable alterna-
tive to conventional processes utilizing electricity from renewable sources
and CO, instead of fossil feedstock [Wynd2021]]. Ethylene and syngas
(mixture of hydrogen and carbon monoxide) are produced on a large
scale with an annual production of about 150 Mt/year each [Joun2018;
Luna?019], the annual production of formic acid is significantly lower at
0.9 Mt/year [Kahl2023]. CO, reduction is typically carried out under slightly

21




Chapter 2. Fundamentals

alkaline conditions, often with an anion exchange membrane in direct con-
tact with the electrode [Gawe2022]. Depending on the product, different
metals are used for catalyst development, such as silver and gold for car-
bon monoxide, tin for formic acid, and copper for ethylene [[una2019;
KumaZ2023]. Typical current densities are 100-500 mA/cm? for carbon
monoxide or formic acid and 200- 1000 mA/cm? for ethylene [Kuma2023]
at cathode potentials of -0.5 to -1.5V vs. RHE [[Ceon2024; KumaZ023].
While the present work investigates paired electrolysis with hydrogen
evolution and CO, reduction, it should be noted that alternative anode re-
actions can be paired with other promising cathodic reactions, such as the
electrochemical production of hydrogen peroxide or ammonia. In addition
to the examples discussed above, numerous reactions have been proposed
and investigated for paired electrolysis [AustZ014; [ban2017; Pall2020;
Xue2024; Hili2024]. For a comprehensive discussion of alternative anodic
reactions please refer to existing literature reviews on paired electrolysis
[Vass2021; Kahi2023; Cout2016; Xi2024; Xu2019]. Furthermore, Figure
P8 provides an overview of selected literature on paired electrochemical
synthesis in the context of hydrogen evolution and CO, reduction.
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Paired electrochemical synthesis in context of ...

Hydrogen evolution CO, reduction

2010

Bambagioni et al. investigates simultaneous
production of hydrogen and carboxylates with
reduced energy demand of partial alcohol

oxidation compared to oxygen evolution
2014

Bevilacqua et al. report CO, reduction paired
with partial alcohol oxidation with reduced
energy demand

2016

Coutanceau et al. review the electrochemical
conversion of alcohols for hydrogen production
considering full and partial oxidation

2017
2016 —I Li et al. investigate electrolytic CO, reduction

You et al. report hydrogen production with in tandem with oxidative organic chemistry

simultaneous oxidative biomass valorization

2019

Xu et al. discuss recent advances in
electrochemical hydrogen production assisted
by alternative oxidation reactions

2019

Verma et al. investigate co-electrolysis of CO,
and glycerol and provide a techno-economic
analysis of the paired process

2020
Xiang et al. boost hydrogen production by
coupling with methanol oxidation to formate

2021

Vass et al. review coupled electrochemical
carbon dioxide conversion with value-added
anode processes

2021

Wei et al. investigate concurrent synthesis of
formate by cathodic CO, reduction and anodic
2023 methanol oxidation
Du et al. couple methanol oxidation to formate and
freshwater/seawater hydrogen evolution at high
current density and Faraday efficiency
2023 2023
Kahistorf et al. discuss the challenges for hybrid Baessler ot al. pair methanol oxidation to

- formaldehyde with CO, reduction to formate
water electrolysis to replace the oxygen

evolution on an industrial scale

2024

Yeo et al. investigate simultaneous production
of formaldehyde derivatives from CO,

2024 reduction and methanol oxidation
Baessler et al. investigate high yield synthesis

of formate paired with hydrogen evolution 2024

Xi et al. review electrocatalysts, electrolytes,
and electrolyzers for CO, reduction coupled
with alternative oxidation reactions

Figure 2.6.: Overview of selected literature on paired electrochemical synthesis
in the context of hydrogen evolution and CO, reduction [Bamb2010; Couf20186;
l; Xian2020; Du2023; Kahi?023; Baes2024; Bevi?014; [12017;

Verm?2019; Vass2021); Wei2021l; Baes?2023; Yea2024; Xi2024]].
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2.4. Electrochemical oxidation of methanol

Electrochemical methanol oxidation was extensively studied in the context
of direct methanol fuel cells (DMFC), aiming for full oxidation to carbon diox-
ide (CO,) [LiuZ2006; Wasm1999; Viel2003]. Formaldehyde and formic acid
are known side products formed by undesired partial oxidation of methanol
in DMFC studies [Wasm1999]. Figure P provides an overview of C1 prod-
ucts of methanol oxidation, showing the increasing oxidation state and suc-
cessive oxidation steps from methanol to CO..

methanol formaldehyde formic acid carbon dioxide
H
o (0] O
H (|; H > Ll +—H2(2 LI —> O0—=C=0
2 RN -2 N -2e T
I -on+ H H  on H/ O-H .om
H

Figure 2.7.: Overview of the C1 products of electrochemical methanol oxidation,
showing successive oxidation steps from methanol to carbon dioxide. The small
gray number indicates the increasing oxidation state of the carbon atom from left
to right.

In the context of paired synthesis, selective partial oxidation of methanol
came into focus to produce value-added products. Figure P-8 provides an
overview of selected literature on partial methanol oxidation to formalde-
hyde or formate. Typical reaction systems, selected studies, and the reac-
tion mechanism are discussed in the following Sections P41 and P4 2.
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Electrochemical methanol oxidation to ...

Formaldehyde Formate

1984

Ota et al. investigate the products of
methanol oxidation on platinum reporting
formaldehyde as by-product

1999

Childers et al. find less formaldehyde is
produced on platinum particles on carbon
compared to solid platinum

2003 2004
Batista et al. investigate pathways of [ Heli et al. study methanol oxidation on
methanol oxidation on platinum and the copper under alkaline conditions and
influence of anion adsorption mention formate and carbonate as products
2003

Jusys et al. examine the product distribution
of methanol oxidation on platinum particles
on carbon depending on catalyst loading

2018
Yuan et al. investigate a self-catalyzed 2920 . . .
formaldehyde burst in methanol oxidation Liet al. pair hydrogen evolution with
reactions under open circuit conditions = anodic methanol oxidation to formate on
nickel-cobalt hydroxide

2019 =

Haisch et al. quantify formaldehyde
formation during alkaline methanol
oxidation on platinum

2020

Xiang et al. boost hydrogen production
by coupling with methanol oxidation to
formate on cobalt hydroxide

2021

Wei et al. investigate paired synthesis of
formate by CO, reduction and methanol
oxidation on a copper oxide electrode

2023

Baessler et al. investigate the targeted
synthesis of formaldehyde from methanol
oxidation paired with CO, reduction

2023

Du et al. report high FE and current
density for methanol oxidation to formate
on a nickel-iron electrode

Yeo et al. investigate simultaneous production
of formaldehyde derivatives from CO,
reduction and methanol oxidation

2024
Baessler et al. investigate the impact of
reaction conditions and conversion on

methanol oxidation to formate
2024

Schwarz et al. explore water-free synthesis of

formaldehyde from methanol oxidation 2024

Li et al. review recent advances in catalysts
for selective methanol oxidation to formate

|
%

Figure 2.8.: Overview of selected literature on electrochemical methanol oxi-
dation to formaldehyde and formate [Ota1984; Chil1999; Baifi?003; JusyZ003;
Yuan2018; Hais?019; Baes?2073; Neo?024; Schw?2024; Heli?004; [20200;

Xian2020; Wei2021; Du2023; Baes?2024; [12024].
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2.4.1. Partial oxidation to formaldehyde

Electrochemical methanol oxidation to formaldehyde involves the transfer
of two electrons (Equation E20). Compared to the numerous works on
DMFCs and full methanol oxidation, only a few studies investigated the
formation of by-products such as formaldehyde explicitly. Formaldehyde
formation was mainly investigated in mechanistic studies on methanol oxi-
dation at platinum electrodes under acidic conditions at low current density
(< 10mA/cm?),

CH;OH — CH>O + 2H* + 2e~ (2.20)

Ota et al. studied the products of electrochemical methanol oxidation
on platinized platinum electrodes reporting that the product distribution of
carbon dioxide, formic acid, and formaldehyde changed depending on the
surface roughness of the electrode [Ofa1984]. The Faraday efficiency for
formaldehyde increased with decreasing surface roughness, while the cur-
rent density decreased [Oia1984]. With the smoothest electrode tested,
the FE for formaldehyde was 53% at 0.6 V vs. RHE with a current density
of about 2mA/cm? in a solution of 1 mol/L methanol, and 1 mol/L H>SOs,.
Formaldehyde formation decreased over time reaching nearly zero FE after
one hour [Ota1984].

Childers et al. investigated formaldehyde formation from methanol oxida-
tion on different platinum-based electrodes [Chil[1999]. Almost no formalde-
hyde was formed with platinum particles supported on carbon black with
Nafion [Chi[1999]. On a solid polycrystalline platinum electrode, 17% FE
was reported at 0.7V vs. RHE and 36% FE at a lower potential of 0.5V
vs. RHE during an electrolysis time of 2 min, however, the average current
density was low for both experiments (< 0.2 mA/cm?) [ChilT999)].

Batista et al. compared methanol oxidation on platinum electrodes in
aqueous solutions of 1 mol/L methanol in either 0.5mol/L sulfuric acid
(H2SO4) or 0.1 mol/L perchloric acid (HCIO,4) [Bafi2003]. The reported
amounts of formaldehyde formed during 15 min electrolysis at 0.6V vs.
RHE correspond to an FE of up to 65% with HoSO,4 and 18% with HCIO4

26



2.4. Electrochemical oxidation of methanol

[Bafi2003]. The current density with HoSO,4 was about four times lower than
with HCIO4 (0.014mA/cm? vs. 0.056 mA/cm?), but practically the same
amount of formaldehyde was formed [Bafi2003]. Batista et al. proposed the
hypothesis that the presence of HoSO4 inhibits the pathway for methanol
oxidation to carbon monoxide by adsorption of a sulfate species on the
platinum electrode, while the pathway for formaldehyde formation remains
unaffected [Bafi2003].

Parallel pathways were proposed for electrochemical methanol oxidation:
A pathway involving the formation of adsorbed carbon monoxide (CO),
which is further oxidized to CO, at sufficient potential and non-CO path-
ways that involve the formation of soluble by-products such as formalde-
hyde or formic acid which can be further oxidized to CO, as well [Bago1977;
BafiZz004; Cao2005]. The reaction pathway proposed by Bagotzky et al. is
depicted in Figure 229 [Bago1977]. For further details on the reaction mech-
anism of methanol oxidation on platinum, please refer to existing mecha-
nistic studies [Can20085; Ferr2008; Ande?2014); Sako2017].

CH,OH — CH,0H —— CHOH —— COH
(methanol) I XX o

v v

CH,0 —— CHO —— C
(formaldehyde) X X

v v

HCOOH —— COOH

(formic acid) x

v

CO,

(carbon dioxide)
Figure 2.9.: Reaction scheme for methanol oxidation showing intermediates and

reaction products (labeled in gray). The gray x indicates the number of valence
bonds with the surface. Adapted from [Bago1977; Carr2001]].
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2.4.2. Partial oxidation to formic acid or formate

Methanol can be oxidized to formic acid under acidic conditions (Equation
P 21) while formate (salt of formic acid) is obtained under alkaline condi-
tions (Equation 2.22).

CH;0H + HO — HCOOH +4H* + 4e~ (2.21)
CH3;0H +50H™ — HCOO™ +4H,O +4e~ (2.22)

Four electrons are transferred in both reactions, so that the theoretical
charge needed for producing the same amount of product is doubled com-
pared to methanol oxidation to formaldehyde with two electrons trans-
ferred per reaction (see Equation P14 and 2-20). Methanol oxidation to
formic acid was reported in mechanistic studies on platinum electrodes
(see also Section P-41)), but the Faraday efficiency (<35%) and current
density (<10 mA/cm?) were low [Ofa1984; Bafi2003]. Alkaline methanol
oxidation to formate is typically performed on metal oxide and hydroxide
electrodes based on cobalt, nickel, or copper. The electrodes are often fab-
ricated from a 3D-structured substrate (e.g. metal foam), which is modified
with a nanostructured surface. Combining a microporous substrate with a
nanostructured surface is a common strategy for creating electrodes with a
high active surface area [Wals?2018]. While previous studies achieved high
FE for formate and high current density, the influence of the product con-
centration and the reaction conditions have not been investigated yet. To
provide an overview of the state of the art, selected works are summarized
in the following paragraphs.
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2.4. Electrochemical oxidation of methanol

Li et al. reported methanol oxidation to formate with close to 100% FE for
formate at 10 mA/cm? at 1.32 V vs. RHE using an electrode of nickel-cobalt-
hydroxide (Nig 33C0067(OH)2) nanoneedles on nickel foam [[1i20200]. The
electrode had a geometric area of 0.5cm? and was operated in an aque-
ous solution of 0.5 mol/L methanol and 1 mol/L KOH [[i2Z020b6]. Li et al.
further paired anodic methanol oxidation with cathodic hydrogen evolution
and highlighted the reduced cell potential compared to conventional hydro-
gen evolution paired with anodic oxygen evolution [[120200].

Xiang et al. used an electrode of cobalt hydroxide@hydroxysulfide
nanosheets on carbon paper (geometric area 1cm?) and reached nearly
100% FE for formate at 10 mA/cm? in a paired electrolysis with hydrogen
evolution at a cell potential of 1.5V [Xian2020]. They found that the elec-
trode potential at 10 mA/cm? is decreasing from 1.46 to 1.36V when in-
creasing the methanol concentration from 0.4 to 6 mol/L in 1 mol/L KOH
[Xian2020]. However, the influence of the electrolyte composition on the
FE was not investigated [Xian2020].

Wei et al. reached 88% FE for formate at 100mA/cm? with 1.47V vs.
RHE using an electrode of copper oxide (CuO) nanosheets on copper
foam [Wei2021]. The electrode had a geometric area of 15cm? and was
operated in an aqueous solution of 1 mol/L methanol and 1 mol/L KOH
[Wei2021]. Wei et al. further demonstrated convergent paired electroly-
sis producing formate from both anodic methanol oxidation and cathodic
CO,, reduction [Wei2021]).

Wu et al. used nickel foam covered with nickel hydroxide nanosheets
as electrode (geometric area 1 cm?) reaching nearly 100% FE for formate
at 100 mA/cm? at 1.57V vs. RHE with an electrolyte containing 0.5 mol/L
methanol and 1 mol/L KOH [Wu20Z21]. Their work further investigates the
convergent paired synthesis of formate from methanol oxidation and CO,
reduction, highlighting the reduced electrical energy demand of the paired
process compared to conventional CO, reduction [WuZ021].
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The exact mechanism of methanol oxidation on metal oxides and hy-
droxides is the focus of ongoing research. In the present work, methanol
oxidation to formate is investigated on a copper-based electrode. Heli et al.
proposed a generalized mechanism for methanol oxidation on copper in al-
kaline solution involving a redox reaction forming a Cu'! species (Equation
2.23), which catalyzes the oxidation of methanol and its intermediates to a
product such as formate or carbonate (Equations and P.29) [Heli2004].
Copper(ll) oxide (CuQ) or copper(ll) hydroxide (Cu(OH)2) were proposed
as Cu' species and copper oxyhydroxide (CuOOH) or a radical depicted
as CuOO°’H as Cu' species [Wang2023; Heli2004; Wels1990].

Cu' — cu" + e~ (2.23)
Cu' + CH3;0H,y4s — Cu" + intermediate (2.24)
Cu" + intermediate —s Cu" + product (2.25)

For further details on the reaction mechanism of methanol oxidation or
general alcohol oxidation on metal oxides and hydroxides at alkaline con-
ditions please refer to existing mechanistic studies [Heli2Z004; Eleii972;
Wang2023; Phan20724].
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Chapter 3. Methanol oxidation to formaldehyde

3.1. Introduction

Electrochemical partial oxidation of methanol to formaldehyde exhibits fa-
vorable characteristics as anodic reaction for CO2R: the theoretical energy
demand is lower, as the standard potential (0.33V vs. SHE) is lower than
for OER (1.23V vs. SHE) [Hayn2077/] and the reaction provides added
value, as the product formaldehyde (1.02 - 2.03 $/kg) [Reus2010] has a
higher market price than the feedstock methanol (0.4 $/kg) [ICIS2007]. Ad-
ditionally, paired electrolysis is feasible only if there is sufficient demand for
both the anodic and the cathodic product [Na2019; Vass2027)]. The large
market size of formaldehyde, with an annual production of over 30 Mt/year
[Bahm?20186], provides sufficient demand for pairing with large-scale CO2R
processes to bulk chemicals (e.g. CO,CyH4,HCOOH). Furthermore,
formaldehyde from methanol is beneficial from a downstream perspective:
commercial grade formaldehyde solutions consist of 37-50 wt% formalde-
hyde in aqueous solution with up to 15 wi% methanol [ICIS2010]. Starting
with an aqueous product mixture may facilitate purification compared to
other alternative anodic reactions as water and unreacted methanol can
remain in the final product. Lastly, methanol is a promising platform chem-
ical, which can be used as liquid fuel or as raw material for synthetic hy-
drocarbons and their products. Similar to hydrogen, it has the potential of
an alternative energy carrier to substitute fossil feedstocks, if produced with
renewable resources [Olah2018].

The electrochemical methanol oxidation reaction (MOR) on platinum (Pt)
was extensively studied in the past decades, almost exclusively in the con-
text of fuel cell applications aiming at efficient full oxidation of methanol
to CO, [Wasm1999; Iwas?002; [u2006]. Both formaldehyde and formic
acid have been identified as intermediates of aqueous methanol oxidation
on platinum electrodes [Oita1984; Iwas?002]. However, partial oxidation
of methanol has received far less attention than its full oxidation. Up to
date, studies analyzing methanol oxidation to formaldehyde on platinum
are driven by a mechanistic understanding, disregarding the targeted syn-
thesis of formaldehyde from methanol [Ota1984); Chil1999; BatiZ003]. The
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Faraday efficiency (FE) of formaldehyde formation was reported to decline
to nearly zero within an hour [Ofa1984] limiting technical applicability. In
other cases, high Faraday efficiencies were reported at low current density
for a short electrolysis duration of minutes [Chil1999; Bafi?003].

To the best knowledge of the author, Batista et al. [Baii2Z003] report the
highest FE of partial methanol oxidation to formaldehyde with up to 65%
at an average current density of 0.014 mAcm-2. Higher current densities
of up to 40 mAcm=2 were reported only at significantly lower FE < 7% of
formaldehyde formation [Ofa1984); Chil[1999]. If not reported in the orig-
inal work cited above, the current density and FE was calculated from
the reported charge, experiment duration, electrode area, and amount of
formaldehyde.

This work studies methanol oxidation to formaldehyde on platinum-
coated titanium sheets in a flow cell within a current density range of 25 to
100 mA cm~2. Formaldehyde formation was observed on both metallic (Pt)
and oxidized platinum (Ptox). Comparing MOR on both electrodes, Ptox
reached a higher FE for formaldehyde, while Pt required a lower potential.
Finally, the viability of MOR to formaldehyde as anodic reaction paired with
COZ2R was investigated and compared to OER in terms of cell potential,
FE, and the amount of products formed per energy input. It was found that
both paired processes with methanol oxidation on Pt and Ptox used elec-
trical energy more efficiently than CO2R paired with OER. The results of
this work provide the basis for further research on paired processes with
improved stability, lower overpotential, and a higher selectivity for partial
methanol oxidation.
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3.2. Material and methods

3.2.1. Materials

Methanol (CH3OH, EMSURE, Supelco, >99.9%), sulfuric acid (H2SOq,
AVS TITRINORM, 2.5 mol/L), potassium hydrogencarbonate (KHCOs,
AnalaR NORMAPUR, >99.5%) and perchloric acid (HCIO4, Bernd Kraft,
1 mol/L) were purchased from VWR. All chemicals were used without fur-
ther purification and were diluted to the desired concentrations with deion-
ized water. The cation exchange membrane (F-14100) were bought from
Fumatech. The platinum and iridium oxide (IrO;) plate electrodes were
purchased from MAGNETO special anodes. The platinum electrode was
a titanium sheet with a thermal platinum coating, the iridium oxide elec-
trode was a titanium sheet with a IrO» coating. The tin-based gas diffusion
electrode for CO2R was prepared by spray coating carbon paper (Freuden-
berg H23C6) with a suspension of 200 mg tin particles (<100 nm, loLiTec)
in 2mL isopropanol with 0.08 mL PFSA dispersion (FLN-905, Fumatech).
The Sn-loading of the GDE was 3.5 + 0.5mgcm—2.

3.2.2. Anode pretreatment and characterization

A titanium sheet coated with platinum was used as anode in the metal-
lic (Pt) and oxidized (Ptox) state. Before each experiment, the anode was
pretreated by a cyclic voltammetry in 0.1 molL~' HCIO4. Scans were per-
formed from —0.1V to 1V at a scan rate of 100mV s~', stopping after the
10th cycle at 0.4 V to obtain the metallic Pt electrode. The oxidized platinum
anode was prepared by subsequently oxidizing the metallic platinum an-
ode in the same electrolyte that was used for methanol oxidation (8 mol L
CH30OH in 0.5molL-" H,SO4). The pre-oxidation was conducted at a con-
stant potential of 2V for 3min. For all experiments on methanol oxidation
conducted in the electrochemical flow cell, the pretreatment was performed
directly within the flow cell. For pretreatment of the samples used for elec-
trode characterization, a beaker was used instead of the flow cell to allow
quick removal of the electrodes from the electrolyte. It should be noted that
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platinum oxide is reduced in the presence of methanol (see Figure B10).
Therefore, the electrode samples for characterization were quickly removed
from the electrolyte and rinsed thoroughly with deionized water within 10
seconds after oxidation. Samples of the Pt and Ptox electrodes were char-
acterized by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction analysis (XRD). SEM was performed using a Hitachi SU5000
equipped with a Bruker XFlash 6160 detector for EDX. XPS was carried
out on a Kratos Analytical Ultra AxisTM spectrometer. XRD was performed
using a Bruker D2 Phaser.

3.2.3. Flow cell setup and reaction conditions

All experiments were conducted in an electrochemical flow cell with an ac-
tive geometric surface area of 40 cm? at room temperature (21 °C - 23 °C).
The anolyte and catholyte compartments had a thickness of 2 mm and were
separated by a cation exchange membrane (Fumatech, F-14100). For
MOR, pretreated platinum electrodes were used in metallic (Pt) and oxi-
dized state (Ptox)(see chapter B22). Methanol oxidation was conducted
at constant current in 0.5 mol L' H,SO,4 with 8 molL-' CH30OH. For OER,
an iridium oxide (IrO2) electrode in 0.5 mol L-' H,SO,4 was used. Cathodic
CO2R was performed at a tin-based gas diffusion electrode (Sn-GDE) in
1 molL-' KHCO:s.

The flow cell was operated with two separate cycles of electrolyte and a
CO: line as shown in Figure B22. The reservoir bottle for each electrolyte
cycle was filled with a volume of 100 mL. The electrolytes were circulated
with a volumetric flow rate of 100 mL min~! (mean linear flow velocity of
about 20mms-' at the electrodes) from bottom to top of the flow cell us-
ing a multichannel peristaltic pump (Cole-Parmer, Masterflex L/S Standard
Digital Drive with an 8-Channel pump head).
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flow cell
. } 1 CO,in
+ A r' 3 -
water cylinder
o| | (for humidification)
oy
4 °
peristaltic
pump
\ 4 A\ 4
LTI (Jnl =
/ '\ / '\ oy
water cylinder
¥ b )[ | : (for back pressure)
+ | droplet
separator
anolyte catholyte

Figure 3.1.: Sketch of the experimental setup with two separated cycles of elec-
trolyte (blue arrows) and the CO, flow (black arrows).

The reservoir bottle in each electrolyte cycle was open to the atmosphere
to avoid pressure buildup by gas formation. The flow of CO, was set to
300 mL min-" with a mass flow controller (Alicat Scientific, MC-5SLPM-D-
DB9M/CM). The CO, flow was humidified by dispersing the gas flow with
a porous ceramic frit in a water-filled cylinder. The CO, flow was led from
top to bottom of the flow cell. A small bottle was placed in the CO, flow
behind the flow cell. The small bottle catched droplets in case the elec-
trolyte breaks through the gas diffusion electrode and allowed to observe
the amount of liquid breakthrough. The back pressure was set by submerg-
ing the gas outlet in a water cylinder (typically 10 - 20 cm) so that neither
gas nor electrolyte was breaking through the gas diffusion electrode.
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3.2.4. Electrochemical measurements

All electrochemical measurements were performed using a BioLogic VSP
potentiostat with a 10 A booster. The potentials were measured using a
silver chloride reference electrode (eDAQ, Leakless Miniature Ag/AgCl),
which was placed in the anolyte compartment of the flow cell. The mea-
sured potentials were subsequently converted in reference to the reversible
hydrogen electrode (RHE). Electrode potentials were iR-drop corrected.
Ohmic resistances were determined by impedance spectroscopy scanning
from 1 Hz to 100 kHz with an amplitude of 20 mV around open circuit po-
tential. Linear sweep voltammetry was performed in the flow cell at a scan
rate of 5mV s~ starting from open circuit potential. Methanol oxidation
was conducted at a constant current, recording the potential of both anode
and cathode against the reference electrode every 1s. To investigate po-
tential oscillations during methanol oxidation the potential was measured
every 0.01s. The open circuit potential of the Ptoy electrode in 0.5 mol L
H>SO,4 with 4 molL-' CH30OH was measured every 0.2's directly after the
pre-oxidation procedure.
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3.2.5. Analytics

Electrolyte samples were taken with a syringe, diluted 1:9 in DI water, and
stored in HPLC vials at 4 °C. The samples were analyzed by HPLC with
a refractive index detector (Agilent Technologies, 1260 Series). A RSpak
DE-413L column (Shodex) was used with a 10 mmol L-! H3PQ, solution as
eluent. Temperature was set to 45 °C. The injection volume was 10 pL,
the eluent flow was 1 mL min-'. An example of a chromatogram is shown in
figure B2. All Faraday efficiencies were calculated based on the cumulative
charge and concentration (see chapter P2).
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Figure 3.2.: Chromatogram of a prepared solution containing 0.35mol L™

formaldehyde, 7.82molL~' methanol and 0.23 mol L~ formic acid in 0.5mol L™
sulfuric acid.
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3.3. Results and discussion

3.3.1. Characterization of platinum anodes

The SEM images of the Pt and Ptox electrode in Figure B3 show an iden-
tical rough and porous surface structure for both electrodes. No significant
change of the surface morphology by the oxidation was observed. The
EDX spectra shown in Figure B.4 exhibited a strong platinum signal for
both the Pt and Ptoy electrode and a pronounced oxygen peak for the Ptoy
electrode. At an accelerating voltage of 15 keV a signal of the titanium
sheet below the platinum coating was detected. At 5 keV no titanium sig-
nal was observed due to the lower penetration depth of the electrons at a
lower accelerating voltage. Other elements or significant impurities in the
commercial platinum coating can be excluded, as as no other EDX signals
were observed.

Figure 3.3.: SEM images of (a,b) the Pt electrode and of (c,d) the Ptox electrode.
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Figure 3.4.: EDX spectra of (a) Pt at an accelerating voltage of 15 keV and of (b)
Pt and Ptoy at an accelerating voltage of 5 keV.

The XPS in Figure B3 and XRD spectra in Figure B8 of Pt and Ptoy
were similar. Most likely a large fraction of the oxide was reduced directly
after the oxidation pretreatment despite the quick removal of the electrode
from the methanol containing electrolyte. Although the spectra of Pt and
Ptox did not show large differences, both XPS and XRD indicated the pres-
ence of Pt**/PtO, in the Ptoy electrode. The presence of PtO. in the Ptoy
electrode is in good agreement with the electrochemical measurements, as
the anode potential during methanol oxidation on Ptox was high enough for
platinum oxidation to PtOs..

40



3.3. Results and discussion
T T T T T T T T T T
a) 0 b
100 Fi E ) 100 | E
Pto
80 - pio . 80 - .
m . m
o [oN
) )
> 60 . > 60f i
2 Z
c [
2 2
£ a0t - £ 4} -
20 | E 20 E
0 ol e 0 o\
80 78 68 80 78 76 74 72 70 68

Binding energy (eV)

Binding energy (eV)

Figure 3.5.: XPS spectra (Pt 4f) of (a) Pt and (b) Ptox. Next to the Pt peaks,
both spectra exhibited smaller peaks (unlabeled), which could originate from an

adsorbate contribution or Pt**. [Mom2019]
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Figure 3.6.: XRD spectra of Pt and Ptoy.
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3.3.2. Methanol oxidation on platinum and platinum oxide

For comparison of the electrode potential required for MOR in comparison
to OER, linear sweep voltammetry was performed in the flow cell. Figure
B2 shows the linear sweep voltammetry of MOR at a platinum electrode
compared to OER at both an IrO, and a Ptoy electrode. The platinum elec-
trode exhibited an onset potential of 0.5 V for MOR, which was significantly
lower than the potential required for OER with the IrO, or Ptoy electrode.
Compared to OER on the IrO» electrode, MOR on platinum starts ata 0.9V
lower potential. Thus, the LSV confirmed experimentally that MOR can be
operated at a lower potential compared to OER.

15

10

Current density (mA/cm?)

1.5 25
Potential (V vs. RHE)

Figure 3.7.: Linear sweep voltammetry at a scan rate of 5mVs~' for MOR on plat-
inum in 0.5 mol L~! H,SO4 with 4 molL=! CH3OH compared to OER on platinum
oxide and iridium oxide in 0.5mol L' H,SO4.

The selectivity of methanol oxidation to formaldehyde was studied
on platinum and oxidized platinum electrodes at current densities of
25 — 100 mA cm~2. The Faraday efficiencies for formaldehyde formation are
shown in Figure B8a with literature results for comparison.
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Figure 3.8.: (a) FE for methanol oxidation to formaldehyde on platinum (Pt) and
oxidized platinum (Ptox) electrodes at different current densities. Methanol oxida-
tion was conducted at constant current for 60 min in 8 mol L' CH3OH in 0.5 mol L~
H.SO,4 and was paired with cathodic hydrogen evolution. The error bars represent
mean and standard deviation calculated from ftriplicates. The open gray symbols
represent literature results (triangle: Ota et al. [Ofa1984], pentagon: Childers et
al. [ChilT999], star: Batista et al. [Bafiz003]). (b) Corresponding anode potentials
vs. RHE averaged over the experiment duration with the potential of OER on a
IrO, electrode for comparison (open squares). The horizontal dotted lines indicate
the potential regions at pH 0 in which metallic platinum and platinum dioxide are
stable. [Cyon2010]
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The cathodic reaction was the hydrogen evolution reaction (HER) in both
the present results and in literature. The mean FE for formaldehyde on
platinum was 15% at 25 mAcm=2 and 14% at 50 mAcm-2. Thus, the cur-
rent density had no significant effect on the FE towards formaldehyde at
the tested conditions. Charge not contributing to formaldehyde formation
likely formed additional oxidized products, namely formic acid and carbon
dioxide. Formic acid was measured in the product mixture corresponding
to about 30% FE on Pt and about 20% FE on Ptox. Carbon dioxide was
not detected directly, but gas evolution was observed. Carbon dioxide is
expected to be the only gaseous product for metallic platinum, as the po-
tential was lower than the standard potential of 1.23 V required for oxygen
evolution [Hayn2017]. On platinum oxide higher mean Faraday efficiencies
were observed, starting at 45% at 50 mA cm=2 and reaching a maximum of
53% at 75 mAcm2. Increasing the current density further to 100 mA cm=2
had no significant effect on the FE towards formaldehyde. Besides the
formaldehyde produced, formic acid was the major side product on plat-
inum oxide. While similar Faraday efficiencies were reported in literature
on platinum before, the current density achieved in this work on platinum
oxide shows a 50-fold increase.

Figure B8b shows the average anode potentials corresponding to the
experimental results shown in Figure B8a. The potential required for
methanol oxidation on the platinum electrode was 0.57 V at 25 mAcm-2 in-
creasing to 0.68 V at 50 mA cm=2. Methanol oxidation on platinum required
a significantly lower potential than OER on IrO,. Methanol oxidation on
the oxidized platinum electrode required a considerably higher potential
of 1.84V at 50mAcm~2 than on platinum at the same current density.
The potential at the oxidized platinum electrode did not increase clearly
with increasing current density. At a current density of 100mAcm= a
mean potential of 1.88V was measured. If increasing the current density
increased the electrode potential as expected, the difference was small
compared to the standard deviation within the triplicates. The average
potential of the oxidized platinum electrode was well within the area in

which platinum dioxide PtO; is stable [Lyon2010].
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It is assumed that the significant difference of the required electrode
potential for MOR on platinum compared to MOR on platinum oxide is
connected to the different reaction mechanisms. It is well known that
methanol oxidation on platinum proceeds via several oxidation steps in par-
allel reaction paths, with CH,O, HCOOH, CO or CO; as possible products
[lwas?003; Bago1977]. The net reaction equation for the electrochemical
oxidation of methanol to formaldehyde on platinum is shown in Equation
g

CH3;0H — CH,O + 2H* + 2e~ (3.1)

Beyond the net reaction and the average potential shown in 88b it should
be noted that periodic oscillations of the potential were observed for MOR
on platinum. The oscillations were not observed for methanol oxidation on
platinum oxide and were more uniform than potential fluctuations caused
by gas evolution. Oscillations in the electrochemical oxidation of methanol
on platinum are a complex, but known phenomenon [Lee2002; LiZ008;
Mart2008; Viel2014; Mell2018]. The oscillation cycle at constant current
can be simplified as illustrated in Figure B39: At low potential stable ad-
sorbed carbon monoxide is formed in a side reaction, which causes the
potential to increase at constant current density to compensate the blocked
platinum sites. The potential increases until hydroxide can adsorb on
the platinum surface, which enables the oxidation of the adsorbed carbon
monoxide to carbon dioxide. As the blocked sites are cleared, the potential
decreases again and the cycle repeats [[i2008].

45




Chapter 3. Methanol oxidation to formaldehyde

a) b)
H*,CO,
OHea oHcoCO OHOIﬁ)OCO
m 0.75 |- g \a
T
n:. _ Hydroxide adsorption
2 8 (0.75 V vs. RHE)
< o5} 3 coco
® o
% o
< H*,CH,0, H*,CH,0,
0.25 | b HCOOH HCOOH
CHOH Lo eHOH Log
C{xxxx&}jg CKIIXI&XID

0 1 1 1 1
600 602 604 606 608 610
Time (s)

Time

Figure 3.9.: (a) Potential oscillations of MOR on a platinum anode with 8 M CH3;OH
in 0.5 M H,SOy4 at a current density of 25 mA cm~2. (b) lllustration of the oscillation
cycle mechanism, the gray cycles represent the platinum surface.

The oxidation of methanol via platinum oxide is thought to involve a multi-
step mechanism , as shown in a simplified version in Equations B2 and B3
[Sitf2008].

Pt+ H,O — Pt-O +2H* + 2e~ (3.2)
Pt-O + CH;OH — CH,O + H,O + Pt (3.3)

As platinum oxidation is involved in the reaction mechanism, the min-
imum required potential is higher with a standard potential of at least
1.0V for platinum oxidation compared to 0.33 V for methanol oxidation to
formaldehyde [Hayn2017]. To investigate the second oxidation step (Equa-
tion B.3), the open circuit potential was recorded after pre-oxidation of the
Ptoy electrode for 2min at 2V in 8 mol L-! CH3zOH with 0.5 molL-' HoSO4.
As shown in Figure B0, the open circuit potential was decreasing as re-
ported in literature [OxIe1964; Bafi2z008; Sitt2008], indicating that the Ptox
electrode was reduced in the presence of methanol in a chemical redox
reaction in the absence of an external electrical current.
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Figure 3.10.: Potential of the Ptoy electrode measured at open circuit directly after
pre-oxidation for 2min at 2V in 8 mol L-! CH3OH with 0.5 mol L=' H,SO,.

Neither platinum nor platinum oxide were stable at every current density.
The platinum electrode was oxidized when 75 mA cm~2 were applied, indi-
cated by a steep increase of the potential to the same level as required for
methanol oxidation on platinum oxide. The platinum oxide electrode was
reduced when 25 mA cm~2 were applied, indicated by a steep decrease of
the potential to the platinum level. At 50 mAcm~2, both platinum and plat-
inum oxide were stable over 60 min of methanol oxidation.

The main advantage of methanol oxidation on platinum is the significantly
lower anode potential compared to OER. In addition, formaldehyde and
formic acid are formed as value-added products. However, a large share of
the current contributes to the full oxidation of methanol to CO,. The selec-
tivity of methanol oxidation to formaldehyde is significantly higher on Ptoy
than on Pt. In this study, formaldehyde was produced for the first time as
the main product of the anode at relevant current density. While the FE
of methanol oxidation to formaldehyde is promising for a new process, a
further increase in selectivity is needed to make the electrochemical pro-
duction of formaldehyde feasible. The following approaches might increase
the selectivity further: In both methanol oxidation on Pt and Ptoy, it has
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been observed that the anions present in the electrolyte can influence the
reaction [Bafi2003; Sitt2008]. The presence or adsorption of certain anions
could favor the partial oxidation of methanol to formaldehyde. The partial
oxidation of methanol to formaldehyde competes with the over-oxidation of
already formed formaldehyde to formic acid and to CO». Higher mass trans-
fer or pulsed electrolysis [YuanZ2018] could favor the removal of formalde-
hyde from the electrode surface, thereby increasing selectivity. Full oxida-
tion of methanol to CO, on Pt requires oxygen [Sako2017], which is pro-
vided by the oxidation of water in aqueous electrolytes. Methanol oxidation
in anhydrous electrolyte [Be&la1976] or from the gas phase in a gas diffusion
electrode could favor the partial oxidation to formaldehyde.

3.3.3. Paired methanol oxidation and CO- reduction

Methanol oxidation at the anode was paired with cathodic CO» reduction in
a flow cell as depicted in Figure BTl

CH;OH } HCOOH N

CH,0/ i ;
HCOOH : €O hd

Pt/ Ptg, CEM Sn-GDE

Figure 3.11.: Flow cell setup used for the paired electrolysis with platinum (Pt) or
oxidized platinum (Ptox) as anode for methanol oxidation and a tin gas diffusion
electrode (Sn-GDE) as cathode for CO, reduction.

Figure B32a shows the cell potential of the three processes, as well
as the potential of the anode, cathode and the ohmic drop (electrolytes &
membrane) over the cell.
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Figure 3.12.: (a) Cell potential for CO2R paired with different anodic reactions
averaged over the experiments duration. The cell potential is divided into the po-
tentials of the anode, cathode and the ohmic drop over the cell (electrolytes &
membrane). The graphs (b-d) show the FE over time for both sides of the paired
processes: (b) Cathodic FE for CO, reduction to formic acid in 1 molL~! KHCO3
paired with different anode reactions. (c) Anodic FE for methanol oxidation on Pt at
a current density of 25 mA cm=2 and (d) on Ptoy at 75 mA cm=2. Shown are the an-
odic Faraday efficiencies for formaldehyde (circle), formic acid (diamond), and the
sum of both value-added products (triangle). Methanol oxidation was conducted
with 8 M CH30H in 0.5 M HzSO4.
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The cell potential of CO2R paired with OER was 4.05V divided into
1.75V at the anode, 1.57V at the cathode and 0.73V of the ohmic drop.
The anodic potential of CO2R paired with MOR on Pt of 0.67V was 60%
lower than for CO2R with OER, reducing the overall cell potential accord-
ingly. CO2R paired with MOR on Ptox had a slightly higher cell potential
compared to CO2R with OER, with the benefit of a second value-added
product. The higher cell potential was caused by the higher cathodic po-
tential and ohmic drop, while the anodic potential was as high as for OER
despite the higher current density. Please see Appendix B for a com-
parison of the cell potentials at the same current density of 50 mAcm2.
As Pt and Ptox were not stable at 50 mA cm-2 for 4h in the paired process
with cathodic CO2R, the cell potentials were measured over a shorter time
span. The current density mainly affected the ohmic drop, while the anodic
potentials of the paired processes with MOR on Pt or Ptox at 50 mA cm-2
(Figure Bl) were similar to the anodic potentials shown in Figure B 12a.

Figure B12b shows the FE at the cathode side for the reduction of CO» to
formic acid over time for three different anode reactions. OER at IrO, was
the reference reaction with a constant FE for formic acid of 72% over 4 h.
With MOR on Pt as anode reaction, FE at the cathode was 69% for the first
90 min, which was comparable to the FE obtained with OER on IrO, at the
anode side. After 90 min, the current density gradually declined to 62%.
With MOR on Ptox as the anode reaction, the FE started nearly as high
as with MOR on Pt, but decreased continuously at a faster rate over time,
reaching 36% after 4 h. It is hypothesized, that the decreasing cathodic
FE was caused by methanol crossover from the anode to the cathode side
where the methanol affected the wetting and selectivity of the Sn-GDE.
Methanol in the catholyte was reported to increase wetting of GDEs used
for CO2 reduction and cause flooding [Leon2020]. Methanol crossover
through polymer electrolyte membranes was investigated extensively in
context of direct methanol fuel cells [Hein1999; Nebu2007; AhmeZ0711);
/hao?007/]. Methanol crossover in the paired cell can be driven by two
reported transport mechanisms: By diffusion due to the concentration gra-
dient or by electro-osmotic drag along with hydrated protons passing the
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membrane [Ahme2011); ZhaoZ007]. Electro-osmotic drag was reported to
be the dominating transport mode during cell operation [AhmeZ011]], which
would result in higher methanol crossover in the paired cell at higher current
density. It is assumed, that the faster decline of the cathodic current density
observed in combination with MOR at Ptox was caused by the increased
methanol crossover at higher current density. To test the effect of methanol
on the cathode, 1 mol L~ methanol was added to the catholyte without ap-
plying current. The addition of methanol dramatically changed the wetting
behavior of the Sn-GDE and led to extensive electrolyte breakthrough into
the gas compartment. The optimization of the cathode gas diffusion elec-
trode towards a stable three phase boundary was beyond the scope of this
work. In general, multiple approaches are feasible to prevent detrimental
effects of methanol crossover. Methanol crossover could be mitigated by
employing different ion exchange membranes. Special CEM membranes
with low methanol crossover have been developed for direct methanol fuel
cells [Ahme2017]. Other types of membranes such as anion exchange
membranes (AEM) or bipolar membranes (BPM) could disable the main
transport mechanism of methanol crossover, as the electro-osmotic drag
of methanol is stopped if ions do not migrate from the anode to the cath-
ode side [[12018]. Methanol tolerance of CO2R could be increased by an
omniphobic coating on the cathode or by using a zero-gap assembly, in
which a membrane is pressed onto the cathode. Both could prevent break-
through of the electrolyte through the electrode and thus mitigate the effect
of methanol on CO2R.

Figure B12c shows the FE for formaldehyde, formic acid, and both prod-
ucts combined over time for MOR on a platinum anode. For MOR on Pt, the
FE was initially 23% and decreased gradually over the duration of the ex-
periment. The FE for formic acid was higher than for formaldehyde, rising at
the beginning and then remaining relatively stable at around 35%. It is as-
sumed that the change in the FE of formaldehyde and formic acid over time
is caused by the increasing concentration of formaldehyde, which can be
further oxidized to formic acid in a competing reaction. The FE for formalde-
hyde and formic acid together reached a maximum value of 54%. The final

51




Chapter 3. Methanol oxidation to formaldehyde

concentrations reached after oxidation at constant current for 215 min were
0.11 mol L~ for formaldehyde and 0.14 mol L-" for formic acid, respectively.

Figure B12d shows the FE for formaldehyde, formic acid, and both prod-
ucts combined over time for MOR on an oxidized platinum anode. For
MOR on Ptox, the FE for formaldehyde reached 58% at the beginning and
declined slightly over the duration of the experiment to 51% after 240 min.
The FE for formic acid increased steadily from initially 25% to 38% at the
end of the experiment. The FE for formaldehyde and formic acid com-
bined increased slightly over time, since the decrease of formaldehyde was
balanced by the slightly stronger increase of formic acid. The combined
FE reached a maximum of 89%. The final concentrations reached after
oxidation at constant current for 240 min were 1.14molL~" formaldehyde
and 0.43molL-" formic acid, respectively. The formaldehyde concentra-
tion reached is several orders of magnitude higher than previously reported
concentrations for electrochemical methanol oxidation [Chil1999; Bafi?003;
Ota1984]. No significant effect of the cathodic reaction on anodic MOR
on Pt or Piox was observed. The Faraday efficiencies were comparable
whether MOR was paired with CO2R or with HER.

The effect of different cell potential and FE of the paired processes in
Figure B2 is merged into a single value in Figure B3, which shows the
amount of products formed per electrical energy input. CO2R paired with
OER yielded up to 3.5mol of products per kWh. CO2R paired with MOR
on Pt formed up to 7.3 mol of products per kWh. Both the lower cell po-
tential and the value-added products of anodic MOR contributed to the
higher amount of products. CO2R paired with MOR on Ptox formed up
to 5.2 mol/kWh with formaldehyde from the anode side contributing a larger
share than for MOR on Pt. The total amount of products formed per en-
ergy input is lower for Ptox than for Pt. However, the process with Ptox
was operated at a three times higher current density of 75mA cm=2, which
could not be achieved with Pt. Although the contribution of cathodic CO2R
to HCOOH decreased over time, both processes with MOR increased the
amount of products formed per energy input compared to CO2R with OER.
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Figure 3.13.: Comparison of the products formed per electrical energy input for
the three paired processes described in Figure 3. For each process two bars are
shown, indicating the energy efficiency at the start (up to the first sample taken)
and at the end of the experiment (up to the last sample taken). The total amount
of products formed is divided into HCOOH produced at the cathode (light blue,
hatched), as well as HCOOH and CH,O produced at the anode (light gray and
dark gray, respectively).

3.4. Conclusion

Anodic reactions to value-added products such as methanol oxidation
can increase the efficiency of reactors for electrochemical CO, reduction.
This work reports the electrochemical synthesis of formaldehyde by partial
methanol oxidation in a flow cell. Methanol oxidation was investigated on
platinum electrodes in metallic and oxidized state. Comparing methanol ox-
idation on both electrodes, the FE for formaldehyde was higher on oxidized
platinum, while the potential was lower on metallic platinum. The high FE
and potential are attributed to a reaction mechanism, in which platinum is
oxidized electrochemically at a high potential, with the oxidized platinum
subsequently acting as an oxidant favoring partial methanol oxidation if
methanol is in sufficient excess. The results show that a trade-off exists
between energy efficiency and FE.

For the first time, the present work demonstrated paired production of
formaldehyde and formic acid by methanol oxidation at the anode and pro-
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duction of formic acid by CO. reduction at the cathode. With oxidized plat-
inum, a combined FE for formaldehyde and formic acid of up to 89% was
achieved, reaching a final concentration of 1.14molL-' formaldehyde in
the paired process. With metallic platinum, the FE for partial methanol
oxidation was lower with up to 54% for formaldehyde and formic acid com-
bined. However, less anodic potential was required for methanol oxidation
on metallic platinum than on oxidized platinum or for OER. Methanol oxi-
dation was not affected by pairing with CO, reduction, while the FE of CO»
reduction decreased over time when methanol oxidation was the anodic
reaction instead of OER. The decreasing FE was attributed to methanol
crossover to the catholyte causing flooding of the gas diffusion electrode.
Several approaches were proposed to prevent the detrimental effects of
methanol crossover in future studies. This work presents the first success-
ful combination of CO, reduction with a paired anodic oxidation to formalde-
hyde as major product at relevant current density, FE, and product concen-
tration. In terms of products formed per electrical energy input, both paired
processes using methanol oxidation on metallic or oxidized platinum were
more efficient than CO. reduction paired with OER. Further research on
partial methanol oxidation, the elucidation of the reaction mechanism as
well as measures mitigating methanol crossover are necessary to fully ex-
ploit the potential of the presented process.
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Chapter 4. Methanol oxidation to formate

4.1. Introduction

Anodic methanol oxidation to formic acid presents a promising alterna-
tive to OER, as it possesses several favorable characteristics: Formic
acid (0.64-1.30%/kg, 29.4-59.8%/kmol) holds higher value compared
to methanol (0.34-0.58%/kg, 10.9-18.6$/kmol) [Joun2018; Infr20183a;
Inir2018b; Na2019; Wei2021]. Moreover, the methanol oxidation reaction
(MOR) to formate exhibits a standard potential of 0.1V vs. SHE, which is
significantly lower than the standard potential of OER, indicating its poten-
tial to reduce the electrical energy demand [Wei2021]. Formic acid and
formate salts have a broad range of applications in agriculture, plastics,
textile, and pharmaceutical industries [Hief2010].

A broad range of catalysts have been developed and investigated for the
electrochemical oxidation of methanol to formate with promising results:
High Faraday efficiencies (FE) close to 100% and potentials lower than for
typical OER have been reported [Wei2021); Wu2027); Li2020a; Li20200;
X1an2020; Xian2021); Du2023]. MOR has been paired successfully with
HER to achieve a more efficient water electrolysis [ILi2020a; [120200;
Xian2020; Xian2021); Du2023] and was paired with CO2R to formate in
a concurrent synthesis, which generates formate at both the cathode and
anode [Wei2021; Wu2021]]. These findings indicate great potential of MOR
as an alternative anode reaction to replace OER. However, the achieved
formate concentrations were either low or not reported in previous works.
Neither the influence of an increasing product concentration has been yet
investigated, nor the impact of reaction conditions, ion balance, or water
transport. Low formate concentrations are associated with significant costs
of downstream processing [Ramd2019] as the aqueous alkaline formate
solution typically employed in MOR requires further purification to formate
salts or formic acid. To proceed from the promising lab-scale results to an
industrial application, it is crucial that MOR performance is investigated at
high methanol conversion, considering the effects that arise with process
intensification and increasing formate concentration.
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In this work, the sensitivity of the FE towards methanol conversion was
investigated in a flow cell at high current densities of up to 200 mA/cm?.
Further, the effect of different reaction conditions was analyzed by closely
monitoring the reaction via Fourier-transform infrared spectroscopy (FTIR)
at a high sampling rate. Copper(ll) oxide (CuO) on copper foam was used
as a catalyst in the form of a flow-through electrode, which had a very high
surface area due to its hierarchical structure over multiple length scales.
The impact of the current density, temperature, volume flow, and elec-
trolyte composition on FE and obtainable conversion is investigated and
discussed. Furthermore, the influence of different types of ion exchange
membranes was assessed. It was investigated how the ionic balances af-
fect the pairing of MOR with cathodic reactions, especially CO2R and HER.
Finally, the insights on the reaction conditions were applied to tune the se-
lectivity of MOR, reaching a maximum formate yield of 70 % at 100 mA/cm?
with an anode potential of 1.33V vs. RHE. In addition, the change in elec-
trolyte volume is quantified and the implications of the water balance are
discussed for paired processes at high conversion. The present results
reveal the impact of conversion and reaction conditions on the FE and pro-
vide insights for operating MOR at high current density and high conversion
in paired processes.
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4.2. Material and methods

4.2.1. Materials

Table B3 and 22 provide an overview of the chemicals and materials used
in the present work. All chemicals were used without further purification
and were diluted to the desired concentrations with deionized water.

Table 4.1.: Overview of the chemicals used in the present work.

Substance Formula  Supplier Grade/Purity
Copper(ll) sulfate CuSOq4 VWR AnalaR NORMAPUR, >99%
Formic acid HCOOH VWR AnalaR NORMAPUR, >99%
Methanol CH3OH Merck EMSURE, Supelco, >99.9%
Potassium bicarbonate KHCO3 VWR AnalaR NORMAPUR, >99.5%
Potassium hydroxide KOH VWR GPR RECTAPUR, >85%
Sulfuric acid H,SO4 VWR AVS TITRINORM, 5 mol/L

Table 4.2.: Overview of the materials used in the present work.

Material Supplier Details

Bipolar membrane Fumatech Fumasep FBM-PK

Cation exchange membrane Chemours Nafion 212

Anion exchange membrane Fumatech Fumasep FAA-3-50

Copper foam AlCarbon POROFEN-Cu90, 2 mm, 90 ppi
Mixed metal oxide anode Magneto MMO coating on titanium sheet
Platinum cathode Magneto Pt coating on titatinum sheet
Nickel mesh cathode Haver&Boecker  Aperture 0.5 mm, wire 0.14 mm

4.2.2. Anode preparation and characterization

The preparation of the anode was adapted with modifications from
Huan et al. [Huan20173a; Huan20170], using copper foam instead of a cop-
per plate as substrate. Copper foam of 2 mm thickness with 90 pores per
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inch was ultrasonically cleaned in acetone for 20 min. For electrodeposition

of copper dendrites, an area of 50x50 mm of the cleaned copper foam was

immersed into a solution of 0.2 mol/L CuSO, and 3 mol/L H,SO, at 60°C.
A mixed metal oxide coated titanium sheet was used as the counter elec-

trode. Copper dendrites were deposited onto the copper foam at a high

current density of 1500 mA/cm? provided by a power supply (HMP4040,

Rohde & Schwarz) for 60's, corresponding to a charge of 90 C/cm?. The

solution was not stirred during deposition, as the copper coating was more

homogeneous if the solution was only agitated by the gas evolution at both

electrodes. After deposition, the foam was thoroughly cleaned with DI wa-

ter and dried at room temperature. Subsequently, the foam was heated

in an oven to oxidize the copper surface to copper(ll) oxide (CuO). Starting

from 25°C, the temperature in the oven was increased at a rate of 10°C/min
up to the final temperature of 300°C, which was maintained for additional
30 min. Figure &1 displays photographs of the untreated copper foam (a),

the foam after the electrodeposition step (b), and after heat treatment (c).

The part of the foam that was immersed during electrodeposition had a dark

red color after deposition and drying, indicating the formation of copper(l)

oxide (Cu,O). The part of the foam that was not immersed retained the

characteristic brighter copper color and was cut off before the subsequent

heat treatment. After heat treatment, the foam exhibited a homogeneous

black color, indicating complete oxidation of the surface to copper(ll) oxide

(CuO).

Figure 4.1.: Photographs of a) the untreated copper foam, b) the foam after elec-
trodeposition, and c) after cutting to the final dimensions of 50x50 mm and heat
treatment.
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The electrode was analyzed after each preparation step by SEM, EDX,
and XRD. SEM was performed using a Hitachi SU5000 equipped with a
Bruker XFlash 6160 detector for EDX. The XRD measurements were per-
formed on a Malvern Panalytical Empyrean X-ray diffractometer.

4.2.3. Flow cell setup and reaction conditions

The cell setup used for all experiments regarding the impact of conversion
and the reaction conditions is depicted in the schematic of Figure E2a. All
experiments were carried out in a flow cell with an active area of 5x5cm
(flex-E-cell, FXC Engineering). An exploded view of the flow cell is shown
in Figure B2c. The flow direction of the anolyte and catholyte was from
bottom to top. Two layers of copper foam coated with CuO dendrites as de-
scribed in ’Anode preparation’ (Chapter B22) were used as anode and a
platinum (Pt) coated titanium sheet as cathode (Magneto Special Anodes).
The electrodes were contacted via electrical contacts that were integrated
into the gasket material. The anode was contacted via an integrated cop-
per mesh placed between the two pieces of the CuO foam. The catholyte
compartment had a thickness of 3 mm in which a compressible spacer was
inserted. The anolyte compartment of the cell had a thickness of 3.5 mm,
which was thinner than the two pieces of copper foam, each with a thick-
ness of 2mm. In the assembled cell, the foam electrodes were compressed
to the thickness of the anolyte compartment ensuring that the foam com-
pletely filled the anolyte compartment.
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a) Anode: Cathode: b) Anode: Cathode:
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Figure 4.2.: (a) Schematic of the cell setup used for all experiments regarding
the impact of the reaction conditions and (b) cell setup without electrolyte gap for
demonstration of paired electrolysis. (c) Exploded view of the cell illustrating the
electrolyte flow through the cell and the shape of the electrolyte compartments.
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The electrolytes were recirculated with a peristaltic pump (Masterflex
L/S Digital, Cole-Parmer) through the electrochemical flow cell and heat
exchanger (flex-H-cell, FXC Engineering) for temperature control. Trans-
parent fluorinated ethylene propylene (FEP) tubing was connected to the
anolyte outlet of the cell for visual detection of gas evolution. The total
anolyte volume was 54.5 mL. For the demonstration of paired electrolysis,
the cell setup was changed to reduce the cell potential and a second refer-
ence electrode was placed in the catholyte. A nickel mesh (aperture width
0.5mm, wire diameter 0.14 mm) supported by copper foam was used as
cathode as shown in Figure B2b with 1 mol/L KOH as catholyte. Unless
stated otherwise, the anode was reused within each series of experiments
regarding one reaction condition parameter. Degradation of the anode was
investigated by conducting electrolysis at each parameter setting in dupli-
cate, first in ascending, then in descending order (e.g. 25°C, 40°C, 55°C,
55°C, 40°C, 25°C). If not specified otherwise, electrolysis was performed
at a constant current density of 200 mA/cm?, a temperature of 25°C, a
flow rate of 50 mL/min of both electrolytes, with 2 mol/L potassium hydrox-
ide (KOH) and 1 mol/L methanol as anolyte, 2 mol/L potassium hydrogen
carbonate as catholyte and a bipolar membrane (BPM) (Fumasep FBM-
PK, Fumatech). The BPM was operated in reverse bias. As alternative

membranes a cation exchange membrane (CEM)(Nafion 212, Chemours)
and an anion exchange membrane (AEM)(Fumasep FAA-3-50, Fumatech)
were used. Fig. B3 displays a sketch of the experimental setup with two
separate electrolyte cycles. Starting from the flow cell the anolyte was led
through a 3D-printed phase separator. The phase separator was used to
remove gas from the electrolyte cycle and to exchange the electrolyte be-
tween experiments. From the phase separator, the anolyte was pumped
with a peristaltic pump (large pump symbol: Masterflex L/S Digital, Cole-
Parmer) at a flow rate of 25-100 mL/min through the heat exchanger and
the electrochemical flow cell back to the phase separator. The mean linear
flow velocity through the anode was approximately 3, 6, and 12 mm/s at
volumetric flow rates of 25, 50, and 100 mL/min, respectively. A second
cycle for the anolyte analytics was connected to the phase separator, in
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which a peristaltic pump (small pump symbol: Reglo ICC, Ismatech) cycled
a sample stream of the anolyte at 10 mL/min through the FTIR flow cell
probe. The anolyte cycle was filled with anolyte from a reservoir bottle via
an additional peristaltic pump (Reglo ICC, Ismatech). During methanol ox-
idation, this pump was turned off and the connection to the reservoir bottle
was blocked. The catholyte side of the setup was identical to the anolyte
side but without the analytics. The catholyte was continuously exchanged
with fresh electrolyte from the reservoir bottle at a rate of 5 mL/min. The
excess catholyte and the hydrogen formed at the cathode could escape the
setup via the phase separator.

Anolyte Catholyte

waste overflow phase
separator
Ol
A
[T[T] J .

waste overflow

catholyte

R J I
— FTR ) I 1

heat exchanger

Figure 4.3.: Sketch of the experimental setup with two separate electrolyte cycles
(gray: anolyte, blue: catholyte).
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4.2.4. Electrochemical measurements

All electrochemical measurements were performed using a BioLogic VSP
potentiostat with a 10 A booster. Potentials were measured using a re-
versible hydrogen electrode (Hydroflex RHE, Gaskatel), which was placed
in the anolyte flow. Electrode potentials were not iR-drop corrected, if
not stated otherwise. Ohmic resistances were determined by impedance
spectroscopy scanning from 100 kHz to 10 Hz with an amplitude of 20 mV
around open circuit potential. During impedance spectroscopy all pumps
were stopped. Methanol oxidation was conducted at a constant current,
recording the potential of both anode and cathode against the reference
electrode every 0.5s. To determine the potential across the membrane, a
second reference electrode (Hydroflex RHE, Gaskatel) was placed in the
catholyte flow. Using a second channel of the BioLogic VSP potentiostat,
the potential of anode and cathode was additionally recorded against the
second reference electrode. The membrane potential was calculated from
the potential difference between the reference electrodes. Linear sweep
voltammetry was performed in the flow cell at a scan rate of 5 mV/s start-
ing from open circuit potential. The electrochemical active surface area
(ECSA) was assessed by investigating the double layer capacitance by
cyclic voltammetry. The settings for the ECSA measurement were adapted
from Li et al. [Li2020¢). The ECSA measurements were conducted in a
beaker with an aqueous solution of 1 mol/L KOH and a Platinum counter
electrode. The potential was cycled from 1.3 to 1.4 V vs. RHE with 5 cycles
per scan rate using the last cycle for evaluation.

4.2.5. Analytics and evaluation

A sample stream from the anolyte was circulated with a peristaltic pump
(Reglo ICC, Ismatec) at 10 mL/min through the flow cell probe of a FTIR
spectrometer (ReactlR 702L with Micro Flow Cell, Mettler Toledo). The
concentrations of methanol, formate, and OH~ during electrolysis were
measured by the FTIR spectrometer at a sample rate of 1 sample per 30s.
FTIR spectra were recorded in the wavenumber range of 4000 - 650 cm
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at a resolution of 8cm™ with a sample rate of 1 sample per 30s using the
spectrometer software (iC IR 7.1.91 SP1, Mettler Toledo). The flow cell
probe of the FTIR was equipped with a diamond window which exhibits
high transmission in a broad range of wavenumbers, except in the charac-
teristic diamond region between 2250 - 1950 cm'. Figure &4a displays the
FTIR spectra of the anolyte recorded during methanol oxidation at different
percentages of methanol conversion and the spectrum of water. For anal-
ysis, the spectrum of water was subtracted from the spectra of the anolyte
resulting in spectra as shown in Figure B4b. Distinct peaks for formate
were observed at 1580 cm™ and methanol at 1020cm™. The intensity of
the spectrum was shifting with changing KOH concentration. A peak of
carbonate was closely overlapping with a second peak of formate.
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Figure 4.4.: (a) FTIR spectra of the anolyte recorded during methanol oxidation
at 0, 20, 40, 60, and 80% conversion and the spectrum of water. (b) Spectra
calculated by subtraction of the water spectrum from the spectra recorded during
methanol oxidation. The oxidation was conducted at 200 mA/cm?, 25°C, 2mol/L
KOH, 1 mol/L methanol, with a BPM.

The peak areas of formate and methanol were evaluated as illustrated
in Figure &Ha. A region with no interfering peaks was evaluated for KOH.
As calibration, the correlation between concentration and peak area was
determined by measuring samples representing anolyte mixtures of known
composition. The calibration samples were prepared in a volumetric flask
by weighing each substance added. The measured weight was used to cal-
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culate the actual concentration. Figure E-8b-c shows the linear regression
used for the quantification of formate and methanol. The linear regres-
sion was determined by the quantification software of the spectrometer (iC
Quant 7.1.91, Mettler Toledo). KOH was quantified using a polynomial func-
tion fit of second order in OriginPro (Version 2022, OriginLab), as the cor-
relation of the evaluated area to KOH concentration was slightly sublinear

(Figure EARd).
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Figure 4.5.: (a) Peak area considered for KOH, HCOO™ and CH3OH (hatched ar-
eas), (b)-(d) calibration data for HCOO-, CH3zOH and KOH (data points), illustrating
the correlation of peak area to concentration. The fitted function used for analysis
is displayed as a dashed line along with the corresponding R2.
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The concentration data obtained from the FTIR spectra was further pro-
cessed and analyzed in Origin (OriginLab). Weighted adjacent averaging
with a window size of 20 points was applied to the concentration data, which
smoothed the data without altering the shape of the curves. Methanol con-
version, FE, and formate yield were calculated from the smoothed concen-
tration data according to Equations &1 - 3.

. C — C
conversion = 0,methanol n,methanol (4.1 )
CO,meZ‘hanol
zZFV ¢ — Ch_
FE = ) n,formate n—1,formate ( 4.2)
I tn - tn_‘]
. C
CO,mez‘hazno/

where c is the concentration of the regarding substance and the indices
denote the start of the experiment (index 0), the current data point (index
n) and the previous data point (index n — 1). z is the number of electrons
transferred per reaction, F the Faraday constant, V the anolyte volume, /
the current, and ¢ the time.

To investigate crossover through the membranes, samples of the
catholyte were taken after the experiments with different membrane types.
The samples were taken with a syringe and analyzed via HPLC (Agilent
1200) with an organic resin column (CS-Chromatographie Service GmbH).
The measurements were conducted with a 5 mmol/L H,SO,4 eluent with
a flow rate of 0.5 mL/min at 40°C using a refractive index detector and a
variable wavelength detector.
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4.3. Results and discussion

4.3.1. Characterization of copper oxide electrodes

For the present study, copper dendrites were electrodeposited onto an
open-cell copper foam at a high current density of 1500 mA/cm? and were
subsequently oxidized by a heat treatment in air. After oxidation the color
of the electrode changed from red to black, indicating an oxidation to CuO
[Mile1937].

Figure @8 shows SEM images of the copper oxide electrode at four dif-
ferent magnification levels. The open-cell structure of the foam substrate
provides large pores, allowing electrolyte flow through the 3D-structured
electrode (Figure B.Ba). The pore diameter of the untreated foam is
730 um + 60 um, which narrows slightly due to the growth of the dendrite
layer. The dendrite layer has a cratered surface, caused by hydrogen bub-
bles during electrodeposition. The craters of the dendrite layer have a di-
ameter of about 50 um (Figure B8b). The deposited dendrite layer fea-
tures a porous fractal-like structure with interconnected branches of 0.1-
10 um thickness (Figure B.86c). The surface of the oxidized dendrites ex-
hibits roughness down to the nanometer scale (Figure B.8d). The electrode
features a hierarchical structure with porosity and surface morphology on
multiple length scales, thus providing a large surface area for electrochem-
ical reactions.
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Figure 4.6.: SEM images of the prepared anode at four different magnification
levels of x50, x500, x5k and x50k (a-d).
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To understand the effect of each step on the electrode structure, the
electrode was analyzed between each preparation step and after use for
methanol oxidation. Figure B4 provides a comparison of SEM images of
the copper foam at various stages of the electrode preparation and after
use in a methanol oxidation experiment. Figure B 7a reveals the open-cell
structure of the untreated foam with 90 pores per inch and a pore diame-
ter of about 730 + 60 um. The branches of the foam had a thickness of
about 70 - 130 um and exhibited a smooth surface. The electrodeposition
led to the formation of copper dendrites on the branches of the foam (Fig-
ure E-7b). Hydrogen evolution during the electrodeposition step resulted in
craters with a diameter of 25-50 um within the dendrite layer. The dendrites
exhibited sharp edges on the micrometer scale, but a smooth surface on
the nanometer scale. The microscopic electrode structure changed after
the foam was oxidized by heat treatment. The dendrite layer thickness and
crater depth increased as illustrated in Figure E4c. Furthermore, the sur-
face roughness of the dendrites increased on the nanometer scale. Due to
the pore structure, the dendrites formation, and the surface roughness, the
electrode had a hierarchical structure and thus offers a high surface area
for methanol oxidation. After the electrode was used for methanol oxida-
tion, no significant degradation of the electrode structure was observed as
shown in Figure B_4d. However, the surface roughness on the nanometer
scale increased.

The oxidation of the electrode and the presence of CuO were confirmed
by the EDX and XRD spectra shown in Figure E8. The EDX spectrum
of the untreated copper foam showed two small copper peaks at 8.0 and
8.9keV and a more pronounced double peak of copper at 0.9keV (Figure
d.8a). After electrodeposition, a small oxygen peak at 0.5keV became
visible. It is assumed that the electrode surface was already oxidized to
some extent by contact to ambient air. Subsequent heat treatment resulted
in the growth of the oxygen peak, indicating further oxidation of the foam.
The oxygen peak increased after the foam was used as anode for methanol
oxidation. The growth of the oxygen peak was attributed to an increase of
the oxide layer thickness.
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a) Untreated copper foam
) R e -

c) After heat treatment

Figure 4.7.: SEM images of a) the untreated copper foam, b) the foam after elec-
trodeposition, c) after heat treatment, and d) after usage in a methanol oxidation
experiment.
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Figure 4.8.: a) EDX and b) XRD spectra of the untreated copper foam (black),
the foam after electrodeposition (gray), after heat treatment (dark blue), and after
usage in a methanol oxidation experiment (light blue).

The findings from the EDX spectra were supported by the XRD spectra
shown in Figure B 8b. The XRD spectrum of the untreated copper foam
exhibited two strong peaks of Cu (111) and (200) at 43.3° and 50.4°, re-
spectively. After the electrodeposition step, two additional peaks emerged
at 36.4° and 42.3° corresponding to the crystalline structures (111) and
(200) of Cu,O. Two peaks appeared in the spectrum after heat treatment at
35.5° and 38.6° for CuO (002) and (111), respectively. The detected peaks
in the XRD spectra of the heat-treated foam were also reported in the work
of Huan et al. [Huan20173a], indicating a successful adaption of the cata-
lyst synthesis process. The black color of the electrode and the presence
of both Cu,O and CuO were consistent with previous studies that found a
multilayer oxide structure of dendritic copper oxide electrodes, with copper
at the core, covered by a layer of Cu,0O, followed by an outer layer of CuO
[Huan2017a; Zhan2018]. Comparing the XRD spectrum of the anode as
prepared after heat treatment and after use for methanol oxidation, the CuO
peaks became more pronounced and the Cu,O peaks decreased after use.
The change in peak height indicates increased oxidation and growth of the
Cu,0 layer during methanol oxidation.
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To assess the electrochemical active surface area (ECSA) the double
layer capacitance was investigated by cyclic voltammetry in a beaker with
a three-electrode setup as described in BE24. The prepared CuO foam
electrode with electrodeposited dendrites was investigated before and af-
ter use for methanol oxidation. For reference, a flat CuO sheet was used
that was oxidized with the same thermal procedure as the foam electrode.
The relationship of current density and scan rate is depicted in Figure &9
considering the positive and negative current for evaluation. The current
densities measured for the foam electrodes were significantly higher than
for the flat CuO sheet. Based on the slope of the curves, the following mean
values were determined for the double layer capacitance: 0.76 mF/cm? for
the flat CuO sheet, 302 mF/cm? for the foam electrode before methanol
oxidation, and 575 mF/cm? for the foam electrode after methanol oxidation.
These results show that the prepared foam electrode with electrodeposited
dendrites exhibited a nearly 400 times larger ECSA than a flat CuO sheet.
The ECSA increased by a factor of 1.9 after use for methanol oxidation. The
increase in surface area is consistent with the surface structure observed in
the SEM images, showing an increased roughness at the nanometer scale
after use for methanol oxidation (see Figure &7).
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Figure 4.9.: Relationship of current density and scan rate for (a) the flat CuO
sheet, (b) the foam electrode with electrodeposited dendrites as prepared, and (c)
the foam electrode with electrodeposited dendrites after use for methanol oxida-

tion. The slope indicating the double layer capacitance was determined from a
linear fit of the data points.

The prepared hierarchical CuO anode was active for OER and MOR as
illustrated in the LSV curves in Figure E10. At a potential of 1.59V vs.
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RHE, a current density of 100 mA/cm? was reached for OER in 2 mol/L
KOH. The OER activity of the prepared anode was comparable to state-
of-the-art non-noble metal OER catalysts [Jame2018; Wang2020]. The
potential of MOR in 2 mol/L KOH + 1 mol/L methanol reached 100 mA/cm?
at 1.37V vs RHE, which is significantly lower than the potential required
for typical alkaline OER [Uame2018; Wang2020]. However, compared to
the standard potential of MOR, the overpotential was still high. A simil-
iar or higher overpotential for MOR was observed in previous works with
non-noble metal electrodes as well [Du2023; [120204; [1202006; Wei2027;
Wu2021); Xian2020], indicating the need for further improvements to reduce
the energy demand of MOR.
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Figure 4.10.: LSV curves (iR-drop compensated) of the prepared CuO anode
measured at a sweep rate of 5mV/s in 2mol/L KOH (OER) and 2 mol/L KOH with
1 mol/L methanol (MOR).

4.3.2. Impact of conversion

The time-dependent concentrations of methanol and formate during
methanol oxidation with the prepared CuO anode in the flow cell setup are
illustrated in Figure B 11la. The decrease of the methanol concentration was
nearly linear over time, resulting in a linearly increasing conversion, which
was calculated from the methanol concentration by equation B11. In con-
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trast to the linear course of methanol, the formate concentration increased
with a decreasing slope to a maximum concentration of 0.42 mol/L. Based
on the absence of unidentified substances in the FTIR and additional HPLC
analysis of the anolyte, it was concluded that all methanol that was not con-
verted to formate was further oxidized to carbonate.
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Figure 4.11.: (a) Concentration of methanol (gray) and formate (blue) measured
by the FTIR online analytics during an oxidation experiment at 200 mA/cm?. The
conversion (black) was calculated from the methanol concentration. The carbonate
concentration (light blue, dashed) was calculated from the difference of methanol
and formate concentration based on the assumption of carbonate being the only
side product. (b) The sum of formate and carbonate FE (black), the formate FE
(blue) and the carbonate FE (light blue, dashed) were calculated from the concen-
tration data.

Consistent with this conclusion, it was observed that the carbonate peak
increases with increasing conversion in the FTIR spectrum (Figure E4).
Unfortunately, the carbonate peak could not be reliably quantified, as it
strongly overlapped with a second formate peak. However, the conclusion
was tested in regard of the carbon and charge balance of the anolyte. If
carbonate is the only side product of MOR, the carbonate concentration
can be determined by calculating the difference between the consumed
methanol and the produced formate. Figure BE11a depicts the carbonate
concentration calculated from this difference as a dashed line. The FEs of
formate and carbonate calculated from the concentration curves by Equa-
tion B2 add up to nearly 100% over the entire experiment as shown in
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Figure E17b. Please note that the FE is plotted over the methanol con-
version instead of the reaction time. The representation of FE as a func-
tion of the conversion allows a more straightforward comparison of exper-
iments with different initial reactant concentrations, current densities, and
electrolyte volumes. The FE sum of approximately 100% (103% on aver-
age) shows that the balances of carbon and charge are closed providing a
strong indication of no further side reactions. Other possible side reactions
would have resulted in detectable products and do not match the balances
of charge and carbon which indicate a transfer of about six electrons per
methanol consumed that was not converted to formate. Furthermore, no
gas evolution was observed, excluding a significant contribution of oxygen
evolution or other gas forming side reactions. Validating the visual detec-
tion limit of gas evolution showed that oxygen evolution would have been
clearly visible at a partial current density of 4 mA/cm? (corresponds to 2%
of the 200 mA/cm? typically used). Therefore, the absence of other prod-
ucts and the closed balances justify the assumption of carbonate formation
as the only notable side reaction which is consistent with previous stud-
ies on alkaline methanol oxidation to formate on copper-based electrodes
[Wei2021]; Heli2004]. The formate FE initially reached 85% but decreased
significantly with increasing conversion - reaching zero at 74% conversion,
while the carbonate FE increased from less than 20% up to 100%. The
course of the FE indicates that methanol oxidation to formate (Equation B-4)
competed with carbonate formation. Heli et al. proposed a mechanism for
methanol oxidation on copper in alkaline solution, which involves the for-
mation of a Cu’' species, which catalyzes the oxidation of methanol and
its intermediates to formate or carbonate [Heli2004]. For the nature of the
Cu’ entity, copper oxy-hydroxide (CuOOH) and a Cu’ radical (CuOQ°®H)
were proposed [Heli2004; FleiT972; Meye1972; WelsT990]. Based on the
course of the FE, it is hypothesized that carbonate was formed in two dif-
ferent pathways as was found for MOR on NiOOH [Phan2024]: further ox-
idation of formate to carbonate (Equation B6) and methanol oxidation to
carbonate (Equation B.5). Methanol was initially present in high excess,
whereas, at the end of the experiment, the concentration of formate was
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more than two times higher than the concentration of methanol. The in-
creasing ratio of formate to methanol favors formate oxidation over formate
formation, which is a plausible explanation for the decrease in formate FE
with increasing conversion. The low initial carbonate formation at near-
zero formate concentrations indicates that formate is the preferred product
of methanol oxidation.

CH3;0H + 50H™ — HCOO™ +4H,0O + 4e~ (4.4)
CH;0OH +80OH™ — CO§’ +6H,O +6e~ (4.5)
HCOO~ +30H™ — CO5™ +2H,0 +2e~ (4.6)

It should be noted that the pathway of carbonate formation does not
change the overall result from an application perspective, as it does not
affect the overall carbon and charge balance. The overall reaction scheme
for the superposition of methanol oxidation to formate and simultaneous
formate oxidation to carbonate is identical to the full oxidation of methanol
to carbonate (Equation 24+ 6 = B.5).

4.3.3. Impact of the reaction conditions

To investigate the impact of the reaction conditions on MOR and to opti-
mize the reaction for high formate yield at high conversion, current den-
sity, temperature, flow rate, electrolyte composition and the type of ion ex-
change membrane were systematically varied. Figure & 12a presents the
FE plotted over conversion for three distinct current densities: 50, 100, and
200 mA/cm?. With decreasing current density, the FE for formate increased
and higher conversions were achieved before the FE declined to zero. At
a current density of 50 mA/cm?, a maximum FE of 92% and a conversion
of 88% were achieved, in contrast to 85% FE and 78% conversion at 200
mA/cm?. The relationship between FE and current density was nonlinear,
as the increase in FE from 200 to 100 mA/cm? was approximately equal
to the increase in FE from 100 to 50 mA/cm?. The decreasing FE with
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increasing current density hints toward mass transfer limitation. The local
concentration of formate within the porous dendrite layer is expected to rise
as the current density increases, while the local concentration of methanol
decreases correspondingly. The higher ratio of educt to product facilitates
the selectivity of methanol oxidation to formate at a lower current density.

a) 100 . . . : b) 100
Current density

Temperature

80} P r . 80+

} 100 mA/cm?

/ 200 mA/cm?] 60|

55°C
40°C

60 |

FE (%)
FE (%)

40} 40t

20 20

0 20 40 60 80 100 0 20 40 60 80 100
Conversion (%) Conversion (%)

Figure 4.12.: (a) FE for formate plotted over the conversion of methanol for three
different current densities. (b) Influence of the anolyte temperature on the FE
to formate over increasing methanol conversion. The mean FE (continuous line)
and the range of the replicates (boundaries of the filled area) are shown. If not
stated otherwise in the plot, the oxidation was conducted at 200 mA/cm?, 25°C,
50 mL/min, 2 mol/L KOH, 1 mol/L methanol and with a BPM.

Figure 12D illustrates the impact of temperature on the FE over con-
version. With increasing temperature, the FE for formate increased, and
higher conversions were achieved before the FE declined to zero. Specifi-
cally, at a temperature of 55°C, a maximum FE of 93% and a conversion of
83% were attained, whereas at 25°C, the FE and conversion were slightly
lower, at 83% and 74%, respectively. Despite an increased fluctuation of
the results at 25°C, the positive effect of higher temperatures on FE is evi-
dent. With increasing temperature, more formate and less carbonate were
formed. Higher temperatures could directly affect selectivity by either al-
tering the reaction kinetics or by improved mass transport. A significant
contribution of the improved mass transfer is assumed, as diffusion coef-
ficients are expected to increase approximately two-fold over the investi-
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gated temperature range of 25-55°C Bhai1968; Pare2013]. The improved
mass transfer increases both the rate at which methanol is transported from
the bulk electrolyte to the electrode surface and the rate at which formate
is transported in the opposite direction. Hence, an improved mass transfer
increases the concentration ratio of methanol to formate at the electrode
surface, which increases selectivity towards formate.

Interestingly, the flow rate of the electrolyte through the foam anode had
no significant effect on the FE as shown in Figure ET13a for flow rates of
100, 50 and 25 mL/min. A higher flow rate increases the convective mass
transport to the electrode surface [Wals2018], which typically improves the
selectivity at higher current density, as concentration gradients from the
bulk electrolyte to the electrode surface are mitigated [Pere2020].

It is hypothesized that the flow rate had no significant influence on the
FE due to a combination of multiple effects: Convective flow is assumed
through the macroscopic pores of the open-cell copper foam (pore size of
about 500 um), but mainly diffusive transport in the porous dendrite layer
due to the small pore size between the dendrites of about 1-10pum. The
assumed mass transport is illustrated in the qualitative schematic of con-
centration gradients in Figure 2 13b. The flow rate can affect the convective
transport from the bulk electrolyte to the surface of the dendrite layer, re-
ducing the thickness of the concentration boundary layer. However, the
diffusive transport resistance of the porous dendrite layer would remain un-
affected, thus reducing the overall effect of the flow rate. Furthermore, the
rear areas of the electrode were likely less affected by mass transfer as
the local current density is expected to decrease with increasing distance
from the membrane due to the increasing electrolyte resistance. Finally,
the mass transfer in flow-through foam electrodes increases sublinear with
increasing flow rates. Cognet et al. [Cogn1995] found that the relationship
between the mass transfer coefficient k and the flow velocity u is k ~ u%42
for a similar foam electrode with 100 pores per inch. Assuming that the
same relationship can be applied to the electrode used in this work, in-
creasing the flow rate by 100% would increase the mass transfer coefficient
only by 34%. As the relationship between the mass transfer coefficient and
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FE is presumably sublinear as well, it is hypothesized that the FE is even
less influenced by the flow rate. Thus, a combination of the described ef-
fects seems to reduce the impact of the flow rate on the FE to an extent
below significance.
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Figure 4.13.: (a) Influence of the flow rate on the FE to formate over increasing
methanol conversion. The mean FE (continuous line) and the range of the repli-
cates (boundaries of the filled area) are shown. The oxidation was conducted at
200 mA/cm?, 25°C, 2mol/L KOH, 1 mol/L methanol, with a BPM. (b) Qualitative
schematic of the concentration gradients at the electrode surface.

Figure E15a depicts the relationship between FE and conversion for
three distinct concentrations of KOH (1, 2, and 4 mol/L). At low conver-
sion, a higher KOH concentration led to a decrease in FE. It is assumed
that the higher OH~ concentration facilitates the undesired side reactions
resulting in full oxidation to carbonate, as the side reactions (Equation &3
& B.8) require more OH~ per electron than the partial oxidation of methanol
to formate (Equation B-4). Specifically, an initial FE of 91% was attained
at 1 mol/L KOH, compared to 65% when a KOH concentration of 4 mol/L
was used. However, as the conversion increased, the FE declined steeper
with 1 mol/L KOH, reaching 0% FE at a lower conversion compared to the
higher KOH concentrations. It is hypothesized that the FE declined more
pronounced with 1 mol/L KOH because a minimum concentration of OH~
ions is required for selective oxidation of methanol to formate at CuO.
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Figure 4.14.: Balances of the anode side with a BPM for (a) methanol oxidation to
formate and (b) methanol oxidation to carbonate.

At least 5 OH~ ions are consumed per oxidized methanol (Equation E-4),
while up to 4 OH~ ions can be compensated by ion transfer to the anolyte
(see Figure B14). In total, at least one OH~ ion is depleted per oxidized
methanol. Thus, an initial concentration of 1 mol/L KOH is not sufficient
to completely convert 1 mol/L methanol without a significant drop in pH.
Figure E15¢c depicts the decreasing KOH concentration in the anolyte dur-
ing methanol oxidation to formate. While the rate of KOH consumption was
similar, the rate was not identical for the different initial KOH concentrations.
The slope of the KOH concentration was slightly steeper at high initial KOH
concentration and low formate FE, which is in good agreement with the
theoretical rates of KOH consumption determined from the ion balances.
The ion balances shown in Figure 214 result in slightly different rates of
KOH consumption of 0.33 vs. 0.25 KOH consumed per electron transferred
for methanol oxidation to formate vs. methanol oxidation to carbonate. In
the experiments with 1 mol/L KOH the concentration of KOH decreased to
0.29 mol/L at the point of zero FE. The local OH~ concentration at the elec-
trode surface was likely lower than the measured bulk concentration, as
pronounced concentration gradients as shown in Figure E.13 are expected
at high current density. To avoid a steep decline of the FE, the amount of
KOH should be chosen such that a sufficient excess of OH~ remains at
high conversion. In future studies, adding KOH continuously or stepwise
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could counter the neutralization of OH~ caused by the formate formation
and maintain an optimal pH.
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Figure 4.15.: FE for formate plotted over methanol conversion showing the influ-
ence of (a) the initial KOH concentration and of (b) the initial methanol concen-
tration. (c-d) KOH concentration in the same experiments plotted over methanol
conversion. The mean FE and the mean KOH concentration (continuous lines) are
shown along with the range of the replicates (boundaries of the filled area). If not
stated otherwise in the plot, the oxidation was conducted at 200 mA/cm?, 25°C,
50 mL/min, 2 mol/L KOH, 1 mol/L methanol, with a BPM.

Figure BE15b illustrates the effect of methanol concentration on the FE
over progressing conversion with three different initial methanol concentra-
tions (2, 1, and 0.5mol/L). Initially, a maximum FE of 92% was observed
with 2 mol/L methanol, in contrast to the 71% achieved with 0.5 mol/L. In
general, higher methanol concentrations resulted in higher FE for formate.
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The ratio of methanol to formate at a given percentage of conversion was
similar, independent of the initial methanol concentration. The increased
FE is attributed to the higher absolute methanol concentration and to the
associated higher mass transport of methanol to the electrode, which likely
facilitates methanol oxidation to formate. However, at high conversion, the
FE decreased more pronounced with 2 mol/L methanol, than at lower initial
methanol concentrations.

The sharp drop of the FE with 2 mol/L methanol and 2 mol/L KOH is sim-
ilar to the experiment with 1 mol/L methanol and 1 mol/L KOH (see Figure
A 15a). As discussed in the previous paragraph, it is assumed that the
FE decreases strongly when the OH~ concentration in the electrolyte be-
comes too low and the local reaction environment at the electrode surface
becomes too acidic. Figure E35d shows the KOH concentration plotted
versus conversion for the experiments with different methanol concentra-
tions. In the experiment with 2 mol/L methanol and 2 mol/L KOH, the sharp
drop of the FE occurred when the KOH concentration was low. The KOH
concentration declined down to 0.35mol/L at the end of the experiment.
The initial ratio of methanol to KOH of 1:1 was too low to maintain a suffi-
cient OH~ concentration at high methanol conversion.

Figure B18a illustrates the impact of the membrane type on the FE. The
BPM exhibited the highest initial FE of 76%, followed by the CEM with 57%,
and the AEM with 36%. With progressing conversion, the FE decreased
for all tested ion exchange membranes. In contrast to all other reaction
conditions tested, clear indications of corrosion of the CuO electrode were
observed at the end of the MOR experiments with the AEM and the CEM.
A blue hue was visible in the anolyte indicating dissolved copper ions and
the electrode color changed partially from black (CuO) to copper (metallic
Cu). Therefore, a new anode was used for each membrane experiment.
The corrosion of the CuO electrode is attributed to the less favorable ion
balance of the AEM and CEM causing a reduced local pH at the membrane
electrode interface, which is discussed in more detail in the subsequent
paragraphs.
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Figure 4.16.: (a) Influence of the membrane type on the FE to formate over
increasing methanol conversion. The oxidation was conducted at 200 mA/cm?,
25°C, 50 mL/min, 2mol/L KOH and 1 mol/L methanol. (b) Decreasing KOH con-
centration during the experiments (continuous line). Calculated concentration
curves (dashed line) for the theoretical ratios of OH~ consumption per electron
transferred are shown for comparison. (c)-(e) Balances of the anode side consid-
ering methanol oxidation to formate and ion transfer through the different mem-
brane types. Based on the balances, theoretical ratios of OH~ consumption per
electron transfer are given.
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The choice of ion exchange membrane significantly influences the ion
transport through the membranes and thus, the overall ion balance. Figure
AT6b shows the KOH concentration decreasing over time.

The decline in KOH concentration occurred at a substantially slower rate
with a BPM compared to a CEM or AEM. The distinct slopes observed
for the KOH concentration over time can be attributed to the different ion
balances of the three membrane types (Figure BE16c-e). In the case of
the BPM, the reaction of methanol to formate consumes 5 OH~ ions, while
4 OH~ ions are supplied to the anolyte through ion transfer resulting from
water dissociation in the BPM.

When employing a CEM, the charge transport across the membrane re-
lies on the transfer of K* ions from the anolyte to the catholyte. Conse-
quently, the consumption of OH~ ions is not compensated by ion transfer
through the membrane as it is with a BPM. As a result, the ratio of OH~
ions consumed per electron transferred is considerably higher in a CEM
compared to a BPM. The observed decline in KOH and OH~ concentra-
tion is in good agreement with the OH~/e~ ratio of -1.25, resulting from
the ion balance of the CEM. The lower conversion achieved with a CEM is
likely caused by the rapid decline in OH~ concentration. Although a con-
centration of 0.23 mol/L OH~ remained in the bulk electrolyte at the end of
the experiment, the OH~ concentration in the porous dendrite layer of the
anode is expected to be significantly lower. Corresponding to the experi-
ments with lower KOH concentration the quickly declining FE at low OH~
concentration indicates that a low pH impedes methanol oxidation to for-
mate. Interestingly, the initial FE was lower with a CEM or AEM compared
to a BPM even before the different KOH concentration of the bulk electrolyte
is expected to have a significant impact. This observation can be attributed
to the local reaction conditions in the region of the electrode, which is ad-
jacent to the membrane and therefore directly impacted by the membrane
transport. As stated above, the part of the anode directly adjacent to the
membrane will be the most active. Due to the iR drop, electrode segments
at a greater distance to the membrane will be less active.

When using an AEM, the anions in the catholyte determine the ion trans-
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fer across the membrane. KHCO3; was used in the catholyte to mimic the
conditions of electrochemical CO2R. It is assumed that most of the charge
transport across the membrane occurs via the transfer of HCO3;~ ions and
that each HCO5;~ transported neutralizes another OH~ for conversion to
CO32~ in the highly alkaline anolyte, as shown in the ion balance (Figure
4 18e). The measured decline in the KOH and OH~ concentration is more
pronounced with an AEM compared to a CEM. However, the slope of the
measured decline is less negative than the OH~ /e~ ratio of -2.25 derived
from the ion balance for the AEM. This suggests that additional ions may
be transported across the membrane, potentially mitigating the decrease
in OH~. It is plausible that CO32~ and OH~ were involved to some extent
in the charge transfer across the AEM, despite their low concentration in
the catholyte. As will be shown, a different catholyte composition changes
the ion balance for the AEM (see Chapter E3.4)). With regard to a stable
pH in the anolyte, the transport of OH~ as the only anion across the mem-
brane is ideal. For common catholytes of alkaline water electrolysis, such
as KOH or NaOH, no difference in the ion balance between AEM and BPM
is expected.

In addition to the ion transfer required for charge transport, other trans-
port phenomena across the membrane should be considered as well. The
crossover of methanol and formate through the membrane to the cathode
side can cause the loss of reactant and product or negatively affect the
catholyte reaction. The catholyte was analyzed via HPLC after the ox-
idation experiments with the three different membrane types (see Table
B). There was no significant crossover of methanol or formate through
the BPM. The CEM retained the negatively charged formate but was per-
meable to uncharged methanol. Methanol can pass through the CEM by
diffusion driven by the concentration difference, but also by electroosmotic
drag along with the transported cations [AhmeZ011]. The AEM was per-
meable to formate and methanol, which can both diffuse through the mem-
brane driven by the concentration difference.

Besides the influence on FE and conversion, the reaction conditions also
affect the potential of the anode. Figure B174 compares the mean anodic
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potential during methanol oxidation at different reaction conditions. Typi-
cal chronopotentiometry curves are provided in the Appendix (Figure B2).
The anodic potential increased significantly with increasing current den-
sity (Figure E&17a), which was primarily attributed to the increasing voltage
drop across the resistance of the electrolyte. The electrolyte gap to the
membrane was minimized as the foam electrode was placed in direct con-
tact with the membrane. However, it should be noted that the electrolyte
conductivity can still have a significant effect on the local potential distri-
bution within the foam electrode. The potential decreased slightly with in-
creasing temperature (Figure B17b), which is due to improved kinetics and
electrolyte conductivity. The flow rate had no clear effect on the potential
(Figure B7c). The potential decreased with increasing KOH concentration
and the corresponding higher electrolyte conductivity (Figure B14d). The
influence of the methanol concentration on the potential was small in the
investigated concentration range. The results suggest a slightly higher po-
tential at higher methanol concentration (Figure B-17e), which agrees with a
lower conductivity expected at higher methanol concentration [Boru2021]].
The membrane had no significant effect on the anodic potential (Figure
a17f). It should be noted that the experiments with the CEM and AEM
were not performed in duplicate due to the corrosion of the CuO electrode
(see discussion of Figure B 18).
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Figure 4.17.: Mean anodic potential during methanol oxidation at different reaction
conditions: (a) current density, (b) temperature, (c) electrolyte flow rate, (d) initial
KOH concentration, (e) initial methanol concentration, and (f) membrane. The
error bar represents the range of the replicates. If not indicated otherwise by the
values of the x-axis, the oxidation was conducted at 200 mA/cm?, 25°C, 50 mL/min,
2 mol/L KOH, 1 mol/L methanol and with BPM.

While the duration of use showed no clear effect on the FE, an increase in
the anodic potential was observed from experiment to experiment at high
current density and low temperature. The potential did not increase be-
tween the experiments when the anode was operated at low current density
or high temperature. Considering both anodic potential and FE for formate,
three parameters (current density, KOH concentration, and methanol con-
centration) presented a trade-off between electrical energy demand and
product selectivity. However, an increased temperature improved both an-
odic potential and FE.
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4.3.4. High yield synthesis and considerations for paired
processes

To demonstrate a paired electrolysis with high-yield MOR, MOR was paired
in two different setups with alkaline HER utilizing the insights gained from
the investigation of the reaction conditions. The two setups depicted in
Figure BE18a-b employ different membranes and electrolyte management
creating opposite characteristics that will be discussed in the following para-
graphs.

The BPM setup with separated electrolytes and a BPM allows the op-
eration of anodic MOR and a cathodic reaction practically independent of
each other. The BPM retains both anions and cations, effectively prevent-
ing the exchange of anions or cations between anolyte and catholyte. The
OH~ migration to the anolyte mitigates the decreasing pH with progressing
conversion as shown in Figure E18. With these characteristics, the BPM
setup is suitable to pair MOR at high yield with most cathodic reactions, in-
cluding electrochemical CO2R. Successful operation of CO2R with BPMs
was documented with electrolyte gap [[H2018; Wrob2023] and in zero-gap
configuration [Siri2022; Xie20272].

The AEM setup utilizes a shared electrolyte, which is cycled through the
anode and cathode compartments. In contrast to the BPM setup, anodic
MOR, and a paired cathodic reaction are not independent of each other as
both sides share the same electrolyte. For successful pairing, the cathodic
reaction must be compatible with the electrolyte of MOR, while MOR must
be compatible with the reactants and products of the cathodic reaction.
Compatibility implies that the substances in the electrolyte (KOH, methanol,
formate, educt, and product of the cathodic reaction) do not undergo un-
desired reactions or interact negatively with the desired reactions. While
the options for compatible cathodic reactions are limited, alkaline HER was
successfully paired with MOR in shared electrolyte setups with no negative
interactions reported [L1i20203; [i2020b; Xian2020; Xian2021); Du2023].
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Figure 4.18.: (a-b) Setups used for paired synthesis of anodic MOR to formate
and cathodic HER. (c) Cell potential of both setups divided into the contributions
of membrane, cathode, and anode potential. (d) FE and yield of formate plotted
over the conversion of methanol for both setups. The oxidation was conducted at
100 mA/cm?, 55°C, 50 mL/min, 2mol/L KOH and 1 mol/L methanol.

Both setups were operated at a current density of 100 mA/cm? with the
same reaction conditions, pairing high-yield MOR with alkaline HER. Figure
A 18c shows the mean cell potential for the paired electrolysis divided into
the potentials of membrane, cathode, and anode. The cell potential of the
BPM setup was 2.9V and 1.8V for the AEM setup. The higher cell potential
of the BPM setup was mainly caused by the higher membrane potential of
the BPM compared to the AEM setup. BPMs require an additional poten-
tial for water dissociation within the membrane [Parn2021], the measured
membrane potential of 1.08 V was within the manufacturers specifications
of < 1.2V at 100 mA/cm?. The effective separation of the electrolytes by
the BPM came at the cost of a higher cell potential. However, the trade-
off between higher potential and improved ionic balance of the separate
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electrolytes is not a challenge unique to paired electrolysis with MOR. For
example, BPMs are considered for CO2R despite their higher membrane
potential as BPMs can prevent salt formation and increase CO, utilization
[Sass?2023]. The cathodic potentials for HER were acceptable for a demon-
stration of a paired electrolysis focused on anodic MOR, but are higher than
for state-of-the-art alkaline HER catalysts [Wang2020] as the plain nickel
mesh used as cathode is not an optimized catalyst. The mean anodic po-
tential was remarkably low with 1.49V for the BPM setup and 1.33V for
the AEM setup, which is significantly below typical alkaline OER potentials
[lame?018; Wang2020].

The weight change of the electrolyte was measured to test the hypothesis
that the electrolyte volume changes at high conversion. The weight change
corresponds to a change in the electrolyte volume as the change in density
was neglectable. For the BPM setup the weight of the anolyte increased
by 10.7%, while the weight change of the shared electrolyte in the AEM
setup was -0.7%. Leakage can be excluded, as the weight did not change
as the setup was operated with running pumps but without current. The
slight reduction in electrolyte weight in the AEM setup is most probably due
to hydrogen evolution and evaporation since the volatile components of the
electrolyte can escape along with the hydrogen gas formed at the cathode.
The observed increase of anolyte weight was larger than expected for a
symmetrical water balance of the BPM setup, in which the water split in
the BPM originates at equal parts from anolyte and catholyte as shown in
Figure E19.
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Figure 4.19.: Water balance of the BPM setup assuming symmetrical water trans-
port from anolyte and catholyte to the BPM. The net ratio of water added per
electron transferred is 0.5 for symmetrical water transport. At the end of the exper-
iment a charge of 19650 C was transferred, the ratio of 0.5 would correspond to a
weight increase of about 3.4%.

The additional weight increase was attributed to an asymmetrical wa-
ter balance, which led to an increased water transport to the anolyte.
The asymmetrical properties of BPMs were discussed in previous studies
[Bals2007; Oene2021; Parn2021]. A net water transport to the anode side
could occur if the water drag of the OH™ ions transferred to the anolyte ex-
ceeds the diffusion of water from the anolyte into the membrane. It should
be noted that water transport through CEMs or AEMs is typically more pro-
nounced with reported water transfer numbers (moles of water transferred
per faraday of electricity) of 2-15 depending on the ionomer, the transferred
ion and the humidification of the membrane [XieT995; Z1ot2017; Solb2023].
These findings highlight that the volume change of the electrolyte and the
water balance of the cell should be considered for electrosynthesis at high
product concentrations. While the volume change of the electrolyte in the
AEM setup was negligible, the volume change of the anolyte in the BPM
setup was taken into account for the evaluation. In the following, the impact
of the water balance is discussed - on the practical operation of anodic
MOR and its implications on the reaction efficiency. In the BPM setup,
the water transport across the membrane dilutes the reactant and prod-
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uct concentration in the anolyte. This dilution of the reactant concentration
(methanol) can decrease the selectivity for formate, as the results show
that the formate FE decreases with lower methanol concentration (see Fig-
ure E1H). From the perspective of downstream processing, a dilution of
the product is undesirable, as this is likely connected to increase separa-
tion costs. In the present case, the observed dilution rate of 10% might
be acceptable. Nevertheless, dilution is linked to the amount of charge
transferred and will, therefore, increase for higher product concentrations.
In contrast to the BPM setup, the water balance of the AEM setup with a
shared electrolyte is closed. Hence, water transport does not negatively
affect the product concentration in the AEM setup.

Figure E18d illustrates the FE and the yield for MOR to formate over
progressing methanol conversion for both setups. Both setups exhibited
a high initial FE of 95-101% for the AEM setup and 86-93% for the BPM
setup. With increasing methanol conversion the FE of both setups con-
verged, reaching a high conversion of 90% before the FE decreased to
zero. Operating MOR at an elevated temperature of 55°C and a reduced
current density of 100 mA/cm? showed a higher selectivity compared to
applying the settings not in combination as shown in Figures B312a and
dT2b. Both setups achieved high maximum yields of up to 70% for the
BPM setup and 68% for the AEM setup. In summary, both setups reached
a high FE and formate yield at low anodic potential. The BPM setup is less
energy efficient due to the higher membrane potential, but more versatile
in pairing with other reactions as the setup can be operated with separated
electrolytes. In contrast, the AEM setup is more energy efficient with a low
membrane potential, but less versatile. Compatible cathodic reactions are
limited to reactions such as HER that can be operated in the shared al-
kaline electrolyte containing methanol and formate. The presented results
show that MOR can be operated in both setups at reduced anodic poten-
tial compared to OER, while providing formate at high yield as additional
value-added product.
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4.4. Conclusion

In summary, the present work investigated the impact of reaction condi-
tions and conversion on methanol oxidation to formate on a hierarchically
structured electrode and demonstrated paired electrolysis at a high formate
yield. The hierarchically structured CuO anode exhibited a high surface
area with porosity on different length scales from 500 um to 500 nm and
was highly active for methanol oxidation. The reaction progress was mon-
itored with fast sampling analytics, which allowed us to reveal the relation-
ship between FE and conversion. A high initial FE of 85% at 200 mA/cm?
was observed which declined with increasing slope over the progressing
conversion of methanol, reaching 75% conversion before the FE declined
to zero. The conversion had a significant impact on the selectivity by chang-
ing the ratio of methanol to formate, as methanol oxidation to formate was
competing with the subsequent oxidation of formate to carbonate.

Decreasing the current density or increasing the temperature increased
both the initial FE and the obtainable conversion before the FE declined to
zero. An increased electrolyte flow rate had no significant effect on MOR
suggesting that concentration gradients formed mainly inside the porous
dendrite layer. The results on different electrolyte compositions and mem-
brane types highlight the importance of the ionic balance for a stable elec-
trosynthesis at high conversion.

Applying the insights into the reaction conditions, a paired synthe-
sis of cathodic HER and anodic MOR to formate was demonstrated at
100 mA/cm? with an initial FE close to 100% reaching a formate yield of
up to 70% at 90% conversion. To the best of the author’s knowledge, the
achieved conversion and yield are the highest values reported so far. The
anode potential of 1.33V vs. RHE for MOR at the hierarchical non-noble
metal CuO electrode was lower than for alkaline OER. However, there is
still room for further improvement as the anodic potential was significantly
higher than the standard potential of MOR to formate. Furthermore, two se-
tups with different characteristics were compared and the implications for
paired electrolysis were discussed. This work presents the first paired elec-
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trolysis with methanol oxidation to formate reaching a high formate yield
and explicitly investigating the impact of reaction conditions and increas-
ing conversion. The findings on the effect of conversion, ion balance, and
pairing provide valuable insights for further research on methanol oxida-
tion to formate and paired electrolysis. In a broader context, the reported
methodology holds potential for investigating electrosynthesis at industrially
significant yield and conversion.
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Chapter 5. Feed and bleed operating mode for electrochemical flow cells

5.1. Introduction

Electrochemical studies often remain confined to fundamental research at
low current density and low product concentration, focusing more on ini-
tial selectivity than long-term stability. Fundamental studies are impor-
tant; however, investigating electrochemical synthesis at industrially rele-
vant conditions is imperative to proceed from laboratory towards application
[Burd2019; [This2024; Huan2024a; Perr2019]. For industrial electrolysis,
predominantly flow cells are used because they enable continuous produc-
tion processes and controlled flow regimes, e.g., for chlor-alkali or water
electrolysis [Berg1982; Lang2024]. Flow cells are preferable to beakers or
H-cells at lab-scale as well since they represent industrial conditions, ease
scale-up, and provide well-defined and reproducible conditions [Bive2015;
Plet2018; Wals2019].

Although the influence of reaction conditions and the cell setup are
often discussed [Endr2017; Venn2019; Perr2020; Quen2023; Perr2019;
MohI2018; Shin2023; Regn2024]], the operating mode of the flow cells
received less consideration.  Electrochemical flow cells at lab-scale

are typically operated in two modes: batch or single-pass [Plet2018;
Aren2020; Corn2024]. In batch mode (also known as semi-batch or
batch recirculation [Tanb2020; Wals?2019]), the electrolytes are circulated
through the cell in a closed loop [Malj2020]. High product concentra-
tions can be obtained over time [Wals2019]; however, batch mode is
unsuitable for continuous synthesis in steady-state. In single-pass mode
(see also continuous flow or flow electrochemistry [No&l2019; Tanb2020;
Nich2020]), the electrolyte is passed through the cell only once, which
readily enables steady-state operation [Malj2020]. Nonetheless, achieving
a high product concentration in the single-pass mode sets constraints on
the flow channel geometry and the flow rate [Gree2015]. Due to their
specific characteristics, neither batch nor single-pass are suitable to inves-
tigate continuous production in flow cells that resemble industrially relevant
conditions regarding product concentration, cell geometry and flow velocity.
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Beyond batch and single-pass, a third operating mode is commonly em-
ployed for continuous production in industrial electrosynthesis [Plef1993;
Good1995; [Cund?007T; Danl1984], electrodialysis and filtration [Bake2012;
Cher1998; Minf1963], which was coined ’feed and bleed’ in the field
of membrane technology [Bake2012; Cher1998; Mini1963] (see also
‘continuous reactor with recycle’ [Good1995]). In feed and bleed mode, the
electrolyte is circulated in a loop at a high flow rate through the flow cell.
Concurrently, a small volume flow enters the loop (Feed), while an equiva-
lent volume flow leaves the loop (Bleed) [BakeZ012]. In industrial organic
electrosynthesis the recirculation often involves one or more separation
steps to obtain a purified product stream while the remaining electrolyte
is recycled [Lund20071; Danl1984]. In contrast to batch and single-pass
mode (see schematic illustrations in Figure B1l), feed and bleed allows
continuous production in steady state at high product concentration without
setting constraints to the flow conditions within the cell. While 'feed and
bleed’ is commonly employed in industrial electrosynthesis, it is only
scarcely used to study electrochemical reactions at lab-scale [Raki1999;
Domi2013; Drog2024).

S
o

Batch Single-pass Feed and Bleed

Figure 5.1.: Schematic representation of the three operation modes for electro-
chemical flow cells.

This work provides valuable tools and insights for the feed and bleed op-
eration mode in lab-scale electrosynthesis, and discusses its unique char-
acteristics in direct comparison with batch and single-pass mode. Equa-
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tions for modeling and evaluation of feed and bleed systems are developed,
and influencing factors such as the feed flow rate and the electrolyte volume
are discussed. Furthermore, this work presents an experimental setup for
feed and bleed mode that can also be operated in batch and single-pass
mode. Online FTIR analysis monitoring the product concentration provides
quantitative insights into the specific characteristics of the flow cell oper-
ating modes. Feed and bleed operation is demonstrated at lab-scale and
directly compared with batch and single-pass at the example of methanol
oxidation to formate in a flow cell with an active electrode area of 25 cm?
at a current density of 200mAcm~2. This work facilitates the adoption of
'feed and bleed’ for lab-scale research, provides valuable tools for investi-
gating electrosynthesis under industrially relevant conditions and assesses
stability during steady-state operation.
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5.2. Material and methods

5.2.1. Theoretical analysis

All feed and bleed equations were derived from a mole balance around the
electrolyte in the system, which was assumed to be ideally mixed. Fur-
ther details on the ideally mixed model and the balance equation are pro-
vided in the results section B33l The assumption of ideal mixing of the
electrolyte was evaluated by a comparison to a non-ideally mixed model
(see Appendix A33). The feed and bleed models were implemented with
Python using the GEKKO Optimization Suite [Beal2018]. All other calcula-
tions were performed in Excel (Microsoft) and Origin (OriginLab).

5.2.2. Phase separator

The phase separator was fabricated by 3D printing (printer: Form 3, mate-
rial: High Temp Resin V2, Formlabs). After printing, the phase separator
was thoroughly rinsed with isopropanol and cured in a 'Form Cure’ de-
vice (Formlabs) at the manufacturer’s recommended settings of 80 °C for
120 min. The phase separator was connected via three threaded ports for
G1/4" tubing connectors and two smaller threaded ports for UNF 1/4" 28G
tubing connectors. The material of the phase separator was transparent,
allowing to observe the separation chamber during operation. The visibility
of the separation chamber was improved by applying a clear adhesive film
on the dull front surface of the phase separator.

5.2.3. Experimental comparison of operation modes

All experiments were performed in an electrochemical flow cell (flex-E-
cell, FXC Engineering) with an active geometric area of 5cm by 5cm with
two electrolyte compartments separated by a bipolar membrane (Fumasep
FBM-PK, Fumatech) in reverse bias. The anolyte was a aqueous solu-
tion of 2molL~" potassium hydroxide (KOH, 85%, VWR) and 1 molL"
methanol (CH3OH, 99.9 %, Merck), the catholyte was a solution of 1 mol L~
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potassium hydroxide. The anode was copper foam (POROFEN-Cu90, Al-
Carbon) coated with copper(ll) oxide dendrites. The anode preparation
procedure was adapted with modifications from Huan et al. [Huan20173a].
Anodic methanol oxidation was paired with hydrogen evolution at the cath-
ode, which was a nickel mesh (aperture width 0.5mm, wire diameter
0.14 mm, Haver & Boecker) supported by copper foam. Both the anode
and the cathode were in direct contact with the membrane without an
electrolyte gap. The flow cell was operated at constant current supplied
by a potentiostat (VSP with 10A booster, Biologic) at a current density of
200 mA cm~2. Potentials were measured using a reversible hydrogen elec-
trode (RHE)(Hydroflex, Gaskatel). The cell setup and anode preparation
were identical to the methods described for the investigation of methanol
oxidation to formate in Chapter 8, please refer to Section &2 2-8.23 for fur-
ther details. Figure B2 shows a schematic of the cell and the experimental
setup consisting of two separate electrolyte cycles.

Anolyte Catholyte

waste overflow waste overflow

phase phase
separator separator

flow cell

catholyte

o
@ IR

anolyte
analytics

—» FTIR [— T T
heat exchanger

Figure 5.2.: Experimental setup used for batch, single-pass, and feed and bleed
mode.
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The electrolytes were circulated with a peristaltic pump (Masterflex L/S
Digital, Cole-Parmer) through the electrochemical flow cell and a heat ex-
changer (flex-H-cell, FXC Engineering). The heat exchanger was con-
nected to a thermostat set to 25 °C. Each electrolyte cycle contained a
phase separator as discussed in Section B3 2 for removal of excess vol-
ume and gas bubbles. The total anolyte volume in the setup was 56.5mL,
which was determined by measuring the volume of water that fits into
the anolyte cycle. A sample stream from the anolyte was circulated at
10mL min-" through the flow cell probe of an FTIR spectrometer (ReactlR
702L with Micro Flow Cell, Mettler Toledo). The concentrations of methanol
and formate were measured with an FTIR spectrometer at a sample rate
of 2 min—'. The concentration data obtained from the spectrometer soft-
ware (iC-IR, Mettler Toledo) was further processed and analyzed in Origin
(OriginLab). Weighted adjacent averaging with a window size of 20 points
was applied to the concentration data, which removed noise from the data
without altering the shape of the concentration curves. For further infor-
mation on the FTIR analytics please refer to Section &25. The sample
stream and feed stream were supplied by peristaltic pumps (Reglo ICC,
Ismatec). For all experiments, the cathode side was operated in feed and
bleed mode at a volume flow of 50 mL min-" in the loop and 5 mL min-" for
the feed. Detailed pump settings on the anode side for batch, single-pass,
and feed and bleed operation are illustrated in Figure 3. In batch mode,
the feed pump was set to zero flow rate and the electrolyte was recirculated
in a closed system (Figure B3a). For single-pass mode, the feed pump and
the recirculation pump for the loop were set to equal flow rates, allowing the
electrolyte to pass through the cell only once (Figure B3b). For feed and
bleed mode, the loop flow rate was significantly higher than the flow rate of
the feed (Figure B33c). For cleaning the setup, the feed was set to a high
flow rate and the loop pump to a slightly lower flow rate which enabled quick
purging of the electrolyte (Figure B23d).
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Figure 5.3.: Flow sheet of the anode side of the experimental setup, illustrating the
pump settings used for the different operating modes: a) Batch mode, b) Single-

pass mode, c) Feed and Bleed mode, d) Cleaning mode.
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5.3. Results and discussion

5.3.1. Feed and bleed system behavior

At high recirculation flow rates, the feed and bleed system can be consid-
ered as an ideally mixed volume, as shown in Figure 54. A comparison of
the ideally mixed model with a non-ideally mixed model is provided in the
Appendix (Section B3), indicating that the assumption of ideal mixing is
justified for typical feed and bleed operation with a high recirculation rate.

Vreea | c(t)

_______________________________

V, c(t)
(ideally mixed)

g e B B S

________________

Figure 5.4.: Model of the feed and bleed setup assuming ideal mixing for the total
electrolyte volume in the system.

The ideally mixed model can be described by a mole balance around
the feed and bleed system as shown in Equation B3. The mole balance
describes the change in product concentration ¢(t) in the ideally mixed elec-
trolyte volume V depending on the volume flow rate of the feed Vi..q, the
product concentration in the feed ¢y and the electrochemical reaction with
the current density /, the geometric electrode area A, the Faraday efficiency
FE, the number of electrons transferred to form the product z, and the Fara-
day constant F. The following equations and calculations assume that the
product concentration in the feed and the initial product concentration in the
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electrolyte are both zero (Cpeq = ¢o = 0molL-1), which corresponds to the
experiments of this work and most electrosynthesis applications.

iA- FE
zF

de(t .
V% = Vieed (Croea — C(1)) +

(5.1)

Besides the electrochemical reaction, the system behavior is governed
by the electrolyte volume in the system and the feed flow rate. The effect
of both parameters on the product concentration is illustrated in Figure B35,
starting at t=0 when the current is switched on and a product-forming reac-
tion begins. The concentration curves can be described by Equation B2,
which is the analytical solution of the mole balance (Equation BTl). The
feed flow rate Vj.y determines the rate at which the electrolyte solution in
the system is replaced, which allows the adjustment of the obtainable prod-

uct concentration (and thus conversion) at steady-state as shown in Figure
Bha.

a)

(*)
~—

0.4 T T T 0.4
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o
N
Concentration (mol/L)

Vieed = 10 mL/min
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Figure 5.5.: Product concentration curves of feed and bleed systems calculated
with the ideally mixed model, starting at t=0 when the current is switched on and
a product-forming reaction begins. The plots show the influence of (a) the volume
flow of the feed and (b) the total electrolyte volume in the system. The varied pa-
rameters are indicated in each plot, and all other parameters remained unchanged
at the values of the experimental setup (Viges = 2.5mLmin~', V = 56.5mL,

i = 200mAcm=2, A = 25cm?, FE = 100%, and z=4 electrons transferred per
reaction).
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Reducing the feed flow rate from 5 to 2.5mL min~" doubles the steady
state concentration in agreement with Equation 523. However, lowering the
feed flow rate increases the time until steady state is reached. In this work,
the transient phase refers to the period in which the product concentration
is < 98% of the steady-state value. The duration of the transient phase iyg
can be calculated according to Equation B.4, which was derived from the
ideally mixed model.

iA- FE Vieed
c(t) = — (1 —exp(——=22 . t 5.2
(1) Vo ( V) (5.2)
c(t — o0) = A FE (5.3)
ZFered
tog = —V/Vieeq - In (1 — 0.98) (5.4)

The transition time increases proportional with the electrolyte volume V of
the system, as shown in Figure B8b. A low volume is advantageous in
enabling the system to respond quickly and reach a steady state faster.

The Faraday efficiency (FE) is one of the most important metrics in elec-
trosynthesis. In comparison to the straightforward FE calculation for batch
or single-pass mode (see Equations 68 and B.8), the specific behavior of
the feed and bleed system must be considered to evaluate the FE from
measured product concentration data correctly. Feed and bleed operation
in a steady state resembles the single-pass mode (compare Equation B3
and B8); however, the use of Equation B8 for the feed and bleed mode
does not allow for accurate FE calculation in the transient phase. To over-
come this limitation, Equation 62 was derived from the ideally mixed model
to calculate the FE during the entire feed and bleed operation. Please refer
to Table Bl for an overview of the equations for FE calculation in different
flow cell operating modes.
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Table 5.1.: Equations for FE calculation from discrete points of product concen-
tration for the different operating modes. The indices n and n — 1 describe two
consecutive discrete points in time.

Mode Equation

Batch FE, = ZI.’;\V . Ct - tc—11 (5.5)
Single-pass FE, = ZFIZ{‘eed .C (5.6)
Feedableed  FE, =2 Z(eed Cr 1 + en (5.7)

1 exp (~Y - (tn— tr1))

If the internal volume and the feed flow rate are known, the FE of the
product-forming reaction can be calculated from discrete points of the prod-
uct concentration, as demonstrated in Figure B.8. Figure B.Ba displays dis-
crete concentrations of a curve calculated for a constant FE of 100%. Cal-
culating the FE from the discrete concentration points matches the true FE
of the calculated concentration curve exactly, as shown in Figure 58b. The
proposed equation for FE calculation allows for determining the FE from
discrete concentration measurements during both the transient phase and
steady state. In addition to model-based validation, the approach of the FE
calculation was validated experimentally, as described in Appendix B3.
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Figure 5.6.: a) Discrete points on a product concentration curve calculated for
a constant FE of 100% (blue dotted line). The parameters of the experimental
demonstration (see Figure B9) were used for the calculation (Vigeq = 2.5 mL min=',
V =56.5mL, i = 200mAcm=2, A = 25cm?, and z = 4). The end of the transient
phase is indicated by a vertical dashed line. b) FE calculated from the discrete
concentration points by Equation 52 (also shown in the Figure) compared to the
true FE.

5.3.2. Phase separation in a feed and bleed system

In the experimental demonstration of the feed and bleed operation mode
discussed in Section B33, gas evolution was only observed on the cath-
ode side. However, gas evolution is common in many electrochemical
processes, often involving hydrogen or oxygen evolution in aqueous elec-
trolytes. Gas evolution might occur as an undesired side reaction or result
from the intended reaction (e.g., water electrolysis). To prevent gas accu-
mulation within the recirculation loop, it is necessary to remove gas bubbles
from the liquid electrolyte. For that purpose, a low volume phase separa-
tor was designed (Figure B7a). The phase separator was 3D-printed with
threaded ports for standard tubing connectors. The two-phase stream from
the electrochemical cell enters the phase separator on the single inlet on
the left side in a tangential fashion, resembling a hydrocyclone. Thus, sec-
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ondary flow is introduced in the central chamber and facilitates bubble re-
moval through the bleed stream at the top. The bubble-free electrolyte flows
through tangential outlets at the bottom of the separation chamber towards
the outlet on the right side, where it mixes with the incoming feed stream.
An additional outlet on the bottom right allows for analysis of the compo-
sition of the product stream (see Figure B.2 for the experimental setup).
The phase separator was designed for a low internal volume and uses two
different separation principles depending on the volume flow. When the
separator was operated at low volume flow (< 20 mL min-'), gas bubbles
ascended towards the top outlet as illustrated in Figure B2b. This observa-
tion indicates that the buoyancy of the gas bubbles was the primary driving
force of separation at low-volume flows. With increasing volume flow (>
20mL min~"), gas bubbles were more finely dispersed in the electrolyte,
and the centrifugal forces started to contribute to the separation process.
This dynamic was facilitated by the tangential inlet design, which imparted
a hydrocyclone-like motion to the incoming flow, forcing the gas bubbles
to accumulate at the center of the chamber as depicted in Figure BZc.
The centrifugal force pushes the liquid electrolyte towards the outer walls
of the separation chamber, ensuring that the electrolyte exits through the
tangential outlets at the bottom without gas bubbles. The effect of centrifu-
gal forces intensified with increased volume flow, efficiently segregating the
gas bubbles from the liquid electrolyte. This mechanism highlights the ca-
pability of the phase separator to adapt its separation strategy based on
the flow conditions, ensuring effective gas removal despite its low internal
volume of 4 mL. The design of the 3D-printed phase separator with low in-
ternal volume reduces the time required to reach a steady state and the
residence time in the loop. Both of which are beneficial for feed and bleed
operations.
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Figure 5.7.: a) CAD image of the phase separator with an inlet on the left side,
an overflow outlet at the top, and an analysis outlet, a feed inlet, and a cell stream
outlet on the right side. b) Internal channels and separation chamber of the phase
separator. ¢) At low volume flow rates gas bubbles from the electrochemical cell
rise to the bleed outlet, d) At high volume flow rates the gas separation is sup-
ported by a hydrocyclone-like motion in the central chamber.
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5.3.3. Methanol oxidation: Comparison of operation
modes

Electrochemical methanol oxidation is a promising anodic reaction, that
can provide value-added products while operating at a lower electrode
potential than oxygen evolution [Li2020a; Du2023; Xian2021; Baes2023;
Schw?2024]. Methanol oxidation to formate readily reaches high conversion
and product concentration [Baes2024]]; hence, it has been selected for in-
vestigating the operation modes at an industrially relevant current density
of 200mAcm~2. Formic acid and salts of its conjugate base formate are
widely used chemicals with a broad range of applications [Hiei2010]. For
comparison of the operating modes (Figure B8 and £3), the ideal con-
centration curves for methanol oxidation to formate in batch, single pass,
and feed and bleed mode were calculated and then compared to the cor-
responding curves that were measured experimentally. A constant FE of
100% for formate was assumed as the ideal case for the calculation, while
a lower FE was determined in the experiments (Figure B8 and B9). The
same volume, flow rate, and current density were used for the calculation as
in the experiments. All experiments were carried out with the same exper-
imental setup, which can be used for all three operating modes depending
on the pump settings (see Figure B.3).

In ideal batch mode at constant FE, the reactant concentration decreases
linearly while the product concentration increases linearly, as depicted in
the calculated concentration curves in Figure B:8a. With increasing exper-
iment duration, an increasing amount of methanol is converted to formate.
In comparison to ideal reactor models in chemical reaction engineering, the
behavior of a flow cell in batch mode with closed recirculation corresponds
to an ideal batch reactor (stirred tank), as both represent a closed system.
The slope of the changing concentrations depends on the current density
I, the electrode area A, the FE, the number of electrons transferred per
reaction z, and the electrolyte volume V in the batch setup (refers to the
equation in the plot of Figure B.8a).

During methanol oxidation with the experimental setup operating in batch

112



5.3. Results and discussion

mode, a nearly linearly decreasing methanol concentration was observed
as shown in Figure B8c, in agreement with the model prediction. How-
ever, the formate concentration in the experiment increased with decreas-
ing slope, reaching a maximum concentration of 0.44 molL-'. Comparing
experimental (d) and calculation data (a) suggests a decreasing FE over
time for formate formation since its concentration does not follow a linear
increasing trend throughout the experiment. The FE correlates with the
slope of the formate concentration and is calculated with Equation 65 from
the change in formate concentration between two time points. Figure E8e
illustrates the decreasing FE and increasing methanol conversion over time
determined from the concentration data of the experiment. Although FE for
formate formation was above 90% within the first 5 minutes of the experi-
ment, the FE dropped significantly afterward, reaching 0% at 56 min. One
credible explanation for the decreasing FE is the further electro-oxidation of
formate to carbonate, which is a known side product of methanol oxidation
on copper oxide [Heli2Z004; Wei20Z1]. Section @ demonstrated the effect of
the ratio of formate to methanol on the FE for anodic oxidation of methanol
to formate, elaborating on possible pathways for formate loss.

In batch operation mode, a high conversion of nearly 80% of the initial
1 mol L' methanol was reached within the experiment duration of less than
60 min. The rapid progress of the oxidation was enabled by the high current
density of 200 mA cm~2 and the high ratio of geometrical electrode area (25
cm?) to electrolyte volume (56.5 mL). These results show that the batch
operation mode is well suited to achieve high conversion and high prod-
uct concentrations. However, the concentration of reactant and product are
constantly changing. Since no steady state is reached, a single batch ex-
periment cannot distinguish temporal effects such as possible deterioration
of the electrode from the influence of the increasing reaction progress.
In ideal single-pass mode at constant FE, product and reactant concen-
trations are constant after a short transient phase, as shown in the calcu-
lated concentration curves in Figure BE8b. A flow cell in single-pass mode
behaves similarly to an ideal plug flow reactor (PFR), where the reaction
progress increases with the distance the flow travels through the reactor.
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Figure 5.8.: a-b) Ideal concentration curves calculated for methanol oxidation to
formate in batch and single pass operation mode with a constant FE of 100%. The
calculation was performed with the same volume, flow rate, and current density
as the experiments. c-d) Measured concentrations during oxidation experiments
in batch (V = 56.5mL, V = 50mLmin~") and single pass (two experiments, at
V =25mLmin™" and at V = 10mLmin~"). e-f) Methanol conversion and FE for
formate determined from the measured concentration data by applying Equations
55-57. Experimental conditions: 200 mAcm=2, 25 °C, 2mol -! KOH, 1 mol L™
methanol.
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Figure 5.9.: a) Ideal concentration curves calculated for methanol oxidation to
formate in feed and bleed operation mode with a constant FE of 100%. The
calculation was performed with the same volume, flow rates, and current den-
sity as the experiments. b) Measured concentrations during oxidation experi-
ments in feed and bleed operation mode (V = 56.5mL, chc/e = 50mLmin",
Vieed = 2.5mLmin™"). ¢) Methanol conversion and FE for formate determined
from the measured concentration data by applying Equations B5-64. Experi-
mental conditions: 200mAcm=2, 25 °C, 2mol ! KOH, 1 mol L~' methanol.
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The short transient phase in the calculation is caused by the residence
time of the flow in the cell and the time delay until the flow reaches the
point of concentration measurement. Assuming an ideal plug flow without
back mixing, the transient phase in the calculation is short. The product
concentration in single pass mode is determined by the current density |,
the geometric electrode area A, the FE, the number of electrons transferred
per reaction z, and the flow rate V through the cell (refers to the equation
in the plot of Figure B8b). Methanol oxidation in single-pass mode was
investigated in two separate experiments at a flow rate of 2.5 mL min-' and
10mLmin-'. As expected, more methanol was converted to formate at a
flow rate of 2.5mL min-! than at 10 mL min~', as shown in the concentra-
tion curves in Figure B8d. The transient phase was significantly longer
than in the ideal calculation, which was attributed to non-ideal flow (back
mixing, dead volumes, and recirculated anolyte through the FTIR spec-
trometer). After the initial transient phase, the concentrations of methanol
and formate were fairly constant, with slight fluctuations for the experiment
at 2.5mL min~'. Figure B8f shows FE and conversion over time calculated
from the single pass concentration data by Equation 6 and 1. The non-
ideal transient phase was not evaluated as the applied FE equation was
derived from the ideal system behavior. The experiment at 2.5 mL min-"
showed a lower FE at higher methanol conversion (49-57% FE at 22-28%
conversion), compared to the experiment at 10 mL min-! (80-86% FE at
7.0-7.5% conversion). As observed in the batch experiment, the FE was
lower at higher conversion, since an increasing ratio of formate to methanol
facilitates the overoxidation of formate to carbonate. However, the lower
FE at 2.5mLmin~' can be only partially explained by the higher conver-
sion. Figure 610 directly compares the three different operating modes by
plotting the FE against the conversion showing that at the same conversion
the FE in single-pass mode at 2.5 mL min-' was significantly lower than for
batch mode at a flow rate of at 50 mL min~'. The difference is attributed to
an increasing mass transfer limitation with decreasing single-pass flow rate.
The flow rate of 2.5mL min~", required for about 25% conversion, corre-
sponds to a very low mean linear flow velocity of approximately 0.3 mm s~
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in the cell. In single pass mode, product concentration and mass transfer
cannot be investigated separately, as both product concentration and mass
transfer are directly dependent on the flow rate. In this context, the shape
of the channel inside the cell is crucial (cross-section area of the flow and
active electrode area). In small meandering microfluidic channels, a flow
velocity with sufficient mass transfer can be achieved even at a low flow
rate so that a high product concentration can be achieved in single pass
mode [P1et2018]. However, in flow cells with a larger cross-section area of
the flow, such as the flow cell used in this work (cross-section: 1.75cm?),
the single pass mode is unsuitable for high product concentrations due to
mass transfer limitations. A major advantage of the single pass mode is the
operation in a steady state, which is reached quickly with only a short tran-
sient phase. Steady-state operation enables long-term experiments and
facilitates the investigation of temporal effects such as electrode degrada-
tion.

In ideal feed and bleed mode at constant FE, the reactant concentration
decreases, and the product concentration increases until a steady state is
reached, as depicted in the calculated concentration curves in Figure B 9a.
In a steady state, the rate of product formation at the electrode equals
the rate of product removal through the bleed stream. The concentration
curves for an electrochemical flow cell in feed and bleed mode present a be-
havior similar to an ideal continuous stirred-tank reactor (CSTR). For ideal
feed and bleed, the product concentration converges to the concentration
ideal single-pass would reach at the same feed flow rate (compare equa-
tions in Figure B.8b and B9a). This work considers the system in a steady
state when the product concentration reaches 98% of its final value. The
end of the transient phase when 98% of the final concentration is reached
is marked by a black dashed line in the plot and was calculated by Equation
B4. The duration of the transient phase depends on the electrolyte volume
V in the system and on the feed rate Vj,.y. During methanol oxidation with
the experimental setup operating in feed and bleed mode, the measured
concentration curves of methanol and formate closely resembled the ideal
calculation (Figure B.9b). However, the formate concentration converged to
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0.24 mol L' in the experiment compared to 0.31 mol L' in the calculation
that assumed a constant FE of 100%. The lower formate concentration can
be attributed to a FE < 100%. The FE in feed and bleed mode can be deter-
mined from the formate concentration even before a steady state is reached
by applying Equation &7. Figure B.9c shows the FE and methanol conver-
sion calculated from the concentration data. The initial FE for methanol
oxidation was high, reaching up to 88%. With increasing methanol conver-
sion, the FE converged to 76% at 28% conversion at steady state.
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Figure 5.10.: FE for formate plotted over methanol conversion from the data of
Figure B8 and B9, comparing batch, single pass, and feed and bleed operating
mode. Experimental conditions: 200 mAcm=2, 25 °C, 2mol =" KOH, 1 mol L~
methanol.

If the FE is plotted against conversion as shown in Figure B0, the re-
sulting FE curve of feed and bleed closely aligns with the curve obtained in
batch operation. The FE curves deviated slightly at low conversion, which
was likely caused by artifacts of non-ideal mixing and the reduced accuracy
of the FTIR analytics at low formate concentration. The difference between
the FE at the steady state operating point in feed and bleed mode and in
batch mode at the same conversion of 28% was remarkably low (76% vs.
74.7%). The good agreement of batch and feed and bleed FE demon-
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strates that the proposed calculation method provided accurate FE data for
most of the transient phase and the steady state operating point. Further-
more, the results illustrate that feed and bleed can be operated in a steady
state at high conversion without mass transfer limitation. In contrast to the
single-pass mode, the achievable conversion in feed and bleed mode was
successfully decoupled from the flow rate in the cell, as the steady state
conversion can be increased by decreasing only the feed flow rate. The
feed and bleed mode follows the same relationship of FE and conversion
as observed in batch mode (see Figure B110), but in contrast to batch mode,
a single point on the conversion-FE curve can be selected for continuous
operation. Therefore, feed and bleed can provide a unique opportunity to
investigate electrochemical processes at both steady state and industrially
relevant reaction conditions with high product concentration and conver-
sion. Figure B33 demonstrates feed and bleed operation over an extended
experimental duration of six hours showing no significant change in FE and
conversion after the transient phase.
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Figure 5.11.: Methanol conversion and the FE for formate plotted over time
for an extended experimental duration of six hours. Experimental conditions:
200mAcm2, 25°CVoyge = 50mLmin~'!, Vieg = 2.5mLmin~", 2molL~" KOH,
1 mol L' methanol.
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5.4. Conclusion

This work explored the 'feed and bleed’ operating mode for electrosynthesis
in flow cells, specifically targeting its utility in lab-scale research. A model
was presented to facilitate the understanding and analysis of the behavior
of the feed and bleed system in both transient and steady state. A novel
3D-printed phase separator was developed to efficiently tackle gas sepa-
ration from the electrolyte loop, leveraging gravity and centrifugal forces for
effective separation while maintaining a low internal volume. This sepa-
rator can be reproduced through additive manufacturing techniques using
readily accessible materials.

Moreover, a versatile experimental setup was introduced with a low in-
ternal volume tailored for the feed and bleed operating mode. The setup’s
capability to operate in batch and single-pass mode as well enabled a direct
comparison of all three operating modes at the example of methanol oxida-
tion to formate. Furthermore, the setup can be employed in future studies
to select the operating mode depending on the research question without
the need for hardware changes. Online FTIR analytics, featuring a high
sampling rate, provided comprehensive insights into the characteristics of
each operation mode, offering valuable guidance for researchers in select-
ing the most suitable operating mode for their experiments. Notably, the
comparison highlighted that the feed and bleed mode uniquely supported
continuous operation at both steady-state and high conversion levels.

The presented study spotlights the advantages of feed and bleed op-
eration in comparison to batch and single-pass modes, solves practical
challenges, and provides valuable insights for applying feed and bleed in
lab-scale research. The unique characteristics of feed and bleed render
it particularly suitable for investigating continuous processes at a steady
state over extended periods while maintaining industrially relevant condi-
tions with high product concentration. Beyond the demonstrated setup for
liquid product streams, the feed and bleed approach also holds potential
for applications involving microfluidic reactors, gaseous product streams,
or automated experimentation.
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Electrochemical processes, such as CO, reduction and water electrolysis,
represent promising alternatives to conventional fossil-based routes for the
production of basic chemicals. The present thesis addressed three critical
challenges in the transition of electrochemical processes from laboratory-
scale research to viable industrial application: i) high energy demand and
costs, ii) need for studies at industrially relevant conditions, and iii) pro-
cess stability over time. Energy demand and costs were tackled by inves-
tigating selective methanol oxidation for paired electrolysis, which reduced
energy demand and provided additional value-added products. Two reac-
tion systems were investigated in electrochemical flow cells, yielding high
concentrations of formaldehyde or formate. Methanol oxidation and the
paired process were studied at industrially relevant conditions which pro-
vided novel insights into the impact of methanol conversion and the inter-
actions between anode and cathode side. Methanol crossover and the ion
balance were identified as crucial phenomena for the stability of the paired
process. Furthermore, the present thesis introduced the feed and bleed
operation mode for electrochemical flow cells. The feed and bleed mode
enabled steady-state operation at high product concentration, allowing to
investigate the stability of electrochemical processes at industrially relevant
conversion.

Methanol oxidation to formaldehyde was investigated on platinum elec-
trodes in metallic and oxidized state in Chapter 3, presenting the first tar-
geted electrochemical synthesis of formaldehyde. The Faraday efficiency
(FE) for formaldehyde was higher on oxidized platinum, while the potential
was lower on metallic platinum, hence showing a trade-off between en-
ergy efficiency and Faraday efficiency. Besides formaldehyde, formic acid
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was observed as additional value-added side product of methanol oxida-
tion on both oxidized and metallic platinum. Anodic methanol oxidation to
formaldehyde was paired with cathodic CO, reduction to formate. The oxi-
dized platinum anode achieved a combined FE of up to 89% for formalde-
hyde and formic acid in the paired process, leading to a final formaldehyde
concentration of 1.14 mol/L (representing 14% yield). On the other hand,
metallic platinum exhibited a lower FE, reaching up to 54% for both prod-
ucts combined. However, the anodic potential for methanol oxidation on
metallic platinum was significantly lower than on oxidized platinum or for
OER. In terms of products formed per electrical energy input, both paired
processes using methanol oxidation on metallic or oxidized platinum were
more efficient than CO, reduction paired with OER. Methanol crossover
was found to decrease the FE at the cathode, highlighting the impact of
interactions between anode and cathode side on process stability.
Chapter 4 focused on methanol oxidation to formate on a hierarchically
structured CuO electrode while exploring the impact of reaction conditions,
conversion and interactions within the paired process. The CuO anode
exhibited porosity on different length scales, thereby creating a high elec-
trochemical active surface area 400 times larger than a flat CuO sheet.
Employing the CuO anode for methanol oxidation, a high initial formate FE
of 85% was reached at a current density of 200 mA/cm?. As methanol con-
version increased, the FE declined, reaching zero at 75% conversion. The
increasing conversion affected selectivity by altering the ratio of methanol
to formate, as methanol oxidation to formate competed with the subse-
qguent oxidation of formate to carbonate. The significant impact on selec-
tivity highlighted the importance of reporting and investigating the perfor-
mance of electrochemical reactions at relevant levels of conversion. Re-
garding the reaction conditions, the influence of current density, tempera-
ture, electrolyte flow rate, electrolyte composition and membrane type on
methanol oxidation to formate was investigated. Employing optimized con-
ditions, anodic methanol oxidation to formate paired with cathodic hydrogen
evolution reached an initial formate FE close to 100% at 100 mA/cm? with
an anodic potential of 1.33 Vvs. RHE. The paired electrolysis successfully
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demonstrated the synthesis of formate as value-added product at relevant
current density and yield (70%) with a reduced energy demand compared
to typical OER. Furthermore, the characteristics of two different setups for
paired electrolysis were discussed employing either an AEM or a BPM. The
comparison of the two setups and different membrane types emphasized
the necessity of considering both ion and water balance for paired electrol-
ysis at high conversion and product concentration.

Chapter 5 introduced the ’'feed and bleed’ operating mode for electro-
chemical flow cells using methanol oxidation to formate for experimental
characterization. The chapter provided equations for understanding and
analyzing feed and bleed systems and discussed influencing factors, such
as feed flow rate and internal volume. Moreover, a 3D-printed phase
separator was developed for space-efficient gas separation from the
electrolyte loop. The feed and bleed mode was compared experimentally
to single-pass and batch operation by employing methanol oxidation to
formate. The comparison highlighted the characteristics of each operation
mode, discussing product/reactant concentration, conversion, and Faraday
efficiency. Only the feed and bleed mode allowed steady-state operation
at high product concentration which provides the unique opportunity to
investigate the stability of electrochemical processes at industrially relevant
conditions.

In summary, the main findings of this thesis are:

» Formaldehyde can be synthesized by methanol oxidation on platinum
electrodes, with oxidized platinum achieving higher Faraday efficiency
(up to 58%), while metallic platinum requires a lower anodic potential
(0.6 V vs. RHE).

» Methanol oxidation to formate at hierarchically structured CuO elec-
trodes achieves high Faraday efficiency at high current densities of up
to 200 mA/cm? at a lower potential than OER. Optimizing the reac-
tion conditions significantly improves both the Faraday efficiency (up
to nearly 100%) and the overall formate yield (up to 70%).
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» Conversion and product concentration have a critical impact on the
selectivity of methanol oxidation to formate with the Faraday efficiency
declining to zero at high conversion.

* Interactions between the anode and cathode side, such as ion trans-
fer, water and reactant crossover are crucial for the stability and per-
formance of paired electrolysis at high product concentration.

» The 'feed and bleed’ operating mode is a versatile alternative to con-
ventional batch or single-pass operation of electrochemical flow cells,
enabling steady-state operation at high product concentration.

Further research is needed to fully leverage the beneficial characteristics
of methanol oxidation to formaldehyde as anodic reaction. On the catalysis
side, an improved catalyst with high selectivity to formaldehyde at low over-
potential would be required, combining the benefits of metallic and oxidized
platinum. Employing electrodes with an optimized macro- and microstruc-
ture could increase mass transfer and active surface area of the electrode
compared to the porous sheet electrodes used in the present work. Op-
timizing the reaction conditions and investigating the impact of increasing
conversion as demonstrated for formate synthesis might further enhance
formaldehyde production. Pulsed electrolysis on metallic electrodes could
facilitate the reduction of adsorbed CO to formaldehyde reversing overoxi-
dation and maintaining a low potential by clearing catalyst sites blocked by
CO [Yuan2018]. Methanol oxidation under water free conditions is another
promising approach to increase selectivity to formaldehyde [Schw2024].
The electrolyte gap in the present work is associated with significant en-
ergy losses, especially at high current density. Implementation of methanol
oxidation to formaldehyde in a zero-gap configuration could minimize ohmic
losses and facilitate efficient paired processes without any liquid electrolyte
gap using membrane electrode assemblies. In combination with zero-gap
compatible electrodes, methanol could also be supplied in a gaseous feed
at elevated temperatures to improve mass transfer to the electrode.

The present work demonstrated a high formate yield, however further
research is necessary to develop more efficient catalysts for methanol oxi-
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dation to formate or formic acid especially focusing on increasing selectiv-
ity at high conversion and reducing the overpotential. If suitable catalysts
are developed for acidic conditions, the synthesis of formic acid instead of
formate could avoid stochiometric neutralization of OH~ and would likely
facilitate downstream processing. Further research could explore the im-
pact of the electrode thickness and structure on formate selectivity and in-
vestigate a possible trade-off between maximizing surface area and mass
transport. The thick dendrite layer deposited in the present work provided
a high surface area, however a thinner dendrite layer could improve selec-
tivity to formate by faster diffusive mass transport to the inner regions of the
porous layer. Future work could investigate reaction conditions tailored for
the changing requirements from initial conversion to high product concen-
tration providing the groundwork for efficient formate production. Initially
high current density can be applied but should be reduced with increasing
conversion. High methanol concentrations (> 2 mol/L) can be combined
with moderate KOH concentration (about 1 mol/L) to further increase for-
mate FE if KOH is added continuously to counter the neutralization of OH~
caused by the formation of formate. A paired synthesis of anodic methanol
oxidation to formate and cathodic hydrogen evolution would be feasible with
a shared electrolyte even without a membrane or diaphragm. In contrast
to conventional water electrolysis, no oxygen is produced during methanol
oxidation, so that no gas retaining separator is needed to prevent oxyhy-
drogen formation. Operation without a traditional separator could further
reduce the cell potential and would facilitate cell concepts beyond planar
flow such as swiss-roll electrodes with axial flow, porous electrodes with
perpendicular flow or intertwined 3D-printed electrodes.

The feed and bleed operating mode can be utilized for future research
on electrochemical processes in steady state at high product concentra-
tion. In contrast to conventional batch or single-pass operation, the feed
and bleed mode allows to investigate stability and performance at different
levels of conversion independent of flow velocity or changing concentra-
tions. From a practical side, the electrolyte volume in the setup could be
further reduced by a more compact setup with shorter tubing of smaller
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diameter leading to a shorter transition time until steady state is reached.
Implementation of feed and bleed in a microfluidic setup would allow to in-
vestigate relevant product concentrations at small scale with even shorter
transition times. The feed and bleed mode offers the possibility to quickly
screen the influence of reaction conditions during continuous operation by
changing a specific parameter (e.g., temperature, flow velocity, electrolyte
composition) and observing the response such as the potential or product
concentration. Perspectivically, the feed and bleed operating mode could
be used in combination with an automated experimental setup with online
analytics. Thus, a software solver controlling the reaction conditions paired
with the feedback from the feed and bleed setup as a hardware model could
automatically optimize reaction conditions. While the present work demon-
strated the feed and bleed mode using methanol oxidation to formate with a
liquid product stream, the mode could be applied to reaction systems with
a gaseous product stream as well. The investigation of stability and per-
formance at different levels of conversion with high product concentrations
would be of particular interest for electrochemical CO, reduction.

The present thesis focused on the technical aspects of selective
methanol oxidation for paired synthesis addressing key challenges of elec-
trochemical processes. However, future research should take the broader
context of selective methanol oxidation into account, considering both costs
and carbon emissions of methanol, electricity, and downstream process-
ing. Holistic assessment of the process could address trade-offs between
product concentration, production rate and selectivity from an environmen-
tal and economic perspective. The experimental data and findings of this
work can facilitate a realistic assessment of selective methanol oxidation
and contribute to identify research needs. Beyond methanol oxidation, the
methodological aspects of this work can be transferred to investigate other
electrochemical processes at industrially relevant conditions. The present
work thus contributes to the overarching goal of bringing renewable elec-
trochemical processes into industrial application.
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A. Appendix

A.1. Methanol oxidation to formaldehyde

Cell potential at equal current density
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Figure A.1.: Cell potential for CO2R paired with different anodic reactions at the
same current density of 50mAcm=2. The cell potential is divided into the po-
tentials of the anode, cathode and the ohmic drop over the cell (electrolytes and
membrane). Pt and Pto, were not stable at 50 mA cm~2 for 4h, thus the potentials
were averaged over a shorter time span of 25 min.
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A.2. Methanol oxidation to formate

Chronopotentiometry curves

The chronopotentiometry curves in Figure B2 show the anodic potential
of MOR over time for three different current densities. The anodic potential
increased with increasing current density. A minor increase in potential was
observed over time for all three current densities. The increase in potential
could be caused by a change in the reaction, as the formate FE decreased
while more carbonate was produced towards the end of the experiments. In
addition, the concentration of hydroxide ions decreased with the increasing
formate concentration over time. The lower conductivity of formate com-
pared to hydroxide could also contribute to the slight increase in potential.

2.5
20}
N 200 mA/cm?
= b 100 MmA/cm?
A
v 1.5 ; )
%)
>
®
b= 1.0}
Q
)
o
0.5
00 1 1 1
0 60 120 180 240
Time [min]

Figure A.2.: Chronopotentiometry curves of MOR at three different current den-
sities. The methanol oxidation was conducted at 25°C, 50 mL/min, 2 mol/L KOH,
1 mol/L methanol and with a BPM.
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Crossover of formate and methanol to the catholyte

Samples of the catholyte were taken after the experiments with different
membrane types. The samples were taken with a syringe and analyzed
via High-Performance Liquid Chromatography (HPLC)(Agilent 1200) with
an organic resin column (CS-Chromatographie Service GmbH). The mea-
surements were conducted with a 5 mmol/L H,SO, eluent with a flow rate
of 0.5 mL/min at 40°C using a refractive index detector and a variable wave-
length detector. It should be noted that the catholyte measurements pro-
vide only qualitative information on the crossover, as the duration of the
experiments varied and the catholyte was continuously exchanged.

Table A.1.: Catholyte concentrations after the experiments with different mem-
brane types.

Membrane Formate [mg/L] Methanol [mg/L]
BPM <01 <01
CEM <0.1 37.0
AEM 1.1 112.1
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A.3. Feed and bleed operating mode

Model comparison: Ideal vs. non-ideal mixing

The ideally mixed model shown in Figure B3a assumes ideal mixing for
the total electrolyte volume within the system. As we will show, the ideally
mixed model represents most aspects of the feed and bleed behavior cor-
rectly and has only a few limitations despite its simplicity. The non-ideally
mixed model shown in Figure A3b considers that a portion of the electrolyte
volume is not ideally mixed and that the electrolyte flow is recirculated with
a delay.

a) )
Vf eed 1
c(t)
|
- o ;
eredt Vloop Vmix
(plug flow) (ideally mixed)
\% \'%
(total volume, ideally mixed) (total volume)

Figure A.3.: a) Model of the feed and bleed setup assuming ideal mixing for the
total electrolyte volume in the system. b) Model of the feed and bleed setup con-
sidering non-ideal mixing by the delayed electrolyte recirculation in the loop.

The model equation for the non-ideally mixed feed and bleed setup is
based on a mole balance of the ideally mixed part of the electrolyte volume
within the setup. The non-ideally mixed part of the volume is considered
by the recirculated stream, which reenters the volume delayed by the res-
idence time in the loop volume. The balance described by Equation Bl
takes the form of a delayed differential equation. The balance can be refor-
mulated in Equation B2, which describes the change in product concen-
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tration c(t) in the ideally mixed volume V,,, depending on the feed Viseqy
and loop flow rate V, the inlet concentration c,ey, the current density i, the
geometric electrode area A, the faraday efficiency FE, the number of elec-
trons transferred in the product forming reaction z, the Faraday constant F,
and the residence time in the loop 7,4, Which is calculated according to
Equation B.3.

dC( t) ered V - vfeed
Viix—— =V - (—= * Croeg + ———— - C(t — T1p0p))
mix o N XE iae Y, | | oop (A.1)
+ >E Vieed - €(t) — (V — Vigeq) - C(1)
de(t)
Vmix% = ered : (Cfeed - C( t))
iA-FE . . (A2)
+ 225 4 (V = Vigag) - (€t = Ti00p) — (1)
V
Tloop = /\(-)/OP (A.3)

Figure B_4 compares the results from the non-ideally mixed model with
the ideally mixed model and illustrates the effect of different parameters on
the system behavior. The product concentration curves calculated for the
non-ideally mixed model align well with the ideally mixed model even if the
feed flow rate V.., Or the electrolyte volume V is varied (see Figure Bda-
b). Decreasing the ideally mixed volume V,,;, and the loop flow rate V can
lead to non-ideal mixing as shown in Figure B-4ic due to lack of back mixing
and slow recirculation, respectively. This example highlights two aspects
of non-ideal mixing: The product concentration increases step-wise due to
the delayed feedback loop and the concentration increases slightly faster
as the effective volume is reduced at low recirculation. The duration of the
concentration steps corresponds to the residence time of the stream in the
loop 71000 The concentration steps are more pronounced at low V; and

high 71p0p-
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Figure A.4.: Product concentration curves of feed and bleed systems calculated
with the non-ideally mixed model (blue, continuous line) and the ideally mixed
model (black, dashed line), starting at t=0 when the current is switched on and
a product-forming reaction begins. The plots show the influence of different pa-
rameters on the behavior of the feed and bleed system: a) volume flow of the
feed, b) total electrolyte volume in the system, and c) provides an example of non-
ideal behavior at insufficient mixing. The varied parameters are indicated in each
plot, all other parameters remained unchanged at the values of our experimen-
tal setup (Vieeg = 2.5mLmin™"', V = 56.5mL, Vi = 20mL, V = 50mLmin,
i =200mAcm=2, A=25cm?, FE = 100%, and z=4 electrons transferred per reac-
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The deviation from ideal behavior is less pronounced if the influence of
Vmix @and V is considered separately (see Figure BH). The deviation from
ideally mixed behavior at slow recirculation points out the limitations of the
ideally mixed model. However, non-ideal behavior can be easily avoided by
increasing the loop flow rate to ensure fast recirculation.
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Figure A.5.: Influence on the concentration curve of the calculated feed & bleed
setup with an ideal and non-ideal model, when changing a) the cell volume Vi
with constant system volume V of 56.5mL or b) the cell flow rate V at a constant
feed flow rate Vjeeq Of 2.5mLmin~"

Validating the approach of the FE calculation

The general approach for the FE calculation was to calculate an unknown
variable (the FE) from a measured concentration curve by applying a dis-
cretized equation derived from the analytical solution of the ideally mixed
model. The precise FE during an experiment is unknown, as the FE might
change over time and between experiments. Therefore, direct experimen-
tal validation is difficult, as the FE must be known for comparison. Instead
of the FE, we back-calculated the feed concentration from a measured con-
centration curve via online FTIR as described in Section B2 using the same
mathematical approach as for the FE calculation. In contrast to the FE, the
precise value of the feed concentration is known and can be compared to
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the calculated feed concentration for validation. We conducted an exper-
iment in which we changed the feed from a solution of O molL-" sulfate
to a second solution of 0.5 mol L~" sulfate, without any electrochemical re-
action. Sulfate was chosen as tracer due to its distinct FTIR peak. The
sudden change in the feed concentration represents a step function ana-
log to the sudden start of an electrochemical reaction when the current is
turned on. The attenuated response of the feed and bleed system is shown
in the measured concentration curve in Figure AGa.

In the absence of any chemical reaction, rearranging the equation used
for FE calculation (Equation B7) yields Equation (A-4) with the feed con-
centration ¢y as a function of two measured concentration points (¢, and

Cn—1):
Cn — Cn—1

1—exp (_@ Aty — tn—1)) (A.4)

Cteed = Cn—1 +

By applying Equation B4, the feed concentration was calculated from
the measured concentration curve, analog to the FE calculation.

Figure B.8b) compares the true and the calculated feed concentration.
The calculated feed concentration curve shows good agreement with the
true feed concentration after 10 min. During the first 10 min the calculation
results overestimated the true feed concentration. The initial overshoot was
likely an artifact caused by non-ideal mixing within the flow cell.

Calculating differences between concentration points (see Equation B4)
amplifies the noise of the measured concentration data, especially at fast
sampling rates. Smoothing can reduce noise, however the settings should
be chosen appropriately to avoid significantly altering the slope and shape
of the concentration curve. Figures B8 c) and d) show the effect of smooth-
ing the measured concentration curves (weighted adjacent averaging with
a window size of 20 points). The calculated feed concentration based on
the smoothed concentration curve exhibited an improved match to the true
concentration with less noise.
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Figure A.6.: a) Measured sulfate concentration curve as response of the feed
and bleed setup to a sudden change of the feed concentration from 0 molL~" to
0.5molL-" at a feed flow rate of 5mLmin~'. b) Calculated feed concentration
compared to the true feed concentration (as prepared). The feed concentration
was calculated from the measured sulfate concentration by equation B44. c) The
smoothed concentration curve (blue circles) closely aligns with the measured sul-
fate concentration curve (gray line). d) Feed concentration calculated from the
smoothed concentration data by equation A=4.
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Nomenclature

Nomenclature

AEM
BPM
CEM
CO2R
CSTR
DSA
DMFC
ECSA
EDX
FE
FEP
FTIR
GDE
HER
HPLC
LSV
MMO
MOR
OER
PEM
PFR
PFSA
RHE
SHE
SEM
XPS
XRD

Anion exchange membrane

Bipolar membrane

Cation exchange membrane

Carbon dioxide reduction

Continuous stirred-tank reactor
Dimensionally stable anodes

Direct methanol fuel cell
Electrochemical active surface area
Energy dispersive X-ray spectroscopy
Faraday efficiency

Fluorinated ethylene propylene
Fourier-transform infrared spectroscopy
Gas diffusion electrode

Hydrogen evolution reaction
High-performance liquid chromatography
Linear sweep voltammetry

Mixed metal oxide

Methanol oxidation reaction

Oxygen evolution reaction

Polymer electrolyte membrane

Plug flow reactor

Perfluorosulfonic acid

Reversible hydrogen electrode
Standard hydrogen electrode
Scanning electron microscopy

X-ray photoelectron spectroscopy

X-ray diffraction analysis
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