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Kurzzusammenfassung

Die zeitgendssische chemische Industrie muss aufgrund des anthropogenen Klimawan-
dels und der begrenzten fossilen Ressourcen auf erneuerbare Energiequellen und nach-
haltige Rohstoffe umsteigen. Vor diesem Hintergrund stellt die elektrochemische Reduk-
tion von CO, eine vielversprechende Moglichkeit dar, mit der Kohlenstoff aus fossilen
Quellen nachhaltig durch CO, ersetzt werden kann.

Im Rahmen dieser Dissertation wurde ein Prozesskonzept untersucht, bei dem intermit-
tierende Energie aus erneuerbaren Quellen (z.B. Sonne und Wind) fiir die elektrochemi-
sche Reduktion von CO, zur leicht lagerbaren Ameisensaure genutzt wird, die dann
ohne Aufbereitung zu weiteren Kohlenstoffprodukten umgesetzt wird. Dafiir wur-
den Gasdiffusionselektroden mit kostengiinstigen, relativ reichlich vorhandenen und
ungiftigen Katalysatoren sowie einem skalierbaren Herstellungsverfahren entwickelt,
die eine dezentrale Anwendung an Punktquellen erleichtern kdnnten. Die optimierten
Gasdiffusionselektroden wurden erfolgreich fiir den flexiblen Betrieb bei variabler
Stromdichte auf Basis intermittierender Elektrizitét etabliert und zeigten dabei eine
robuste und zuverlassig hohe Leistung,.

Die Ameisensdure wurde in wassrigem Elektrolyt synthetisiert und erfolgreich ohne
Verarbeitung (z.B. aufreinigen, aufkonzentrieren) als Edukt fiir weitere Umwandlung
verwendet, um zuséatzliche Kosten zu vermeiden. Einerseits wurde sie mittels Biosyn-
these in zweiter Generation zu dem Biopolymer Polyhydroxybutyrat, einem biologisch
abbaubaren Thermoplast, umgesetzt. Andererseits wurde sie bei der Elektrosynthese
von Wasserstoffperoxid verwendet, wobei das starke Oxidations- und Desinfektionsmit-
tel Perameisensaure erhalten wurde. Die Ausbeute und Energiekosten der jeweiligen
Gesamtprozesse wurden kritisch bewertet, womit ihre Eignung sowie Strategien zur
Weiterentwicklung fiir eine potenzielle technische Nutzung ermittelt wurden.
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HCOOH Produkt HCOOH
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Abbildung 1 - Schematische Darstellung des im Rahmen dieser Arbeit untersuchten Prozesskonzeptes.
Abkiirzungen: GDE = Gasdiffusionselektrode, PHB = Polyhydroxybutyrat, PFA = Perameisenséure.
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Abstract

Driven by anthropogenic climate change and limited fossil raw materials, the contempo-
rary chemical industry needs a transition to renewable energy sources and sustainable
feedstocks. In this context, the electrochemical reduction of CO, offers the attractive
opportunity to sustainably replace carbon from fossil feedstock with CO,.

This dissertation focused on a process concept in which intermittent energy from renew-
able sources (e.g. solar and wind) is used for electrochemical reduction of CO, to easily
storable formic acid, which is then upgraded without any processing to value-added
carbon products. Therefore, gas diffusion electrodes were developed with affordable,
relatively abundant and non-toxic catalyst materials and a scalable fabrication method,
which could facilitate decentralised implementation at point sources. The optimised
gas diffusion electrodes were successfully established for flexible operation at cur-
rent patterns based on intermittent electricity, demonstrating robust and reliably high
performance.

The formic acid was obtained in aqueous electrolyte and successfully used as feedstock
for chemical and biological synthesis routes without processing (e.g. purification, con-
centrating) to avoid additional costs. On the one hand, it was upgraded by biosynthesis
in second generation to the biopolymer polyhydroxybutyrate, a biodegradable ther-
moplastic. On the other hand, it was upgraded to the strong oxidiser and disinfectant
performic acid by using the feedstock in the electrosynthesis of hydrogen peroxide. The
overall processes were critically assessed in terms of yield and energy costs, thereby
demonstrating their feasibility as well as strategies for their future development towards
a potential technical exploitation.

Electrosynthesis of
formic acid/formate

direct use
formic acid HCOOH
in catholyte /HCOO™
storable direct use

at constant and
intermittent energy

in-situ generation

Figure 1 - Schematic illustration of the process concept this dissertation focused on. Abbreviations:
GDE = gas diffusion electrode, PHB = polyhydroxybutyrate, PFA = performic acid.
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1 Introduction

Mitigating anthropogenic climate change is one of the most important challenges of
the 21 century. It has mainly been driven by humanity’s emissions of carbon dioxide
(CO,) through excessive exploitation of fossil resources since the beginning of the 20"
century.l! The increased atmospheric content of CO, traps heat and thus leads to global
warming, which in turn disrupts weather patterns, melts glaciers and rises sea levels,

posing a substantial threat to life on earth.

As countermeasure, the international community concluded the Paris Agreement in
2015.1% It regulates CO, emissions to limit global warming to well below 2 °C compared
to the pre-industrial level, preferably to 1.5°C. Accordingly, the European Union
initiated the European Green Deal, which aims to establish net-zero greenhouse gas
(GHG) emissions until 2050.3] Most abatable CO, emissions are generated by the sectors
energy (i.e. electricity and heat), transportation, buildings, and industry through the
combustion of fossil fuels for energy supply. To address this, the power-to-X strategy
aims to replace fossil energy with electric energy from renewable sources and transfer it
to various applications (e.g. X = energy carrier, heat, mobility).l**] However, unlike fossil
fuels, the most important renewable energy sources (solar and wind) are intermittent.
Therefore, sufficient energy storage is crucial to manage supply and demand of electric
energy and capacities are currently being expanded.®! Unlike other sectors, the chemical
industry uses fossil resources not only for energy but also relies on them as feedstock and
carbon source for primary chemicals, which serve as key building blocks. Consequently,
substituting fossil carbon in the chemical industry poses a particular challenge.

1.1 Defossilisation of the Chemical Industry

The contemporary chemical industry is energy- and CO,-intensive, it accounts for
about 5% of global GHG emissions (direct and energy related emissions).l’] To address
this, the power-to-X strategy can be implemented, in particular power-to-heat and
power-to-chemicals technologies. Thereby, ‘power-to-heat’ refers to the replacement
of conventional process heat (based on the combustion of fossils) with heat through
electricity generated by renewables.*'% In contrast, ‘power-to-chemicals’ refers to
the direct use of electric current for the synthesis of chemicals by electrolysis.>'] An
important advantage of this approach is that it can be flexibly adapted to intermittent

[5,8,11]

energy from renewable sources. Consequently, power-to-chemicals offers the op-

portunity to store electric energy as chemical energy (i.e. transportable chemicals) and

thus balance grids.[?]
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Several power-to-chemicals processes have already been established on industrial scale.!]
One of the largest is the chlor-alkali process, which produced about 8 million tons of

[13.14] Besides, water electrolysis is becoming increasingly

chlorine in Europe in 2024.
important to produce hydrogen as a renewable energy carrier to replace fossil fuels.
Moreover, green hydrogen (produced using electricity from renewables) can be used
to indirectly electrify and thus decarbonise the Haber-Bosch process for the synthesis
of ammonia, one of the world’s most important chemicals as precursor of nitrogen

15.16] Another important part of the power-to-chemicals concept and key

compounds.!
research focus in recent years is organic electrosynthesis, in which electric current is
used directly as traceless redox-agent for chemical transformations to obtain commodity

17-22

and fine chemicals.['”~?2] Thereby, organic electrosynthesis fulfils most of the principles

of green chemistry (e.g. waste prevention, high atom economy, harmless auxiliaries)

[23-25] Moreover, there already are examples of indus-

depending on its implementation.
trially established processes for organic electrosynthesis of adiponitrile (Monsanto),

L-cysteine (Wacker) and Lysmeral (BASF).[18:21:26:27]

Besides ammonia, the value chain of the chemical industry is built on carbon com-
pounds as primary chemicals derived from fossil resources: methanol, ethylene and
propylene (light olefins), and benzene, toluene and mixed xylenes (BTX aromatics).[?¢]
Methanol is produced from synthesis gas (CO and H,), which is mostly obtained by
steam reforming of methane (also a GHG).[?>%] Light olefins and BTX aromatics are
mostly obtained by steam cracking of naphtha, a distillation fraction of crude oil.[**3]
Consequently, alternative and renewable carbon sources are necessary for the complete
defossilisation of the chemical industry, ideally compatible with existing value chains
to decrease implementation barriers. Furthermore, a circular carbon economy needs to

be established to meet the ultimate target of net-zero emissions.

Renewable carbon encompasses all sources of carbon that avoid or substitute any
additional fossil carbon from the geosphere.[3!] This includes the recycling of carbon
materials (technosphere) and the utilisation of biomass (biosphere) or carbon dioxide
(atmosphere).’! Regarding recycled carbon, plastic materials would be an attractive

[32,33]

source as one of the major products of the chemical industry. However, their

variety and persistence make recycling difficult, meaning most plastic waste currently

(34] Biomass, in which

ends up in landfill, waste incineration and the environment.
CO, has been assimilated via photosynthesis, can provide access to a wide variety
of products?®-37) and already accounts for about 10%[3% of feedstock in the chemical
industry. For example, primary biomass (e.g. corn or sugarcane) is used for the synthesis
of biofuels such as ethanol and butanol.*®! However, expanding the use of primary
biomass has limited potential, as it competes with food production, requires significant

(39]

land and water resources and has a seasonal life cycle.!””! The utilisation of secondary

biomass (i.e. organic waste materials) has therefore greater potential to support a
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sustainable carbon cycle. Among these, lignocellulose is one of the most abundant
and especially the electrochemical valorisation of its component lignin to value-added

aromatic products such as vanillin has progressed greatly in recent years.[40~43]

Nonetheless, by far the most attractive source of renewable carbon would be carbon
dioxide itself, as this would enable a closed, sustainable anthropogenic carbon cycle.
This cycle can be based on both atmospheric CO, and process-related CO, emissions,
which remain even when fossil resources have been completely replaced in direct and
energy use (e.g. cement production, glass fabrication, biomass fermentation, waste
incineration).*¥] Such a cycle has been illustrated, and the technologies required are
explained below (cf. figure 1.1).

CO, sources

ks @

process atmos-
emissions  pheric

parodlt;:;.:i 2:: ETERR CO, processing Iosr;g-:;:‘
. PP energy sources -
recycling ?,. S g Z =
(A = )
v 05 “‘ﬁ‘ “ Got
L L =

|

chemicals
and fuels

It

energy storage

=/ ¢\°
o

Figure 1.1 — Schematic illustration of an artificial anthropogenic carbon cycle incorporating the power-
to-X strategy. Abbreviations: CCU = carbon capture and utilisation, CCS = carbon capture and storage.

To access unavoidable emissions, emissions until fossils are phased out and the increased
content of CO, in the atmosphere as resource, the carbon capture, utilisation and
storage (CCUS) concept is pursued.[*>46] Thereby, CO, is captured either at point
sources or directly from air (direct air capture, DAC). To date, several technologies are
in development for energy-efficient capture (e.g. absorption, adsorption, membrane
separation), with some approaching high levels of technological readiness (TRL).[46:47]
On the one hand, the captured CO, can then be stored in geological sites to take it out
of the carbon cycle, thus preventing further accumulation in the atmosphere (carbon
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4849] Thjs is referred to as negative emissions, which are

(45]

capture and storage, CCS).[
considered necessary by the European Union to achieve net-zero emissions by 2050.
On the other hand, the captured CO, can be utilised as resource for the synthesis of
various chemicals or fuels (carbon capture and utilisation, CCU).5%%! In particular, it
can be converted to carbon monoxide through the thermochemical reverse water gas
shift reaction using hydrogen and can thus be implemented into value chains based on

synthesis gas (cf. equation 1.1).1%

CO, + H, = CO + H,0 (1.1)

This synthesis gas could either be used to produce methanol as platform chemical or
various hydrocarbons (olefins, paraffins, oxygenates) by the Fischer-Tropsch process
(cf. equations 1.2 and 1.3).1]

CO + 2 H, — CH,0H (1.2)

(2n+1) H, + n CO — CyHypsp + n H,O (1.3)

However, all these reactions occur at high pressures (>100 bar) and high temperatures
(>250°C), which in turn require large energy inputs.[**! To save hydrogen and avoid
high energy inputs including energetic losses during multiple conversion steps, a
single step process under mild conditions for transformation of CO, into value-added
chemicals would be advantageous. This opportunity is offered by the electrochemical
CO, reduction reaction (eCO,RR) as part of the power-to-chemicals concept, whereby
CO, is directly converted into chemical compounds using electric current.[>% In short,
a variety of compounds can be obtained depending on the electrocatalyst, aqueous
eCO,RR works at ambient conditions and thus aligns with most principles of green
chemistry, and it could be carried out decentralised at point sources to prevent emissions
(cf section 1.2). The opportunities and associated challenges are discussed in detail in
the following section.

1.2 Electrochemical Reduction of CO,

Since the first published report in 1870,07) electrochemical reduction of CO, has evolved
into a broad and diverse field of research. Especially in the last few decades, tremendous
efforts have been undertaken in catalyst and system design to advance suitable products
towards commercialisation.
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After an introduction to the fundamentals, the key performance indicators and chal-
lenges of eCO,RR processes towards industrial application are outlined. Finally, the
prospects of the most promising reduction products are highlighted.

1.2.1 Fundamentals

CO, is a linear molecule with two carbon-oxygen double bonds, which results in
high thermodynamic stability (the dissociation energy of a C=0 bond in CO, is about
800Kk]J mol‘l).[Sg] Therein, the carbon atom has its highest formal oxidation state of +IV.
To transform CO, into more energetic products by the eCO,RR, electrons need to be
transferred to the carbon atom, reducing its oxidation state.

The eCO,RR takes place in an electrochemical reactor, which can also be referred to as
a cell or an electrolyser. A common and simple set-up consists of a power source, at
least two electrodes (anode and cathode), a membrane as separator and a conductive
water-based electrolyte that contains dissolved CO, (cf. figure 1.2).

e e
power source

CO, + H,0 O, +4H* e
&
S
@ product+OH™ & @
S 7
B ]
S (7]
HCO, 4-:-CO, 2H,0
cathode <4+——H" anode
cathodic half-cell anodic half-cell

Figure 1.2 — Schematic illustration of an electrochemical cell for reduction of dissolved CO, in a water-
based electrolyte.

The CO, is reduced at the catalyst surface of the cathode by electron transfer, which
does not occur spontaneously (AG > 0) and thus must be driven by a sufficient electrical
potential applied with the power source. Thereby, the potential required for reduction
exceeds the corresponding thermodynamic potential, partly due to the high stability of
CO,. This necessary excess is defined as overpotential, which is a kinetic effect that
depends on various processes such as adsorption, charge transfer, desorption and mass
transport (diffusion, migration and convection).l> The electron transfer is accompanied
by a proton transfer, whereby water or hydronium (H;0") can serve as proton sources
depending on the pH of the electrolyte. Consequently, the cathodic reaction of eCO,RR
has two general forms (cf. equations 1.4 and 1.5).
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xCO,+ (2x+y—-2z) H)O+ (4x +y—2z) e — CiHyO, + (4x +y —2z) OH™ (1.4)
x CO, + (4x +y — 22) H3O0" + (4x + y — 22) e” — CyH,O, + (6x + y — 3z) H,O (1.5)

The intrinsic need for protons/water to reduce CO, leads to the problem that they
themselves can be reduced to hydrogen in the competing hydrogen evolution reaction
(HER, cf. equations 1.6 and 1.7).

2H,0+2e — H,+20H" (1.6)

2H " +2e — H, (1.7)

Since the thermodynamic potentials of eCO,RR to various products and HER are similar,
it represents the most important side reaction, especially under acidic conditions.**! To
avoid HER, catalysts should have a high specific overpotential, respectively. Another
important side reaction is the formation of carbonates by the chemical reaction of CO,
with hydroxide in the electrolyte (cf. equations 1.8 and 1.9).

C02 + OH_ — HCO3_ (18)
HCO; + OH™ — COZ + H,0 (1.9)

These carbonates cannot be reduced at the cathode anymore and are considered carbon
losses. Regarding the anode, eCO,RR is usually paired with the oxygen evolution
reaction (OER) as anodic reaction, which uses water as abundant feedstock to secure
the proton supply of the cathodic reduction (cf. equation 1.10).

2H,0 > 0,+4H +4¢ (1.10)

However, the OER has a high positive thermodynamic potential and requires a relatively
large overpotential despite appropriate catalysts (e.g. Pt, Ir) due to slow reaction

60,61

kinetics.[°*¢1] This increases the energy demand of the anodic half-cell and thus the

overall energy demand of both half-cells combined.

Since the reduction products of eCO,RR have similar thermodynamic potentials, the
product selectivity depends mostly on the catalyst material.

In general, a catalyst lowers the activation barrier (i.e. overpotential) so the reduction
of CO, can occur at ambient conditions (low temperature and pressure), and it can
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enhance selectivity by stabilising certain intermediates along the reduction pathway
depending on its structural properties. Based on their behaviour and major final
products, catalyst materials can be divided into three categories: (I) Formic acid/formate
producing catalysts, (II) carbon monoxide producing catalysts and (III) hydrocarbon
and oxygenate producing catalysts.l°] A simplified overview of the main reduction
pathways has been illustrated based on a recent publication, which summarises the
findings of numerous mechanistic studies (cf. figure 1.3).1°*] The corresponding key
steps and intermediates are discussed in the following.

- + H - +
o e +H ' e +H HCOOH
& /x ,—> O/C\\O - (2€Y)
(')' I
*OCOH
| e +H" e +H* desorption
.o —» % ¢ —» ,f o
~c” - H,0 c C (2€)
| | |
*COOH *CO
xe +H) i1 x(e+HY
C-C coupling : :
v v
catalyst CH;COOH (8¢) CH;0H (6¢)
C,H, (12 ¢€7) CH, (8e?)

----- ¥ multiple steps/
pathways

CH,CH,0H (12¢")

Figure 1.3 - Simplified mechanistic overview of the electrochemical reduction of CO, towards the
most common and desired products, their key intermediates, and the number of required electrons for
reduction (this figure was created based on Seger et al.l%%).

The initial step of the eCO,RR is the adsorption of CO, onto the catalyst surface. This
occurs by the transfer of a single electron, resulting in the surface bound radical anion
of CO, ", which is quickly protonated. The transfer of electron and proton could also
occur simultaneously, which is classified as a proton-concerted electron transfer (PCET).
If the carbon atom is protonated, the intermediate *OCOH (whereby the * denotes the
atom bound to the catalyst) is formed. This is the key intermediate for the category of
catalysts selective for formic acid/formate, which includes metals such as Sn, In, Bi, TI,
Cd, and Hg.[%?] These metals are relatively oxophilic, which most likely explains their
preference to stabilise the oxygen-bound *OCOH intermediate. By transfer of another
electron, this intermediate is then reduced to formate. As an anion, formate can be
desorbed into the electrolyte from the negatively charged catalyst surface. Depending on
the pH of the electrolyte, it is protonated to formic acid (pka = 3.75 at 25 °C).[%] In total,
reduction of CO, to formic acid/formate requires two electrons and follows a relatively
short and straight forward path. Consequently, production of formic acid/formate has
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been reliably reported with high selectivity (>90%).16%6]

In contrast, the other two categories of catalysts bind the activated CO, by the carbon
atom as *COOH intermediate, in which the oxygen atom has been protonated. This
is followed by a further PCET to the same oxygen (in acid or buffer) and elimination
of H,O or direct anionic desorption of OH-, which leaves *CO on the catalyst surface.
In case of catalysts favouring carbon monoxide (e.g. Ag, Au, Zn),[°” the binding of
*CO is weak, so carbon monoxide is quickly desorbed as final product. Like formic
acid/formate, reduction to carbon monoxide requires only two electrons and follows a
relatively short and straight forward path. This is also reflected in studies reporting
eCO,RR to carbon monoxide with high selectivity (>90%).1”]

In case of catalysts producing hydrocarbons and oxygenates, the *CO intermediate is
not desorbed quickly. This category mainly consists of Cu, whose structural properties
are unique as it binds *CO strongly enough for further reduction (>2 e™), but not so
strongly that the catalyst is deactivated by carbon monoxide poisoning.[®*] Furthermore,
Cu does not only allow further reduction but is the main catalyst that enables C—C

coupling reactions. %]

Consequently, at least sixteen different products with up to three
carbon atoms have been identified with Cu as catalyst: C; (carbon monoxide, formate,
methanol, methane), C, (ethylene, ethanol, acetate, acetaldehyde, glyoxal, ethylene
glycol, glycolaldehyde), and C; (acetone, hydroxyacetone, allyl alcohol, n-propanol,
propionaldehyde).[] These products require the transfer of up to 18 electrons. Thereby,
the complexity generally increases with the number of transferred electrons, as there
are more steps where reaction paths can diverge. This complexity combined with the
broad spectrum of possible gaseous and liquid products can lead to complex mixtures,
which should be avoided to prevent costly separation. To address this, many theoretical
and experimental studies have been carried out to elucidate the mechanism of the
different pathways and apply their principles to enhance the selectivity of Cu based
materials towards the most desired products: methanol, methane, ethylene, ethanol
and acetic acid.

Methanol and methane are both further reduced C; compounds that are attractive, for
example, due to their high compatibility with existing infrastructure in the industry
and energy sector. Although their mechanisms are still debated, they likely share
commonalities.[%] By fine-tuning Cu based catalyst materials, relatively high selectivity

7374 but only in

(about 70-90%) could be achieved for methanol7>7% as well as methane,!
few studies. Among the desired C, compounds, ethylene is the most important because
it is the organic chemical with the highest annual production volume worldwide (about
170 Mt a~1).l””] The mechanistic pathways of ethylene, ethanol and acetic acid are
closely related and have been extensively studied from various perspectives (e.g. grain

7778 surface/interface tailoring,!’”*) role of

82,83] ).

boundaries, ) heterogenous/doped catalysts,|
surface oxophilicity,3%] surface hydrogen[®] and micro- and macro-environmentl
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Even though the mechanism is still debated, relatively high selectivity (about 70-90%)

could be achieved with highly engineered catalysts in few instances for ethylene,[7*548]

ethanol,[86:87

I and acetic acid.[®¥) Besides, another important approach to improve the
synthesis of multi-carbon compounds is the tandem electrolysis, whereby the reduction
of CO, to carbon monoxide is decoupled from further reduction.[®-! Therefore, CO,
is first selectively converted to carbon monoxide with a suitable catalyst (e.g. Ag, Au,
Zn). Afterwards, this carbon monoxide is further reduced at a Cu based catalyst by
the electrochemical CO reduction reaction (eCORR). This allows the conditions of both

reactions to be optimised independently to increase overall process efficiency.

In summary, catalysts with high selectivity have been reported for all major products of
the eCO,RR (carbon monoxide, formic acid, methanol, methane, ethylene, ethanol and
acetic acid). However, high selectivity needs to be achieved under industrially relevant
conditions to allow industrial application. Therefore, certain criteria must be fulfilled,
which are also referred to as key performance indicators or figures of merit.

1.2.2 Key Performance Indicators

In academic research and industrial development, the performance of eCO,RR to any
product can be assessed by the key performance indicators (KPI) outlined in this

[92,93]

section. Moreover, all these KPIs are commonly influenced by all cell components

(e.g. catalyst, electrode architecture, electrolyte) and the electrolysis conditions.

Faradaic efficiency. The Faradaic efficiency (FE) describes the selectivity of an electro-
chemical process towards a particular product. It is defined as the ratio of the charge
consumed to generate the product and the total charge passed during electrolysis. (cf.
equation 1.11).

Qx) n-z-F
O(total)  I-t

with FE(x) = Faradaic efficiency for product x, Q(x) = amount of charge consumed for product x,

FE(x) = (1.11)

Q(total) = total amount of supplied charge, n = molar amount of product x, z = number of transferred

electrons per equivalent of product x, F = Faraday constant, I = current, ¢ = time.

In general, a FE of 100% is desired for any product of eCO,RR, but this is challenging in
aqueous electrolytes because of the competing HER (cf. section 1.2.1). However, a FE of
at least 80% is considered a prerequisite for an industrial eCO,RR process.[?2%4]
Current density. The current density () is the total current (i.e. rate of electron flow)
normalised to the geometrical surface area of the electrode (cf. equation 1.12).
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i=3 (1.12)

with j = current density, I = current, A = geometrical surface area of the electrode.

Alternatively, the total current can also be normalised to the electrochemically active
surface area to evaluate the activity of catalysts. Besides, partial current density repre-
sents the fraction of total current density used for the formation of a particular product
and thus its synthesis rate (cf. equation 1.13).

Jj(x) =j - FE(x) (1.13)

with j(x) = partial current density for product x, j = current density, FE(x) = Faradaic efficiency for

product x.

Consequently, high current density combined with high FE is necessary for high
synthesis rates (i.e. space time yield) of products. To enable a high (partial) current
density, mass transport of reactants and products to and from the electrode surface must
be sufficient. This is particularly challenging in water-based eCO,RR, as CO, has a low
solubility in aqueous electrolytes (33 mmol L™" at 298 K and 1 atm)[*>*®! and its diffusion
through bulk electrolyte is slow (diffusion coefficient = 0.00176 mm?s™* at 20 °C).l”]
To address this, suitable catalysts are applied with gas diffusion electrodes, which
directly supply gaseous CO, to the reaction zone of the electrolyte-catalyst interface.
This ensures sufficiently high mass transport of CO, at industrially relevant current
densities. These electrodes are discussed in detail later (¢f. section 1.3). Generally, most
studies consider a current density of at least 200 mA cm™2 as the minimum required for

industrial implementation.[¥%%4]

Energy efficiency, cell voltage and energy consumption. The energy efficiency
(EE) describes the actual input of electric energy relative to the minimum amount
required for the generation of a particular product based on standard redox potentials /
thermodynamic potentials. It can be calculated for half-cells as well as full-cells, whereby
the latter is more useful as it includes all sources of voltage losses (cf. equation 1.14).12!]

0

Ucell Eg - Eg
EE(x) = FE(x) - T = FE(x) - — 5
cell Ea+’7a_Ec + |’7c| + 1 Reen

(1.14)

with EE(x) = energy efficiency for product x, FE(x) = Faradaic efficiency for product x, U? = ther-
modynamic cell voltage, U,.;; = applied cell voltage, EJ = standard redox potential of anodic reaction,
E? = standard redox potential of cathodic reaction, 1, = anodic overpotential, 7. = cathodic overpotential,

I = current, R..;; = cell resistance.

10
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In addition to EE, the full-cell voltage is an important measure to calculate the overall
electric energy consumption (EEC) and thus costs to conduct the electrolysis. The EEC
can also be considered for products (cf. equation 1.15).[21]

z-F- Ucell
FE(x) - M(x)

with EEC(x) = electric energy consumption for product x, z = number of transferred electrons per

EEC(x) = (1.15)

equivalent of product x, F = Faraday constant, U,.;; = applied cell voltage, FE(x) = Faradaic efficiency

for product x, M(x) = molar mass of product x.

In general, an EE of at least 50% is desired for a future industrial process.l">%4

Carbon efficiency. In eCO,RR literature, carbon efficiency is typically defined as the
molar amount of CO, that is electrochemically converted to products, compared to the
amount fed to the cell inlet (cf. equation 1.16). If unconverted CO, is not recycled to the
inlet, carbon efficiency is also referred to as single-pass conversion (SPC) or single-pass
carbon efficiency (SPCE).

a(x) - n(x)
n(COz)

with a(x) = number of carbon atoms per equivalent of product x, n(x) = molar amount of product x,

Carbon efficiency(x) = (1.16)

n(CO,) = total molar amount of consumed CO,.

Other conversions of CO,, such as the chemical formation of carbonates, are not included
in the carbon efficiency but are considered carbon losses (cf. section 1.2.1). These carbon
losses can be detrimental to an eCO,RR process, as they change the composition and
thus property of the electrolyte. They can form solid precipitates that block active
sites and damage the usually porous cathodes and must be recovered in an additional

9%8-101] Consequently, carbon

process step by heating or acidification to reuse them.!
losses / carbonate formation should be addressed to avoid additional process steps and
the associated costs for industrial implementation. In general, the SPC should be as
high as possible, but depends significantly on other parameters (e.g. current density),
whose optimisation is a priority for improving the overall process.!10%103]

Stability. The stability of a catalyst, an electrolyser or an entire process is the duration
in which they can be operated continuously while maintaining the same performance.
Generally, the duration of stable performance significantly affects the costs of the entire
process. To minimise the costs of material replacement, maintenance and downtime,
stable performance should be achieved for at least 20000-50000 h (£2.3-5.7 a).[92104105] Ag

AFE

criteria for stable performance, decay rates of FE (=5 < 0.1% per 1000 h) and cell voltage

(RSt < 10 uV h™') have been suggested.">!%! Besides some exceptions discussed

later, stability of catalysts is not examined beyond 200 h of runtime in the majority of

11
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literature. Consequently, sufficient long-term stability is one of the main challenges to
be overcome towards commercialisation of the eCO,RR technology. Thereby, a holistic
approach is important to optimise any of the KPIs and thus the overall process, as

they are interdependent and involve certain trade-offs.[°%%3]

For example, stability may
not be improved at the maximum current density a catalyst can achieve while also
maintaining high FE. Furthermore, the KPI benchmarks are based on data reported
so far, most of which comes from laboratory scale or other industrially established
electrolysis processes (e.g. Hy, Cl,), and may therefore need to be reassessed once data
sets from pilot plants become available. In addition to the presented KPI, more aspects
of the overall process must be considered from an industrial point of view to advance
the eCO,RR technology towards application. They mainly concern the implementation
and operation of a CO, electrolyser and are illustrated as well as discussed below (cf.

figure 1.4).

upstream downstream
CO, electrolyser
direct air capture unprocessed [_”_I gaseous direct use products
CO, >90% oK I output and
processed (€) N X separation (€) utilisation
N
x ¥
industrial process unprocessed L direct use
emissions P FE >80%, EE>50% | 0 products
CO, <44% 2 output and
I = 0 i = g -
+0,, SO,, NO, processed (€) />200 mA cm separation (€) utilisation

Stability >20000 h

—

-_

processed = e.g. concentrating, purification intermittent energy

Figure 1.4 - Schematic illustration of the electrochemical CO, reduction, its key performance indicators
and upstream/downstream processes (whereby € indicates additional costs) to implement a CO, electro-
lyser.

Anodic counter reaction. The oxidation of water (i.e. OER) commonly serves as
anodic counter reaction of the eCO,RR, as water is an abundant reactant and the reaction
secures the supply of protons to the cathode. However, the thermodynamic potential
as well as the overpotential of OER are relatively high and the required catalysts are
expensive (e.g. Ir). Additionally, the generated oxygen does not have a particularly
high value (about 30 € t)[] but is mostly a safe product to vent. In other words, OER
uses expensive catalysts and consumes a large amount of energy without generating a
product of additional value to improve the economic feasibility of eCO,RR. Consequently,
alternative anodic reactions could be advantageous depending on the implementation

and have been receiving attention in recent years.[17-110]

CO, source. Most studies evaluate the performance of catalysts and electrolysers
using a highly pure CO, feed, but the two most significant future sources of CO, are

12



Chapter 1: Introduction

unavoidable process emissions and DAC (cf. section 1.1), both of which have lower

[111

concentrations of CO,. DAC processes aim for >90%!'!] of CO,, whereas unprocessed

industrial emissions usually have a maximum of 44%.0°* This dilution of CO, streams
(i.e. a lower CO, partial pressure) needs to be considered as it can affect FE.[112-114]
In addition, most industrial point sources contain reactive impurities such as oxygen,
sulphur oxides, and nitrogen oxides, which compete with the eCO,RR because their
respective reduction has a more positive thermodynamic potential. Even at low con-
centrations, they can decrease the FE of eCO,RR and negatively affect the stability of

catalysts.[115-117]

Consequently, the composition of CO, sources should be considered to
develop compatible eCO,RR processes to avoid additional costs of upstream processing
(e.g. purification, concentrating). However, establishing a purification process for major
CO, point sources (e.g. cement industry, waste incineration) might be more efficient
than developing several different processes compatible with diluted and contaminated

CO,.

Product purity and downstream processing. Depending on their composition and
intended use, output streams from CO, electrolysers must be processed downstream
to either obtain or apply the products in high purity. Such downstream processing
can significantly contribute to the overall cost of the process and especially complex

118-120] Byen with

product mixtures that require intensive separation should be avoided.|
selective catalysts to prevent product mixtures, gaseous products are usually diluted
by unconverted CO, and liquid products by the electrolyte. Consequently, products
should either be directly generated with high purity by adapted concepts or the diluted
product streams should be compatible with their subsequent use to avoid expensive

downstream processing.

Mode of operation. Electrolyses are usually performed in galvanostatic mode, meaning
at constant current (density). The stability of catalysts and processes are thereby defined
as decay rates of FE and cell voltage, as described above. However, electrolysis processes
are also intended to store fluctuating energy from renewable resources (e.g. solar and
wind) in chemical compounds. Consequently, the operation of eCO,RR processes and
stability of catalysts should be investigated at intermittent electricity to establish an
overall robust process suitable for storing excess energy as available. Depending on the
implementation, stable performance at intermittent electricity is at least advantageous,
if not a prerequisite for industrial use. To date, only a few studies have been published
on that regard with eCO,RR, including two in which electricity patterns derived from

121]

solar panels were used to produce either carbon monoxide!'?!] or ethylene together

with ethanol.[7¢]

Scalability. To be viable for industrial implementation, all components required
for the respective eCO,RR process must be scalable, meaning available in sufficient

13
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quantities and functional in larger dimensions. Based on large-scale industrial chlor-

122] an area of at least 2m? can be assumed as a guideline for the size

alkali electrolysis,[
of electrodes. Consequently, development of catalysts/cathodes for reduction of CO,
should be based on inexpensive, abundant raw materials and their large-scale fabrication
should be reliable and cost-effective. This is particularly important if eCO,RR processes
are implemented decentralised on-site of point sources to keep the capital costs of

electrolyser units as low as possible to avoid high investment barriers.

To achieve the KPI benchmarks, overcome the remaining challenges and thus close the
gap between academic research and industrial requirements for adoption of the eCO,RR
technology, great efforts have been made in recent years. This includes exemplarily
the development and evaluation of various catalyst materials for different products
(e.g. carbon monoxide,[%”] formic acid,[5-123:124] mylti-carbon products[125‘127]), reaction

128-130

environments (e.g. electrolyte composition and pH! 1), and cell configurations

131] golid-state electrolyte cells[BZ]). As a result,

(e.g. membrane electrode assemblies,|
performance of eCO,RR processes have considerably improved over the last years,
especially towards carbon monoxide, formic acid/formate and ethylene. Some of the
respective highlights are compared below (cf. table 1.1). Thereby, sufficient FE is only
achieved at relevant current density for carbon monoxide and formic acid/formate. Their
respective energy efficiency, which is rarely reported to date, and their stability, which
is rarely examined long-term, still need to be improved though. In addition, research
efforts must be increased to transition from (large) laboratory scale to industrially

relevant scale.

Table 1.1 — Overview of exemplary key performance indicators for electrochemical reduction of CO,,
their benchmark for industrial application, and state of the art / highlights on (large) laboratory scale for
the reduction products carbon monoxide, formic acid and ethylene. Abbreviations: KPI = key performance
indicator, FE = Faradaic efficiency, j = current density, EE = energy efficiency.

KPI Benchmark State of the art / Highlights

CcO HCOOH C,H,
FE / 9 >80[92,94] 90_98[133—137] 83_95[138—140] 65_75[141]
]/A Cm—2 >O.2[92’94] 0.3‘0.6[133’137’142] 0.6‘2.5[138_140’143] 1.3[141]
EE/ % >50[92.94] 40[144] 36-48.514%] 20-34[146.147]
Stability /b >20000[°%104105]  1500-4000[133137:148] * 1000-52001138-14°1  1000[8%]
Area® / cm? >200000122) 250-300[133.148] 25, [150] 1596[151]  30[85]

a) Refers to the geometrial surface area of the cathode.
Beyond academic research, several pilot-scale systems have been and continue to be

developed for eCO,RR by small start-ups and larger companies since 2010.[° The
TRL level of eCO,RR to carbon monoxide was recently estimated to be at 8 for high-
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temperature (T > 600 °C, solid-oxide electrolyser) and at 5-6 for low-temperature
(T < 100°C) processes.l'%] In comparison, eCO,RR to formic acid is estimated at 3-

[15] This is accompanied by the prediction eCO,RR

5 for low-temperature processes.
will become economically viable for both carbon monoxide and formic acid in the near
future, but not for multi-carbon compounds.l'>1%4) In other words, only the simplest
and least reduced single-carbon products are likely to be accessible with eCO,RR tech-
nology in the foreseeable future. With this in mind, research has been exploring how
carbon monoxide and formic acid themselves can be used to produce multi-carbon

compounds.

1.2.3 Towards Multi-Carbon Compounds with Carbon Monox-
ide and Formic Acid

To obtain multi-carbon compounds with carbon monoxide and formic acid from eCO,RR,
their implementation into established chemical value chains can be considered first. As
traditional building block, carbon monoxide can be used in synthesis gas to produce
either BTX aromatics (via methanol) or various hydrocarbons by the Fischer-Tropsch
process, although both options are energy-intensive (cf. section 1.1). In contrast,
formic acid is not usually converted into multi-carbon compounds but is rather directly
used as a reactant or in other industries (e.g. textiles, leather, food and medicine) as a

preservative, antibacterial agent and pH regulator.[!>?]

Beyond established value chains, both carbon monoxide and formic acid can be used
to obtain multi-carbon compounds in biosynthesis. Thereby, microorganisms serve
as biocatalysts, which consume substrates in their metabolic pathways to produce a
variety of products. This process is also referred to as fermentation and typically uses
multi-carbon compounds (e.g. sugar) as substrate, but some species can also use carbon
monoxide and formic acid as carbon and/or energy source. Depending on the specific
microorganism, different products can be obtained with high selectivity. Additionally,
suitable microorganisms can be further adapted for efficient biosynthesis by genetic
and metabolic engineering. Overall, biocatalytic conversion is particularly attractive
because it works at ambient conditions and can synthesise multi-carbon products in
a single process step, which would otherwise require several steps in the traditional
chemical industry.

Carbon monoxide is often used as a substrate with hydrogen as an (additional) energy
source, which is referred to as syngas fermentation. Thereby, low solubility of both
gases in aqueous growth media poses a general engineering challenge for sufficient mass
transport. Exemplary multi-carbon products from syngas fermentation include alcohols
(e.g. ethanol, isopropanol, butanol), carboxylic acids (e.g. acetic acid, propionic acid,

15



Chapter 1: Introduction

(153.154] Moreover, this

butyric acid) and even homologues with up to eight carbon atoms.
process is already used commercially to produce ethanol and 2,3-butanediol from waste
gas streams containing CO, CO,, and H, (LanzaTech).l'**] Consequently, the use of
carbon monoxide from eCO,RR in microbial synthesis is a promising approach towards
multi-carbon products. This approach has also been demonstrated in an exemplary
manner by direct coupling of eCO,RR with syngas fermentation on laboratory scale (cf.
figure 1.5, left side).l'>) Therefore, the synthesis gas was produced in an electrolyser by
eCO,RR to carbon monoxide (70% FE) and HER for hydrogen (30% FE) at industrially
relevant current density (up to 300 mA cm™?) with remarkable stability (over 1200 h).
The gaseous output of the electrolyser (mixture of CO, CO, and H,) was fed directly to a
spatially separate fermenter in which a mixed culture of microorganisms produced the
high value chemicals butanol and hexanol with high overall energy efficiency. In short,
this report is an outstanding example of an energy efficient and scalable system, which
highlights the prospects of directly combining eCO,RR with versatile biosynthesis.
Additionally, it shows gaseous outputs of eCO,RR electrolysers can be used directly for
biosynthesis without downstream processing, which is beneficial for the cost balance
of electrolysis (cf. section 1.2.2).

eCO,RR to CO biosynthesis eCO,RR to formic acid

-

CO,t H20‘>| oL C
CO «T 0, ~o oio
H, H* g ol o~
1
no downstream ‘ no downstream
value-added

products (C,.)

Figure 1.5 - Schematic illustration of coupling electrochemical reduction of CO, to either carbon
monoxide (and hydrogen) or formic acid/formate with subsequent microbial conversion to value-added
multi-carbon compounds without any intermediate downstream processing.

Formic acid/formate is typically used as the sole substrate, serving as both carbon
and energy source. Unlike carbon monoxide (and hydrogen), it is highly soluble in
aqueous growth media, which enables microbial conversion without the safety, trans-
port, and mass transport challenges associated with gaseous feedstocks. Several native
microorganisms have been reported to use formate as substrate.l'>”1%] Among them,
Cupriavidus necator (C. necator) stands out as it can produce the biopolymer polyhydro-
xybutyrate (PHB), a biodegradable thermoplastic with commercial application.[1>9-161]
Furthermore, C. necator can be genetically modified to also produce other multi-carbon
compounds such as branched-chain alcohols (e.g. isobutanol, 3—methyl-1-butanol),[162]
and organic acids (e.g. crotonic acid).['*) Since C. necator can be easily modified by
genetic engineering, the product range is likely to be further expanded to establish

a formate-based bioeconomy in the future.l'*41%] Consequently, the use of formic
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acid/formate from eCO,RR in microbial synthesis is a promising approach towards
multi-carbon compounds, like carbon monoxide. Besides, an initial direct coupling
of eCO,RR to formate with subsequent microbial conversion has already been carried
out on small laboratory scale (cf. figure 1.5, right side).[') The formate was electro-
chemically synthesised from CO, in a flow cell and accumulated in a biocompatible
catholyte based on phosphates. This catholyte was then used as feedstock for microbial
synthesis of PHB with C. necator in shake flasks without intermediate downstream
processing. Although the yield of the combined processes was relatively low, this study
demonstrates a viable concept for scalable coupling. Additionally, it highlights diluted
liquid product streams from electrolysers can also be used for biosynthesis without
further processing, which avoids additional costs (cf. section 1.2.2).

In summary, carbon monoxide and formic acid/formate from eCO,RR processes can be
utilised in biosynthesis to already produce a wide range of multi-carbon compounds. The
coupling of these two processes combines the high energy efficiency of electrosynthesis
with the high selectivity of biosynthesis and can upgrade CO, to value-added compounds
in remarkably only two process steps. However, the high synthesis rates of electrolysis
at industrially relevant conditions (e.g. current density > 200 mA cm™?) are usually not
compatible with the comparably lower rates of microbial substrate consumption.[*”]
Therefore, the two processes should be separated in terms of space (i.e. ex-cell process)
and time. Consequently, formic acid would be the preferred substrate, as unlike carbon
monoxide, it is a non-toxic liquid that can be easily stored. This also makes eCO,RR to
formic acid/formate particularly well suited for storing excess energy from fluctuating
renewable energy sources. In short, excess energy can be stored as formic acid by
eCO,RR and then upgraded with biosynthesis to value-added multi-carbon compounds.

1.3 Gas Diffusion Electrodes

As briefly mentioned above, gas diffusion electrodes (GDE) are necessary for sufficient
mass transport of CO, at industrially relevant current densities and are therefore a
prerequisite for adoption of eCO,RR technology (cf. section 1.2.2). This type of electrode

was originally developed for fuel cells in the early 20" century,['”] and its adaption
for eCO,RR has become an important focus of research in recent years. This section

explains their working principle, fabrication and operation in eCO,RR processes.

When eCO,RR is performed at regular planar electrodes, CO, is dissolved in the bulk
electrolyte and supplied to the electrode surface by diffusion. Thereby, mass transport
of CO, and thus current density of eCO,RR is limited in aqueous electrolytes by its
low solubility (33 mmolL™! at 298K and 1 atm)*>%] and slow diffusion (diffusion

coefficient = 0.00176 mm? s™! at 20 °C).”] These two limitations can be overcome by

17



Chapter 1: Introduction

GDEs, which are porous electrodes that can be operated with gaseous CO,. During
electrolysis (i.e. polarisation), electrolyte penetrates the pore structure because the solid
catalyst becomes hydrophilic due to electrowetting.[°) This leads to an enlarged internal
surface area in which gaseous CO, from one side of the GDE and liquid electrolyte
from the other side of the GDE share a vast interface that allows high mass transport.
Thereby, the main reaction zone of CO, reduction within the GDE was originally,
and often still is, assumed to be a three-phase boundary between gaseous CO,, liquid
electrolyte and solid catalyst (cf. figure 1.6).

— —
J~ A L rg X
three-phase f' e ‘C_)\/ﬂ:i) —|_ catalyst

boundary | particle
co, H,0
film of —
electrolyte _‘P\AQ}/\/_:)-— binder
Y A \v)‘{
L AR /X A A

Figure 1.6 — Simplified schematic illustration of a pore in a gas diffusion electrode and its hypothesised
phase boundaries.

However, studies in recent years indicate the interface of electrolyte and catalyst

(i.e. two-phase boundary) to be the main reaction zone instead.[103-171]

According to
this, the polarised catalyst surface is coated by at least a film of electrolyte, which in
turn shares an interface with gaseous CO,. This results in relatively short diffusion
pathways for bulk CO, in the pores through the electrolyte to the catalyst surface.
Consequently, GDEs mitigate the low solubility of CO, and its slow diffusion in aqueous
electrolytes by introducing gaseous CO, directly into the vicinity of the active sites
and shortening the liquid diffusion pathways. This enables GDEs to achieve current
densities approximately two orders of magnitude higher than those of planar electrodes
in direct comparison.['7%173] Overall, theoretical and experimental research is ongoing
to elucidate the exact nature of the reaction zone and the complex transport phenomena

within the GDE governing its superior performance.l°%174]

There are two different designs for the construction of GDEs, which have been schemat-
ically illustrated (cf. figure 1.7).

The first and most common in academic research is a catalyst coated gas diffusion

layer, also referred to as a multi-layer GDE.[175-177]

It comprises a hydrophobic gas
diffusion layer (GDL) onto which a catalyst layer has been deposited. Thereby, the
GDL (about 100-300 pm) is usually a combination of a macro- and a microporous layer.
The macroporous layer is formed by conductive carbon fibres (e.g. paper or cloth)
and contains a small amount of hydrophobic polytetrafluoroethylene (PTFE), which
ensures facile transport of CO, into the GDL. A thin microporous layer is coated on

top and consists of carbon particles for conductivity, but with a high PTFE content to
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prevent excessive flooding of the GDL, which would block gas diffusion pathways. The
catalyst layer (about 5-50 pm) can be applied to the microporous layer with various
methods (e.g. spray-coating, blade-coating, drop-casting, electrodeposition). In most
cases, catalysts are immobilised as particles with an ionomer (e.g. Nafion) as binding
agent. Consequently, the catalyst layer is likely more or less flooded during operation
and supplied with gaseous CO, from the neighbouring pores of the GDL.['7®] This
design has the advantage of requiring only a relatively small amount of catalyst, but its
manufacturing could be difficult on a larger scale.

(@)
catalyst particle

PTFE fibre
(hydrophobic)

ionomer
(hydrophilic/hydrophobic)
microporous layer

(carbon particles,
high PTFE content)

macroporous layer
(carbon fibre,
low PTFE content)

| current collector
| (metallic mesh/foam)

O Bt to

Figure 1.7 — Schematic illustration of the two types of gas diffusion electrodes in cross-section: (a)
multi-layer (catalyst coated gas diffusion layer), (b) single layer (full catalyst). Abbreviations: PTFE =
polytetrafluoroethylene.

The second configuration is a single layer (i.e. full catalyst) GDE, which is mostly known
from the oxygen depolarised cathode (ODC) technology developed by Covestro.[12217°]
The single layer is porous and consists of a homogenous mixture of catalyst and
hydrophobic binding agent (mostly PTFE), which can be fixed onto a conductive support
material (e.g. metallic mesh) to improve current distribution and mechanical stability.
Consequently, the single layer acts as both catalyst and gas diffusion layer. The size
and distribution of its pores mainly depend on the ratio of catalyst to binding agent,
the size and shape of catalyst particles, and the fabrication method. The two main
fabrication techniques are sintering and pressing.l'’’] In case of sintering, a wet or
dry powder mixture of catalyst and PTFE is coated or pressed onto a support material,
which is then treated at high temperature (about 340 °C).[17%18] The porosity of this
GDE is significantly influenced by the protocols for drying and sintering. In case of
pressing, a dry powder mixture of catalyst and PTFE is compressed by rollers known
as calender, with or without a support material. Depending on the force applied during
compression, the powder mixture is more or less compacted. Consequently, the porosity
of the GDE can be adjusted to a certain extend by the amount of applied force. The
porous structure can also be further tailored by pore forming agents or other additives.
This fabrication process is also referred to as calendering and is a facile, industrially
established method for fabrication of large-scale GDEs. It is used for the fabrication of
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silver based ODCs (i.e. GDEs), which are applied for oxygen reduction to hydroxide in

industrial chlor-alkali electrolysis.[12%17]

Noticeably, such a GDE was also successfully
applied for eCO,RR to carbon monoxide with outstanding performance stability at high

current density (300 mA cm™2, >1200 h).[15¢]

To employ GDEs for eCO,RR processes at ambient conditions with water oxidation at
the anode, they are usually operated in flow cells with one of four different illustrated
configurations (cf. figure 1.8).

(a) (b) (c) (d)

gaseous liquid gaseous liquid gaseous & liquid gaseous liquid
products products (O,) 0, products products 0, products 0, products  products 0,
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Figure 1.8 — Schematic illustration of different cell designs with gas diffusions electrodes (grey pattern)
for eCO,RR at ambient conditions: (a) Cell configuration with liquid electrolytes at the anode and cathode
side, (b) cell configuration with liquid electrolyte at the cathode side and a zero gap anode, (c) Membrane
electrode assembly (MEA) with CEM or AEM and no liquid electrolyte, but with humidified CO,, (d) cell
configuration with solid-state electrolyte purged by a flow of water or humidified inert gas, including
AEM and CEM. Abbreviations: CEM = cation exchange membrane, AEM = anion exchange membrane,
SSE = solid-state electrolyte (this figure was created based on Stockl et all'>”) and extended).

The first configuration uses an aqueous electrolyte at both anode and cathode, which
are divided by a separator. The separator can be a diaphragm in case of only gaseous
products (e.g. carbon monoxide) or a cation-exchange membrane (CEM) in case of
liquid products (e.g. formic acid/formate) to prevent crossover to the anode. Thereby,
gaseous products are found in the output stream of CO,, while liquid products leave
the cell with the catholyte output. This set-up is common for initial evaluation of GDEs
in flow cells because the individual components are not highly integrated and readily
available. It also has the advantage that the interfaces within the GDE can be adjusted
by regulating the ratio of gas and liquid pressure. However, the ohmic resistance of this
cell can be relatively high due to the distance between the electrodes and especially in
the anode compartment if bubbles of gaseous oxygen accumulate in the anolyte.

The second configuration is similar but uses a pure water fed anode in direct close
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Chapter 1: Introduction

contact with a CEM.I'8U This is also referred to as zero-gap anode or configuration and
has two main advantages. On the one hand, it lowers ohmic resistance between anode
and cathode by decreasing their distance and thus lowers the required cell voltage. On
the other hand, it enhances mass transport of protons to the catholyte in which they
are consumed by the eCO,RR.

In the third configuration, both anode and cathode are in zero-gap configuration to
either a CEM, an anion-exchange membrane (AEM) or a bipolar membrane.['3!] The
anode is fed with pure water, while the cathode is supplied with humidified CO,.
Thereby, both gaseous and liquid products are found in the gaseous output of the
cathode. This configuration is referred to as membrane electrode assembly (MEA) and
greatly reduces ohmic resistance between anode and cathode, which lowers cell voltage
and thus energy costs. It is most advantageous for gaseous reduction products of CO,,
as liquid products can accumulate in the pores of the GDE and block gas diffusion paths.

The last configuration has emerged in recent years to obtain liquid products in acidic
form (e.g. formic acid) and/or concentrated in pure water to avoid separation of sup-

132,139,145,182.183] Therefore, anode and cathode are separated by a

porting electrolytes.|
conductive solid-state electrolyte (SSE). This SSE is purged by either pure water or
humidified inert gas to obtain the liquid products. Additionally, anode and SSE are
separated by a CEM to secure proton supply, while cathode and SSE are separated by
an AEM to allow crossover of liquid products in anionic form to the SSE, where they

are protonated.

In summary, GDEs can be designed, manufactured and integrated into electrolysers in
various ways. This allows them to be developed in an application-oriented manner for
different eCO,RR processes, which is represented by a wide variety of reported GDEs.
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2 Objectives

The electrochemical reduction of CO, would mitigate emissions and could be used to
store fluctuating energy from renewable sources (e.g. solar, wind) as formic acid. This
formic acid can be safely stored or transported and represents not only a source of

184185] byt also a potential sustainable carbon feedstock. Since formic acid is

hydrogen!
not yet an established carbon feedstock in the contemporary chemical industry, new

routes for its commercial integration would support the replacement of fossil feedstock.

To contribute to the substitution of fossil carbon with CO,, this work focused on a
process concept for eCO,RR to formic acid/formate and its subsequent biological or
chemical upgrading to value-added carbon products (cf. figure 2.1).

eCO,RR to formic acid value-added products
i |
el formic acid
= HCOOH HCOOH i
o, i /HCOO" in catholyte /HCOO™ dlirees e
GBE PHB PFA
at constant and storable by coupling to bio- or
intermittent electricity electrosynthesis

Figure 2.1 — Schematic illustration of eCO,RR to formic acid/formate and its subsequent utilisation
without downstream processing to obtain value-added carbon products.

This encompassed the development of GDEs for reliable operation at constant and
intermittent electricity, which should be able to directly utilise surplus energy from
renewables to generate formic acid. To facilitate cost-efficient and decentralised eCO,RR
at point sources (e.g. flue gas, DAC facilities), their design and fabrication should be
based on the well-established and scalable ODC technology!'?»'7°! and should use
affordable as well as relatively abundant catalyst materials (e.g. Sn, Bi).

Since formic acid/formate can often be easily obtained in supporting electrolyte, its
subsequent upgrading was to be explored without downstream processing to avoid
additional costs (e.g. concentrating, purification). To this end, biological upgrading to
the sustainable bioplastic polyhydroxybutyrate (PHB) and chemical upgrading to the
promising disinfectant performic acid (PFA) via electrosynthesised hydrogen peroxide
should be investigated with phosphate buffer as compatible supporting electrolyte. This
was accompanied by the overarching goal to transparently balance the respective overall
processes and critically evaluate their energy costs, which has often been neglected in
the past.
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3 Discussion of Results

Throughout this work, the development of single layer GDEs for eCO,RR to formic
acid/formate was an ongoing process with several stages. It was carried out in coopera-
tion with Gaskatel (Kassel / Germany), a commercial fabricator of GDEs. All GDEs were
based on commercially available materials and used inexpensive, relatively abundant
and non-toxic catalysts (Sn, Bi, Bi,Os, all <200 € kg™'). They were each evaluated in

186

a custom designed divided flow celll’®] that corresponds to the most common cell

configuration (cf. figure 1.8, a). The most important stages in the course of this work
laid the foundation of all published manuscripts and are outlined below (cf. table 3.1,
details are provided in appendix A).

Table 3.1 — Most important stages of GDE development with composition and fabrication of the single
layer GDE and their key performance data in a screening set-up with a custom designed divided flow
celll'®] (Electrolyte = 0.2 mol L' KH,PO,/K,HPO,, cathode = GDE (5 cm? geometrical area), anode =
mixed Ir-Oxide, CEM = N117). Abbreviations: FE = Faradaic efficiency, j = current density, EEC = electric
energy consumption, HP = heat press, CEM = cation exchange membrane.

Development stage 19 i} I v \Y VI
Catalyst Sn Sn Sn Bi Bi,O;  Bi/Bi,O4
(80:20)
Support (Ni) Mesh Mesh Foam Foam Foam Foam
Fabrication Calender Calender HP HP HP HP
FEY / % 54 58 80 86 86 90
c? / mmol L~! 94 312 441 505 501 501
j/mA cm™? 50 100 150 150 150 150
EECY / kWh kg™ - 125 9.4 8.6 7.9 8.49
Runtime / h 5.25 30 22 22 22 21
Reference [166] _ [186] _ [187] [188]

a) The flow cell had a geometrical GDE surface of 10 cm?.
b) Refers to formate and the values presented have been rounded for clarity (half round up).
c) Ishigher compared to stage V, as a thicker CEM was used (N424 instead of N117).

The development started out from a Sn based GDE (90 wt% Sn, 5wt% PTFE, 5 wt%
activated carbon) with Ni mesh as support material supplied by Gaskatel (I). It was
fabricated by them via calendering and applied for eCO,RR to formate by Stickl et al.l*°]
in a previous study. Thereby, a moderate overall FE (54%) was achieved at relatively

low current density (50 mA cm™2) in short runtime (5.25 h).

The second stage (II) was reached by adjusting the composition of the catalyst mixture
(85 wt% Sn, 10 wt% PTFE, 5 wt% carbon black). At doubled current density (100 mA cm™?)
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Chapter 3: Discussion of Results

and increased runtime (30 h), a slightly higher overall FE (58%) was achieved (cf. ap-
pendix A, section 2.1). However, the course of FE was not stable and showed a decline
(about 17%) throughout operation. Exemplary electrolyses at intervals with and without
current suggested limited mass transport of formate within the GDE’s pore system was
responsible for the decline (cf. appendix A, section 2.2). To address this, pore-forming
agents and porous support material were examined to improve porosity of the GDE.
Exemplary pore-forming agents (e.g. NH,HCO,;, KH,PO,/K,HPO,, cf. appendix A,
section 2.3) did not lead to an improvement. In contrast, the course of FE could be
stabilised with Ni foam as porous support material and became nearly constant with
improved overall FE (69%, cf. appendix A, section 2.4). For the fabrication of GDEs with
Ni foam, it was necessary to change from the calender to a stationary heat press, as the
GDE blanks had to be pressed horizontally (available calender only allowed pressing in
vertical orientation). This change of fabrication method did not significantly influence
performance of GDE (cf. appendix A, section 2.5). Alongside, it was confirmed that the
course of FE was stabilised by the Ni foam and not the adapted fabrication with the
heat press. Nonetheless, calendering can still be used with Ni foam if the rollers press
the GDE blank horizontally (verified by Gaskatel, cf. appendix A, section 2.6).

Using Ni foam as support and with an adjusted catalyst composition (87.5 wt% Sn,
12.5 wt% PTFE), the third stage (III) of development was reached. This GDE achieved an
overall FE of 80% at 150 mA cm™2 in 22 h (or 77% FE at 100 mA cm™2 in 30 h, cf. appendix
A, 2.7). The runtime was shortened at increased current density as high concentrations
of formate (>500 mmol L™!) and depleted buffer capacity became limiting in longer runs
for the screening protocol (cf. appendix A, section 2.8).

For the next stage (IV), Sn was substituted with Bi, whereby the catalyst to binder ratio
remained the same. This GDE achieved an improved overall FE of 86% at 150 mA cm™2
in 22h (c¢f. appendix A, section 2.9). Additionally, the EEC for formate was lower
compared to the previous stage (about 8%).

In the subsequent stage (V), Bi was substituted with Bi,O5 and the catalyst to binding
agent ratio was as before. Thereby, Bi,O5 acted as a precatalyst, which is predominantly

187] This was hypothesised to improve the

reduced to Bi during initial polarisation.|
performance by increasing porosity and lowering the potential of the GDE (due to
better interconnectivity of individual particles). While overall FE (86%) was comparable,

EEC of formate could be lowered further (about 8%) compared to the previous stage.

The latest stage (VI) of GDE development was achieved with a mixture of Bi and Bi,05
(80:20) as catalyst and an unchanged ratio to the binding agent. This GDE reached
an improved overall FE of 90% at 150 mA cm ™2 in 21 h. Notably, the EEC was higher
than for the previous fifth stage (about 6%) as a thicker CEM was used (N424 instead of
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N117). In direct comparison to the fourth and fifth stage at identical conditions, this
GDE achieved the best EEC and the highest overall FE of formate.

Based on the outlined development of GDEs, three manuscripts were published and
will be presented in the following. The first one concerns the latest stage (VI) of GDE
development with mixtures of Bi and Bi,O; as catalyst materials and their application
at intermittent electricity (cf. section 3.1). The second and third one demonstrate
the direct coupling of eCO,RR to formate either with biosynthesis of PHB (stage III,
cf. section 3.2) or with synthesis of PFA (via electrosynthesised hydrogen peroxide, stage
V, cf. section 3.3). Although earlier versions of GDEs were used in both, the respective
coupling should be fully compatible with the latest stage by design.
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Chapter 3: Discussion of Results

3.1 Bi based GDEs for Intermittent Energy

A manuscript was published on this section:

Ida Dinges, Siegfried R. Waldvogel, Markus Stockl, CO, Reduction to Formic
Acid/Formate by Intermittent Electricity at Bismuth Gas Diffusion Electrodes,
ChemSusChem 2025, €¢202501583.

DOI: 10.1002/cssc.202501583

The publication is reprinted within this section, according to the CC BY 4.0
license.[8”]

Explanation of my contribution:

The project was conceptualised by S.RW., M.S. and me. I performed all experimen-
tal work (fabrication and characterisation of GDEs, electrosynthesis of formate)
and analysed the data. The manuscript was written by me with support of M.S.

and S.RW. The work was carried out under the supervision of M.S. and S.RW.

The two most important renewable energy sources (e.g. solar and wind) are intermittent
and must frequently be taken off the grid when they exceed demand as well as grid
and storage capacity. As outlined above (cf. section 1.2.3), this surplus energy could
be used instead with eCO,RR to produce formic acid/formate as storable feedstock
with versatile application (e.g. biosynthesis,[10¢18¢1%] hydrogen sourcel'®41%3]). This
requires catalysts suitable for operation at intermittent electricity, but most studies
focus on catalysts in continuous operation at constant current. Thereby, great efforts
have already been made in the development of Bi based catalysts for eCO,RR to formic
acid at high current density (0.5-2 A cm™2) with high FE (>90%).1°1-4] However, most
of these catalysts are highly engineered and thus relatively expensive, which could
limit their decentralised application at point sources (e.g. flue gas, DAC facilities).

To address these aspects, GDEs based on affordable and commercially available Bi mate-
rials were developed for flexible operation at intermittent electricity. Elemental Bi was
selected as base catalyst because it is the main product of global Bi production/refining.
Bi,05 was systematically added to enhance performance by acting as pore forming agent
and reductive binder, as it is reduced to elemental Bi during cathodic polarisation.!%”]
This was based on the industrially established silver/silver oxide GDE in chlor-alkali

122179] The single layer (i.e. full catalyst) GDEs were fabricated by heat

electrolysis.
pressing the catalyst mixture onto Ni foam as porous support material and current
collector. The composition of catalyst was varied from pure elemental Bi (particle size
<40 um) to pure Bi,O; (particle size ~80 nm) in steps of 20 wt%, with PTFE serving as

hydrophobic binding agent in constant ratio (12.5 wt%).

The six different types of GDE were characterised before and after electrosynthesis.
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The homogeneity and distribution of particles in the catalyst layer were examined by
bright-field microscopy of cross sections. This revealed particles were distributed rather
evenly and particles of elemental Bi became slightly porous after electrolysis. Density
measurements of the GDEs showed reduction of Bi,O5 to Bi decreased density and thus
likely increased porosity, as expected.

For initial evaluation of the different GDEs, they were applied for electrosynthesis
of formate at constant current density of 150 mA cm™ for 21h (n = 3, respectively).
Electrosynthesis was carried out in a gas-fed flow cell (5 cm? GDE, anolyte and catholyte
were circulated and separated by a CEM) using 0.2 mol L™! KH,PO, / K,HPO, (equimo-
lar, pH ~ 6.67) as both anolyte and catholyte. Performance was assessed by total
concentration and FE of formate, by comparing synthesis rates of formate after initial
conditioning and the end of electrolysis, and energy demand. Thereby, energy demand
was only suitable for comparison in relative terms, as the employed screening set-up
was not optimised for energy efficiency. The stability of the catalyst materials was also
evaluated by quantifying their amount dissolved in the catholyte after electrolysis by
ICP-OES. Most criteria of performance were in a similar range for all GDEs, with no
consistent trend or correlation with the systematic change in composition being ob-
served. The best overall performance was achieved by the Bi/Bi,O5 (80:20) GDE, which
was hypothesised to have a favourable porous structure to allow good mass transport.
It reached the highest total concentration (501 + 5 mmol L™!) and FE (90.3 + 1.2%) of
formate, retained most of its initial synthesis rate (about 79%), and consumed the least
amount of electric energy (8.37 + 0.13 kWh kg™! formate). Additionally, the loss of Bi
catalyst was among the lowest and overall minor (109 + 32 ug L™!).

After identifying the best GDE, demonstrative patterns of current density were applied
based on intermittent electricity from solar and wind power (n = 3, respectively). The
first two patterns examined the repeated adjustment of current density to accommodate
periods of low or no availability. Periods of low availability were simulated by repeated
hourly alternation between full load (150 mA cm™2) and halfload (75 mA cm™2), whereby
FE (90%) and synthesis rate of formate remained reliably high and stable. This was
also the case for similar alternations between full load (150 mA cm2) and zero load
(0 mA cm™2), which simulated periods of no availability. Consequently, electrosynthesis
of formate could be flexibly adapted and also turned on and off as required by fluctuating
renewable energy sources. The third and last pattern simulated the day-night cycle of
electricity demand and generation. Electrosynthesis was carried out for 26 h, whereby
full load (150 mA cm™2) was decreased to night load (50 mA cm™2) intermediately (16 h).
Although FE and synthesis rate of formate decreased moderately at night load, high FE
and stable synthesis rates were retained for intervals at full load. All in all, the developed
Bi/Bi, O3 (80:20) GDEs showed robust performance with different current patterns,
despite adjusting the current density with a steep ramp and without optimising other
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operational parameters. However, alternating current generally impaired the stability of
the catalyst as the dissolution of Bi was increased, but mostly if the electrosynthesis was
shut down completely (0 mA cm™2). This must be addressed to prevent loss of catalyst
in the long-term. To this end, the results indicated either a flexible mode of operation
with a lower limit of current density, or an optimisation of operational parameters at
zero current for long term-stability at intermittent electricity.
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CO, Reduction to Formic Acid/Formate by Intermittent
Electricity at Bismuth Gas Diffusion Electrodes

Ida Dinges, Siegfried R. Waldvogel, and Markus Stockl*

To avoid the waste of renewable energy resources beyond
demand and grid capacity, innovative gas diffusion electrodes
(GDE) for operation at intermittent electricity are presented.
They are based on Bi as affordable and nontoxic electrocatalyst,
to facilitate decentralized and cost-efficient reduction of CO, to
formic acid. To develop flexible GDE materials, their catalyst com-
position is optimized by studying systematically inexpensive Bi/
Bi,O3 mixtures. During initial evaluation at technically relevant
current density (150mAcm 2, 21h), the best composition
achieve high Faradaic efficiency (FE) (=<90%) and the loss of cata-
lyst is minor. In three demonstrative examples of realistic current

1. Introduction

Driven by anthropogenic climate change, the chemical industry
needs a transition to renewable energy sources and sustainable
feedstocks. Two of the most important renewable energy sources
are solar and wind energy, but they only provide intermittent
electricity depending on day-night cycles and/or weather condi-
tions. Furthermore, electricity generation based on solar and
wind power can exceed demand as well as grid and storage
capacity. Therefore, photovoltaics and/or wind turbines have
frequently to be taken off the grid, wasting potential energy
resources instead of using this surplus of energy. Of course, prog-
ress has been made to improve energy storage (e.g., battery sys-
tems) and to increase storage capacities in general. However,
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patterns based on intermittent electricity, the performance and
resilience of the optimized GDE is consistently very good in terms
of high FE (=90%) and stable synthesis rates of formate. However,
loss of catalyst is partially increased, especially when GDEs are
depolarized between electrolysis phases. Nonetheless, the GDE
materials already show robust performances despite swift adjust-
ments of current density (60 s) without any optimization of oper-
ational parameters so far. Based on these results, flexible
operation of these GDE can be optimized to minimize cathodic
corrosion of catalyst at long-term operation, and thus, ultimately
evaluate their implementation to valorize intermittent electricity.

another attractive option would be to use the fluctuating excess
energy with flexible electrosynthesis systems, instead of
shutting off renewable energy sources in order to stabilize the
grid. This is also in line with the strategy of electrifying chemical
processes.' Furthermore, electrosynthesis can be carried out
decentralized at point sources of resources (e.g., local CO,
emitters) and/or on-site on demand. This offers the unique
and attractive opportunity to exploit intermittent electricity
directly to generate feedstocks for the chemical industry, which
would support its defossilization. To facilitate this, unit capital
costs of systems for decentralized on-site applications should
be as low as possible to avoid high investment barriers.

To purse this approach, electrochemical reduction of CO, is
particularly promising, as it works at ambient conditions and
would integrate CO, as sustainable carbon source toward a cir-
cular carbon economy. In addition, several point sources (e.g., flue
gas) are available and their use would mitigate CO, emissions
while avoiding the high costs of direct air capture.” Among
numerous possible reduction products,” formic acid and
formate are attractive due to their general importance in various
areas, such as textile and leather industries, as preservatives
and antibacterial agents and for biological/medical research.’®”
Furthermore, their electrosynthesis is compelling due to their
good storage and transport features, as well as their versatile sub-
sequent applications (e.g., hydrogen source,®® substrate for
biosynthesis,"®'? starting material for performic acid">').
Moreover, electro-synthesized formic acid/formate is considered
to become economically viable in the near future.'>'® For effi-
cient conversion of CO, at high current density, suitable electro-
catalysts are employed with gas diffusion electrodes (GDE)
circumventing the low solubility of CO, in aqueous electrolytes
(33 mmol L' at 298 K and 1 atm)."”'® Of several cathodic elec-
trocatalysts selective for formic acid formation, Bi has received

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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increasing attention in numerous variations (e.g., nanoparticles,
nanosheets, flakes, dendrites) in recent years.">2" Besides
their selectivity, Bi-based electrocatalysts are promising because
Bi is an affordable metal (95 € kg~" standard ingot 15 kg)®? and is
considered nontoxic.*® As Bi mainly occurs in small amounts in
various ores and minerals, it is co-obtained as byproduct of
commodity metals (e.g., W, Pb, Zn).**?* Global reserves were esti-
mated at 370,000t in 2017,?% but Bi is often unreported in the
prospection of ores and little data is reported. Consequently,
more Bi seems to be available.** For some years now, the global
production for Bi has been dominated by China and Vietnam.”!
For example, the European Union imported over 90% of Bi from
China in 2024.% Since the production and export shares of Bi are
highly concentrated, this metal is recognized as critical raw mate-
rial by the European Commission, the United Kingdom, the
United States, India, and Australia.?*?*! Nonetheless, there are
Bi natural resources on every continent, and thus, sufficient
reserves in case of geopolitical uncertainties.

So far, great efforts have already been made in the develop-
ment of Bi-based catalysts to enable efficient CO, reduction to
formic acid/formate at high current density (0.5-2 Acm™2) with
high Faradaic efficiency (FE) (>90%)*°=? and toward continuous
production.®® Elaborate catalysts with finely tailored catalytic
sides, facets, and grain boundaries have been developed.?*3¢
Thereby, complex engineering of catalyst materials generally
increases costs, which would increase unit costs for on-site,
decentralized electrosynthesis. Moreover, most elaborate cata-
lysts and electrode materials are developed for continuous oper-
ation at constant high current density, neglecting material
stability under intermittent electricity/variable current density.
However, the latter is prerequisite for the translation into
application.

With this in mind, this study concerns the development
of cost-efficient, mechanically durable, and chemically stable
Bi-based GDEs for flexible operation at intermittent electricity.
GDEs were developed systematically varying Bi to Bi,O3 ratio.
Thereby, elemental Bi was selected because it is the primary ver-
sion of Bi by refining. In addition, Bi,Os; was chosen as precursor
(i.e, pore-forming agent) to enhance electrode material
performance.®*>% Details on design strategy are outlined below.
As a result, GDEs with an optimized Bi/Bi,O; composition were
obtained and subsequently used in flexible electrolysis.
Different realistic intermittent electricity scenarios were applied
and the efficient and stable electrosynthesis of formate at high
FE (=90%) was successfully demonstrated at such variable current
density.

2. Results and Discussion

To identify the best catalyst composition of Bi/Bi,Os-based GDEs
for electrosynthesis of formate at variable current load, six differ-
ent compositions were systematically investigated. All fabricated
GDEs were first applied for electrosynthesis of formate at
constant current density (150 mAcm 2 21 h) and characterized
prior and upon electrolysis. The current density was based on
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the results of comparable previous studies.">'¥ Subsequently,
the best performing GDE was applied for variable CO, reduction
under various current conditions.

2.1. Fabrication and Characterization of GDE

For GDE design strategy, elemental Bi was selected because it is
the main product of global Bi production/refining. Bi,O; was
added to it systematically as precatalyst and to act as reductive
binder, as it is reduced to Bi during cathodic polarization.'¥
Thereby, it will increase the conductivity of the Bi-based GDE
by improving interconnectivity of the individual particles, and
thus, lower the operational energy demand. This was based
on the well-established silver/silver oxide based GDE in chlor-
alkali electrolysis.®’*® Furthermore, Bi,Os likely acts as a pore-
forming agent upon reduction,®*® which could also improve
mass transport within the GDE. Moreover, Ni foam was chosen
as porous support material instead of gas diffusion layers based
on carbon, as these are vulnerable to degradation and thus flood-
ing of the GDE."”

The full catalyst GDEs were fabricated by heat pressing
Bi/Bi,O; onto Ni foam as support material and current collector.
This was based on the oxygen depolarized cathode technology
developed by Covestro.®”” Each catalyst mixture had the
same electrocatalyst to binder weight ratio (87.5:12.5). As rela-
tively inexpensive electrocatalysts, Bi (particle size < 40um,
~50€kg ") and/or Bi,O; (particle size ~80nm, =~200€kg ')
were used. Polytetrafluoroethylene (PTFE) powder served as
hydrophobic binder (=50 € kg~"). All materials were used as com-
mercially available (Supporting Information).

In total, three GDEs (n = 3) were fabricated for each of the six
different compositions of electrocatalyst (Bi/Bi,Os). The composi-
tion was systemically varied in steps of 20 wt% from pure Bi
(dark gray) to pure Bi,O; (yellow). The catalyst loading
b (67 £3mgcm™2 Table 2) and thickness d (507 & 24 um) of
all GDEs were in the same range. Furthermore, no influence
of minor variations of the predominantly manual steps of the fab-
rication method (e.g., distribution of catalyst mixture, handling of
the GDE blank, cf. Supporting Information) on GDE performance
was observed.

Taking contemporary costs into account, electrocatalyst cost of
GDEs increased from 34.3 + 0.1 € m~2 (pure Bi) to 130.5 + 0.5€m 2
(pure Bi,0s). All GDE types were characterized before and after elec-
trolysis (21 h at 150 mA cm~2) by bright-field microscopy of cross
sections and measurement of density (Figure 1, cf. Supporting
Information).

The microscopy images show the distribution of Bi particles
(light color due to reflection) with various sizes (<40 um) in PTFE
binder and/or Bi,0s. As Bi,O; particles were a magnitude smaller
(=80 nm), they cannot be distinguished at this resolution.
However, areas rich in Bi,Os of the mixed GDE as well as the pure
Bi,O; GDE appear relatively homogeneous prior to electrolysis.
After electrolysis, most Bi,O; (yellow) was reduced to Bi (dark
gray).'" The nontransparent white binder is visible as cloudy
shadow. Noticeably, Bi particles seemed more porous upon

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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Figure 1. Cross section microscopy image of the catalyst layer and density of fabricated GDE with varying composition for electrosynthesis of formate

before and after electrolysis.

electrolysis for each composition, which might indicate cathodic
corrosion. Furthermore, some yellow (not reduced) Bi,Os is still
visible. This indicates some Bi,O; could have been encapsulated
in binder and was not accessible for electrolysis. Furthermore, dif-
ferent shades of gray in the catalyst layer indicate a small degree
of inhomogeneity.

To examine stability and electrochemically induced changes
of the GDE further, their density was determined with a gas pyc-
nometer. In general, density was up to 4.9% lower after electroly-
sis. By reduction of Bi,Os to Bi, a small decrease in density was
expected. But unexpectedly, the GDE with the highest Bi,O; con-
tent did not show the largest decrease in density (2.3%). Since
density measurements after electrolysis were conducted with
simply air-dried GDE, salt precipitations inside the porous GDE
might have increased measured density. Furthermore, density
could also have been decreased by loss of Bi due to cathodic
corrosion. Hence, electrolytes were examined with inductively
coupled plasma optical emission spectroscopy (ICP-OES) after
electrolysis.

ICP-OES analysis revealed low concentrations of dissolved Bi
and Ni in the catholyte for all catalyst compositions (Table 1).

Noticeably, the highest concentration of Bi occurred for GDE
with pure Bi as starting material for the electrocatalyst. This
agrees with observed cavities in the Bi particles, which made
them seem more porous as described above. Consequently, pure

Table 1. Concentrations of Bi** and Ni*' in the catholyte after
electrosynthesis of formate (n = 3) determined via ICP-OES.

Catalyst composition of GDE c(Bi*") [ug L] c(Ni*) [ug L]
Bi 342 +£212° 25+6
Bi/Bi,O; (80:20) 109 +32° 20£3
Bi/Bi,O3 (60:40) 101+£9 55+7
Bi/Bi,O3 (40:60) 117+£13 60+ 16
Bi/Bi,O3 (20:80) 86+9 89 +20
Bi,0; 112414 5245

3(n = 2), excluding outlier (see Supporting Information).
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Bi particles seemed more affected by cathodic corrosion than Bi
originating from the reduction of Bi,Os. Furthermore, comparison
of Bi/Bi,03 (40:60) and Bi,O3 GDE show their cathodic corrosion of
Bi was similar and therefore cannot explain the difference in den-
sity after electrolysis (4.9% vs. 2.3%). This suggests GDE densities
may have been altered by salt precipitates in the GDE pore struc-
tures after electrolysis, as mentioned above.

Besides Bi, low concentrations of Ni were found in the cath-
olyte for all catalyst compositions. This shows the GDE's support
material Ni foam was in contact with catholyte and was slightly
affected by cathodic corrosion, respectively. Noticeably, the high-
est concentration of Ni (Bi/Bi,05, 20:80 GDE) did not coincide with
the highest concentration of Bi (pure Bi GDE).

Nonetheless, the overall concentrations of Bi and Ni were
rather low. Hence, no catalyst composition was significantly
affected by cathodic corrosion and the respective catalyst was
rather stable at the electrolysis conditions examined (21 h at
150 mA cm?). The GDEs' lifespan beyond the presented runtimes
were not evaluated.

To summarize, density and cathodic corrosion of the six types
of GDE were altogether similar, although their cross sections
before and after electrolysis showed significant differences.
Accordingly, greater differences in performance were expected
during electrolysis. The electrolysis results are discussed in the
following chapter to evaluate GDE performance.

2.2. Electrosynthesis of Formate at Constant Current Density

Electrosynthesis of formate was carried out in a gas-fed flow reac-
tor (5 cm? GDE, anolyte, and catholyte were circulated and sepa-
rated by a cation exchange membrane, Section $1.3, Supporting
Information) using 0.2mol L' KH,PO,/K,HPO, (equimolar,
pH = 6.67) as both anolyte and catholyte. Phosphate buffer
was chosen as supporting electrolyte based on promising results
in previous studies.'""'>' To evaluate performance of the six dif-
ferent GDE types, electrolyses were run 21 h at constant current
density of 150mA ¢cm~2 (n =3, respectively). The aim was to
achieve and maintain high FE (>85%) and stable synthesis rates
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Figure 2. Final concentration and corresponding FE of formate (right) and formate synthesis rates (left) for the six different catalyst compositions of GDE
(n =3, respectively). Electrolysis parameters: Constant current density j= 150 mA cm™2, runtime = 21 h (£ 56 700 C), electrolyte = 0.2 mol L™ KH,PO,/
K,HPQ,, initial V (catholyte, anolyte) = 500 mL each, membrane = Nafion 424, cathode (GDE, 5 cm?) = 87.5 wt% Bi and/or Bi,O; (composition specified in
graph), 12.5 wt% PTFE on Ni foam, reference electrode = RHE, anode = mixed Ir-oxide on a Ti-grid (Platinode EP, Type 177, Umicore).

for formate. Catholyte samples were taken every hour to deter-
mine concentration and FE of formate and additionally every
15min in two intervals to determine formate synthesis rates.
The first interval (4-5h) was after initial conditioning of the
GDE to ensure electrochemical reduction of Bi,O; was complete
and electrowetting of the GDE was relatively stable. The second
interval (20-21 h) was in the last hour of the electrolysis to assess
stability of synthesis rates. Detailed courses of the individual elec-
trolysis are provided in the Supporting Information Section S3.1.
By screening the catalyst composition as described above, the
least expensive composition for efficient electrosynthesis of
formate was determined. The results of the six GDE types are
summarized and discussed below.

Figure 2 depicts an overview of total concentration and
FE after electrolysis and synthesis rates of formate (4-5 and
20-21 h, respectively) for the six different GDE types.

Generally, final concentration of formate was 484+
13 mmol L™ for all different GDEs (n = 18), which was accompanied
by corresponding FE of 87.3 & 2.3%. Despite significant differences
in characteristics before electrolysis (Figure 1), GDEs based on pure
Bi (488 & 3 mmol L', 87.5 & 1.1%) performed just as well as those
based on pure Bi,O; (488 =6 mmolL~", 88.0 4 1.2%). However,
mixtures of Bi and Bi,Os; yielded slightly different results.
Thereby, no uniform trend or correlation of concentration and FE
with the systematic change in composition was discernible. Of
the four mixed catalyst compositions, three yielded lower concen-
trations, and thus, FE than pure Bi or Bi,O; GDEs. Furthermore,
results of Bi/Bi,Os (60:40) and Bi/Bi,O; (20:80) GDEs had relatively
high standard deviations. This comparatively lower reproducibility
could be due to the lower mechanical stability of these GDE
compositions.

In contrast, Bi/Bi,O; (80:20) GDEs achieved the best results in
terms of total concentration (501 +5mmolL™") and FE
(90.3 &+ 1.2%) of formate. In all instances, FE balance was most
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likely closed by the parasitic hydrogen evolution reaction
(HER) as main side reaction, which is also favored by the increas-
ingly acidic pH during electrolysis.'>'

To evaluate performance stability of the GDEs, synthesis
rates of formate were compared after conditioning of the GDE
(t=4-5h) and at the end of electrolysis (t =20-21 h). Generally,
synthesis rates of formate after conditioning (r;) were relatively
similar for all catalyst compositions (25.2+04mmol L 'h™',
n=18). Thereby, synthesis rate (r;) of Bi GDE was the lowest
(24.71 £0.09 mmol L~"h™"), whereas Bi/Bi,O; (80:20) GDE was

the highest (25.62+0.12mmolL""'h~"). However, synthesis
rates of formate (r,) generally declined at the end of electrolysis
(169+26mmolL""h™', n=18) and differed significantly

depending on the composition of the catalyst. In contrast to
similar total concentration and FE of formate, the synthesis rate
(r,) of GDEs based on pure Bi (1745+0.14mmolL 'h™")
was slightly lower than the one based on pure Bi,Os
(19.04+03mmol L™"h™"). As before, there was no uniform
trend/correlation between synthesis rate (r,) and systematic
increase of Bi,O3 in the catalyst composition of the GDEs. Out
of all catalyst compositions, Bi/Bi,O; (80:20) GDEs (20.16 +
0.14mmolL""h™") had the highest synthesis rate (r,) and thus
maintained most of its initial performance (79%). The general
decline in synthesis rate (r; vs. r;) could be attributed to an
increased influence of HER during electrolysis. This could be
caused by, for example, either presumed formate mass transport
limitations within the GDE’s pore system or the increasingly acidic
pH during electrolysis (Section S3.1, Supporting Information).
Moreover, the employed set-up was optimized for screening
and not yet for continuous synthesis of formate with concen-
trations above 500mmol L~'. However, the strong relative
differences of r, could be attributed to presumably different pore
structures due to varying content of Bi,Os; as pore-forming
agent. Thereby, Bi/Bi,Os (80:20) seemed to have the best porous
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Table 2. Overview of catalyst loading, catalyst cost and energy demand for electrosynthesis of formate at constant current density (150 mA cm~2, 21 h) with
GDEs of variable catalyst composition (n = 3, respectively).

Catalyst composition of GDE Catalyst loading” [mg cm 2] GDE catalyst” cost [Em™2] U2 [v] E(GDE)® [V] EEC [kWh kg
Bi 68.6 +0.2 343 +0.1 6.63 £ 0.06 —-1.7+£0.1 8.84 +0.05
Bi/Bi,0O3 (80:20) 69+ 1 55.5+0.1 6.48 £ 0.06 —1.6+0.1 8.37+0.13
Bi/Bi,O3 (60:40) 70£2 766 +22 6.47 +0.01 —-1.5+0.1 86+03
Bi/Bi,O3 (40:60) 67.1+£08 940+ 1.1 6.44 1 0.08 —1.7+£03 8.63+0.15
Bi/Bi,O3 (20:80) 633+ 1.1 107.7£1.8 63+£0.2 —-137+£0.14 8.79 £ 0.34
Bi,O5 653 +03 130.5+£0.5 6.4+03 —1.52+£0.13 855+15
?Bi and/or Bi,05; PAverage of 21 h runtime, without compensation for iR losses.

structure to allow good mass transport, as r, was highest here. In
regard of total concentration, FE and synthesis rates of formate, Bi/
Bi,Os (80:20) was the most promising composition of catalyst for
electrosynthesis of formate.

In addition to FE and synthesis rate, energy demand was also
considered to determine the overall most efficient GDE (Table 2).
Electrolyses were run with an average cell voltage of 6.46 +0.12V
for all different compositions of catalyst (n = 18). The generally
relatively high cell voltage was mainly caused by ohmic losses
in the anode compartment, as a nonzero gap anode (mixed
Ir-oxide on a Ti-grid) was used for the oxygen evolution reaction
as counter reaction of CO, reduction to formate (cf. Supporting
Information). Accordingly, the average potential of GDEs was only
—1.57 £ 0.14V versus reversible hydrogen electrode (RHE) for all
different compositions of catalyst (n=18). Thereby, stepwise
addition of Bi,O; as a reductive binder did not lead to the pre-
sumed stepwise lowering of GDE potential/increase in conductiv-
ity of the GDE (Section S3.1, Supporting Information). Overall,
the employed set-up was not yet optimized for energy efficiency,
which offers opportunities to reduce the required cell voltage
greatly (e.g, membrane electrode assembly™'#?), Therefore,
assessment of energy cost was mainly used to compare the
different GDEs in relative terms herein. To determine the compo-
sition with the highest energy efficiency, electric energy con-
sumption (EEC) for electrosynthesis of formate was calculated
(Table S2 and Equation S2, Supporting Information). Generally,
EEC of formate was 8.64 + 0.17 k Wh kg~ for all different compo-
sitions of catalyst (n = 18), which corresponded to an energy cost
for formate of 1.55 4 0.04 € kg~' (no downstream processing etc.,
0.1800 € kWh~'™3)), The assessment revealed Bi/Bi,O; (80:20)
enabled the most energy efficient (8.37 +0.13kWhkg™') and
thus least expensive (1.51 +0.03 €kg™") electrosynthesis of for-
mate. In comparison, all energy costs of formate were higher than
market prices for fossil-based concentrated formic acid, such as
0.37 and 0.69 € kg~' (0.40“* and 0.74 $ kg~",**! respectively with
1€21.08$). However, they were already in a reasonable order of
magnitude.

All in all, the variation of catalyst composition demonstrated
mixtures of Bi/Bi,O; can improve electrosynthesis of formate
compared to pure Bi or Bi,O; as electrocatalyst. Among the exam-
ined compositions, the second least expensive Bi/Bi,Os; (80:20)
GDE was the best in terms of total concentration as well as FE
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of formate, stability of formate synthesis rate, and energy
demand. Additionally, stability of these GDEs was sufficient as
cathodic corrosion was minor at the applied conditions, as dis-
cussed previously (Table 1). Consequently, it was applied for
the following electrolyses at variable current density to finally
assess the possible use intermittent electricity.

2.3. Electrosynthesis of Formate at Variable Current Density

After identifying Bi/Bi,O; (80:20) GDEs as most promising, their
operation was investigated at variable current density based
on realistic patterns of intermittent electricity (solar and wind
power).”® To utilize intermittent electricity with GDEs, they need
to be reliably operated at variable current densities while main-
taining high FE, and since intermittent electricity fluctuates on a
fairly short time scale (=20 min), GDEs should be robust enough
to adjust current density quickly. Ideally, electrosynthesis could
be turned on and off repeatedly without compromising GDE
performance to accommodate periods of low availability. To
examine whether Bi/Bi,0; (80:20) GDEs meet these requirements
or not, three patterns of variable current density were applied for
electrosynthesis of formate (n = 3, respectively). Briefly, the first
two concern the repeated adjustment of current density to low or
no availability of solar and wind energy, whereas the third
simulates the day-night cycle of solar energy.

Figure 3 depicts the first two courses of variable current den-
sity alongside total concentration/FE and synthesis rates of for-
mate in the catholyte. In both cases, electrolysis was run at
constant current density of 150 mA cm~2 (full load) for the first
five hours to condition the GDE (as before during catalyst
evaluation). Furthermore, the first synthesis rates of formate
(r;, t =4-5h) were compared after conditioning to ensure initial
performance of the GDEs were comparable to those of the
previous evaluation (Figure 2).

For the first pattern, current density was hourly alternated
three times between half load (75mAcm™) and full load
(150 mA cm—?) after 5h conditioning (Figure 3, left). Thereby,
current density was adjusted using a relatively fast current ramp
(60 s). Moreover, no other operational parameters (e.g., CO, over-
pressure, electrolyte flow rate) were adjusted to examine the elec-
trochemical and mechanical robustness of the GDE. The synthesis
rate of formate started out from 2543 +£0.08 mmolL 'h™'

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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Figure 3. Concentration course and corresponding FE of formate during electrosynthesis at two variable current density patterns. The concentration course
was fitted linearly in hourly intervals, respectively. Electrolysis parameters: runtime = 11 h, electrolyte = 0.2 mol L™ KH,PO,/K,HPO,, initial V (catholyte,
anolyte) = 500 mL each, membrane = Nafion 424, cathode (GDE, 5 cm?) = 87.5 wt% Bi/Bi,O; (80:20), 12.5 wt% PTFE on Ni foam, reference electrode = RHE,

anode = mixed Ir-oxide on a Ti-grid (Platinode EP, Type 177, Umicore).

(r,, t =4-5 h) at full load and declined to 12.28 £ 0.12mmol L' h~’
(r,, t=5-6h) in the first interval at half load. Halving the load
approximately halved the synthesis rate. In the subsequent interval
at full load again, the synthesis rate increased back up to
2564+ 03mmolL""h™" (r;, t=6-7h). Remarkably, comparable
synthesis rates were also obtained with two further current load
alternations.

Hence, alternating current density during electrosynthesis of
formate between half (75 mA cm~2) and full load (150 mA cm™2)
sustained the formate synthesis rate. This was accompanied
by a relatively stable FE (=90%) for formate throughout
electrosynthesis after conditioning, which resulted in a total
of 2373+ 1.5mmolL™" formate corresponding to an FE of
91.1 £0.5% for 11 h runtime (n = 3).

Regarding stability of the GDE, cathodic corrosion of Bi (electro-
catalyst) and Ni (support material) were investigated as before using
ICP-OES (Table 3). Analysis of the catholytes revealed the concen-
tration of Bi was higher (=55%) than for electrolyses at constant cur-
rent density (Table 1). In terms of molar amounts (considering the
increase in catholyte volume after electrolysis), 48% more Bi was
dissolved from the GDE at alternating (full and half load) than at
constant current density. Consequently, employing the first current

Table 3. Concentration of Bi** and Ni*" in the catholyte after
electrosynthesis of formate (n=3) using Bi/Bi,O; (80:20) based GDE at
variable current load determined via ICP-OES.

c(Bi**) [ug L]

Current density [mA cm 2] c(Ni**) [ug L]

150 =75 168 + 37 27 £5
150=0 4416 £ 97 411 +£97
150 — 50 — 150 134 £17 143 £63
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density pattern for GDE operation led to more cathodic corrosion of
Bi, although absolute values remained relatively low. In contrast,
concentration and molar amount of Ni were similar to the results
at constant current density. Overall, electrosynthesis of formate
maintained consistently high FE and stable synthesis rates despite
switching between full and half load repeatedly, while cathodic cor-
rosion of Bi was slightly increased.

For the second pattern, current density was hourly alternated
three times between zero (OmA cm™2) and full load
(150 mA cm™2) after conditioning (Figure 3, right). As above,
current density was adjusted with a steep current ramp (60
s) while no other operational parameters were adjusted
throughout. The synthesis rate of formate started out from
24.94 + 0.07 mmol L~" h~" (r;, t = 4-5 h) at full load. After the first
interval at zero load, the synthesis rate increased back up to
246+ 0.5mmol L"h™' (r,, t=6-7h) at full load again. After
the second and third interval at zero load, the synthesis rate
declined slightly from 24.5 04 mmolL"h™" (r;, t=8-9h) to
241 +£0.7mmolL"h™" (r,, t=10-11h). Comparing the first
and last synthesis rate, the decline was only about 3%. Hence,
alternating current density between zero (0 mAcm™) and full
load (150 mA cm~2) impacted the synthesis rate of formate only
slightly. Furthermore, FE for formate remained relatively stable
throughout electrosynthesis (=90%) after conditioning. This
resulted in a total of 198.1 1.7 mmolL~" formate, which
corresponded to 91.0 +0.8% FE for 11 h runtime (n =3).

Regarding stability of the GDE, dissolution of Bi and Ni
was greatly increased by alternating between zero and full
load. The concentration of dissolved Bi in the catholyte
(4416 + 97 pg L") was about factor 27 higher than for the first
pattern of variable load and factor 40 for electrolyses at constant
current density (Table 1). Likewise, the concentration/amount of
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dissolved Ni was increased by about factor 20 in comparison to elec-
trolyses without current alternation (Table 1). However, results of the
alternation between half and full load indicate the intervals without
any current are responsible for the increased dissolution of Bi and Ni
instead of cathodic corrosion during full load. Consequently, degra-
dation of the unpolarized GDE occurred most likely and the results
cannot be attributed to cathodic corrosion alone.

Nevertheless, the second pattern of current (zero and full
load) was suitable for formate electrosynthesis with high FE
and relatively constant synthesis rates as well, but demonstrated
stability and resilience of GDE could be an important issue in
long-term operation.

The third and final pattern of electric current was based on the
day-night cycle of electricity generation/demand. Figure 4 depicts
the corresponding course of current density alongside total concen-
tration, FE, and synthesis rates of formate in the catholyte. First, elec-
trolyses were run at constant current density of 150 mA cm~2 (full
load) for the first five hours as before to condition the GDE.
Afterwards, current density was reduced to 50 mA cm 2 (night load)
for 16 h throughout the night. Finally, current density was increased
back up to 150mA cm~2 (full load) until the end of electrolyses.
As before, current density was adjusted using a steep current ramp
(60 s) while no other operational parameters were adjusted.

The synthesis rate of formate started out from
2493+ 0.16 mmol L"h™" (r,, t=4-5h) at full load. Thereby,
total FE amounted to 88.6 + 0.7% for the first interval of runtime
at full load (t = 0-5 h). After switching to night load (t = 5-21 h),
the synthesis rate of formate declined to 8.1 0.3 mmol L' h~’
(ry, t = 5-6 h). This was about one third of the previous rate (r,), as
expected at one third of current density. However, the synthesis
rate declined throughout 16 h at night load about 20% to
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Figure 4. Concentration course and corresponding FE of formate during
electrosynthesis at variable current density. The concentration course was
fitted linearly in several intervals (r; _4-5h, r,_5-6h, r3_20-21h, r,_21-
22 h, rs_25-26 h). Electrolysis parameters: runtime = 26 h, electrolyte =
0.2mol L' KH,PO,/K,HPO,, initial V (catholyte, anolyte) = 500 mL each,
membrane = Nafion 424, cathode (GDE, 5 cm?) = 87.5 wt% Bi/Bi,0; (80:20),
12.5 wt% PTFE on Ni foam, reference electrode = RHE, anode = mixed Ir-
oxide on a Ti-grid (Platinode EP, Type 177, Umicore).
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6.5+ 03mmolL"h™" (r;, t=20-21h). Consequently, total FE
for the interval at night load was 81 + 4%, almost 10% lower than
for the previous interval at full load. Nonetheless, synthesis
rate of formate increased back up to 23.97 +0.07 mmol L' h™'
(ry, t=21-22h) in the subsequent interval at full load. Taking
an increase in catholyte volume throughout runtime into
account, r, was about the same as the initial r,. Hence, perfor-
mance of the GDE at full load remained as good as before, even
though it had been operated at lower efficiencies with night load.
After a further five hours of operation at full load, the syn-
thesis rate had declined about 6% to 22.5+ 0.3 mmolL™'h~'
(rs, t=25-26h). This was attributed to an increased influence
of HER, as the buffer capacity was depleted and pH decreased
from =6.67 to 5.59+0.13 (n=3) during this last interval
(Section S3.2, Supporting Information). Since buffer capacity
was a systematic limitation of the employed screening set-up,
its optimization for continuous electrosynthesis of formate could
most likely prevent the decline of synthesis rates. Despite the
slight decline of synthesis rate, the total FE for this interval
was 88.2 + 1.9%, which was comparable to the first interval at
full load. It follows that operation at full load was not significantly
impaired by shifting to night load intermediately for 16 h.
However, a decrease in GDE performance was observed during
night load, as described above. On the one hand, it could suggest
there is a minimum current density for operation of GDE with
stable synthesis rates of formate. On the other hand, no opera-
tional parameters were adjusted together with current density.
Therefore, optimization of operating parameters during night
load could possibly stabilize synthesis rates. Nonetheless, the
whole electrosynthesis reached a total concentration of
355+ 8mmol L~ for formate, which corresponded to a total
FE of 85.9+2.1% (n=3).

Regarding stability of the GDE, dissolution of Bi for the day-
night cycle was the lowest among all variable current patterns,
but slightly higher than at constant current density. In contrast,
the concentration of dissolved Ni was the second highest among
the current patterns, and about factor 7 higher than at constant
current density. Consequently, Ni appeared to be more affected
by cathodic corrosion at 50 mA cm™2 than Bi, possibly due a proba-
ble change of the electrowetting state/three-phase boundary
position.

Overall, the third pattern of current (day-night cycle) was
suitable for electrosynthesis of formate with high FE (=88%)
and relatively stable synthesis rates, particularly in intervals at full
load. Although FE was slightly lower in the night interval and the
synthesis rate declined, the GDE performance of the subsequent
day interval was as high as before at full load. Furthermore,
cathodic corrosion of Bi was only increased slightly by shifting
between full and night load.

All in all, the different current patterns demonstrated that
Bi/Bi,O3 (80:20) GDEs had an overall robust performance as they
maintained high FE and relatively stable formate synthesis rates
despite alternating current densities. The rapid adjustment of cur-
rent density with a steep ramp (60 s) did not appear to affect their
performance. However, alternating current density generally
increased dissolution of Bi, but mostly if the electrolysis was

© 2025 The Author(s). ChemSusChem published by Wiley-VCH GmbH
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turned on and completely off again. This suggests either an alter-
nating mode of operation with a lower limit for current density, or
an optimization of operational parameters at zero current to pre-
vent loss of catalyst material in the long-term. Additionally, a
lower limit for current density was also indicated by the moderate
loss of efficiency during night load (50 mA cm~2). Alternatively,
the addition of ionomers to the GDE has recently been demon-
strated to improve catalyst stability.*”! To examine stability of the
GDE at variable current density in the long-term, time-dependent
studies should be carried out with a set-up optimized for contin-
uous electrosynthesis of formate employing real intermittent
electricity patterns. Thereby, the flexible operation of GDE could
be optimized to evaluate an implementation of decentralized uti-
lization of intermittent electricity for CO, reduction.

3. Conclusion

To avoid wasting renewable energy resources beyond demand
and grid capacity, GDEs for flexible operation at intermittent elec-
tricity were successfully established. The GDE materials were
based on Bi as inexpensive and relatively abundant electrocata-
lyst, to facilitate decentralized electrochemical reduction of CO,
to formic acid. This formic acid or formate can be stored and has
versatile applications.

The catalyst composition of the GDE was optimized to Bi/Bi,O3
(80:20). It achieved the highest total FE/concentration of formate
and the most stable synthesis rates of formate. Additionally,
cathodic corrosion of Bi was minor. Without adaption of operational
parameters, demonstrative current patterns based on intermittent
electricity were applied. The GDE showed overall robust perfor-
mance despite swift current adjustment. At repeated hourly alter-
nation between full load (150 mA cm~2) and half load (75 mA cm~3),
FE and synthesis rate of formate remained reliably high and stable.
This was also the case for similar alternations between full load
(150 mA cm~?) and zero load (0 mA cm2). Consequently, electroly-
sis could be turned on and off flexibly as required by fluctuating
renewable energy sources. Furthermore, electrolysis was also
adapted to a day-night cycle of energy demand/generation. It
was demonstrated for 26 h, whereby, full load (150 mAcm™2)
was decreased to night load (50 mA cm™?) intermediately (16 h).
Even though performance decreased moderately at night load,
the GDE maintained high FE and stable synthesis rates of formate
for intervals at full load. Noticeably, dissolution of Bi was only
increased if the electrolysis was shut down completely (zero load).
This needs to be addressed to prevent loss of catalyst in the long-
term. Overall, this study successfully demonstrates the flexible oper-
ation of GDE for the reduction of CO, and thus hands out their
future implementation to use intermittent electricity, support grid
stability and a sustainable chemical industry.
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3.2 Formate for Biosynthesis of Polyhydroxybutyrate

A manuscript was published on this section:

Ida Dinges, Ina Depentori, Lisa Gans, Dirk Holtmann, Siegfried R. Waldvogel,
Markus Stockl, Coupling of CO, Electrolysis with Parallel and Semi-Automated
Biopolymer Synthesis — Ex-Cell and without Downstream Processing, Chem-
SusChem 2024, 17, €¢202301721.

DOI: 10.1002/cssc.202301721

The publication is reprinted within this section, according to the CC BY 4.0
license.[18]

Explanation of my contribution:

The project was conceptualised by M.S., D.H. and me. I performed the experi-
mental work to generate formate feedstock (fabrication of GDEs, optimisation
experiments, electrosynthesis of formate, ICP-OES and HPLC measurements) and
analysed the data. ID. performed the experimental work regarding biosynthesis
of PHB (optimisation experiments, operation of the bioreactors, analysis of PHB).
L.G. supported LD. in establishing the bioreactor set-up. I analysed all data and
carried out the process evaluation. The manuscript was written by me with
support of M.S., D.H. and S.RW. The work was carried out under the supervision
of M.S. and SRW.

As discussed above (cf. section 1.2.3), eCO,RR to formic acid/formate can be coupled
with microbial synthesis of PHB by C. necator without intermediate processing of the
formate feedstock. This was initially demonstrated by Stéckl et al.l'®] on small labo-
ratory scale, but with relatively low yields for both subprocesses and thus the overall
process (about 12%). The formate was electrosynthesised by eCO,RR at low current den-
sity (50 mA cm™?) and accumulated in a biocompatible catholyte based on phosphates,
achieving relatively low concentration (~¥94 mmol L™!) and FE (~50%). This catholyte
was then used as incubation medium without processing for microbial synthesis of
PHB with C. necator (wildtype) in shake flasks, leading to complete consumption of its
formate content with a low yield of PHB (~24%).

To improve the overall process and transfer biosynthesis to a scalable system, both
eCO,RR and microbial synthesis of PHB were optimised and their coupling harmonised.
Therefore, three biocompatible phosphate buffers with different contents of K" and Na*
were examined as both supporting electrolyte and incubation medium: (A) KH,PO,
/ K,HPO,, (B) NaH,PO, / K,HPO,, and (C) NaH,PO, / Na,HPO,, (equimolar and
0.2mol L1, respectively). They were derived from the initial coupling and the usual
incubation medium of C. necator (wildtype).
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Electrosynthesis of formate was mainly optimised by application of further developed
GDEs based on Sn (cf. table 3.1, stage III). They were fabricated by heat pressing
catalyst mixture onto Ni foam as support material. Electrosynthesis was carried out
at 150 mA cm™?2 for 22 h in a gas-fed flow cell (5 cm? GDE, anolyte and catholyte were
circulated and separated by a CEM) using either phosphate buffer (A), (B) or (C) as both
anolyte and catholyte (n > 3, respectively). Formate was accumulated in the catholyte,
which was intended as a concentrated feed for semi-automated synthesis of PHB. Both
phosphate buffer (A) and (B) resulted in similar high concentration (=441 mmol L™!) and
FE (>76%) of formate, whereas results for (C) were noticeably lower (~358 mmol L™,
63%). Gas chromatography detected hydrogen from HER as main byproduct in all
instances, which probably closed FE balances. In addition, the stability of the GDE was
relatively high as only minor concentrations of Sn were detected by ICP-OES in all
different catholytes after electrosynthesis. Therefore, no negative effects on microbial

[166] concentration

synthesis of PHB were expected. Compared to the initial coupling,
and FE of formate could be significantly improved at tripled current density while

maintaining biocompatible electrolytes.

Microbial synthesis of PHB with C. necator (wildtype) was first optimised in shake flasks
by systematically varying the formate concentration in range of 0-100 mmol L™! in all
three phosphate buffers (n = 3, respectively). The range of formate concentration was
selected based on previous results.['®] Thereby, criteria for evaluation were the total
concentration of PHB and the amount of PHB per consumed formate in 4 h of incubation
at low optical density (OD = turbidity as measure for concentration of microorganisms).
The highest concentration of PHB (43.8 + 3.0 mg L™! OD™!) coincided with the highest
amount of PHB per formate (18.6 + 1.0 mg g~!) and was achieved in buffer (B) with
21 mmol L™! formate. Consequently, buffer (B) was chosen for the next generation
coupling of eCO,RR to formate with microbial synthesis of PHB (at 21 mmol L™! formate).

The next generation coupling was carried out on larger laboratory scale in four par-
allelised semi-automated bioreactors (increased by factor ~10 compared to shake
flasks) with continuous feed of formate-containing catholyte. The catholyte was gen-
erated by six individual electrolyses with both high concentration (441 + 9 mmol L™})
and FE (76.6 + 1.4%) of formate. The incubations were conducted with C. necator
(wildtype) and were entirely based on formate from electrosynthesis. Throughout
7.5h of incubation, the concentration of formate strongly deviated from the target
concentration (21 mmol L™!), as the feed could only be adjusted hourly due to time-
consuming offline analysis of samples. This must be addressed to ensure optimal
availability of formate for PHB synthesis in the future. Nevertheless, a relatively
high concentration of PHB (63 + 6 mg L' OD™!) and amount of PHB per formate
(16.5 + 4.0 mg g~ ') were achieved at one of the highest synthesis rates reported at that
time (8.4 + 2.1 mg L™! OD~! h™'). According to the metabolism of C. necator,'*] the
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yield of PHB was relatively low (29.1 + 7.1%), probably due to the challenging feed
adjustment, but slightly improved compared to the initial coupling.

Finally, the overall process was balanced and critically assessed in terms of yield
and energy cost. The improved yields in electrosynthesis (76.6 + 1.4%) and synthe-
sis of PHB (29.1 + 7.1%) resulted in an almost doubled yield for the overall process
(22.3 £5.5%) compared to the initial coupling (12%). The costs of electric energy of
formate (1.88 + 0.08 € kg™') and PHB (114 + 19 € kg™') were assessed under recent and
realistic assumptions (0.182 € kWh~'[1%]). On the one hand, this showed the energy
costs of formate were already in the right order of magnitude but still need to be im-
proved compared to the market prices for fossil-based formic acid, which are about
3-5 times lower and already include all costs beyond electricity. On the other hand,
this highlighted the model organism C. necator must be either genetically modified or
replaced with a more efficient production strain to improve formate-based synthesis
of PHB and thus its energy cost. The critical assessment of the entire process also
showed coupling eCO,RR to formate with biosynthesis of PHB in a scalable system is
feasible without intermediate processing of the formate feed and should be explored
further.
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Markus Stockl*@

Important improvements have been achieved in developing the
coupling of electrochemical CO, reduction to formate with its
subsequent microbial conversion to polyhydroxybutyrate (PHB)
by Cupriavidus necator. The CO, based formate electrosynthesis
was optimised by electrolysis parameter adjustment and
application of Sn based gas diffusion electrodes reaching
almost 80% Faradaic efficiency at 150 mAcm™2. Thereby,
catholyte with the high formate concentration of 441+
9mmolL™" was generated as feedstock without intermediate
downstream processing for semi-automated formate feeding

Introduction

The contemporary global chemical industry relies upon fossil
resources as energy source and feedstock for basic chemicals.
However, the world's fossil resources are ultimately limited, and
their use leads to high CO, emissions, accelerating the climate
change. Consequently, the chemical industry needs to replace
fossil resources with renewable energy sources and secure
alternative access to basic chemicals. Thereby, the electrification
of chemical processes will represent one of the main building
blocks in the future."
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into a fed-batch reactor system. Moreover, microbial formate
conversion to PHB was studied further, optimised, and success-
fully scaled from shake flasks to semi-automated bioreactors.
Therein, a PHB per formate ratio of 16.54+4.0 mgg™' and a PHB
synthesis rate of 8.4+2.1 mgL™'OD™'h™" were achieved. By this
process combination, an almost doubled overall process yield
of 22.3+5.5% was achieved compared to previous reports. The
findings allow a detailed evaluation of the overall CO, to PHB
conversion, providing the basis for potential technical exploita-
tion.

With this in mind, the electrochemical CO, reduction
reaction (eCO,RR) offers the promising opportunity to convert
CO, into higher value chemicals using renewable electricity."**
In general, the reduction of gaseous CO, at technically relevant
current densities (>100 mAcm 2% strongly depended on the
electrolysis product) requires gas diffusion electrodes (GDE),*""
as gaseous CO, has a low solubility in aqueous electrolytes
(33 mmolL™" at 298 K and 1 atm)."*'¥ Besides the eCO,RR to
carbon monoxide,"*'® the electrosynthesis of formic acid/
formate represents a far developed reaction, which has been
reported in numerous studies with outstanding performance
indicators such as current density up to 1.8 Acm~2"" Faradaic
efficiency (FE) above 90%,*'® long-time process stability of
1000 h"™ and high product concentration (20 wt% formic
acid).?

Based on this tremendous scientific effort, formic acid/
formate originating from eCO,RR is considered to become
economically viable in the near future.”” However, it has to be
pointed out that for a successful substitution of fossil feedstock,
more complex and more reduced carbon based chemicals are
demanded, and an upgrade, e.g. based on formate, is required.
An elegant option to transform formate into more complex and
higher value products is its use as substrate in biotechnological
syntheses.”" ¥ This kind of process combination is exemplarily
illustrated in Figure 1 (Section 1).

Several organisms such as Acetobacterium woodii, Eubacte-
rium limosum or Methylobacterium extroquens have been
reported as possible biocatalysts for a formate based
bioeconomy.?'? Within this study, the well-established forma-
totrophic model organism Cupriavidus necator (C. necator) was
used, which has been shown to produce a variety of products,
ranging from polyhydroxybutyrate®?! (PHB) in the wildtype

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 1. Schematic illustration of the overall process combination of the electrochemical CO, reduction reaction (eCO,RR) to formate with a formate based
bioeconomy using renewable energy sources. (1) Ex-cell coupling of eCO,RR to formate with its subsequent microbial conversion to polyhydroxybutyrate
(PHB) by Cupriavidus necator without intermediate downstream processing. (2) Key process data as well as resulting costs for formate and PHB based on a
recent energy price® achieved in this study. Abbreviations: j = Current density, U= Average terminal voltage, FE = Faradaic efficiency for formate,

OPY =Overall process yield.

strain to solvents,** organic acids®**" and terpenes®**¥ with
genetically modified strains.

Even though the combination of the eCO,RR and the
subsequent biosynthesis of higher value products is a promis-
ing route to substitute fossil raw materials, the technical
combination of the latter processes is challenging. In general, a
suitable process combination can be realised by an “in-cell” or
“ex-cell” coupling. In in-cell processes (or secondary microbial
electrochemical technologies),* eCO,RR to formate and its
subsequent microbial conversion would take place in the same
reactor (system), whereas an ex-cell coupling keeps both
subprocesses separated in both space and time. To the authors’
point of view, the ex-cell coupling of eCO,RR and biosynthesis
provides a variety of advantages, since it allows their process
parameters to be optimised and operated more independently.

In previous work,* the initial coupling of eCO,RR to formate
with its subsequent microbial conversion to PHB by C. necator
was demonstrated, but several challenges were not solved:
Both subprocesses were kept spatially separated. Formate was
electrochemically synthesised from CO, in a flow reactor with a
Sn based GDE in 0.2 M KH,PO,/K,HPO, as a biocompatible
electrolyte. Back then, a FE for formate of 49.7+0.9% at
50 mAcm™? was achieved. The biocompatible catholyte con-
taining electrosynthesised formate (e-formate) was used as
substrate for microbial PHB synthesis with C. necator in shake
flasks without intermediate downstream processing, leading to
a final PHB concentration of 56 mgL™' solely on e-formate and
an overall FE of 4% for the coupled processes. Herein, very
important challenges were solved by the improvement of
individual subprocesses and harmonisation of the coupling
based on previous findings, and an overall process was
established and evaluated (Figure 1, Section 1 and 2).
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Results and Discussion

The CO, based formate electrosynthesis (first subprocess) was
mainly optimised by application of self-fabricated GDEs. There-
by, catholyte with high e-formate concentration was produced
as feedstock for C. necator. Moreover, microbial formate
conversion to PHB (second subprocess) was examined and
successfully transferred as well as scaled from shake flasks to a
fed-batch reactor system with a semi-automated e-formate
feed. Three different phosphate buffers were examined for both
subprocesses, they only differ in their K* and Na™ contents.
They were derived from the physiological, biocompatible 0.2 M
phosphate buffer employed for the initial successful coupling.
This is in turn an adaption of Sydow et al.,*® who developed an
electrolysis-compatible cultivation medium for C. necator based
on phosphates. To avoid any intermediate downstream process-
ing, all buffer compositions were examined for both subpro-
cesses individually.

Gas Diffusion Electrodes

GDEs were fabricated by heat pressing the catalyst mixture
onto support material. Sn powder of inexpensive origin (approx.
95 €kg™") with particle sizes <20 um was used as electrocatalyst
and polytetrafluoroethylene (PTFE) powder served as hydro-
phobic binder in the catalyst mixture. Both materials were
homogenised and pressed onto Ni foam, which served as
support material and current collector. Taking current prices
into account, material cost of GDE fabrication was estimated at
approx. 436 €m 2, of which Ni foam accounts for 79%. In total,
twelve GDEs were fabricated for the herein presented electrol-
yses using a relatively inexpensive electrocatalyst by a fast,
easy, and scalable fabrication method. The reproducibility of
this predominantly manual fabrication method was sufficient
and no influence of the minor fabrication variation on GDE

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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performance was observed (Sn loading b (Sn, wt%)=90+
4mgcm™? and thickness d=558+15 um, n=12). Further de-
tails and photographs are provided in the Supporting Informa-
tion (SI, Section 1.2 and 3.2).

Formate Electrosynthesis

Electrochemical CO, reduction was carried out in a gas-fed flow
reactor with three different phosphate-based electrolytes
regarding microbial PHB synthesis optimisation: (A) 0.2 M
KH,PO,/K,HPO,, (B) 0.2M NaH,PO,/K,HPO, and (C) 02M
NaH,PO,/Na,HPO, (equimolar, respectively), with pH values of
6.67+0.05 (A, n=3), 6.61+0.05 (B, n=6) and 6.53+0.05 (C,
n=3). To use formate-containing catholyte as feedstock in
semi-automated bioreactors, the aim was to achieve the highest
possible formate concentration at high FE produced with a high
energy efficiency. For this purpose, all electrolyses were run for
22 h, maintaining current density at 150 mAcm 2 after an initial
ramp (12.5 mAcm™2 increase every 5 min). Figure 2 compares
FE and concentration of formate in the catholyte obtained
during electrolysis for the different electrolytes.

Generally, all three FE courses showed a decrease during
the 22 h runtime. This was accompanied by a deterioration of
formate production rates between the first and second fitted
intervals (Interval 1=1-6 h, interval 2=19-22 h). These deterio-
rations were attributed to presumed formate mass transport
limitations within the GDE's pore system increasing the
influence of the parasitic hydrogen evolution reaction (HER).
This hypothesis was supported by gas chromatography (GC)
analysis, as hydrogen was detected as sole byproduct for all
electrolyses (SI, Section 1.8). Final formate FE's of 79.8+1.3%
(A, n=3), 76.61.4% (B, n=6) and 63+2% (C, n=3) were
achieved. These were accompanied by catholyte formate
concentrations of 458 +7 mmolL™" (A, n=3), 441+9 mmolL™’
(B, n=6) and 358+11mmolL™" (C, n=3). Consequently,
electrolysis results of electrolyte (A) and (B) were relatively
similar, while those of (C) were significantly inferior. Further-
more, electrolyses with electrolyte (A) and (B) were more energy

efficient compared to electrolyte (C). In electrolyte (A), electrol-
yses required an average terminal voltage (U) of 6.38+0.15V
(n=3) and consumed 104+3Wh (n=3) of electric energy.
Similarly, electrolyses with (B) were run at 6.7+0.3V (n=6)
with an electric energy consumption (EEC) of 110+4 Wh (n=
6). In contrast, using electrolyte (C) resulted in 7.544+0.14V (n=
3) combined with an EEC of 123 +3 Wh (n=3).

Taking everything into account, electrolyte (A) containing
only K as alkali cation yielded the best results among the
examined electrolytes. Results for electrolyte (B) with Na®/K*
(1:2) were only slightly lower, whereas electrolyte (C) led to the
lowest electrolysis performance of all three. It was hypothesised
that the electrolytes decreasing conductivity from (A,
24.0 mScm™' at 23.4°C) over (B, 21.8 mScm™' at 23.5°C) to (C,
171 mScm™' at 23.4°C) was responsible for this. Lower
conductivity leads to a higher terminal voltage necessary to
maintain the set current density, which resulted in a higher GDE
potential favouring HER. Averaged for electrolysis duration and
referenced to a reversible hydrogen electrode (RHE), the GDE
potentials were —1.79+0.14V (A, n=3), —1.74+0.06 V (B, n=
6) and —1.86+0.13V (C, n=3). Nonetheless, all electrolysis
systems presented herein outperform the preceding study,
on which this study was based. Back then, only 49.7 +£0.9%
formate FE were achieved at 50 mAcm™2 employing electrolyte
(A). This shows that the optimised Sn based GDEs with adjusted
electrolysis conditions achieved an over 25% higher formate FE
in the same electrolyte at tripled current density.

As mentioned in the introduction, higher FE (90%)® and
higher current densities (1.8 Acm )" than those described
here have already been published. However, the combination
of the achieved FE of almost 80% at 150 mAcm™ in 22 h of
electrolysis with a final formate concentration around
450 mmolL™" was achieved directly in a biocompatible electro-
lyte, which is suitable for the direct application as feed for the
microbial PHB synthesis. Recently, Lim et al.*” carried out a
similar coupling, in which they reported slightly lower values of
66% FE for formate at 120 mAcm ™2

Besides the herein improved FE and constant current
density, the initial current density ramp of the electrolysis start-

(A) 0.2 M KH,PO, / K,HPO,

(B) 0.2 M NaH,PO, / K,HPO,

(C) 0.2 M NaH,PO, / Na,HPO,
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Figure 2. Faradaic efficiency (FE) and concentration course of formate in the catholyte of CO, electrolyses with different electrolytes: (A) 0.2 M KH,PO,/K,HPO,
(n=3, blue), (B) 0.2 M NaH,PO,/K,HPO, (n=6, green) and (C) 0.2 M NaH,PO,/Na,HPO, (n =3, purple). Formate concentration courses were fitted linearly in two
intervals: t=1-6 h (red, solid line) and t=19-22 h (red, dash dot line). Electrolysis parameters: Initial ramp (12.5 mAcm~2 increase every 5 min), Constant
current density j=150 mAcm~? (after ramp), Runtime =22 h (= 58162.5 C), Initial V (catholyte, anolyte) =500 mL each, Cathode (GDE): 87.5% Sn, 12.5% PTFE
on Ni foam, Reference electrode: Reversible hydrogen electrode (RHE), Anode: Mixed Ir-oxide on a Ti-grid (Platinode EP, Type 177, Umicore).
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up procedure demonstrated that the GDE's performance was
relatively stable at different current densities until at least the
final 150 mAcm™2 This is an advantage, as fluctuating electric
energy originating from renewable sources could be compen-
sated by adjusting current density of the electrolysis, which
would be enabled by flexibly operable GDEs.

Catholyte Characterisation

After electrolysis, the three catholytes intended as e-formate
feedstock were further characterised. On the one hand, their
Sn’* content was determined via inductively coupled plasma
atomic emission spectroscopy (ICP-OES) to investigate cathodic
corrosion®® of the self-fabricated GDEs. On the other hand, the
concentrations of Na®, K™ an PO,>~ were determined by ion
chromatography (IC) to examine possible differences compared
to their initial concentrations. The cation analysis data of the
catholyte characterisation are summarised in Table 1.

ICP-OES analysis showed that only traces of dissolved
electrocatalyst were found in the catholyte for all three electro-
lytes after 22 h electrolysis. Consequently, the GDEs were not
particularly susceptible to cathodic corrosion at the applied
electrolysis conditions. They were most stable in contact with
electrolyte (B), followed by electrolyte (A) and then electrolyte
(Q). As all catholyte’s Sn*>* concentrations were relatively low,
no negative effects on the microbial PHB synthesis were
expected for any of them. Details on ICP-OES analysis as well as
before and after scanning electron microscope (SEM) images of
all GDEs are supplied in the Sl (Section 1.6 and 3.3).

IC analysis revealed that initial and final PO,>~ concen-
trations after electrolysis differed only slightly in all experiments
(SI, Section 1.7). In contrast to PO,>", the final concentrations of
Na® and/or K* increased compared to their initial concentra-
tions for all three electrolytes. At the same time, the concen-
trations in the respective anolytes decreased accordingly (SI,
section 1.7). Nearly all alkali cations from both catholyte and
anolyte are found in the catholyte after electrolysis. Therefore,
their concentrations should have nearly doubled in the
catholyte. However, the catholytes increased in volume during
electrolysis due to osmosis. This results in concentrations
slightly below doubling, whereas the total molar amounts were
constant. All IC analysis results are provided in the SI
(Section 1.7).

Although an increase of final cation concentrations was
induced by electrolysis, the catholytes could still serve as e-

formate feed in a fed-batch reactor system, as these higher
concentrations do not alter the main incubation’s cation
concentration significantly at herein examined feeding times.

Microbial PHB synthesis with C. necator

The three phosphate buffers were also investigated for micro-
bial PHB synthesis with C. necator. Additionally, it was deduced
from previous results® that a formate concentration below
100 mmolL™" could be advantageous for PHB synthesis. Con-
sequently, PHB synthesis was carried out with the three
respective phosphate buffers at different formate concentra-
tions in a range from 0 to 100 mmolL™". The aim was to identify
the most suitable buffer composition alongside the formate
concentration that should be maintained for PHB synthesis in
bioreactors with a semi-automated e-formate feed. Hence,
preliminary incubations for PHB synthesis were designed
accordingly.

All incubations were conducted with C. necator (wildtype)
resting cells. The resting cells were acquired by raising C.
necator cells from cryo stock in a first preculture in Lysogeny
broth (LB), followed by a second preculture in formate-based
minimal medium. The bioconversion of formate to PHB was
carried out in shake flasks for 4 h. The target value of the initial
ODgy Was 0.2, which was intentionally low to prevent large
changes in formate concentration during incubation as formate
is consumed for PHB synthesis. The real ODgy, after the
inoculation was measured and differed slightly, therefore the
results were normalised to the actual initial ODgy. Figure 3
compares the achieved PHB concentrations as well as the
amount of PHB per consumed formate for all three phosphate
buffers and the respective formate concentrations.

Each incubation series was performed in triplets (n=3) and
0 mmolL™" formate was examined to ensure the determined
PHB content was synthesised on formate. The resting cells
already contained PHB from pre-cultivation, which was sub-
tracted from all incubation data. For some incubations,
especially with 0 mmolL™", negative PHB concentrations were
observed, since the cells could neither synthesise new PHB nor
had they formate to sustain their energy demand, so the PHB
originating from pre-cultivation was consumed instead.

Besides, the results show that the highest PHB concen-
tration occurred at different initial formate concentrations for
each phosphate buffer. This is also true for the highest amount
of PHB per consumed formate. Generally, the highest PHB

K* concentrations via IC.

Table 1. Comparison of cation concentrations in the catholyte before and after formate electrosynthesis (22 h, 150 mAcm~?) for three phosphate buffers as
electrolytes: (A) 0.2 M KH,PO,/K,HPO,, (B) 0.2 M NaH,PO,/K,HPO, and (C) 0.2 M NaH,PO,/Na,HPO,. Sn>* concentration was quantified via ICP-OES, Na* and

Buffer c(Na")®/mmol L™’ c(K")@/mmol L™’ c(Na")®/mmolL™" c(K)®/mmol L™ c(Sn?*)®/umol L™
A(n=3) 3.09 289.34 55403 53542 11+3
B (n=6) 102.2© 192,19 187 +1 35543 87416
C(n=3) 297.29 1.44 536+2 25+06 20+6
[a] Before electrolysis. [b] After electrolysis. [c] Measured n=1.
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(SI, section 3.4). Consequently, the Na*/K" ratio (1:2) of buffer

All in all, phosphate buffer (B) with 21 mmolL™" formate was
chosen for PHB synthesis in parallelised bioreactors with semi-
automated e-formate feed. Thereby, 21 mmol L' formate has to
be maintained within a relatively narrow window, as examined
formate concentrations above and below (11 and 24 mmolL™")
already have lower PHB to formate ratios. It is assumed that
with increasing formate concentrations the substrate toxicity/
stress caused by formate could play a role, which might lead to
a decreased PHB to formate ratio. Nevertheless, compared to
the starting point,® buffer adaption with lower formate
concentration has improved PHB synthesis considerably.

ChemSusChem doi.org/10.1002/cssc.202301721
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Figure 3. Comparison of PHB concentration normalised to initial ODg,
(column, line pattern) and PHB per formate (column, solid) during PHB
synthesis with C. necator resting cells in shake flasks with variable initial
formate concentrations specified at the columns in different phosphate
buffers: (A) 0.2 M KH,PO,/K,HPO, (blue), (B) 0.2 M NaH,PO,/K,HPO, (green),
(C) 0.2 M NaH,PO,/Na,HPO, (purple). Incubation conditions (n=3), Initial
ODgpo=20.2, V=75 mL, Duration=4 h, T=30°C, Shaking =180 rpm.

concentration coincided with the highest amount of PHB per
formate for all three buffer compositions. To optimise formate
conversion to PHB and thereby process efficiency, the amount
of PHB per consumed formate was the main evaluation
criterion.

In incubations with phosphate buffer (A), the highest
achieved PHB concentration was 11.74+4.0 mgL™'OD™" (n=3)
with 3.04+1.1 mgg™" (n=3) PHB per formate at a starting
formate concentration of 43 mmolL™". The corresponding
average formate consumption rate was 215+
0.2mmolL"h™'OD™" (n=3). In contrast, the best results in
phosphate buffer (B) were obtained at 21 mmolL~"' formate.
PHB concentration reached 43.84+3.0 mgL'OD™' (n=3) and
18.6+1.0mgg~" (n=3) PHB per formate with an average
formate consumption rate of 13.14+0.2 mmolL'"h'OD™' (n=
3). Finally, incubations in phosphate buffer (C) were best at
9 mmolL™" formate. They reached 11.6+1.1 mgL'OD™" (n=3)
PHB corresponding to 7.94+0.8 mgg™' (n=3) PHB per formate
at an average formate  consumption of 82+
0.2 mmolL"h~'OD" (n=3).

The comparison of each buffer's best results revealed that
the most efficient PHB synthesis had been achieved with buffer
(B) regarding both the total PHB concentration and the amount
of synthesised PHB per consumed formate. It follows that the
presence of both Na* and K* is beneficial for PHB synthesis
since neither solely Na® nor K* containing buffer allowed
proper PHB synthesis. Although this was not the focus of this
work and was not investigated further, it could be assumed
that the absence of either K* or Na® might result in an overall
decreased biological activity, possibly related to membrane
potentials inside the cells. Besides the 1:2 ratio of Na*/K* of
buffer (B), the inverse Na*/K" ratio of 2:1 has also been
investigated but did not provide a higher PHB per formate ratio
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Process Coupling

For the process coupling using phosphate buffer (B), six
electrolyses were performed generating approximately 3 L of
catholyte containing 441 mmolL™" e-formate as feedstock.
Afterwards, four incubations were carried out simultaneously in
semi-automated bioreactors in the so called DASGIP® fermen-
tation system. They were conducted with C. necator (wildtype)
resting cells as before, which were obtained following the
procedure described earlier. However, this time the second
formate-based preculture was already grown on e-formate.
Thus, the entire incubation process is based on formate
originating from electrosynthesis.

The bioreactor incubations started with an initial ODg, of
1.80 in 340 mL of buffer (B) 0.2 M NaH,PO,/K,HPO, containing
21 mmolL™" e-formate. From then on, the cells were incubated
for 7.5 h with hourly adapted e-formate feed rates from the
stock solution to maintain 21 mmolL™" e-formate. Samples for
formate analysis by high-performance liquid chromatography
(HPLC) were taken every 30 min for all bioreactors. However,
only samples from two reactors every hour in the range of 0.5 h
to 6.5 h of the incubation duration could be analysed instantly
to adjust the catholyte feed at every full hour to maintain a
constant formate concentration. Samples for PHB analysis were
taken every two hours and at the incubation’s end for all
reactors, respectively. All changes in volume caused by
sampling and e-formate feed were considered for result
calculations, especially for normalising all results to the initial
ODgyo. Figure 4 relates e-formate concentration and its con-
sumption to PHB synthesis during the incubation process.

Section 1 of Figure 4 shows that the e-formate concentra-
tion deviated significantly from the target e-formate concen-
tration of 21 mmolL™" throughout incubation. This was caused
by the only available formate quantification method, samples
had to be analysed off-line via HPLC and a single measurement
took 25 min. Therefore, the hourly e-formate feed had to be
extrapolated based on the e-formate consumption rate deter-
mined within the first half of each feeding interval. Nonetheless,
the microorganisms always had e-formate to feed on as its
concentration never fell to zero. Despite the variation in
concentration, e-formate was consumed continuously with an
average consumption rate of 10.2+23 mmolL 'h 'OD' (n=
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Figure 4. PHB synthesis of C. necator resting cells in semi-automated
bioreactors with e-formate stock solution feed (n=4). (1) Consumed formate
and formate concentration within the reactor during incubation. (2) PHB
concentration normalised to initial ODgy, (column, light green, line pattern)
and continuous PHB formate ' (column, green, solid). Incubation conditions
(n=4): Medium =0.2 M NaH,PO,/K,HPO, (equimolar), Initial OD4, = 1.80,
Initial V=340 mL, T=30°C, c(e-formate) of feed =441 mmol L, Initial e-
formate feed =6.9 mLh ™" (adjusted during runtime), Runtime=7.5 h.

4). Thereby, the highest observed consumption rate was 13.1+
0.9 mmolL"h™'OD~" (n=4) in the third hour.

Equally important, PHB concentration increased continu-
ously as well and reached 83+16mgL'OD™' (1104
20 mgL™', n=4) at the end of incubation (Figure 4, Section 2).
Considering that the cells already contained PHB from pre-
cultivation, 63+16 mgL™'OD™' (n=4) PHB were synthesised
during bioreactor incubation with an average PHB synthesis
rate of 84+2.1 mgL™"'OD'h™" (n=4). This corresponds to a
final overall PHB per formate ratio of 16.54+4.0 mgg™' (n=4).
Moreover, this ratio was also relatively constant throughout
incubation despite the changes in e-formate concentration.

Compared to the shake flask incubation, the incubation
results of the bioreactors were different. Their average formate
consumption rate was 102423 mmolL 'Th'OD™" (n=4),
which was lower than the 13.1+£0.2 mmolL"h~'OD~' (n=3) in
the shake flasks. Nevertheless, a similar consumption rate of
13.1£09 mmolL '"h™'OD™" (n=4) was reached in the third
hour. Apart from that, the final PHB concentration obtained in
the bioreactors of 63+16mgL'OD™' (n=4) was higher
compared to 43.84£3.0mgL'OD' (n=3) in the shake flasks.
However, this is most probably due to the longer incubation
time (7.5 h instead of 4 h) and a higher formate availability.
Furthermore, the PHB amount per formate shows that PHB
synthesis was marginally more efficient in shake flasks. These
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g 20 20 ; the microbial PHB synthesis were successfully demonstrated.
o 1 ﬂ L T In the predecessor study,” an average PHB synthesis rate
o o r0 o of 3.2 mgL 'OD'h™" was obtained. Thus, a significant improve-

ment to 84421 mgL 'OD'h™' (n=4) was achieved herein.
Moreover, the PHB per formate ratio was increased to 16.5+
40mgg' (n=4) in the bioreactors compared to 14.1 mgg™'
achieved in the shake flasks back then. Recently, Lim et al.?”
reported 11.5 mgh™' as highest PHB synthesis rate on e-formate
at the time. Normalised to their starting ODgy, (0.9) and initial
incubation volume (2 L), this equals a PHB synthesis rate of
64 mgL'OD'h™', which is below the rate achieved herein
now. Given the difference in incubation time and conditions,
these rates have limited comparability though.

Process Balancing

The overarching aim of this study was to demonstrate the ex-
cell coupling of the subprocesses eCO,RR to formate and PHB
biosynthesis as well as to use the process data to conduct a
transparent process balancing and evaluation under current
and realistic assumptions. The authors would like to encourage
others to do the same alongside an analysis under predicted
future conditions, as it is currently underrepresented and could
help draw attention to the main realisation barriers.

Hence, after demonstrating the coupling of formate electro-
synthesis to microbial PHB synthesis on a larger and semi-
automated lab scale, the resulting overall process was eval-
uated. For this purpose, the overall process yield was calculated
based on the yields of both subprocesses. The yield of formate
electrosynthesis (first subprocess) is equivalent to the formate
FE discussed earlier. All electrolyses carried out for e-formate
feedstock production resulted in a formate FE of 76.6+1.4%
(n=6). To calculate the microbial PHB synthesis yield (second
subprocess), a theoretical PHB yield based on the microorgan-
ism’s metabolism was determined. Referring to Vlaeminck
et al.,B? C. necator uses 33 equivalents formic acid/formate to
synthesise a single equivalent PHB monomer unit. Based on this
stoichiometric ratio, a PHB yield of 29.1+7.1% (n=4) was
obtained in the bioreactors. Thus, an overall process yield of
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22.3+5.5% was achieved. All equations for yield calculations
are provided in the Experimental Section.

For comparison with the initial coupled process,* PHB and
overall process yield were calculated from the aforementioned
study in the same manner because previously only an overall FE
(4%) had been considered. Consequently, 49.7 £0.9% formate
FE and 24.1% PHB yield resulted in an overall process yield of
12%. This shows that the overall process yield has been nearly
doubled herein, especially due to the improved formate FE. In
contrast, the current PHB yield is only about five percent higher
than the former and still relatively low. Therefore, the main
opportunity for further optimisation lies within the PHB syn-
thesis. On the one hand, the PHB yield could potentially be
optimised by lowering the salt/phosphate load, which is
currently a compromise between the eCO,RR and the PHB
synthesis. On the other hand, more fundamental approaches
such as evolutionary engineering, as it has been shown for C.
necator and formate,*” or genetic metabolism optimisation!
would most likely increase the PHB yield. The need for an
optimisation in this sense becomes even clearer if one takes
economic aspects into account. Figure 1 (Section 2) contains an
energy cost assessment for the overall process with PHB as final
product alongside key process data.

Formate electrosynthesis from CO, required 103+
0.5 kWhkg™' of electric energy. According to the Federal
Statistical Office of Germany, 0.182 €kWh™' were the average
electricity costs for non-households in the first half of 2023
(excluding taxes, fees, levies and charges).*® Consequently,
electrosynthesised formate would cost 1.884-0.08 €kg ™', which
is higher than exemplary market prices for formic acid of
0.37€kg™' and 0.69€kg™' (040 $kg™'™ and 0.74 $kg~',*
respectively with 1€=1.08$). With the achieved PHB per
formate ratio, the final cost for PHB from CO, would amount to
114419 €kg~". Even with a quantitative PHB yield according to
C. necator’s metabolism,?” PHB cost would be 34 €kg™' based
on the electric energy costs mentioned above, which is
currently far off an economic price range.

In regard of this data, lowering the average terminal voltage
required for formate electrosynthesis has great potential to
lower overall energy costs. This could be achieved by flow
reactor optimisation, for example by integration of a membrane
assembled anode. However, the main cause increasing final
PHB energy costs is the inefficient formate conversion
pathway® of C. necator. This microorganism was chosen for
this study as it remains a robust and reliable model system for
demonstrating the coupling of formate electrosynthesis from
CO, to microbial PHB synthesis. Nonetheless, either C. necator
needs to be optimised, as has been reported by Claassens
et al.*" by replacing the rather inefficient Calvin cycle with the
reductive glycine pathway, or C. necator needs to get
substituted with a production strain harbouring a more efficient
metabolism to move towards realisation of the demonstrated
coupling on larger scale.
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Conclusions

In this study, the eCO,RR to formate has been coupled to
microbial PHB synthesis in parallelised bioreactors with a semi-
automated formate feed without intermediate downstream
feed purification or concentrating. Beforehand, three biocom-
patible phosphate-based buffers were examined as both
electrolytes and incubation buffers, with 0.2 M NaH,PO,/K,HPO,
allowing the most efficient coupling.

The formate feedstock solution was generated as catholyte
by electrochemical CO, reduction at GDE. The GDE incorporated
relatively inexpensive Sn (approx. 95 €kg™') as electrocatalyst
and were self-fabricated by a fast, easy, reproducible and
scalable fabrication method. They were reliably operated at
150 mAcm ™ for 22 h and no significant cathodic corrosion was
observed. The catholyte used as feed contained 441+
9mmolL™" (n=6) formate, which corresponded to an overall
formate FE of 76.6 +1.4% (n=6).

The subsequent PHB synthesis was carried out with C
necator (wildtype), based on preliminary experiments evaluating
the ideal formate concentration with regards to maximum PHB
production and highest PHB per formate ratio in semi-
automated bioreactors. Despite challenging formate feed
adjustment during incubation, 63+£16 mgL™'OD™' (n=4) PHB
was reached. This corresponds to an average PHB synthesis rate
of 84+21mgL'OD'h™", which is among the highest
reported in literature so far to the best of the authors’
knowledge. According to C. necator’s metabolism,** a PHB yield
of 29.1+7.1% (n=4) was obtained. Consequently, the coupling
of both subprocesses resulted in a considerably improved
overall process yield of 22.3 +5.5%.

Finally, energy costs of the demonstrated overall process
were assessed for formate (1.88+0.08 €kg™") and PHB (114+
19€kg™") under current and realistic assumptions
(0.182 €kWh~'%), The assessment revealed that although the
concept is promising, its realisation depends on further
development of both subprocesses as well as the availability of
inexpensive, renewable energy in the future.*¥

Experimental Section

Gas Diffusion Electrodes

The gas diffusion electrodes (GDE) were fabricated by pressing a Sn
based catalyst mixture onto Ni foam as support material and
current collector with a heating press. The catalyst mixture (30.00 g)
consisted of Sn (87.5 wt%, 26.25 g, particle size <20 um, Metall-
pulver24, Sankt Augustin, Germany) and polytetrafluoroethylene
(PTFE) powder (12.5wt%, 3.75g, Dyneon™ PTFE TF 2072Z, 3M,
Saint Paul, USA). The catalyst mixture was homogenised in a knife
mill, the mixing (30 s, 25000 rpm) lead to a temperature increase of
the mixture (T >35°C). After cooling to room temperature (RT), the
catalyst mixture (4.00 g) was equally distributed onto Ni foam (d=
1.4 cm, 3.5cmx4.0cm=14cm? Ni-5763, density 420-450gm~?
Recemat BV, Dodewaard, Netherlands) with a sieve and a stencil
(Cut-out 3.5 cmx4.0 cm). The GDE blank was placed in between
two pieces of ordinary baking sheet in the heating press and
compressed (plate temperature 120°C, pressure 10 bar, duration
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60 s). After compressing, any excess material was removed. The
GDE's catalyst loading b was determined by differential weighing
and its thickness d was measured at the centre point. GDE
photographs are provided in the Sl (Section 3.2)

Electrolysis flow reactor set-up

The electrochemical reduction of CO, to formate was performed in
a custom designed, gas-fed flow reactor (Figure 5). It consisted of
three different compartments made from PEEK (polyetheretherke-
tone), one for gaseous CO,, followed by a catholyte and an anolyte
compartment, respectively. The Cco, compartment
(2.0 cmx2.5 cmx1 mm, flow field) was separated from the catholyte
compartment by the GDE (3.5 cmx4.0 cm, accessible geometrical
surface area 2.0 cmx2.5cm=5cm?. The GDE was placed in
between two silicone gaskets (thickness 0.5 cm) to prevent fluid
leakage and enable application of CO, overpressure. The following
catholyte compartment frame (thickness 3 mm) had spatial cut-outs
to allow equal distribution of catholyte flow and a port to
incorporate a reversible hydrogen electrode (RHE, Mini HydroFlex,
Gaskatel GmbH, Kassel, Germany) as reference electrode. Catholyte
and anolyte compartment were separated by a proton exchange
membrane (2.5 cmx3.0 cm, Nafion™, PFSA 117, DuPont, Wilming-
ton, USA) sealed in between two silicone gaskets (thickness 0.5 cm).
The anolyte compartment (2.0 cmx2.5 cmx2.0 cm) had spatial cut-
outs like the catholyte compartment and contained a titanium
mesh coated with Ir mixed oxide as an anode (PLATINODE® EP,
2.0 cmx2.5 cm, mesh type F, anode type 177, Umicore, Brussels,
Belgium). The assembled reactor was enclosed in between two
steel plates (d=8 mm) to ensure an equal distribution of compact-
ing pressure.

The CO, was fed into the reactor through a water-filled bubble
counter to saturate the CO, with water at RT. It flowed top-down
through the gas compartment to prevent fluid accumulation within.

Anolyte Catholyte

-5

Figure 5. (a) Schematic illustration of the custom designed, gas-fed flow
reactor fabricated by the DECHEMA workshop composed of: (1) Stainless-
steel plate, (2) CO, compartment with flow-field, (3) silicone gasket, (4) GDE
(5 cm? geometrically accessible), (5) catholyte compartment with a reversible
hydrogen electrode (RHE) port, (6) cation exchange membrane (CEM), (7)
anolyte compartment (incorporating the anode). (b) Schematic set-up for
the operation of the electrolysis flow reactor for the electrosynthesis of
formate with gaseous CO, as starting material (CEBO = Data logger).
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The CO, outlet of the reactor’s gas compartment was followed by a
collecting vessel (500 mL) to collect any electrolyte potentially
breaking through the GDE. The CO, overpressure was adjusted at
the end of the CO, line with a regulating valve as well a differential
pressure sensor combined with a pressure meter.

Catholyte and anolyte were circulated between the respective
reactor compartments and reservoir with a peristaltic pump. To
prevent gas entrapment and maintain fluid coverage of the
electrodes, both anolyte and catholyte were passed through the
reactor bottom-up. Further details can be found in the SI
(Section 1.3).

Formate electrosynthesis

All electrosyntheses were performed for 22 h. A power supply unit
(NGP804, Rohde & Schwarz GmbH & Co. KG, Munich, Germany) was
employed to run the electrolysis, it recorded terminal voltage,
current and power. Furthermore, the electrode potential of the GDE
was referenced to RHE and recorded. The electrosynthesis started
with a current ramp in the first hour, in which the current density
was increased in steps of 12.5 mAcm 2 every 5 min until it reached
150 mAcm™ (750 mA in total), which was kept constant for the
remaining 21 h runtime.

CO, was supplied to the GDE in the gas compartment at a flow rate
of 15-20 mLmin~" and an initial overpressure of approx. 100 mbar
relative to ambient pressure. The pressure was recorded continu-
ously during the running electrolysis. Gas samples were collected in
the last hour of the electrolysis (t=21h) at the exhaust of the
catholyte reservoir, where gas mainly bubbled through (approx.
50 mL in 5 min) and analysed by gas chromatography (SI, section
1.8).

Three different phosphate-based buffers were used as electrolyte:
(A) 0.2 M KH,PO,/K,HPO,, (B) 0.2 M NaH,PO,/K,HPO, and (C) 0.2 M
NaH,PO,/Na,HPO, (equimolar, respectively), with pH values of
6.67 £0.05 (A, n=3), 6.61+£0.05 (B n=6) and 6.53+0.05 (C, n=3).
For each electrolysis, anolyte and catholyte had a starting volume
of 500 mL (volumetric flask, ISO 1042). Anolyte and catholyte were
circulated continuously at a flow rate of 40 mL min~' between flow
reactor compartment and reservoir, respectively. During the
electrolysis, catholyte samples (1 mL) were taken hourly in the first
six (t=0-6 h) and the last four (t=19-22 h) hours to monitor pH
value, formate concentration and calculate the corresponding FE.
After electrolysis, the respective anolyte and catholyte volume was
determined by its weight and density. Therefore, the density was
calculated by taking samples (1 mL) and weighing them (n=3).
Catholyte containing electrochemically generated formate (e-for-
mate) was stored at —20°C until its application for microbial PHB
synthesis. The GDE was rinsed with H,0 and dried at RT. Further
details can be found in the SI (section 1.4).

Sn quantification by inductively coupled plasma optical
emission spectrometry (ICP-OES)

ICP-OES measurements were performed in radial viewing mode on
Agilent 5800 ICP-OES equipped with an SPS 4 Autosampler, a
borosilicate double-pass spray chamber and a Seaspray concentric
glass nebulizer.

The wavelength for Sn determination was 283.998 nm and the Ar
wavelength 420.067 nm served as an internal standard, for which
errors less than 5% were accepted. All electrolyte samples had to
be diluted by factor 4 to meet the internal standard criterion. The
catholyte’s Sn content was quantified via standard addition of a
stock solution containing 1 ppm Sn. The stock solution was
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prepared from a Sn standard (1000 ppm, Single-Element ICP-
Standard-Solution, Lot N. 83131639, Carl Roth GmbH + Co. KG) via a
dilution series by factor 10 using volumetric flasks (100 mL, ISO
1042).

For each sample, four different aliquots of stock solution (0.5, 1.0,
1.5, 2 mL) were added to the undiluted sample (1 mL). The analyte
spiked samples were filled up to 4 mL with H,O, respectively.
Hence, five points were measured for each sample. Linear fits with
R?>0.995 were accepted due to the limited available sample
volumes and several signals being close to the lower limit of
detection (LOD, approx. 0.2 ppm for Sn at 283.998 nm) resulting
out of the necessary dilution factor.

Cation analysis by ion chromatography (IC)

IC measurements to determine cation concentrations were per-
formed on Dionex™ ICS-5000" DC (Pre column = Dionex™ lonPac
CG17, Column=Dionex™ lonPacTM CS17, Analytical 2x250 mm,
Suppressor=CERS 500, 2 mm). Methanesulphonic acid (MSA)
served as eluent with a gradient method (steps 1-4: 1. —5-0 min,
1.5 mmolL™" MSA (preparation step), 2. 0-25 min, 1.5-2.1 mmol L™
MSA, 3. 25-40 min, 6 mmolL™" MSA, 4. 40-60 min, 1.5 mmolL™'
MSA) at 0.1 mLmin' flow rate. Samples were diluted by factor 200
or 400, Na* (retention time=29.1 min) and K" (retention time=
35.1 min) were detected with a conductivity cell.

Standards to determine the concentrations of Na® and K* were
prepared by a dilution series of a stock solution. The stock solution
was prepared with NaCl (3.254 g=1280 ppm Na*) and KCl
(2.441 g=1280 ppm K*) in a volumetric flask (1L, 1SO 1042). All
combined standards (1, 2, 4, 8, 16, 32, 64 ppm) were measured (n=
1) and their signal areas fitted (R*=0.9999, linear fit forced through
zero).

Formate quantification by high-performance liquid
chromatography (HPLC)

Formate concentration in both electrolysis and incubation samples
were determined via HPLC (LC-20AD, SIL-20AC HT, CBM-20 A, CTO-
20AC, SPD-M20A - Shimadzu, Kyoto, Japan). Samples from
incubations were centrifuged (14100xg, 5 min) prior to analysis to
remove all cells.

The HPLC unit was equipped with a Rezex ROA - Organic Acid (8 %)
column (300 mmx7.8 mm, Phenomenex, California, USA) and the
following method parameters were employed: 5 mmolL™" H,SO,,
0.6 mLmin~', 30°C, 3041 bar, photodiode array detector (A=
194 nm), 15.3 min (retention time), 25 min (duration).

Formate standards were prepared by a dilution series from a stock
solution. The stock solution was prepared with HCOONa (3.482 g,
51.2 mmol) in a volumetric flask (100 mL, I1SO 1042). All formate
standards (8, 16, 32, 64, 128, 256, 512 mmolL™") were measured
(n=3) and their signal areas fitted linearly (R*=0.9999, fit forced
through zero).

PHB quantification by high-performance liquid
chromatography (HPLC)

PHB was depolymerised to its monomer unit crotonic acid for
quantitative analysis. Sample preparation was conducted as follows:
Samples were taken from the cultivation broth (10 or 30 mL,
depending on the available volume). They were centrifuged
(6000xg, 30 min) and the supernatant was discarded. The cell pellet
was resuspended in 1 mL H,0. The resulting cell suspension was
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transferred into a 2 mL centrifuge tube and centrifuged (14100xg,
5 min). The supernatant was discarded, and the cell pellet was dried
overnight (100°C). The dried cell pellet was mixed with 1 mL of
concentrated H,SO, and incubated (99°C, 500 rpm, 60 min). The
resulting solution was diluted 1:50 with H,0 and subsequently
used for HPLC analysis.

It was performed on an HPLC-Unit (LC-20AD, SIL-20AC HT, CBM-
20 A, CTO-20AC, SPD—M20 A - Shimadzu, Kyoto, Japan) equipped
with the Rezex ROA - Organic Acid (8%) column (300 mm
X7.8 mm, Phenomene, California, USA). Crotonic acid was analysed
with the following method parameters: 5mmolL™" H,SO,,
0.6 mLmin~', 40°C, 27+1 bar, photodiode array detector (A=
207 nm), 29.2 min (retention time), 40 min (duration).

PHB standards were prepared by a dilution series from a stock
solution. For preparation of the stock solution, PHB (7.45 mg) was
weighed in a 2 mL centrifuge tube. The PHB was depolymerised in
the same manner as described for the dried cell pellets above.
Hence, the PHB was mixed with 1 mL of concentrated H,SO,,
incubated (99°C, 500 rpm, 60 min) and afterwards diluted 1:50
with H,O. All PHB standards (25, 50, 100, 250, 500, 1000 pg) were
measured (n=3) and their signal areas fitted linearly (R*=0.9997,
fit forced through zero).

Microorganisms

The bioconversion of either commercial or electrosynthesised
formate (e-formate) was demonstrated with Cupriavidus necator
wildtype (DSM-428, DSMZ, Braunschweig, Germany), which produ-
ces PHB from formate under NH," limitation.

Growth media

The cultivation and incubation of C. necator was carried out with
the different growth media following below.

Lysogeny broth (LB): Yeast extract (5 gL "), tryptone (10gL™") and
NaCl (5 gL™") in deionized water, the pH was set to 7.0 with NaOH
(2 M) and HCI (2 M).

Minimal medium with commercially available formate: HCOONa
(6.801 gL™"), Na,HPO, (2.895gL™"), NaH,PO,-2 H,0O (3.980gL™"),
K,SO, (0.171 gL™"), MgSO,-H,0 (0.390 gL™"), (NH,),SO, (0.980 gL "),
CaS0,-2 H,0 (0.097 gL™") and trace element solution (350 uL L™").
All media components were prepared sterile as separate stock
solutions and combined prior to each experiment. The pH value
was set to 7.0 with sterile H,SO, (2 M) and NaOH (2 M).

Trace element solution: FeSO,-7 H,0 (15.00gL™"), MnSO,-H,0
(146 gL™"), ZnSO,-7 H,0 (240gL™"), CuSO,-5 H,0 (048gL™"),
Na,Mo0,-2 H,0 (1.80 gL™"), NiSO,-6 H,0 (1.50 gL™"), CoSO,-7 H,0
(0.04 gL™") dissolved in 0.1 M HClI.

Minimal medium with e-formate: The calculated volume of the
catholyte (depending on the e-formate concentration) for
100 mmolL™" e-formate was mixed with the ingredients of the
minimal medium described above, except for HCOONa, Na,HPO,
and NaH,PO,, which were not added in this case.

Formate-containing buffer for resting cells: The phosphate buffer
was either (A) 0.2 M KH,PO,/K,HPO,, (B) 0.2 M NaH,PO,/K,HPO, or
(C) 0.2 M NaH,PO,/Na,HPO,. The different formate concentrations
were adjusted with either commercially available formate (HCOONa
or HCOOK) or e-formate feedstock originating from electrosyn-
thesis.

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Cultivation and incubation of C. necator

All experiments were conducted using a first preculture raised in LB
and a second preculture raised in minimal medium before the main
incubation in formate-containing buffer. All incubations were
carried out at 30°C. All shake flask and test tube incubations were
shaken at 180 rpm (shaking diameter of 25 mm). The second
precultures (in minimal medium) were conducted in shake flasks of
varying sizes depending on the required volume for the main
incubation with filling volumes of 25% of the nominal volume. All
samples taken during the incubation were frozen at —20°C until
further analysis.

One or several C. necator precultures (depending on the required
volume for further cultivation steps) were raised from a cryo stock
in 5mL LB in test tubes. After 22-24 h of incubation, cells were
harvested by centrifugation (5 min, 5000xg), washed with fresh
minimal medium, centrifuged again (5 min, 5000xg), resuspended
and added to the required volume of prepared minimal medium to
reach a starting ODgy, of 0.05. After 24 h the second precultures
were harvested by centrifugation (7 min, 5000xg), washed with
fresh sterilised buffer, centrifuged again (7 min, 5000xg) and used
for inoculation of the main incubation of resting cells in formate-
containing buffer.

Incubation in shake flasks: Incubation of resting cells in buffer (A)
02M KH,PO,/K,HPO, (B) 02M NaH,PO,/K,HPO, or (C) 02 M
NaH,PO,/Na,HPO, with different formate concentrations were
performed in 300 mL shaking flasks with a filling volume of 75 mL.
Main cultures were inoculated with the calculated cell amount for
an initial ODgq, of 0.2, whereby the actual initial ODg,, could slightly
deviate. All incubation conditions were run in triplicates.

Incubation in semi-automated parallelised bioreactors: Main
incubations of resting cells in semi-automated bioreactors were
performed in the DASGIP® Parallel Bioreactor System (DASGIP AG,
Jilich, Germany, Modules: Gas supply system =MX4/4, Temperature
control system/Speed control system =TC4/SC4, Multipump mod-
ule=MP8, Sensor amplifier=PH4P0O4, DO-Sensor=InPro6820/12/
220 from Mettler Toledo, pH electrode =405-DPAS-SC-K8 S/225
from Mettler Toledo, PTFE air filter = Midisart® 2000 from Sartorius)
in quadruplets. The initial incubation volume was 340 mL of buffer
(B) 0.2 M NaH,PO,/K,HPO,, the initial ODgy, was 1.80. The stirring
frequency was set to 800 rpm, the pH value was measured and
when reaching values above 7.2 regulated by automated adding of
H,SO, (1 M). All bioreactors were gassed with 6 slmin~' compressed
air. The initial feed of the catholyte containing 441 mmolL™' e-
formate was regulated to 6.9 mLh™'. Samples (1 mL) for formate
analysis by HPLC were taken every 30 min for all bioreactors.
However, only samples of reactor 1 and 4 at 0.5 h, 1.5 h, 2.5 h, 3.5 h,
4.5 h, 5.5 h, 6.5 h of the incubation duration were analysed instantly
to adjust the catholyte feed every full hour. At 0 h, 2 h, 4 h, 6 h and
7.5 h samples for PHB analysis were taken (10 mL).

Calculations
The FE for formate was calculated based on the determined

amount of electrosynthesised formate using equation (1).

F-z-n
/-t

FE = -100 % (M

With FE=Faradaic efficiency of formate electrosynthesis/%, F=
Faraday constant/Asmol™', z=Number of transferred electrons (z=
2), n=Amount of synthesised formate/mol, /=Current/A, t=
Electrolysis runtime/s.
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The results for each different phosphate-based electrolyte were
averaged and their standard deviation was provided as uncertainty.

The PHB yield was calculated based on the determined amount of
PHB using equation (2), (3) and (4).%%

PHB yield = — mPHB) 1009, @)

(PHB, theo)

With PHB Yield=Yield of the microbial PHB synthesis based on e-
formate, m(PHB)=Mass of synthesised PHB/mg, m(PHB, theo)=
Theoretical mass of PHB at quantitative conversion of the
consumed formate according to C. necator’s metabolism®*/mg.

n(con. formate)

m(PHB, theo) = M(CA) 3

3)

With m(PHB, theo)=Theoretical mass of PHB at quantitative
conversion of the consumed formate according to C. necator’s
metabolism®/mg,  M(CA)=86.09 gmol™" (crotonic  acid),
n(con. formate) =Total amount of formate consumed in the
bioreactor/mol.

33 HCOOH + 12 0, — C4Hs0, + 30 H,0 + 29 CO, )

The results for each different bioreactor were averaged and their
standard deviation was provided as uncertainty.

The overall process yield (OPY) was calculated based on the yields
of the two subprocesses using equation (5) and (6).

OPY = FE - PHB Yield - 100 % (5)

(PHB Yield)? - (AFE)?
-100 % (6)
+(FE) - (APHB Yield)*

A(OPY) =

With OPY =Overall process yield, 4(OPY)=Uncertainty of the
overall process yield, FE=Faradaic efficiency of formate electrosyn-
thesis/%, AFE =Standard deviation of the formate synthesis (n=6)/
%, PHB Yield=Yield of the microbial PHB synthesis based on e-
formate/%, APHB Yield=Standard deviation of the PHB yield (n=
4)/%. All variables in equation (5) and (6) were divided by 100%
prior to implementation for OPY and 4(OPY) calculation.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the corresponding author.
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Chapter 3: Discussion of Results

3.3 Formate for Synthesis of Performic Acid

A manuscript was published on this section:

Ida Dinges, Markus Pyschik, Julian Schiitz, Selina Schneider, Elias Klemm,
Siegfried R. Waldvogel, Markus Stockl, All Electrochemical Synthesis of Performic
Acid Starting from CO,, O,, and H,O, ChemSusChem 2025, 18, ¢202500180.
DOI: 10.1002/cssc.202500180

The publication is reprinted within this section, according to the CC BY 4.0
license.[1%]

Explanation of my contribution:

The project was conceptualised by M.S., S.Sch., M.P., EK. and me. I performed
the experimental work to generate formate feedstock (fabrication and characteri-
sation of GDEs, electrosynthesis of formate). M.P. performed the experimental
work with support of J.S. for electrosynthesis of hydrogen peroxide (fabrication
and characterisation of GDEs, electrosynthesis of hydrogen peroxide, PFA analy-
sis). I performed further analytical measurements with support of M.P. (ICP-OES,
contact angle) and analysed the data. The manuscript was written by me with
support of M.S., EK. and S.RW. The work was carried out under the supervision
of M.S. and SRW.

Recently, Schneider and Stockl!®”] published the indirect and on-demand electrosyn-
thesis of peroxy acids. They carried out the electrochemical oxygen reduction reaction
(eO,RR) to hydrogen peroxide at commercial carbon GDEs in presence of various
carboxylic acids, whereby the corresponding peroxy acid was generated in-situ in a
chemical equilibrium reaction. Among these, performic acid (PFA) is an attractive disin-
fectant for several sectors such as food industry, healthcare and wastewater treatment,
as it is already very effective at low concentration (<20 mg L™! £ 0.32 mmol L1).[198-201]
The use of formic acid from eCO,RR offers the opportunity of producing PFA exclusively
from CO,, O,, H,0 and renewable electricity. Exploring this opportunity, the first com-
plete (indirect) electrosynthesis of PFA was achieved by coupling eCO,RR to formate

with eO,RR to hydrogen peroxide without any intermediate downstream processing.

Both Bi,O3 based GDE for eCO,RR and carbon-based GDE for eO,RR were self-fabricated
by heat pressing catalyst mixture onto support material. They were characterised before
and after electrolysis by contact angle measurement, density measurement and scanning
electron microscopy (SEM). After electrolysis, density of the Bi,O; based GDE was
decreased due to reduction of Bi,Os to Bi, its surface became relatively hydrophilic and
showed new dendritic structures. The carbon-based GDE remained largely unchanged,
but became slightly less hydrophobic after electrolysis.
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The formate feed for subsequent electrosynthesis of hydrogen peroxide and thus PFA
formation was generated as catholyte by eCO,RR with Bi,O; based GDEs (cf. table 3.1,
stage V). They were operated at 150 mA cm™2 for 22h in a gas-fed flow cell (5 cm?
GDE, anolyte and catholyte were circulated and separated by a CEM) using 0.2 mol L™
KH,PO, / K,HPO, (equimolar, pH = 6.67) as both anolyte and catholyte (n = 3). Thereby,
the catholyte reached a high concentration of formate (500.7 + 0.6 mmol L™!) and an
acidic pH (4.12). This corresponded to a high overall FE (86.3 + 0.3%), while higher
peak FE (up to 90%) was achieved during electrolysis. Furthermore, stability of the GDE
was relatively high as only minor concentrations of Bi** (catalyst) and Ni®* (support
material) were detected in the catholyte by ICP-OES. The catholyte was also screened
for other metallic impurities that could potentially decompose hydrogen peroxide / PFA
and traces of Cr’* and Fe’" originating from the supporting electrolyte were found.

The subsequent eO,RR to hydrogen peroxide was carried out directly using the formate
feed as catholyte with carbon-based GDEs in the same flow cell (n = 4). They were
operated at 150 mA cm 2 for 6 h, whereby hydrogen peroxide reached high total con-
centration (1.27 + 0.06 mol L™!) and overall FE (85.3 + 5.4%). PFA was formed in-situ
with a relatively low yield (16.3 + 2.2%), but in a concentration (82 + 11 mmol L™!) that
exceeds those sufficient for disinfection. This represents the first benchmark for an
all-electrochemical synthesis of PFA to the best of the authors’ knowledge. To improve
concentration and yield of PFA in future, the chemical equilibrium can be adjusted (e.g.
concentration and ratio of reactants). In addition, stability of the carbon-based GDE was
examined and the amount of metallic impurities (Cr**, Fe®*, Ni**) was slightly increased
due to cathodic corrosion of its support material (stainless steel). Nonetheless, their
overall low concentration did not seem to have compromised hydrogen peroxide / PFA
generation, especially in the presence of phosphate ions acting as possible chelating

agents.[202]

To evaluate if catholyte from eCO,RR impairs electrosynthesis of hydrogen peroxide
and PFA generation, it was also carried out with a comparable feed containing formate
of commercial origin. This demonstrated that formate feed from eCO,RR results in
slight improvements instead of performance losses for electrosynthesis of hydrogen
peroxide and PFA generation.

Finally, the electric energy costs of the overall process were assessed for formate
(1.35 + 0.05 € kg™'), hydrogen peroxide (1.53 + 0.11 € kg™!) and hydrogen peroxide /
PFA (2.88 + 0.13 € kg™") under recent and realistic assumptions (0.1723 € kWh~'[203]),
These costs were up to 3 times higher than fossil-based market prices for formic acid and
hydrogen peroxide, which already include all costs beyond electricity (no comparison
possible for PFA, as it is not a commercial product). Consequently, the energy demand of
both eCO,RR to formate and eO,RR to hydrogen peroxide must be addressed alongside
yield and concentration of PFA. Nonetheless, an all-electrochemical synthesis of PFA is
a feasible approach to generate value-added compounds with formic acid from eCO,RR.
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Siegfried R. Waldvogel, and Markus Stockl*

Driven by anthropogenic climate change, innovative approaches
to defossilize the chemical industry are required. Herein, the first
all-electrochemical feasibility study for the complete electrosyn-
thesis of the strong oxidizer and effective disinfectant performic
acid is presented. Its synthesis is achieved solely from CO,, O,, and
H,O in a two-step process. Initially, CO, is electrochemically
reduced to formate employing Bi,Os-based gas diffusion electro-
des in a phosphate-buffered electrolyte. Thereby, high formate
concentration (500.7 & 0.6 mmol L~") and high Faradaic efficiency
(86.3 = 0.3%) are achieved at technically relevant current density
(150 mA cm—2). Subsequently, the formate acts as (storable) feed

1. Introduction

The pressing need for a transition to renewable energy sources
and sustainable feedstocks has led to increased research into alter-
native chemical production processes. Electrochemical processes,
in particular, are emerging as a promising route for achieving this
goal, enabling the direct conversion of renewable electricity into
value-added chemical products."™ Such approaches offer not
only a reduction in process emissions, but also the potential to
integrate decentralized, onsite manufacturing that can comple-
ment renewable energy and systems.
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electrolyte for the second electrolysis step. Employing carbon-
based gas diffusion electrodes, O, is reduced to H,O, and
performic acid is directly formed insitu. As before, high H,0,
concentration (1.27 & 0.06 mol L™') and high Faradaic efficiency
(85.3 & 5.4%) are achieved. Furthermore, performic acid concen-
tration suitable for disinfection is obtained (82 4+ 11 mmol L™").
In summary, this innovative feasibility study highlights the poten-
tial of combining electrochemical CO, reduction with H,O, elec-
trosynthesis, which could provide sustainable access to performic
acid in the future.

One of the most compelling areas of electrochemical synthe-
sis is the reduction of carbon dioxide (CO,) and its implementa-
tion as a renewable feedstock in the chemical industry. Among
the various products generated by the electrochemical CO,
reduction reaction (eCO,RR), formic acid and formate represent
attractive intermediates due to their good storage and transport
properties, as well as their versatile applications.*™® Thereby,
the aqueous eCO,RR can be performed efficiently using gas dif-
fusion electrodes (GDEs), allowing high current densities up to
1.8 Acm~2"Y Faradaic efficiencies (FE) exceeding 90%,"'~'¥
and operational times of 1000 h.'>!

Beyond its immediate use, formic acid/formate can serve
as versatile platform chemical for synthesizing higher-value
products combining subsequent chemical and biological pro-
cesses. Exemplarily, the use as a feedstock in microbial synthesis
offers the option to produce more complex and attractive
products,'®'® which has been demonstrated exemplarily for
the synthesis of the biopolymer polyhydroxybutyrate (PHB) with-
out the need for further downstream processing between eCO,RR
and the biosynthesis.®® Another pathway for formic acid/for-
mate is its utilization for the synthesis of the strong
oxidizer and disinfectant performic acid (PFA),?°-2®! which is
obtained in the equilibrium reaction of formic acid and hydro-
gen peroxide. PFA is an attractive disinfectant for several
sectors such as the food industry, healthcare, and wastewater
treatment, as it is already very effective at low concentrations
(<20mgL™"20.32mmol L7").2*2 |t is also environmentally
friendly, especially compared to halogen-based disinfectants.
Decomposition leads to CO,, O, and H,O whereas the formation
of harmful disinfection byproducts is largely unlikely.?’-3"" The
downside of its high reactivity is that it is not stable and safe
enough for storage and needs to be produced onsite shortly
before use from formic acid and H,0,.2631-3%
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The traditional industrial anthraquinone process for H,0,
production is energy intensive, generates organic waste, and
is associated with significant CO, emissions.*® Facing these
challenges, H,0, syntheses via the two-electron oxygen reduc-
tion reaction (eO,RR) using GDEs has emerged as an alternative
approach to the anthraquinone process. Thereby, FE above
90%,%72% current densities up to 0.5Acm 25% and opera-
tional times in range of 200-1000 h'*°-*?! have been already
reported.

If H,0, is synthesized electrochemically in the presence of
carboxylic acids such as formic acid, PFA is generated in situ.
Recently, Schneider and Stéckl®® published a comprehensive
approach to the indirect and on-demand electrosynthesis of
various peroxy acids via in situ generated H,0, on GDEs, includ-
ing PFA. After 24 h of electrosynthesis in a buffered system
with 1wt% H;PO,, 1.47molL™" H,0, and 0.24molL~" PFA
have been obtained with FEs of 37.5% and 6.1% (combined
FE = 43.6%), respectively.

With this study, the first innovative all-electrochemical fea-
sibility study for the complete electrosynthesis of PFA from CO,,
0,, and H,O through a two-step process utilizing GDEs is pre-
sented (cf. Figure 1). In the first step, CO, is electrochemically
reduced to formate, which then acts as (storable) feed electro-
lyte in the second step, where O, is reduced to H,0, and PFA is
formed in situ. The authors thereby continue the findings of
their previous study, where it was shown that phosphate
ions/phosphoric acid and a buffered electrolyte are ben-
eficial for PFA synthesis,*® leading to the initial eCO,RR in a
phosphate-buffered electrolyte solution.

This approach not only highlights the potential of combining
CO, reduction with H,0, synthesis, but demonstrates the advan-
tages of electrochemical processes like decentralized and on-
demand production using the example of PFA, a highly effective
oxidant and disinfectant that is not stable and safe enough for
storage.

2. Results and Discussion

2.1. GDE Fabrication and Characterization for eCO,RR and
eO,RR

GDEs for eCO,RR were fabricated by heat pressing a catalyst
mixture onto Ni foam as support material and current collector
according to the oxygen-depolarized cathode (ODC) technology
developed by Covestro*¥ The catalyst mixture consisted of
Bi,O; nanopowder (~200€ kg™") as electrocatalyst and polytetra-
fluoroethylene (PTFE, ~50€kg™') powder as a hydrophobic
binder. Taking contemporary costs into account, the GDE's material
cost was estimated at 474 € m~2, of which Ni foam (=338 €m™2)
accounts for 71.3%. In total, three GDEs (n = 3) were fabricated for
formate feed generation via eCO,RR. The reproducibility of the pre-
dominantly manual fabrication method was sufficient, resulting in
GDEs with catalyst loading b (Bi,Os, Wt%) = 65.7 & 0.7 mg cm 2
and thickness d =523 & 11 um (n = 3). Furthermore, no influence
of minor fabrication variations on GDE performance was observed.

GDEs for eO,RR were fabricated in a similar manner as described
above, their composition and part of the pressing protocol (exclud-
ing sintering at 340 °C) was based on Kopljar et al.*¥ The catalyst
mixture consisted of acetylene black powder (~320€kg™") as car-
bon-based electrocatalyst and PTFE powder as binder. The mixture
was pressed onto stainless steel mesh (=10 € m~2) using a cylindri-
cal mask. Afterward, GDEs were treated in a heat press to improve
their mechanical stability. In total, eight GDEs (n = 8) were fabri-
cated with a catalyst loading of b = 26.1 & 0.5 mg cm~2 and a thick-
ness of d =~ 600 & 10 um. Based on recent prices, the GDE's material
cost was estimated at 62 €m~2,

Both fabricated GDE types were characterized before and
after electrolysis by contact angle measurement, density mea-
surement, and scanning electron microscopy (SEM). Exemplary
results are summarized in Figure 2.

The pristine Bi,O; GDE was bright yellow in color, had a contact
angle of 136.2 £ 0.3° (n = 2) and a density of 7.060 + 0.002 g cm—

All electrochemical synthesis of performic acid

eCO,RR to formate eO;RR to H,0, and PFA synthesis
—
[ = Y , = no
H downstream

HCOO- H.0,

PFA
HCOO~

j =150 mAcm= 500.7 + 0.6 mmol L™ j =150 mA cm2 1.27 £ 0.06 mol L~'H,0,

U =58x03V
FE =86.3%0.3%

THIS STUDY

Renewables, CO,, O,
and water

1.35+0.05 € kg™

Process parameters, balancing and energy costs

82 + 11 mmol L™' PFA
2.88+0.13€kg™

U =48:02V
FE =85.3+5.4%

*0.1723 € kWh™'

Figure 1. Schematic illustration and key process data of the overall process combination of the electrochemical CO, reduction reaction (eCO,RR) to formate
with the electrochemical O, reduction reaction (eO,RR) to H,0, to synthesize PFA using renewable energy sources. Resulting costs for formate and H,0,/
PFA were based on a recent energy price.””’ Abbreviations: j = current density, U= average cell voltage, FE = Faradaic efficiency.
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Figure 2. Fabricated GDE for eCO,RR (left) and eO,RR (right) and their characterization before and after electrolysis using SEM imaging (BSE = back
scattering electrons, SE = secondary electrons) and contact angle measurements.

(n=13), and showed evenly distributed, mostly round Bi,O3 par-
ticles in the SEM (back-scattering electrons) image. After electroly-
sis, the GDE showed a black discoloration of the area exposed in
the flow cell during electrolysis. This was attributed to the reduc-
tion of Bi,Os to elemental Bi at the beginning of the electrolysis,
which was supported by X-ray diffraction results (cf. Supporting
Information). Accordingly, the discolored GDE area had a lower
density of 6.63140.004gcm > (n=3). The discoloration was
further examined using SEM, whereby new dendritic structures
were observed. Alongside or in addition to Bi,Os; reduction,
cathodic corrosion™” could have contributed to the change in
the GDE's surface structure. Therefore, GDE stability was investi-
gated and will be discussed later regarding feed characterization.
Apart from optical changes, the GDE's contact angle decreased sig-
nificantly to 47.5+1.8° (n=2) after electrolysis. It therefore
became relatively hydrophilic during electrolysis, which was
expected due to electrowetting.

The carbon GDE for eO,RR did not show significant optical

feed with high formate concentration (>0.5molL") at high FE
(>85%). For this purpose, all electrolyses were run 22h at
150 mA cm~2 Figure 3 contains the courses of formate concen-
tration and FE in the catholyte.

Formate concentration increased linearly over time, its
course was fitted in two intervals to obtain the respective
formate production rate. It shows the rate declined about
20% from 244+02mmolL™"h™" (interval 1=1-5h, 2113+
Tmgh'cm™?) to 19.54+0.7mmolL~"h~" (interval 2=20-22h,
2898+ 32mgh ' cm 2 during runtime. This decline could be
attributed to presumed formate mass transport limitations within
the GDE's pore system, which would increase the influence of
the parasitic hydrogen evolution reaction (HER). Additionally, the
decline could also be caused by a possible decrease in the

Q/C
0 10800 21600 32400 43200 54000 64800
" 1 s 1 " 1 " 1 s 1 " 1

differences or changes in the GDE surface via SEM either before
or after electrolysis. However, the contact angle changed from 500+ U=58:03V - 100
14272 £0.08° (n=2) to 1164 +£0.2° (n=2) after electrolysis. - :4—»4-
Consequently, this GDE type was also wetted during electrolysis f 400 ¢+“ - 80 o
but remained relatively hydrophobic compared to Bi,O; GDEs. g = S
Moreover, the initial GDE density of 3.094 4 0.004gcm™ E 300+ - 60 %
(n=3) increased to 3.270 £0.001gcm~3 (n=3). This density ) i = c(formate) E
increase might have been caused by salt residues within the g 2004 ® FE(formate) 40 «3
GDE, although no significant GDE swelling was observed. S 100 y2=24.4x -10.6 oy

T 1004 f R?=0.999 -20

- — y=195x+71.1

2.2. eCO,RR to Formate 0{ = R?=0.999 q]

To generate the formate feed for subsequent H,0, electrosynthe-
sis and PFA generation, eCO,RR was carried out with Bi,O3; GDEs in
a gas-fed flow reactor (divided cell, cf. Experimental Section)
using 0.2 mol L™" KH,PO,/K,HPO, (equimolar, pH ~ 6.67) as both
anolyte and catholyte. Phosphate buffer was chosen as a support-
ing electrolyte based on the results from Schneider and Stéckl®®!
for peroxy acid synthesis using electrochemically generated H,0..
Furthermore, promising results were obtained using this electro-
lyte with Sn-based GDE."” Generally, the aim was to generate a
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Figure 3. Concentration and FE course of formate for formate electrosyn-
thesis (n = 3). The formate concentration course was fitted linearly in

two intervals: t =1-5h (red, solid line) and t =20-22 h (red, dashed line).
Electrolysis parameters: constant current density j= 150 mAcm™2,

runtime = 22 h (259,400 C), electrolyte = 0.2 mol L' KH,PO,/K,HPO,, initial
V (catholyte, anolyte) = 500 mL each, cathode (GDE) = 87.5 wt% Bi,0;,
12.5wt% PTFE on Ni-foam, reference electrode = reversible hydrogen
electrode (RHE), anode = mixed Ir-oxide on a Ti-grid (Platinode EP, Type
177, Umicore).
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GDE's stability during electrolysis (cf. feed characterization).
Nonetheless, a final formate concentration of 500.7 +
0.6 mmol L™ (n = 3) was achieved.

Moreover, formate FE shows a nonlinear increase in the first
5 h runtime, especially the FE at 1 h is rather low with 52 +3%
(n = 3). On the one hand, this is likely caused by partial consump-
tion of supplied charge to reduce Bi,O3 to Bi. On the other hand,
the GDE's electrowetting behavior could have contributed to the
low initial FE. Nonetheless, to reach an overall FE of 79.9 4+ 0.5%
(n = 3) during the first 5 h, the FE per hour must have been close
to 90% after the initial first hour. Consequently, the Bi,O; type
GDEs fabricated herein have a peak FE performance of close
to 90%. Overall, 86.3 + 0.3% (n = 3) was achieved as final formate
FE in 22 h runtime.

Regarding energy demand, electrolyses were run with an aver-
age cell voltage of 5.8 + 0.3V (n = 3). This relatively high cell volt-
age was mainly caused by ohmic losses in the anode chamber, as a
nonzero-gap anode was used for the oxygen evolution reaction
(OER) as counter reaction, the GDEs' average potential was only
—1.2140.03V versus RHE (n=3, cf. Supporting Information).
However, the GDEs' potential is also relatively high, possibly
due to bismuth’s low electric conductivity (0.936 x 10°Sm™"
at 298 K).“9 In total, electrolyses consumed 96 +4Wh (n=3)
of electric energy. Hence, formate electrosynthesis required
794+ 03kWhkg', which corresponds to 1.3540.05€kg™’
formate (no downstream processing etc, 0.1723 € kWh' "7
cf. Figure 1). This is higher than market prices for fossil-based
concentrated formic acid such as 037 and 0.69€kg™’
(040 $ kg™ and 0.74 $ kg ' respectively with 1€ 2 1.08$).
Consequently, lowering cell voltage and thereby energy demand
of eCO,RR are essential to compete with current fossil-based mar-
ket prices. As discussed above, the integration of a zero-gap anode
could lower cell voltage significantly.

2.3. eO,RR to H,0, and PFA Synthesis

In the next step, the generated formate feed (pH ~ 4.12, formic
acid pK, = 3.75 at 25 °C)"* was used as catholyte for H,0, electro-
synthesis and PFA generation. It was carried out with the same
flow cell setup as above, but employing carbon-based GDEs.

All electrolyses were run 6h at 150 mAcm2 catholyte
samples were taken every 1.5h to determine H,O, and PFA
(pK, = 7.3 at 25°C)"*” concentrations by two-step titration®"
(H,0, was first quantified by cerimetry and then PFA by iodom-
etry, n =3 for each sample). Direct FE for H,0, and indirect FE
for PFA were calculated based on their determined amounts
and under the assumption that H,O, and formate react equimo-
lar with each other to form PFA (cf. Equation (2), Experimental
Section). A rapid adjustment of the reaction’s equilibrium was
assumed based on Schneider and Stéckl* results. The combined
FE therefore corresponds to the actual FE of H,0, electrosynthe-
sis. Figure 4 summarizes the concentration and corresponding FE
courses obtained during electrolysis (n = 4).

H,0, concentration increased linearly over time up to 1.27 +
0.06 mol L™" (n = 4) in 6 h. After initial GDE conditioning, a produc-
tion rate of 205+ 09mmolL 'h™' (2697 +£031mgh 'cm?)
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Figure 4. Concentration and FE course of H,0, and PFA for H,0,
electrosynthesis and PFA generation (n = 4). Electrolysis parameters:
constant current density j = 150 mA cm 2, runtime = 6 h (216,200 C),
catholyte = formate containing catholyte originating from eCORR to
formate (50 mL), anolyte = 0.5 mol L~" HCIO, (50 mL), cathode (GDE) =

65.5 wt% acetylene black, 34.5 wt% PTFE on stainless steel mesh, reference
electrode = reversible hydrogen electrode (RHE), anode = mixed Ir-oxide
on a Ti-grid (Platinode EP, Type 177, Umicore).

was reached (t = 1.5-6 h). This was accompanied by a continuous
increase in PFA concentration (13.7 £ 1.2mmol L-"h~", t=1.5-6 h)
to finally 82+ 11mmol L' (n=4). Despite the concentration’s
increase, H,0, FE declined by about 17% from initially 93 + 4%
(n=4) down to 76 £ 5% (n = 4) during runtime (50 mL catholyte
volume assumed). This also applies to the combined FE, so the
actual H,0, FE, as the PFA’s indirect FE remains nearly constant
at 4-5% due to its reaction equilibrium. However, the final H,0,
FE had to be corrected to account for an observed increase in cath-
olyte volume after electrolysis. Thereby, a combined H,O, FE of
85.3 + 5.4% (n=4) was achieved in 6 h runtime. The FE balance
is most likely closed by parasitic HER, but four-electron oxygen
reduction to H,O and/or H,0, decomposition during electrolysis
cannot be fully excluded. However, significant decomposition of
H,O,/PFA after electrolysis was not indicated (e.g., gas evolution/
titration results, cf. Supporting Information).

Electrolyses were run with an average cell voltage of 48 0.2V
(n=4) consuming 21.5+0.6Wh (n=4) of electric energy. As
before, this is a relatively high cell voltage caused by the
ohmic losses due to OER at the nonzero-gap anode, the GDEs’
potential was only —1.4+4 0.5V versus RHE (n =4, cf. Supporting
Information). Consequently, H,O, required 89 + 0.6 kWhkg™’
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(n = 4) corresponding to 1.53 £0.11€kg ™" as electric energy cost
(no downstream processing etc,, 0.1723 € kWh "7 cf, Figure 1). In
comparison, fossil-based market prices for concentrated H,0, are in
the range of 0.64-1.1€kg~" (700-1200 $ t~', with 1 2 1.08 $).*? For
the target byproduct PFA, a yield of 163 +22% (n=4) was
obtained. To achieve higher PFA concentrations/yields, higher con-
centrations of H,O, and formate are necessary. This is also sup-
ported by Greenspan's®® results on PFA formation. Taking
presumed formate and H,O, energy costs into account, the
H,0,/PFA product solution cost added up to 2.88 +0.13€kg™’
(n = 4). As PFA is usually generated onsite of its application, no com-
mercial price was available as reference.

For comparison, H,0, electrosynthesis for PFA generation was
also performed with a reference electrolyte (R) based on the for-
mate feed generated via eCO,RR. It was prepared from commer-
cially available compounds and contained 0.2 mol L~ KH,PO,/
K,HPO, (equimolar) and 0.5 mol L~' HCOOK/HCOOH (equimolar)
in 1 wt% H3PO,. It was adjusted to pH=4.13 + 0.05 with KOH.
Using (R) as catholyte, H,0, and PFA showed concentration
and FE courses similar to the results presented above, whereas
overall values were slightly lower. In short, a combined H,0,
FE of 78 7% (n=4) was obtained in combination with
13.7 £0.8% (n=4) PFA yield. Hence, the formate feed can be
generated via eCO,RR with slight improvements instead of per-
formance losses for H,0, electrosynthesis and PFA generation.
Details are provided (Section S3.2.2, Supporting Information).

So far, only a few results have been published on (indirect)
electrochemical PFA synthesis. Recently, Sun et al.** conceptually
reported an all-electrochemical PFA synthesis with parallel
eCO,RR and eO,RR using their trifunctional indium-based cata-
lyst/electrolysis system. Furthermore, Kolyagin et al.?” used
1.5mol L' formic acid (+0.2molL™" K,SO, and 0.05mol L™
H,S0,) as electrolyte solution for eO,RR to H,O, with a carbon-
based GDE. Thereby, they achieved 1.8 molL~' H,0, (55% FE)
and 6.5 mmol L' PFA in 7 h electrolysis at 100 mAcm™—2.

Schneider and Stéckl® recently published a new benchmark
for the indirect electrosynthesis of PFA among various peroxy
acids via insitu generated H,0, on commercial carbon black
GDEs, as mentioned in the introduction. Thereby, 0.77 molL™"
H,0, (69% FE) and 0.14 molL~' PFA (13% FE) were achieved
in 6h at 100 mA cm~2 with 1 molL~" HCOOH/HCOOK (+1 wt%
HsPO,) as electrolyte solution. This corresponded to a com-
bined FE of 82% for H,0, electrosynthesis. Compared to these
previous results, H,O, concentration (1.27 =0.06 molL™") and
combined FE (85.3 + 5.4%) were improved at increased current
density (150 mAcm—2) herein. In contrast, PFA concentration
(824 11 mmol L") was lower, which is most probably attributed
to the lower initial formate concentration of the formate feed

used as electrolyte solution. Nonetheless, 82+ 11 mmolL™’
PFA represents the first benchmark for an all-electrochemical
approach to PFA synthesis using CO,, O,, and H,O to the best
of the authors’ knowledge. Even though there is space for
improvement in terms of electrolysis and reaction/equilibrium
adjustment to reach higher PFA concentrations, the obtained
PFA/H,0, mixture could most likely already be applied for disin-
fection. On the one hand, far lower PFA concentrations
(<20mg L' 2 0.32 mmol L~")?*2527] have been reported as suf-
ficient for disinfection. On the other hand, a mixture of H,0,, for-
mic acid, and PFA could be advantageous, as synergistic effects
have been reported for comparable mixtures.”>*

2.4. Feed Characterization/GDE Evaluation

After electrolysis, both formate feed and H,0,/PFA product solu-
tion were further examined for characterization and to evaluate
GDE stability. On the one hand, K" and PO,*>~ concentrations
were determined by ion chromatography (IC) to examine possi-
ble differences compared to their initial concentrations. These
results were also used to prepare reference electrolyte (R) as for-
mate feed substitute for H,O, electrosynthesis and PFA genera-
tion. On the other hand, all solutions were screened via
inductively coupled plasma atomic emission spectroscopy (ICP-
OES) for metal ions originating from the GDEs as well as other
impurities that could decompose H,0,/PFA. Detected target ele-
ments were Bi (electrocatalyst eCO,RR), Ni (support material
eCO,RR/e0O,RR), Cr and Fe (support material eO,RR, respectively).
Hence, their concentrations were quantified via calibration to
investigate cathodic corrosion®* and thus GDE stability. The char-
acterization results are summarized in Table 1.

IC analysis revealed the formate feed’s PO,>~ concentration was
slightly lower (7%) than the initial phosphate buffer, which is due to
an increase in volume by osmosis during electrolysis. Moreover,
PO~ concentration decreases further by about 20% during
eO,RR. This decrease cannot be explained solely by a volume
increase or by losses due to a concentration gradient to the anolyte
(HCIO,), as the anolyte’s phosphate concentrations remained below
0.8 mmol L' (cf. Section S1.12, Supporting Information).

Besides, K™ concentration was almost doubled after eCO,RR.
Nearly all K* ions are found in the formate feed due to migration,
their molar amount in the electrolyte system was constant.
In contrast, Kt concentration was about 22% lower in the H,0.,/
PFA product solution. Some K" was found in the anolyte
(12.6 + 1.8 mmol L=', n = 3) but its molar amount was not constant.

Although no GDE swelling was observed, it was presumed
both K™ and PO,*~ discrepancies were caused by salt precipitation

Table 1. Catholyte/feed composition before and after formate as well as H,0, electrosynthesis for PFA generation. K* and PO,>~ concentrations were
determined via IC and Bi**, Cr**, Fe®", and Ni** concentrations were quantified via ICP-OES.

c(K") [mmol L' ¢(PO,*) [mmol L] ¢(Bi*") [umolL™"]  ¢(Cr*") [umolL™"] c(Fe*") [umolL™"]  ¢(Ni**) [umol L]
0.2mol L' KH,PO,/K,HPO, (n=1) 286.2 197.5 0 0.270 +0.013 2.71 +£0.05 0.13 +0.04
Formate feed (n =3) 542+ 6 1834 +£04 0.6+04 0.224 + 0.004 1.67 £0.15 041+0.17
H,0,/PFA solution (n = 4) 423 +28 147 £10 0.18 +0.06 0.23 +0.04 1.83+£0.14 0.55+0.19
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within the carbon-based GDE. This hypothesis is supported by the
GDEs' increased density after eO,RR as discussed previously.

For ICP-OES analysis, the phosphate buffer was examined before
characterization of formate feed and product solution. It already
contained traces of the identified target elements Cr, Fe, and Ni,
which originate from the compounds used for electrolyte prepara-
tion. Besides, ICP-OES analysis found only traces of dissolved Bi in
the formate feed after eCO,RR. Its concentration was even lower
after eO,RR due to dilution, as expected for carbon-based GDEs.
In general, these traces were above detection but below quantifi-
cation limit, which resulted in relatively high standard deviations
(30-40%). Furthermore, quantification was challenging due to
strong matrix effects, as it was observed that Bi** partly precipitated
as BiPO, in standards containing matrix (cf. Section S1.11,
Supporting Information). Consequently, most BiPO, could have
already precipitated during electrolysis, although no precipitates
were observed. Therefore, the extent of Bi's cathodic corrosion can-
not be fully assessed but is most likely overall very low, as other
studies on Bi as electrocatalyst also suggest.*® Additionally, the pre-
viously discussed possible loss of GDE stability can neither be con-
firmed nor ruled out as explanation for performance decline during
electrolysis. However, as the formate feed's Bi*" concentration was
at least below 1umolL™", a significant influence on H,O,/PFA
generation seemed unlikely. Moreover, the feed’s Cr*" and Fe*"
concentrations were lower compared to their initial ones due to
dilution. In contrast, Ni** concentration was increased by 32% to
04140.17 umol L™ (n = 3). This shows the Bi,O; GDE's support
material Ni foam was in contact with catholyte solution and was
slightly affected by cathodic corrosion.

Further analysis of the H,0,/PFA solution after eO,RR revealed
Cr** concentration remained relatively constant, while Fe*" and
Ni** concentrations increased slightly. As the feed is diluted dur-
ing electrolysis (~5%), molar amounts of all three elements were
increased by cathodic corrosion of the stainless steel mesh
(1.4301) serving as support material. Nonetheless, all concentra-
tions were rather low and did not seem to have compromised
H,0,/PFA generation, especially in the presence of phosphate
jons acting as possible chelating agents.”””

However, the future aim should be to minimize overall metal
ion impurities to avoid potential efficiency losses, as these could
potentially catalyze H,0,/PFA decomposition.©*'*8-6%

Furthermore, Schneider and Stockl®® hypothesized that
leached Ni may have affected their H,O, electrosynthesis for
PFA generation. Although only a total of 0.55 =+ 0.19 umol L™’
Ni was leached from the self-fabricated GDEs presented, future
GDEs should ideally be realized without metallic support material
(without compromising performance and stability).

3. Conclusion

In this study, the first all-electrochemical PFA synthesis has been
achieved by coupling eCO,RR to formate with eO,RR to H,0, with-
out any intermediate downstream processing.

The formate feed was generated as catholyte by electrochem-
ical CO, reduction using Bi,O; GDEs (474 € m~2), which were self-
fabricated by a fast, facile, and reproducible fabrication method.
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The GDEs were operated at 150 mA cm 2 for 22 h to generate a
feed containing 500.7 + 0.6 mmol L~' (n = 3) formate with a pH
of 4.12. Thereby, an overall formate FE of 86.34+0.3% (n=3)
was achieved, while a peak FE up to 90% was reached.
Furthermore, no significant cathodic corrosion was observed for
the GDEs, Bi*" concentration was at least below 1 pumol L™,
and Ni*™ concentration was below 0.6 umol L™".

The subsequent eO,RR to H,O, was carried out with the for-
mate feed as catholyte at self-fabricated, inexpensive carbon
GDEs (62 € m~?). They were operated at 150 mA cm 2 for 6 h with-
out significant cathodic corrosion, whereby 1.27 4-0.06 mol L™’
(n=4) H,0, and 82+ 11 mmolL™" (n=4) PFA were reached.
This corresponded to an overall H,0, FE of 85.3 +5.4% (n=4)
and a PFA yield of 16.3 £ 2.2% (n = 4). The achieved PFA concen-
tration represents the first benchmark for an all-electrochemical
PFA synthesis to the best of the authors’ knowledge.
Furthermore, it already exceeds concentrations suitable for disin-
fection (<20 mgL~" 2 0.32 mmol L") .[242627)

Finally, electric energy costs of the overall process were
assessed for formate (1.35 £ 0.05€kg™"), H,0, (1.53 £ 0.11 €kg™"),
and H,0./PFA (2.88+0.13€kg™") under recent and realistic
assumptions (0.1723 € kWh~'™7)), These costs were ~2-3 times
higher than fossil-based market prices for formic acid and H,0,,
which already include all costs beyond electricity. Consequently,
the energy demand for eCO,RR to formate and eO,RR to H,0, must
be reduced in the future. Nonetheless, this feasibility study dem-
onstrates that an all-electrochemical PFA synthesis from CO,, O,,
and H,0O is a promising approach for new sustainable chemical
production processes, which should be investigated further to
evaluate potential technical exploitation.

4. Experimental Section

Gas Diffusion Electrodes: Bi,0;-Based GDE

The GDEs were fabricated by pressing the catalyst mixture onto Ni foam
as support material. The catalyst mixture (30.00 g) consisted of Bi,Os
(87.5wt%, 26.259, purity 99.9%, particle size ~80nm, US Research
Nanomaterials, Houston, USA) and polytetrafluoroethylene (PTFE) pow-
der (12.5 wt%, 3.75 g, Dyneon PTFE TF 2072Z, 3M, Saint Paul, USA). The
mixture was homogenized in a knife mill (30s, 25,000 rpm, 2x).
Afterward, it (400g) was equally distributed onto Ni foam
(d=14cm,35cm x 40cm x 14 cm? Ni-5763, density 420-450 gm 2,
Recemat BV, Dodewaard, Netherlands) with a sieve and a stencil (cut-
out 3.5cm x 4.0 cm). The GDE blank was placed in between ordinary
baking sheet and compressed in a heat press (plate temperature
120°C, pressure 10 bar, duration 60s). Excess material was removed,
the GDE's catalyst loading b was determined by differential weighing,
and its thickness d was measured at the center point.

Gas Diffusion Electrodes: Carbon-Based GDE

The GDEs were fabricated by pressing catalyst mixture consisting of
carbon catalyst (65.5 wt%, 1.97 g, acetylene black, 100% compressed,
>99.9%, Alfa Aesar, Haverhill, USA) and PTFE powder (34.5 wt%,
1.03 g, as above) onto a stainless steel mesh (Material 1.4301, mesh
size = 0.5 cm, d =240 um, 3.2 cm x 3.2 cm, Haver & Boecker, Oelde,
Germany) as support material. The catalyst mixture was homoge-
nized (as above) and placed (500mg) in a cylindrical mask
(d=40mm) containing stainless steel mesh. The GDE blank was
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compressed in a hydraulic press (pressure 3.5t, 60 s, RT followed by
pressure 7t, 180s, RT). Afterward, the GDEs were treated in a heat
press (plate temperature 120 °C, pressure 10 bar, duration 180 ) to
improve their mechanical stability. Catalyst loading b and thickness
d of the GDEs were determined as described above.

Gas Diffusion Electrodes: Scanning Electron Microscopy

SEM imaging was performed on Flex SEM 1000 Il (Hitachi,
Tokyo, Japan) using the following conditions: 15 kV (accelerating volt-
age), x2000 (magnification), 6-8 mm (viewing height), 40 (spot size),
and SE and BSE (detector). All images were taken at the GDE's
geometrical center point.

Gas Diffusion Electrodes: Contact Angles

Contact angles were determined with the OCA 15 plus (DataPhysics
Instruments, Filderstadt, Germany). Using the sessile drop method, a
droplet of H,O (50 uL) was placed at the GDE's center point. Contact
angles were calculated by fitting the droplet edges with a Young-
Laplace model.

Gas Diffusion Electrodes: Density

GDE densities were determined with the gas pycnometer BELPYCNO
L (Microtrac Retsch, Haan, Germany) using helium as probing gas.
Samples were measured (n=3) at 20°C in sample chamber S
(20 cm®) using glass beads as filler volume (x50%).

Formate Electrosynthesis

The same electrochemical flow reactor (divided cell with a cation
exchange membrane) and electrolysis setup as described in
Dinges et al."” were used for formate electrosynthesis.

All formate electrosyntheses were performed for 22 h at 150 mA cm ™2

(750 mA in total) using a power supply unit (NGP804, Rohde &
Schwarz, Munich, Germany), which recorded cell voltage, current,
and power. The GDE’s electrode potential was referenced to RHE
without compensation for iR losses.

CO, (N4.5) was supplied to the GDE at a flow rate of 10-15 mL min~'
and an initial overpressure in the range of 110-150 mbar relative to
ambient pressure.

The buffer 0.2 mol L~! KH,PO,/K,HPO, (equimolar) served as electro-
lyte, both anolyte and catholyte had a starting volume of 500 mL (vol-
umetric flask, ISO 1042). They were circulated continuously at a flow
rate of ~40 mL min~" between the flow reactor and reservoir, respec-
tively. During electrolysis, catholyte samples (1 mL) were taken hourly
in the first five (t = 0-5 h) and the last three (t =20-22 h) hours to
monitor formate concentration and calculate the corresponding
FE. After electrolysis, the catholyte volume was determined by its
weight and density (n = 3). Catholyte-containing formate was stored
at 5 °C until its application for H,O, electrosynthesis and PFA genera-
tion. The GDE was rinsed with H,O and dried at RT. Further details are
provided (Section S1.4, Supporting Information).

Formate Quantification by High-Performance Liquid
Chromatography

Formate concentrations were determined via HPLC (LC-20AD, SIL-
20AC HT, CBM-20A, CTO-20AC, SPD-M20A - Shimadzu, Kyoto, Japan).

The HPLC unit was equipped with a Rezex ROA-Organic Acid (8%)
column (300 mm x 7.8 mm, Phenomenex, Torrance, USA) and the
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following method parameters were employed: 5 mmolL~" H,SO,,
06mL min~', 30°C, 30+ 1bar, photodiode array detector
(A =194 nm), 14.9 min (retention time), 25 min (duration).

Formate standards were prepared by a dilution series from a stock
solution, which was prepared with HCOONa (3.482 g, 51.2 mmol)
in a volumetric flask (100 mL, ISO 1042). All formate standards (8,
16, 32, 64, 128, 256, 512 mmol L") were measured (n = 3) and their
signal areas fitted linearly (R*>=0.9999, fit forced through zero).

H,0, Electrosynthesis for PFA Generation

The same flow reactor and electrolysis setup were used for H,0, elec-
trosynthesis as for formate electrosynthesis.

All electrolyses were performed for 6 h at 150 mA cm~2 (750 mA in
total) using a power supply unit (HMC8043, Rohde & Schwarz,
Munich, Germany), which recorded cell voltage and current. The
GDE's electrode potential was referenced to RHE, without compen-
sation of iR losses.

0, (N4.6) was supplied to the GDE with a flow rate of 20 mL min~"
and an initial overpressure of ~90 mbar relative to ambient pressure.

Catholyte (Formate feed) and anolyte (0.5 mol L~' HCIO,) had a start-
ing volume of 50 mL each (measuring cylinder, 100 mL, ISO 4788) and
were continuously circulated at a flow rate of ~40 mL min~" between
the flow reactor and the reservoir. HCIO, was selected as an anolyte
to ensure sufficient proton supply to the catholyte. During electroly-
sis, electrolytes were sampled (1 mL) every 1.5 h to determine H,0,/
PFA concentrations and calculate their corresponding FE. The cath-
olyte’s volume was determined after electrolysis in the same manner
as described above. Further details are provided (Section S1.5,
Supporting Information).

H,O0,/PFA Quantification by Titration

The concentrations of H,0, and PFA were determined using a two-step
titration method derived from the procedure described by Greenspan
and Mackellar.*" First, the concentration of H,0, was determined by
cerimetry using Ce(SO,), (c = 0.01 mol L™"). For this purpose, 5 drops of
H,S0,4 (c=5molL™") and 70 pL ferroin (c =0.025mol L™" in ethanol)
as an indicator were added to the sample solution. The orange
solution was titrated until a light blue color was observed. The concen-
tration of PFA was then determined via iodometry with Na,S,03
(c=0.01molL™"). To the light blue solution, 0.1 mL of a KI solution
(c=0.48mol L") and a spatula tip of (NH,)sM0,0,,-4H,0 were added.
After 15min, the resulting reddish-brown suspension was slowly
titrated until the color changed to light brown. Then 2-3 drops of
starch solution (1 wt% v~") were added and titration continued until
the color changed back to orange and no precipitate remained.
The sample volumes were 0.2 mL (after 1.5h), 0.1 mL (after 3.0 h),
and 0.075 mL (after 4.5 and 6.0 h). Each titration was carried out in trip-
licates (n = 3) for the specified time and experiment.

Catholyte/Feed Characterization: lon Chromatography

IC measurements to determine K* concentrations were performed
on Dionex ICS-5000" DC (Pre column = Dionex lonPac CG17,
Column = Dionex lonPac CS17, Analytical 2 x 250 mm, Suppressor =
CERS 500, 2mm, Thermo Fisher Scientific, Waltham, USA).
Methanesulfonic acid (MSA) served as eluent with a gradient
method (steps 1-4: 1. —5-0min, 1.5mmolL™" MSA (preparation
step); 2. 0-25 min, 1.5-2.1 mmol L=" MSA; 3. 25-40 min, 6 mmol L™
MSA; 4. 40-60 min, 1.5 mmolL™" MSA) at 0.1 mLmin~' flow rate.
Samples were diluted by factor 500 and K' (retention time =
34.9 min) was detected with a conductivity cell.
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Standards were prepared by a dilution series of a stock solution. The
stock solution was prepared with KCl (1.221 g 2 640 mg K*) in a vol-
umetric flask (1L, ISO 1042). All standards (2, 4, 8, 16, 32, 64 ppm)
were measured (n=3) and their signal areas fitted linearly
(R? = 0.999, fit forced through zero).

IC measurements to determine PO,>~ concentrations were per-
formed on Dionex Aquion system (Pre column = Dionex lonPac
AS22, 4 x 50 mm, Column = Dionex lonPac AS22, 4 x 250 mm,
Suppressor = ACRS 500 Suppressor, 4 mm).

The following isocratic method was used: 4.5 mmolL~" Na,CO,/
14mmolL~" NaHCO; (eluent), 1.2mLmin~" (flow rate), 250 uL
(injection volume), 15min (duration), 9.3 min (retention time),
conductivity cell (detector). Samples were diluted by factor 250.

PO,*" standards were prepared by a dilution series from a stock solu-
tion, which was prepared from an anion multielement standard
(10 mL, Certipur, Anion multielement standard I, 1000 ppm F~,
PO,3~, Br-, Merck, HC17168637) in a volumetric flask (50 mL, ISO 1042).

All PO,*~ standards (25, 50, 100 mg L") were measured (n = 1) and
their signal areas fitted linearly (R* = 0.999, fit forced through zero).

Catholyte/Feed Characterization: Inductively Coupled Plasma
Optical Emission Spectroscopy

ICP-OES measurements were performed in axial viewing mode on
Agilent 5800 ICP-OES equipped with an SPS 4 Autosampler, a boro-
silicate double-pass spray chamber, and a Seaspray concentric glass
nebulizer (Agilent Technologies, Santa Clara, USA).

All catholyte samples were measured without dilution except for
acidification to 2 wt% HNO; (using 69 wt% HNOs).

Standards to determine the concentrations of Bi** (1 = 223.061 nm),
Cr¥t (1=205560nm), Fe’* (1=238204nm), and Ni** (1=
231.604 nm) were prepared by a dilution series of a stock solution
(16 mgL~"). The stock solution was prepared by combining the
respective standards (10 mL each, 1000mgL~', Single Element
ICP-Standard-Solution, Carl Roth) in a volumetric flask (100 mL, ISO
1042) using 2 wt% HNO; for dilution. Afterward, the solution was
diluted further with 2 wt% HNO; to 16 mgL™" in a volumetric flask
(50 mL, I1SO 1042). This was followed by a dilution series by factor 2.
Finally, each standard (0.125, 0.25, 0.5, 1, 2, 4, 8, 16 mgL™") was
diluted again by factor 2 with a matrix solution (0.4 molL™"
KH,PO,/K,HPO,, 0.5molL~" HCOOH, 0.5mol L' HCOOK in 2 wt%
HNO). Thereby, a set of standards with a matrix based on the cath-
olyte’s composition was obtained. They were measured (n =5) and
their signal areas fitted linearly (R* > 0.997, fit forced through zero).
Further details are provided (Section S1.11, Supporting Information).

Calculations

The FE for formate and H,O, were calculated based on the deter-
mined amount of electrosynthesized components using Equation (1).

F-z-n

FE = x 100% M

with FE = Faradaic efficiency, %; F= Faraday constant, A s mol™';
z=number of transferred electrons (z=2); n=amount of synthe-
sized formate or H,0,, mol; I = current, A; t = electrolysis runtime, s.

The results for the different catholytes were averaged and their stan-
dard deviation was provided as uncertainty.

The indirect FE for PFA was determined under the assumption formic
acid reacted equimolar in a chemical reaction with the electrochemi-
cally generated H,0, to PFA using Equation (2).
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H,0, +HCOOH = HCOOOH + H,0 (2)

The combined concentrations and FE of H,0, and PFA were calcu-
lated by the addition of the individual mean values. The errors were
determined using their standard deviations and Gaussian error prop-
agation using Equation (3).

_ 2 2
Ocombined = |/ Ow,0,” + Opra @)
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4 Summary of Results

To contribute to the replacement of fossil carbon with CO,, this work has advanced a
process concept in which intermittent energy from renewable sources (e.g. solar and
wind) is used for electrochemical reduction of CO, to easily storable formic acid, which
is then upgraded without any processing to value-added carbon products.

A key aspect was the development of cost-efficient GDEs with sufficiently high and
stable performance for electrosynthesis of formic acid/formate. Their design (i.e. single
layer) and fabrication by pressing was therefore based on the well-established and
scalable ODC technology.['?%17%] In addition, inexpensive and relatively abundant Sn or
Bi materials of commercial origin (<200 € kg™!) were used as catalysts instead of highly
engineered materials. The performance of GDEs was continuously improved in several
stages of development, in particular through the use of Ni foam as a support material
and the replacement of Sn with Bi as a more efficient catalyst.

The latest stage of development was reached by systematically studying mixtures of Bi

188] The catalyst composition was optimised to Bi/Bi,O5 (80:20),

and Bi,0; as catalyst.|
which achieved high concentration (500 mmol L™!) and FE (~90%) of formate during
evaluation at technically relevant current density (150 mA cm™2). In addition, stability
of the catalyst was high as the loss of Bi was minor. This GDE was then successfully
established for flexible operation at intermittent electricity. Therefore, three demon-
strative current patterns were applied based on solar and wind power. The first two
patterns simulated periods of low or no availability by repeated hourly alternation of
current density between full load (150 mA cm™2) and half load (75 mA cm™2) or zero load
(0mA cm™2). In both cases, FE (290%) and synthesis rates of formate remained reliably
high and stable. The third pattern simulated a day-night cycle of energy demand and
generation by intermediately lowering current density from full load (150 mA cm™2)
to night load (50 mA cm™2). High FE (*90%) and stable synthesis rates were retained
for intervals at full load, even though both moderately decreased at night load. In
addition, alternating current density generally impaired the stability of the catalyst as
the dissolution of Bi was increased, but mostly if the GDEs were depolarised in phases
of zero load. Nonetheless, the GDEs already showed robust and high performance
at intermittent electricity despite swift adjustments of current density without any
optimisation of operational parameters so far.

For the second step of the process concept, either a biological or a chemical approach

was successfully used to apply formic acid/formate from CO, reduction as feedstock
without any processing and upgrade it into two different value-added carbon products.
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Chapter 4: Summary of Results

The first product was the commercially relevant biopolymer polyhydroxybutyrate
(PHB), which was obtained by microbial synthesis with C. necator (wildtype) using

186] To this end, the coupling of electrosynthesis of formate with

formate as substrate.
microbial synthesis of PHB was advanced to a second generation based on previous
results.['®) This was achieved by adjusting the content of K* and Na* in biocompatible
phosphate buffer, which served as both supporting electrolyte and incubation medium.
The formate feedstock was generated as catholyte with a Sn based GDE (stage III,
cf- table 3.1) and achieved high concentration (441 mmol L™!) and FE (~77%) of formate
at technically relevant current density (150 mA cm™2). The microbial synthesis of PHB
was first optimised in shake flasks by identifying the ideal concentration of formate
(21 mmol L™!) with regards to maximising concentration of PHB and amount of PHB per
formate. Afterwards, synthesis of PHB was scaled (about factor 10) to semi-automated
bioreactors with continuous feed of formate-containing catholyte. Despite challenging
adjustment of the formate feed during incubation, PHB was obtained with relatively
high concentration (~63 mg L™! OD™!) and amount per formate (~16.5 mg g~!) at one
of the highest synthesis rates (%8.4 mg L™! OD™! h™!) reported at that time. The overall
process was balanced and achieved a nearly doubled yield (=22%) compared to the first
generation coupling. Furthermore, the balancing allowed the assessment of energy costs
for formate (~1.88 € kg™!) and PHB (~114 € kg™!) under recent and realistic assumptions
(0.182 € kWh™1[1%]). This revealed the coupling was generally feasible but needs to
be further improved by lowering energy demand of electrosynthesis and especially
by increasing the efficiency of the model microorganism by genetic engineering or
substitution.

The second product and final part of this thesis was the strong oxidiser and promising
disinfectant performic acid (PFA).['”] Based on the indirect and on-demand electrosyn-

197) synthesis of PFA was achieved by

thesis of peroxy acids by Schneider and Stockl,[
coupling CO, reduction to formate with O, reduction to hydrogen peroxide. Therefore,
formate feed was generated as catholyte by CO, reduction with Bi,O; based GDEs
(stage V, cf. table 3.1), which achieved high concentration (~500 mmol L™!) and FE
(~86%) of formate at technically relevant current density (150 mA cm™2). The formate
feed was subsequently used as catholyte for electrosynthesis of hydrogen peroxide by
O, reduction at carbon-based GDEs, which reached high concentration (1.3 mol L™?)
and overall FE (~85%) for hydrogen peroxide at the same current density (150 mA cm™2).
Thereby, PFA was generated in-situ by a chemical equilibrium reaction of formic acid
and hydrogen peroxide in relatively low yield (~16%) and concentration (82 mmol L™1).
This represents the first benchmark for a complete (indirect) electrosynthesis of PFA to
the best of the authors’ knowledge. The overall process was balanced and the electric
energy costs were assessed for formate (~1.35 € kg™!), hydrogen peroxide (~1.53 € kg™?)
and hydrogen peroxide/PFA (~2.88 € kg™') under recent and realistic assumptions
(0.1723 € kWh™'[2%3]). They were up to three times higher than fossil-based market
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prices for formic acid and hydrogen peroxide, which already include all costs beyond
electricity. This demonstrated that an all-electrochemical synthesis of PFA was gen-
erally feasible, but energy demand of both electrosynthesis steps should be lowered
alongside improved yield and concentration of PFA.

Overall, the objectives for further developing the process concept, which were the focus
of this work, were successfully pursued. GDEs for reduction of CO, to formic acid
were developed with relatively inexpensive catalyst materials and a scalable fabrication
method. They were also established for flexible operation at intermittent electricity,
enabling the use of surplus energy to generate storable formic acid in supporting elec-
trolyte as feedstock. This feedstock was successfully applied without any intermediate
downstream processing to exemplarily obtain the biopolymer PHB and the strong
organic oxidiser PFA. The overall processes were critically evaluated in terms of yield
and energy costs, identifying limiting factors and measures to address them.
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5 Outlook

Within this thesis, a process concept for the intermittent electrosynthesis of formic acid
and the direct (decentralised) utilisation towards a fossil free chemical industry was
examined. However, for a successful transformation of the process concept into the
chemical industry, substantial effort is needed to further develop and to evaluate the
potential of using formic acid from electrochemical reduction of CO, by surplus energy
as carbon feedstock for a technical exploitation.

With regard to the electrosynthesis of formic acid, the next step should be to investigate
the performance of the established GDEs on a larger scale by transferring them from
the screening set-up (5 cm? area) to a large laboratory set-up (100 cm? area). Thereby, a
zero-gap anode should be integrated to lower the cell voltage and thus electric energy
consumption for formate. The scaled set-up could be constructed as feed-and-bleed
system in which catholyte with a constantly high concentration of formate would be
continuously generated as feedstock. This would allow the GDEs to be adapted further
with regards to operational challenges accompanying larger scale electrolysers, which
is mandatory for the further development and GDE integration into pilot plants to
demonstrate and examine the CO, electrolysis under industrial conditions. In addition,
their performance should be examined at actual patterns of intermittent electricity, with
a focus on long-term stability of the catalyst materials, as alternating current density
generally increased the loss of catalyst in the demonstration examples.

With regard to the utilisation of the formate feedstock without any intermediate process-
ing, the application needs to be optimised further for both the demonstrated upgrade
processes as well as a broadening of the feedstock application. In case of the biosyn-
thesis of PHB, the model organism C. necator (wildtype) should either be genetically
modified or replaced to improve the metabolic conversion efficiency of formate to PHB
and thus reduce its production costs. Furthermore, this approach can also be transferred
to other appropriately modified microorganisms to obtain value-added carbon products
beyond PHB. This would enable a biological production platform based on formate
from electrochemical reduction of CO, and thereby offer a flexible and non-fossil-based
production route for complex and high-value products. In case of the first demonstrated
all-electrochemical synthesis of PFA, the chemical equilibrium of its formation should
be adjusted to increase the concentration and yield of PFA. This could be achieved by a
second generation in which both electrosynthesis of formate and electrosynthesis of
hydrogen peroxide reach higher concentration with an adapted ratio.

Ultimately, the further optimised and scaled process concept would provide suitable
data for more detailed balancing and evaluation of the respective coupling to determine
its realisation potential, and thus might contribute to the transformation towards a
sustainable chemical industry.
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S. R. Waldvogel, M. Stockl, H. J. Kohnke and |. Dinges conceptualised the development of
GDE. The development was carried out in cooperation with H. J. Kohnke from Gaskatel
(Kassel / Germany), a commercial fabricator of GDEs. All experimental work, including
fabrication of GDE, electrosynthesis of formate and analysis of the data, was carried out by
I. Dinges if not stated otherwise. This section was written by |. Dinges.
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1. General information

1.1 Chemical compounds

All chemical compounds were used in analytical grades and were obtained from common
commercial sources. They were used without further purification and all solutions were
prepared using high purity H>O (0.055 uS cm™, 25 °C).

1.2 Materials for fabrication of GDEs

Materials used for fabrication of gas diffusion electrodes (GDEs) are summarised in Table S1.

Table S1: Overview of materials used for fabrication of GDEs.

Catalyst / Material Specification Supplier
Sn (powder) Purity 99.9%, particle size <20 ym Metallpulver24, Sankt Augustin
/ Germany
Bi (powder) Purity 99.9%, particle size <40 ym Metallpulver24, Sankt Augustin
/ Germany
PTFE (powder) Dyneon™PTFE TF 2072Z 3M, Saint Paul / USA
C65 C-NERGY™ SUPER C65 Imerys, Paris / France
(Conductive carbon black)
Ni mesh Material 1.4301, mesh size = 0.5 cm, Haver & Boecker, Oelde /
d =240 pm Germany
Ni foam Ni-5763, density 420 - 450 g m™2 Recemat BV, Dodewaard /
Netherlands

1.3 Fabrication of GDE

The gas diffusion electrodes (GDE) were fabricated by pressing catalyst mixture onto support
material with either a calender or a heat press. Each catalyst mixture was homogenised in a
knife mill (A 10 basic, IKA, Staufen / Germany). The mixing (30 s, 25000 rpm) lead to a

temperature increase of the mixture (T > 35 °C).

For fabrication with the calender (LaboWalz W80T, Vogt Labormaschinen, Berlin / Germany
equipped with thermostat TT188, Tool-Temp, Sulgen / Switzerland ), a two-step process was
used (cf. Figure S1). Firstly, the catalyst mixture was distributed onto the rollers (T = 60-65 °C,
gap width = 150 um, roller velocity = 0.6 rpm) with a dispensing device and pressed vertically
into a sheet of catalyst mixture (2 GDE felt). Afterwards, the sheet of catalyst mixture was
pressed onto Ni mesh as support material with the rollers (T = 60-65 °C, gap width = 350 ym,
roller velocity = 0.6 rpm). Thereby, GDEs with a size >100 cm? could be fabricated. For
evaluation by electrolysis, large GDEs was cut into smaller GDEs suitable for the screening
set-up (3.5 cm x 4.0 cm 2 14 cm?).
S2
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Step 1 Step 2

Catalyst
mixture Metallic mesh
GDE felt
Roller Roller
GDE felt GDE
Support Support

Calendering parameters: Roller velocity, roller temperature, gap width between rollers

Figure S1: Schematic illustration of the two-step calendering process for fabrication of GDEs

(the GDE blank is pressed in vertical orientation).

For fabrication with the heat press (cf. Figure S2), the catalyst mixture was equally distributed
onto support material (3.5 cm x 4.0 cm 2 14 cm?) with a sieve (stainless-steel wire mesh,
mesh size = 500 ym, ISO 3310-1, Retsch / Verder Scientific, Haan / Germany) and a stencil
(Cut-out 3.5 cm x 4.0 cm). Afterwards, the GDE blank was placed in between two pieces of
ordinary baking sheet in the heat press (LaboPress P200S, Vogt Labormaschinen, Berlin /
Germany) and compressed (plate temperature 120 °C, pressure 10 bar, 60 s). After
compressing, excess material at the GDE edges was removed. The GDE'’s final catalyst
loading b was determined by differential weighing (Sartorius 1712004, Sartorius Lab
Instruments, Goéttingen / Germany) and its thickness d was measured at the centre point
(Micromar 40 ER, Mahr, Géttingen / Germany). The results have been provided if available (cf.
Table S2).
Step 1 Step 2
kN cm~2

Heated piste — N I

GDE mixt Heated plate
mixture Metal foam  GDE P

Heated plate Heated plate

Heat press parameters: Plate temperature, pressure, duration

Figure S2: Schematic illustration of the heat press process for fabrication of GDEs (the GDE

blank is pressed in a horizontal orientation).

If not stated otherwise, all GDEs were self-fabricated as described either with the calender or
the heat press.
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Table S2: Overview of electrocatalyst composition, catalyst mixture loading b and thickness d
of the fabricated GDEs by heat pressing if available.

GDE  Composition Support b (catalyst mixture) d (GDE, centre
/ mg cm™ point) / um

(D1) 85 wt% Sn, 10 wt% PTFE, Ni foam 71.12 522

5 wt% C65
(D2) 85 wt% Sn, 10 wt% PTFE, Ni foam 67.89 473

5 wt% C65
(D3) 85 wt% Sn, 10 wt% PTFE, Ni foam 97.34 627

5 wt% C65
(E1) 85 wt% Sn, 10 wt% PTFE, Ni mesh - 501

5 wt% C65
(E2) 87.5 wt% Sn, 12.5 wt% PTFE  Ni mesh 117.82 393
(G1)  87.5wt% Sn, 12.5 wt% PTFE  Nifoam 96.20 511
(G2)  87.5wt% Sn, 12.5 wt% PTFE  Nifoam 110.67 553
(H1) 87.5 wt% Sn, 12.5 wt% PTFE  Nifoam - 532
(1) 87.5 wt% Bi, 12.5 wt% PTFE Ni foam 105.01 503

1.4 Electrosynthesis of formate

Detailed descriptions of the electrochemical flow reactor and the electrolysis set-up have been
published (DOI: 10.1002/cssc.202301721). The same electrochemical flow reactor and
electrolysis set-up have been employed for the electrosynthesis of formate in this supporting
information. Some electrolyses were carried out using a slightly modified set-up with additional
integrated sensors, which has also been published (DOI: 10.1002/cssc.202500180).

Operational conditions are specified in the respective section of the results (cf. chapter 2).
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1.5 High performance liquid chromatography (HPLC)

The quantification of formate was carried out via HPLC (cf. Table S3), the system was operated

with the software LabSolutions (Version 5.93).

Table S3: HPLC measurement conditions for formate and PHB analysis performed on an
HPLC unit (LC-20AD, SIL-20AC HT, CBM-20A, CTO-20AC, SPD-M20A - Shimadzu, Kyoto /

Japan).
Conditions Formate
Eluent 5 mmol L™"H;S04
Flow rate 0.6 mL min™
Pressure 30+ 1
Column oven 35°C

Column

Injection volume
Detector
Wavelength A
Retention time

Duration

Rezex ROA- Organic Acid (8%), 300 mm x 7.8 mm, Phenomenex,
Torrance / USA

10 uL

Photodiode array (PDA)

194 nm

15.3 min

25 min

Formate standards were prepared from a stock solution by a dilution series with the dilution

factor 2. The stock solution was prepared with HCOONa (3.482 g, 51.2 mmol) in a volumetric
flask (100 mL, ISO 1042).

Peak area

1.8x107{ ™ Peakarea

1.5x107
1.2x107:
9.0x105:
6.0x106:
3.0x1o°:

0.0

y = 35768x, R® = 0.9999

T v T T T T T T T T T
0 100 200 300 400 500
c(formate) / mmol L

Figure S3: Calibration for formate quantification via HPLC measurement. Plot of formate
concentration (8, 16, 32, 64, 128, 256, 512 mmol L") against the peak area of the measured
signal (n = 3) with a linear fit forced through zero.
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1.6 Calculations
The FE for formate was calculated based on the determined amount of electrosynthesised
formate using equation (1).
F-z-n
I-t
With FE = Faradaic efficiency / %, F = Faraday constant / A s mol™, z = Number of

FE = -100% (1)

transferred electrons (z = 2), n = Amount of synthesised formate / mol, I = Current / A, t =

Electrolysis runtime / s.

The electric energy consumption (EEC) was either given in total for an electrolysis or calculated

for formate based on the determined amount of electrosynthesised formate using equation (2).

EEC = Fz
" FE-M

With EEC = Electric energy consumption / kWh kg™', F = Faraday constant / A's mol™,

-(2.778+1077) (2)

z = Number of transferred electrons per molecule (z = 2), U = Averaged cell voltage / V,

FE = Faradaic efficiency / %, M = Molar mass of formate / kg mol™".
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2. Results
2.1 Second stage (ll) of GDE development

In total, electrosynthesis of formate was carried out six times with the second stage (I) of GDE
development (85 wt% Sn, 10 wt% PTFE, 5 wt% C65 on Ni mesh, fabricated with calender).

The results have been summarised in Figure S3 and Table S4.
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Figure S4: Concentration and Faradaic efficiency (FE) course of formate during formate
electrosynthesis (n = 6, A1 - AB). The formate concentration course was fitted linearly in two
intervals: t=0 - 6 h (red, solid line) and t = 24 - 30 h (red, dashed line). Electrolysis parameters:
Constant current density j = 100 mA cm™2, runtime = 30 h, electrolyte = 0.2 mol L™" KH,POy4 /
K2HPOQy, initial V(catholyte, anolyte) = 500 mL each, cathode (GDE, 5 cm? geometrical area)
= 85 wt% Sn, 10 wt% PTFE, 5 wt% C65 on Ni mesh (fabricated with calender), reference
electrode = reversible hydrogen electrode (RHE), anode = Pt on a Ti-grid (Platinode EP,
Umicore).

Table S4: Overview of volume, formate concentration, formate FE and pH after 30 h
electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L' KH.PO./ K;HPO4 as
starting electrolyte. Accompanied by average and standard deviation of cell voltage during
runtime and absolute electric energy consumption (EEC).

Electrolysis V/mL c(formate) FE(formate) pH u/v EEC / Wh

/ mmol L™ [ %

(A1) 520 341.7 63.5 5.68 58+0.2 87.2

(A2) 520 288.6 53.6 6.42 6.3+£0.3 94.5

(A3) 525 310.1 58.2 6.18 6.3+0.3 94.8

(A4) 525 295.7 55.5 6.30 6.4+0.3 96.7

(A5) 520 314.8 58.5 6.15 6.1+0.3 91.9

(AB) 525 3211 60.2 6.03 6.4+04 95.9
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Figure S5: Data for electrolysis (A1), experimental details are provided above (cf. Figure S4
and Table S4).
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Figure S6: Data for electrolysis (A2), experimental details are provided above (cf. Figure S4
and Table S4).
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Figure S7: Data for electrolysis (A3), experimental details are provided above (cf. Figure S4
and Table S4).
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Figure S8: Data for electrolysis (A4), experimental details are provided above (cf. Figure S4
and Table S4).
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Figure S9: Data for electrolysis (A5), experimental details are provided above (cf. Figure S4

and Table S4).
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Figure $10: Data for electrolysis (A6), experimental details are provided above (cf. Figure

S4 and Table S4).
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2.2 Operation at intervals with and without current

Electrosynthesis of formate was exemplarily carried out at intermittent current to examine
formate mass transport within the GDE. For this purpose, the electrolysis was repeatedly
alternated between intervals with current (60 min) and cleaning intervals to rinse formate out
of the GDE / reactor (30 min). The catholyte was passed through the reactor only once and
then collected at defined intervals. It was found most of the formate was rinsed out of the GDE
after 30 min. However, formate concentration increased slightly during the entire experiment
in every last part of the rinsing interval. From this it was concluded the porosity of the GDEs
should be increased to improve mass transport of formate during electrolysis. The results are

summarised in Table S5 and Figure S11.

Table S5: Overview of intervals, current density as well as volume, concentration and FE of
formate for formate electrosynthesis at intermittent current (B1). Electrolysis parameters:
Runtime = 4.5 h, electrolyte = 0.2 mol L' KH,PO4 / K:HPO4, v(catholyte) = 2.7 mL min™",
v(anolyte) = 9 mL min™' (single pass through reactor each), v(CO,) = 3 mL min™', cathode
(GDE, 5 cm? geometrical area) = 90 wt% Sn, 8 wt% PTFE, 2 wt% graphite on Ni mesh
(fabricated with calender by Gaskatel), reference electrode = reversible hydrogen electrode
(RHE), anode = Pt on a Ti-grid (Platinode EP, Umicore).

Interval i V(catholyte)  c(formate) FE(formate) Cor.®! FE(formate)
/ min / mA cm™ / mL / mmol L™ I % I %
0-60 100 165 41.9 741 79.0

60 -70 0 27 16.0 - -

70 - 80 0 27 0.6 - -

80 - 90 0 27 0.2 - -

90 - 150 100 165 41.7 73.8 79.6

150 - 160 0 27 18.6 - -
160 - 170 0 27 1.2 - -
170 - 180 0 27 0.5 - -
180 - 240 100 165 39.7 70.2 75.6
240 - 250 0 27 16.3 - -
250 - 260 0 27 1.6 - -
260 - 270 0 27 0.7 - -

[a] Cor. FE(formate) includes the molar amounts of formate collected in the three respective cleaning

intervals without current.
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Figure S11: Data for electrolysis (B1), experimental details are provided above (cf. Table S5).
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2.3 Influence of pore forming agents
The influence of GDEs with and without pore forming agent was examined exemplarily. On the

one hand, NH,HCO, was chosen as it could decompose during fabrication due to heat or
dissolve into the catholyte during electrolysis. On the other hand, KH,PO, and K,HPO, were

chosen as they already serve as supporting electrolyte and should dissolve into the catholyte
during electrolysis. The GDEs were self-fabricated with the calender. The comparison is

summarised in Table S6, all individual electrolyses are shown in the following.

Table S6: Comparison of the highest hourly (Peak FE h™') and overall FE (6 h) for formate
achieved with GDEs containing either no or exemplary pore forming agents. Electrolysis
conditions: Constant current density j = 100 mA cm™, runtime = 6 h, electrolyte = 0.2 M
KH.PO4/K,HPO4 (equimolar), V(catholyte, anolyte) = 200 mL each, cathode (GDE, 5cm?
geometrical area) on Ni mesh (fabricated with calender), anode = Pt on a Ti-grid (Platinode
EP, Umicore).

Electrolysis  Catalystl! Peak FEh~  FE(6h) AFE (Peak
(+ pore forming agent) 1'% [ % vs.6h)/ %
(C1) 85 wt% Sn 785 725 6.0
(C2) 85 Wt% Sn 77.6 70.9 6.7
(C3) 84 wt% Sn 77.0 69.9 7.1
(1 wt% NH,HCO,)
(C4) 84 wt% Sn 76.1 71.0 5.1
(1 Wt% NH,HCO,)
(C5) 83 Wt% Sn 77.6 70.8 6.8
(1 wt% KH,PO,, 1 wt% K,HPO,)
(C6) 83 wt% Sn 78.8 72.9 5.9

(1 Wt% KH,PO,, 1 wt% K,HPO,)

[a] Catalyst mixture also included 10 wt% PTFE and 5 wt% C65 each.
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Figure S12: Data for electrolysis (C1), experimental details are provided above (cf. Table
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Figure S$13: Data for electrolysis (C2), experimental details are provided above (cf. Table
S6).
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Figure S14: Data for electrolysis (C3), experimental details are provided above (cf. Table
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Figure S15: Data for electrolysis (C4), experimental details are provided above (cf. Table
S6).
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Figure S16: Data for electrolysis (C5), experimental details are provided above (cf. Table
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Figure S17: Data for electrolysis (C6), experimental details are provided above (cf. Table

S6).
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2.4 Influence of Ni foam as porous support material

The influence of GDEs with Ni foam as pore forming agent was examined with the catalyst
composition of the second stage of development (cf. section 2.1). The GDEs were self-
fabricated with the heat press, as incorporation of Ni foam as support material was not possible
with the available vertical calender set-up (cf. Figure S1). The results are summarised in Figure
S18 and Table S7. In comparison to the second stage of development (cf. section 2.1, Figure
S4), the decrease of FE and synthesis rate of formate during runtime was significantly lower
with Ni foam as support material.
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© | 40 ©
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01 - — y=11.17x-37.39, R*=0.999
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Figure S18: Concentration and Faradaic efficiency (FE) course of formate for formate
electrosynthesis (n = 3, D1 - D3). The formate concentration course was fitted linearly in two
intervals: t=0 - 6 h (red, solid line) and t = 24 - 30 h (red, dashed line). Electrolysis parameters:
Constant current density j = 100 mA cm™2, runtime = 30 h, electrolyte = 0.2 mol L™" KH,PO4 /
K2HPOy, initial V(catholyte, anolyte) = 500 mL each, cathode (GDE, 5 cm? geometrical area)
= 85 wt% Sn, 10 wt% PTFE, 5 wt% C65 on Ni foam (fabricated with heat press), reference
electrode = reversible hydrogen electrode (RHE), anode = Pt on a Ti-grid (Platinode EP,
Umicore).

Table S7: Overview of volume, formate concentration, formate FE and pH after 30 h
electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L™' KH2PO4/ K:HPO4 as
starting electrolyte. Accompanied by average and standard deviation of cell voltage during
runtime and absolute electric energy consumption (EEC).

Electrolysis V/mL c(formate) FE(formate) pH u/v EEC / Wh
/ mmol L™ ! %
(D1) 518 372.0 68.9 5.09 57+04 85.2
(D2) 518 373.9 69.2 5.22 58+05 86.8
(D3) 517 369.0 68.2 5.19 58+0.5 87.0
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Figure S$19: Data for electrolysis (D1), experimental details are provided above (cf. Figure
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Figure S$20: Data for electrolysis (D2), experimental details are provided above (cf. Figure
S18).
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Figure S21: Data for electrolysis (D3), experimental details are provided above (cf. Figure

S18).

S19
A20



2.5 Influence of fabrication method (calender vs. heat press) and Ni foam

Two different results of the electrosynthesis of formate are included here to demonstrate
changing from calender to heat press did not influence the performance of GDEs. Thereby,
they showed Ni foam (incorporation as support material only possible with heat press due to

vertical calender set-up, cf. Figure S1) was responsible for an improved FE of formate.

The first results (Table S8, Figure S22) were obtained with a GDE of the same catalyst
composition as the second stage (II) of development (85 wt% Sn, 10 wt% PTFE, 5 wt% C65).
Ni mesh also served as support material. However, it was fabricated with the heat press
instead of the calender. Consequently, the only difference between the second stage (cf.
section 2.1) and electrolysis (E1) was the fabrication method. The comparison revealed their
performances were similar. Hence, both fabrication methods yield comparable GDEs and

switching between them had no significant influence on the results.

The second results (Table S8, Figure S23) were obtained with a GDE of the same catalyst
composition as the third stage (lll) of development (87.5 wt% Sn, 12.5 wt% PTFE, cf. 2.7). It
was also fabricated with the heat press. However, Ni mesh served as support material instead
of Ni foam. Consequently, the only difference between the third stage (cf. section 2.7) and
electrolysis (E2) was the support material. The comparison of (E2) and (G1, G2) revealed Ni

foam definitely improved the FE of formate.

Table S8: Overview of volume, formate concentration, formate FE and pH after 30 h
electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L™' KH.PO./ K;HPO, as
starting electrolyte. Accompanied by average and standard deviation of cell voltage during
runtime and absolute electric energy consumption (EEC).

Electrolysis V /mL c(formate) FE(formate) pH u/v EEC

/ mmol L™’ ! % [/ Wh

(E1) 510 335.3 61.9 596+0.05 6.5+0.3 97.2

(E2) 514.8 + 3.3 325.7 59.9 589+0.05 6.1+£0.5 911
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Figure S$22: Data for the electrosynthesis of formate (E1) with Sn based GDE. Electrolysis
parameters: Constant current density j= 100 mA cm™2, runtime = 30 h, electrolyte = 0.2 mol L™
KH.POs / K:HPO., initial V(catholyte, anolyte) = 500 mL each, cathode (GDE, 5cm?
geometrical area) = 85 wt% Sn, 10 wt% PTFE, 5 wt% C65 on Ni mesh (fabricated with heat
press), reference electrode = reversible hydrogen electrode (RHE), anode = Pt on a Ti-grid
(Platinode EP, Umicore).
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Figure S23: Data for the electrosynthesis of formate (E2) with the Sn based GDE. Electrolysis
parameters: Constant current density j = 100 mA cm™, runtime = 30 h, electrolyte = 0.2 mol L™

KH2PO4 / KoHPOs, initial V(catholyte, anolyte)

500 mL each, cathode (GDE, 5cm?

geometrical area) = 87.5 wt% Sn, 12.5 wt% PTFE on Ni mesh (fabricated with heat press),
reference electrode = reversible hydrogen electrode (RHE), anode = Pt on a Ti-grid (Platinode

EP, Umicore).
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2.6 Calendering of Ni foam

The commercial fabricator of GDEs Gaskatel (Kassel / Germany) has a calender set-up, which
allows the pressing of GDE blanks in horizontal orientation. Thereby, calendering of Ni foam
as porous support material is possible. Exemplary results are provided in the following (cf.
Table S9, Figure S24).

Table S9: Overview of volume, formate concentration, formate FE and pH after 30 h
electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L™' KH,PO4/ K;HPO4 as
starting electrolyte. Accompanied by average and standard deviation of cell voltage during
runtime and absolute electric energy consumption (EEC).

Electrolysis V/mL c(formate) FE(formate) pH u/v EEC
/ mmol L™’ [ % /[ Wh
(F1) 510 396.2 72.2 467005 6.5+£05 97.2
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Figure S24: Data for the electrosynthesis of formate (F1) with the Sn based GDE. Electrolysis
parameters: Constant current density j = 100 mA cm™, runtime = 30 h, electrolyte = 0.2 mol L™
KH2PO4 / KoHPOQ,, initial V(catholyte, anolyte) = 500 mL each, cathode (GDE, 5 cm?
geometrical area) = 90 wt% Sn, 7 wt% PTFE, 3 wt% activated carbon on Ni foam (fabricated
with calender by Gaskatel), reference electrode = reversible hydrogen electrode (RHE), anode
= Pt on a Ti-grid (Platinode EP, Umicore).
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2.7 Third stage (lll) of development — Operation at 100 mA cm™2

The results of electrosynthesis of formate with the third stage (lll) of GDE development
(87.5 wt% Sn, 12.5 wt% PTFE on Ni foam) at a constant current density of 150 mA cm2 have
been published in a manuscript (DOI: 10.1002/cssc.202301721). In the following, its operation
at 100 mA cm2 is presented. The GDEs were fabricated by heat pressing with Ni foam as

support material.

Table S10: Overview of volume, formate concentration, formate FE and pH after 30 h
electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L™' KH.PO./ K;HPO, as
starting electrolyte. Accompanied by average and standard deviation of cell voltage during
runtime and absolute electric energy consumption (EEC).

Electrolysis V /mL c(formate) FE(formate) pH u/v EEC
/ mmol L™ [ % /[ Wh
(G1) 516.8 1.7 419.3 77.4 440005 64106 96.8
(G2) 516.3+1.5 411.6 75.9 452+0.05 6.0+£0.6 90.7
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Figure S25: Data for the electrosynthesis of formate (G1) with the Sn based GDE (stage Il).
Electrolysis parameters: Constant current density j = 100 mA cm™2, runtime = 30 h, electrolyte
= 0.2 mol L™" KH2PO4 / KHPOQ,, initial V(catholyte, anolyte) = 500 mL each, cathode (GDE,
5 cm? geometrical area) = 87.5 wt% Sn, 12.5 wt% PTFE on Ni foam (fabricated with heat
press), reference electrode = reversible hydrogen electrode (RHE), anode = Pt on a Ti-grid

(Platinode EP, Umicore).
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Figure S26: Data for the electrosynthesis of formate (G2) with the Sn based GDE (stage V).
Electrolysis parameters: Constant current density j = 100 mA cm™2, runtime = 30 h, electrolyte
= 0.2 mol L™ KH2PO4 / K:HPOs, initial V(catholyte, anolyte) = 500 mL each, cathode (GDE,
5 cm? geometrical area) = 87.5 wt% Sn, 12.5 wt% PTFE on Ni foam (fabricated with heat
press), reference electrode = reversible hydrogen electrode (RHE), anode = Pt on a Ti-grid
(Platinode EP, Umicore).
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2.8 Third stage (lll) of development — Operation at 150 mA cm™2 for 30 h

The results of electrosynthesis of formate with the third stage (lll) of GDE development
(87.5 wt% Sn, 12.5 wt% PTFE on Ni foam) at constant current density of 150 mA cm™ with
22 h runtime have been published in a manuscript (DOI: 10.1002/cssc.202301721). In the
following, its operation for a runtime of 31 h is presented (1 h ramp, 30 h at constant current
density of 150 mA cm™2). The GDEs were fabricated by heat pressing with Ni foam as support

material.

Table S11: Overview of volume, formate concentration, formate FE and pH after 30 h
electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L™' KH.PO./ K;HPO4 as
starting electrolyte. Accompanied by average and standard deviation of cell voltage during
runtime and absolute electric energy consumption (EEC).

Electrolysis V /mL c(formate) FE(formate) pH u/v EEC
/ mmol L™ [ % /Wh
(H1) 529.1+0.6 543.5 67.4 3.83+£005 7.0x0.7 161.5
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Figure S27: Data for the electrosynthesis of formate (H1) with the Sn based GDE (stage IlI).
Electrolysis parameters: Initial ramp (12.5 mA cm™2 increase every 5 min), constant current
density j = 150 mA cm™2 , runtime = 31 h, electrolyte = 0.2 mol L™ KH,PO4 / KzHPOy, initial
V(catholyte, anolyte) = 500 mL each, cathode (GDE, 5 cm? geometrical area) = 87.5 wt% Sn,
12.5 wt% PTFE on Ni foam (fabricated with heat press), reference electrode = reversible
hydrogen electrode (RHE), anode = Pt on a Ti-grid (Platinode EP, Umicore).
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2.9 Fourth stage (IV) of development

Key results of the electrosynthesis of formate with the fourth stage (IV) of GDE development
(87.5 wt% Bi, 12.5 wt% PTFE on Ni foam) are summarised in Table S12, all data collected
throughout electrolysis is presented in Figure S28. The GDE was fabricated with the heat

press.

Table S12: Overview of volume, formate concentration, formate FE and pH (determined n = 3)
after 22 h electrolysis in the catholyte of formate electrosynthesis with 0.2 mol L™' KH2PO,/
K2HPO4 as starting electrolyte. Accompanied by average and standard deviation of cell voltage
during runtime and absolute electric energy consumption (EEC).

Electrolysis V/mL c(formate) FE(formate) pH u/v EEC
/ mmol L™ ! % / Wh
(1) 5254 +08 5054+01 86.25+0.14 4.13+0.05 6.3+0.5 1049
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Figure S28: Data for the electrosynthesis of formate (1) with the Bi based GDE (stage IV).
Electrolysis parameters: Constant current density j = 150 mA cm™, runtime = 22 h, electrolyte
= 0.2 mol L™" KH2PO4 / K;HPQ,, initial V(catholyte, anolyte) = 500 mL each, cathode (GDE,
5 cm? geometrical area) = 87.5 wt% Bi, 12.5wt% PTFE on Ni foam (fabricated with heat
press), reference electrode = reversible hydrogen electrode (RHE), anode = mixed Ir oxide on

a Ti-grid (Platinode EP, Type 117, Umicore).
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1 Experimental protocols and analytical methods

1.1 General Information

Selected chemical compounds and details on employed equipment are listed in this section
(cf. Table S1, Table S2). All chemicals were used without further purification and all solutions
were prepared using high purity H,O (0.055 uS cm™, 25 °C, PURELAB Ultra).

Table S1: Selected chemical compounds (Purity grade, supplier, charge number).

Compound  Purity grade Supplier Charge
KH2PO4 >99% (p.a.) Carl Roth, Karlsruhe / Germany 453340544
K2HPO4 >99% (p.a.) Carl Roth, Karlsruhe / Germany 024350089
HCOOK 99% (p.a.) Alfa Aesar, Haverhill / USA 10183323
HCOONa 299% (p.a.), ACS Merck, Darmstadt / Germany A0703243 608
H2SOq4 75%, pure Carl Roth, Karlsruhe / Germany 262322778
HNO3 69%, ROTIPURAN Supra  Carl Roth, Karlsruhe / Germany 1121091
HCOOH 298%, for synthesis Carl Roth, Karlsruhe / Germany 083329609
S3
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Table S2: Equipment / device, function and manufacturer.

WILEY-VCH

Equipment / device

Function / use

Manufacturer

PURELAB Ultra

A 10 basic
LaboPress P200S

Micromar 40 ER

Sartorius 1712004

Entris 32021-1S

NGP804

CEBO-LC (CESYS C028152)
GMH 3151

GMSD 2 BR - K31

Transferpette® S

ECOLINE VC-MS/CA8-6

High purity H20

Knife mill

Heat press

Thickness measurement
Analytical scale (0.00000 g)
Scale (0.00 g)

Power supply

Analog data logging
Pressure meter

Differential pressure sensor
Pipetting, sampling
(100-1000 pL, 500-5000 pL,

1000-10000 pL)
Peristaltic pump

ELGA LabWater, High
Wycombe / United Kingdom
IKA, Staufen / Germany

Vogt Labormaschinen, Berlin
/ Germany
Mahr, Géttingen / Germany

Sartorius Lab Instruments,
Gottingen / Germany
Sartorius Lab Instruments,
Goéttingen / Germany
Rohde & Schwarz, Munich /
Germany

CESYS, Herzogenaurach /
Germany

GHM Messtechnik,
Regenstauf / Germany
GHM Messtechnik,
Regenstauf / Germany
Brand, Wertheim / Germany

ISMATEC Laboratoriums-
technik, Wertheim / Germany
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1.2 Fabrication of GDE

The gas diffusion electrodes (GDE) were fabricated by pressing catalyst mixture onto Ni foam
as support material and current collector with a heat press. Each catalyst mixture (30.00 g)
had the same electrocatalyst to binder ratio (87.5:12.5). As electrocatalysts, Bi (Purity 99.9,
particle size <40 um, Metallpulver24, Sankt Augustin / Germany) and / or Bi-O3 (Purity 99.9%,
particle size approx. 80 nm, US Research Nanomaterials, Houston / USA) were used.
Polytetrafluoroethylene (PTFE) powder (Dyneon™ PTFE TF 2072Z, 3M, Saint Paul / USA)

served as hydrophobic binder. The different compositions are summarized in Table S3.

Table S3: Overview of the catalyst mixtures’ composition of the fabricated GDEs.

GDE m (Bi) m (Bi20s) m (PTFE)
/g /g g9
(A) 26.25 0 3.75
(B) 21.00 5.25 3.75
(C) 15.75 10.50 3.75
(D) 10.50 15.75 3.75
(E) 5.25 21.00 3.75
(F) 0 26.25 3.75

Each catalyst mixture was homogenized in a knife mill (A 10 basic). The mixing (30 s,
25000 rpm) was carried out twice and lead to a temperature increase of the mixture (T >
35 °C). After cooling to room temperature, the catalyst mixture was equally distributed onto Ni
foam (d = 1.4 cm, 3.5 cm x 4.0 cm 2 14 cm?, Ni-5763, density 420 - 450 g m™2, Recemat BV,
Dodewaard / Netherlands) with a sieve (stainless-steel wire mesh, mesh size = 500 pym, 1ISO
3310-1, Retsch / Verder Scientific, Haan / Germany) and a stencil (Cut-out 3.5 cm x 4.0 cm).
The loading of the GDE with catalyst mixture was adjusted by differential weighting (Entris
3202I-1S) of the Ni foam. Afterwards, the GDE blank was placed in between two pieces of
ordinary baking sheet in the heat press (LaboPress P200S) and compressed (plate
temperature 120 °C, pressure 10 bar, 60 s). After compressing, excess material at the GDE
edges was removed. The GDE’s final catalyst loading b was determined by differential
weighing (Sartorius 1712004) and its thickness d was measured at the center
point/geometrical middle of the 14 cm? GDE area (Micromar 40 ER). A summary of all
fabricated GDEs is provided in Table S4.
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Table S4: Overview of electrocatalyst composition, catalyst mixture loading b and thickness d
of the fabricated GDEs.

GDE Composition b (catalyst mixture) d (GDE, center point)
/ mg cm™ / ym
(A1) Bi 78.21 461
(A2) Bi 78.30 468
(A3) Bi 78.52 486
(B1) Bi / Bi2O3 (80:20) 80.19 475
(B2) Bi / Bi=O3 (80:20) 79.66 498
(B3) Bi / Bi2O3 (80:20) 78.10 493
(B4) Bi / Bi.O3 (80:20) 80.29 496
(B5) Bi / BiO3 (80:20) 78.24 491
(B6) Bi / Bi2Os (80:20) 79.54 498
(B7) Bi / Bi.O3 (80:20) 80.48 487
(B8) Bi / Bi.O3 (80:20) 78.52 491
(B9) Bi / Bi2O3 (80:20) 79.92 486
(B10) Bi / Bi2O3 (80:20) 80.81 494
(B11) Bi / Bi2O3 (80:20) 78.34 494
(B12) Bi / Bi2O3 (80:20) 78.99 496
(C1) Bi / Bi2O3 (60:40) 77.12 500
(C2) Bi / Bi.O3 (60:40) 80.24 520
(C3) Bi / Bi2O3 (60:40) 81.48 511
(D1) Bi / Bi2O3 (40:60) 77.67 516
(D2) Bi / Bi2O3 (40:60) 76.55 514
(D3) Bi / Bi2O3 (40:60) 75.95 516
(E1) Bi / Bi2O3 (20:80) 73.47 515
(E2) Bi / Bi2O3 (20:80) 71.09 508
(E3) Bi / Bi2O3 (20:80) 72.57 521
(F1) Bi2O3 74.33 521
(F2) Bi2O3 74.77 544
(F3) Bi2O3 74.68 558
S6
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1.3 Electrochemical flow reactor and electrolysis set-up

Detailed descriptions of the electrochemical flow reactor and the electrolysis set-up have
already been provided in a previous publication (https://doi.org/10.1002/cssc.202301721). The
same electrochemical flow reactor and electrolysis set-up have been employed for the
electrosynthesis of formate herein. However, Nafion 424 (The Chemours Company,
Wilmington, USA) was used as cation exchange membrane instead of Nafion 117. Nafion 424
is a reinforced and more stable membrane, which will be necessary for an upscaled reactor in

the future. It has already been used here to enable a better comparison.

1.4 Electrosynthesis of formate
Electrosynthesis of formate using CO; was carried out with self-fabricated Bi / Bi.Os based
GDEs (cf. section 1.2) in a flow reactor (cf. section 1.3), whereby each GDE was only used

once per experiment.

All electrosyntheses were run with a power supply unit (NGP804), which recorded terminal
voltage (U), current (/) and power (P). The power supply unit was operated by analog input
(NGP-K107) using ProfiLab-Expert (Version 4.0). Furthermore, the electrode potential of the
GDE was referenced to a RHE (CEBO-LC). The electrosynthesis at constant current density
started with a current ramp (60 s), in which the current density (j) reached 150 mA cm™
(750 mA in total), which was maintained for 21 h runtime. The start-up procedure of the
electrosynthesis at variable current density was identical, but the current density was adjusted
during runtime with current ramps (60 s). The respective courses of current density are

provided in section 3.2.

CO; (N4.5) was supplied to the GDE at a flow rate of 10 - 15 mL min™" (Float-type flow meter,
Wagner Mess- und Regeltechnik, Offenbach / Germany) and an initial overpressure in range
of 50 - 200 mbar relative to ambient pressure. The pressure was recorded (every 2 s) during
the running electrolysis (CEBO-LC).

Phosphate based buffer (0.2 mol L™' KH2PO4 / K;HPO4, equimolar) served as electrolyte for
all electrolyses. For each electrolysis, anolyte and catholyte had a starting volume of 500 mL
(Volumetric flask, ISO 1042). Anolyte and catholyte were both circulated continuously at a flow
rate of approx. 40 mL min~' between flow reactor compartment and reservoir. Moreover, the
catholyte reservoir was equipped with a pH electrode (EGA142, Xylem Analytics Germany
Sales, Weilheim / Germany). The pH of the catholyte was recorded (every 2 s) during
electrolysis (CEBO-LC). Catholyte samples were taken either hourly (1 mL, Transferpette® S)
or every 15 min (200 uL, Transferpette® S) in certain intervals to monitor formate concentration
and calculate the corresponding Faradaic efficiency (FE). After electrolysis, the catholyte

volume was determined by its weight (Entris 32021-1S) and density. The density was calculated
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by taking samples (1 mL, n = 3, Transferpette® S) and weighing them (Sartorius 1712004). The

GDE was rinsed with H>O and dried at room temperature.

Details on the experimental parameters and results for all individual electrolyses generating

formate are provided in section 3.1.

1.5 Determination of density
The densities of GDE were determined with the gas pycnometer BELPYCNO L (cf. Table S5),
which was operated via BELPycno-L (Version 3.1.4).

Table S5: Volume / density measurement conditions performed on BELPYCNO L (Microtrac
Retsch, Haan / Germany).

Conditions Conditions

Carrier gas Helium Restriction delta pressure ~ 2.00000 bar
Temperature 20.00 °C Equilibrium delta pressure  0.00020 bar
Reference volume I Equilibrium delta time 15s

Flow cleaning time O0s Standard deviation (max.) 10%
Number of cleaning cycles 10 Nr. of good measurements 10

Sample cleaning time 5s Nr. of max. measurements 10

Atm. stabilization time 15s High precision mode Disabled

The reference volume chamber | was calibrated with steel calibration sphere S using the
instrument’s standard protocol. All samples were measured (n = 3) in sample chamber S
(20 cm?) using glass beads (z = 2.85 - 3.45 mm, charge 381176662, Carl Roth, Karlsruhe /
Germany) as filler volume (approx. 50%). The sample weights (Sartorius 1712004) were used
to calculate the densities from the measured volumes. GDE samples before electrolysis
remained as fabricated (14 cm?). To measure the GDE after electrolysis, the area exposed in
the reactor during electrolysis was cut out (5 cm?). As the sample volumes were relatively small
compared to the sample chamber despite the filler, GDEs of the same composition were
measured together (if available) in order to minimize relative errors. The results are

summarized in Table S6.
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Table S6: Volume and density results for Bi and / or Bi2O3 GDEs before and after electrolysis.
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GDE composition Electrolysis Volume / cm? Density / g cm™
Bi - 0.227 + 0.003 7.37 £ 0.02
Bi (A1), (A2) 0.190 + 0.007 7.31+0.09
Bi / Bi,Os (80:20) - 0.224 + 0.004 7.46 £ 0.08
Bi / Bi»Os (80:20) (B1) 0.101 + 0.002 7.2+0.1
Bi / Bi.O3 (60:40) - 0.223 £ 0.001 7.36 £ 0.04
Bi / Bi;O3 (60:40) (C1) 0.108 + 0.001 7.18 £ 0.04
Bi / Bi.O3 (40:60) - 0.219 + 0.004 7.47 £ 0.08
Bi / Bi,Os (40:60) (D1), (D2) 0.205 + 0.001 7.11+0.08
Bi / Bi.O3 (20:80) - 0.168 + 0.003 72+0.2
Bi / Bi,Os (20:80) (E1), (E2) 0.173 £ 0.002 7.06 + 0.09
Bi2Os - 0.228 + 0.001 7.13+£0.03
Bi,Os (F1), (F2) 0.187 + 0.001 6.97 + 0.04
8.00 [ Before electrolysis
] After electrolysis
7.50 I
‘*.‘E ES
==

S 7.00+ % ;T?

2

»n 6.50

&

a

6.00

5.50

Bi/ Bi,O,

(80:20)

Bi/ Bi,0,

(60:40)

Bi / Bi,0, | Bi/ Bi,0,
(40:60) | (20:80)

GDE catalyst composition

Figure S1: Density results of Bi / BioO3 GDEs before and after electrolysis (cf. Table S6).
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1.6 Cross sections of GDE

Cross sections of GDEs were prepared before and after electrolysis. GDEs after electrolysis
were dabbed dry with a paper towel without any prior rinsing. For preparation, each GDE was
cut in half vertically with a scissor. Afterwards, one half was placed inside resin (transparent
epoxy, Specifix-40, Struers, Ballerup / Denmark) with the cut edge facing upwards. All samples
were vacuum impregnated using the CitoVac (Struers, Ballerup / Denmark). The cured,
enclosed cross section was sanded with SiC paper (FEPA P320, P500, P1000, P2400 -
Struers, Ballerup / Denmark) using water as coolant. Lastly, cross sections were polished with
diamond paste (3 um, 1 um - Struers, Ballerup / Denmark). Sanding and polishing were both
carried out with the Saphir 550 (ATM Qness, Mammelzen / Germany).

Pictures of the cross sections were taken with the bright-field microscope DM6000 M (Leica

Microsystems, Wetzlar / Germany). Exemplary pictures are provided in section 3.3.
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1.7 Inductively coupled plasma optical emission spectroscopy (ICP-OES)
ICP-OES measurements were performed on Agilent 5800 ICP-OES equipped with an SPS 4
Autosampler, a borosilicate double-pass spray chamber and a Seaspray concentric glass
nebulizer (cf. Table S7). The system was operated via ICP Expert (Version 7.6.3.12735).

Table S7: ICP-OES measurement conditions performed on Agilent 5800 ICP-OES (Agilent
Technologies, Santa Clara / USA).

Conditions Conditions

Replicate count 10 Viewing mode Axial

Pump speed 12 rpm Viewing height -

Sample uptake time 25 s Nebulizer flow 0.7 mL min™"
Stabilization time 15s Plasma flow 12 mL min™
Read time 5s Aux Flow 1 mL min™
Rinse time 30s Oxygen content 0%

RF power 1.2 kW IntelliQuant Enabled

In between samples, autosampler and measurement system were rinsed with 2 wt% HNO3;
(prepared from 69 wt% HNOs, Supra Quality, cf. Table S1).

All samples were measured without dilution except for acidification to 2 wt% HNOs (using
69 wt% HNO3). In initial qualitative tests using an IntelliQuant screening, no elements of
interest were detected in the anolyte samples. Consequently, only catholyte samples were

examined further.

Standards to determine the concentrations of Bi** (A = 306.771 nm) and Ni?* (A = 231.604 nm)
were prepared from a stock solution (100 mgL™"). The stock solution was prepared by
combining the respective standards (10 mL each, cf. Table S8) in a volumetric flask (100 mL,
ISO 1042) using 2 wt% HNOs for dilution. Afterwards, the solution was diluted further with
2 wt% HNOs to either 6 or 8 mg L™" in a volumetric flask (100 mL, ISO 1042). This was followed
by a dilution series by factor 2, respectively. Finally, both sets of standards (0.25, 0.5, 1, 2, 4,
8 mg L™ and0.1875, 0.375, 0.75, 1.5, 3, 6 mg L") were diluted again by factor 2 with a matrix
solution (0.4 mol L™ KH,PO4 / K;HPO4, 0.5 mol L™' HCOOH, 0.5 mol L™' HCOOK in 2 wt%
HNO3). Thereby, a set of standards with a matrix based on the catholyte’s composition was
obtained. Furthermore, two additional standards (5 and 6 mg L") were prepared from the initial
stock solution (100 mg L™") by dilution to 10 and 12 mg L™" with 2 wt% HNO3, which were
diluted again by factor 2 with matrix solution. In the following, the calibrations for each targeted
analyte with either catholyte matrix or 2 wt% HNO3 matrix are presented. The calibration with

catholyte matrix was used to calculate the results for the catholyte samples.
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Table S8: Single Element ICP-Standard-Solutions used for analyte quantification (Element,
Concentration, Supplier, Lot. No.).

Element Concentration Supplier Lot. No.
Bi 1000 mg L™ Carl Roth, Karlsruhe / Germany 794591
Ni 1000 mg L™ Carl Roth, Karlsruhe / Germany 974203
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Figure S2: Calibration for Bi** (A = 306.771 nm) via ICP-OES measurement with catholyte and
2% HNO; matrix. Plot of Bi** concentration (0, 0.09375, 0.125, 0.1875, 0.25, 0.375, 0.5, 1, 1.5,

2, 4, 5, 6 mg L") against the peak area of the measured signal (n =10) with a linear or
quadratic fit.

40000 ® Peak area (n = 10), catholyte matrix

® Peakarea (n=10), 2 wt% HNO,
380009y = 3044x + 25, R? = 0.999 i
300004~~~ Y =5965x +7, R*=0.999 o
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Figure S3: Calibration for Ni?* (A = 231.604 nm) via ICP-OES measurement with catholyte and
2% HNO; matrix. Plot of Ni?* concentration (0, 0.09375, 0.125, 0.1875, 0.25, 0.375, 0.5, 1, 1.5,
2,4, 5,6 mg L") against the peak area of the measured signal (n = 10) with a linear fit forced
through zero, respectively.
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Table S9: ICP-OES results for Bi** and Ni?* concentrations in the catholyte samples.

Electrolysis GDE catalyst composition c(Bi®**) / ug L™* c(Ni?*) / ug L™
(P! - 0 0
(A1) Bi 4099 + 20 27.7+1.6
(A2) Bi 492 + 35 287+19
(A3) Bi 192 + 16 18.2+2.0
(B1) Bi / Bi»O3 (80:20) 4053 £ 10 224+2.2
(B2) Bi / Bi»O3 (80:20) 131 + 11 21.9+2.0
(B3) Bi / Bi.O3 (80:20) 87+6 17.2+1.5
(B4) Bi / Bi,O3 (80:20) 151+ 7 23.9+1.3
(B5) Bi / BiO3 (80:20) 210+ 9 249+18
(B6) Bi / Bi»O3 (80:20) 144 + 10 31.9+28
(B7) Bi / Bi»O3 (80:20) 4489 + 16 421+ 4
(B8) Bi / Bi2O3 (80:20) 4306 + 13 308 +2
(B9) Bi / Bi,O3 (80:20) 4452 + 14 501 + 4
(B10) Bi / Bi»O3 (80:20) 117 +7 123.8+2.4
(B11) Bi / Bi»O3 (80:20) 137+9 213.9+3.3
(B12) Bi / Bi-O; (80:20) 150 + 11 92.8+0.9
(C1) Bi / Bi.O3 (60:40) 110+ 8 62.7 + 2.1
(C2) Bi / Bi»O3 (60:40) 95 + 10 51.6 + 1.8
(C3) Bi / Bi»O3 (60:40) 99 + 11 49.9+1.0
(D1) Bi / Bi»O3 (40:60) 126 + 10 56.4 + 2.6
(D2) Bi / Bi.O3 (40:60) 122 £ 10 777422
(D3) Bi / Bi.O3 (40:60) 102+ 7 472+15
(E1) Bi / Bi»O3 (20:80) 79 + 10 79.9+2.7
(E2) Bi / Bi»O3 (20:80) 83+ 12 112.3+2.3
(E3) Bi / Bi2O3 (20:80) 95+ 11 76.0+1.5
(F1) Bi.Os 97 +7 476+16
(F2) Bi2O3 113+ 10 56.2+2.1
(F3) Bi»Os 124 + 12 53.7 1.1

[a] The phosphate buffer (0.2 mol L™' KH2POs4 / K2HPO4) serving as supporting electrolyte for formate

electrosynthesis was measured prior to electrolysis for comparison.
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1.8 High-performance liquid chromatography (HPLC)

The quantification of formate was carried out via HPLC (cf. Table S10), the system was

operated with the software LabSolutions (Version 5.93).

Table S10: HPLC measurement conditions for formate and PHB analysis performed on an
HPLC unit (LC-20AD, SIL-20AC HT, CBM-20A, CTO-20AC, SPD-M20A - Shimadzu, Kyoto /

Japan).
Conditions Formate
Eluent 5 mmol L™"H;S04
Flow rate 0.6 mL min™
Pressure 30+ 1
Column oven 35°C

Column

Injection volume
Detector
Wavelength A
Retention time

Duration

Rezex ROA- Organic Acid (8%), 300 mm x 7.8 mm, Phenomenex,
Torrance / USA

10 uL

Photodiode array (PDA)

194 nm

14.9 min

25 min

Formate standards were prepared from a stock solution by a dilution series with the dilution

factor 2. The stock solution was prepared with HCOONa (3.482 g, 51.2 mmol) in a volumetric
flask (100 mL, ISO 1042).

Peak area

1.8x107{ ™ Peakarea

1.5x107
1.2x107:
9.0x105:
6.0x106:
3.0x1o°:

0.0

y = 35768x, R® = 0.9999

T v T T T T T T T T T
0 100 200 300 400 500
c(formate) / mmol L

Figure S4: Calibration for formate quantification via HPLC measurement. Plot of formate
concentration (8, 16, 32, 64, 128, 256, 512 mmol L") against the peak area of the measured
signal (n = 3) with a linear fit forced through zero.
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2 Calculations

2.1 Faradaic efficiency (FE)
The FE for formate was calculated based on the determined amount of electrosynthesized
formate using equation (1).
F-z-n
I-t

With FE = Faradaic efficiency / %, F = Faraday constant / A s mol™, z = Number of

FE = -100% (1

transferred electrons (z = 2), n = Amount of synthesised formate / mol, I = Current / A, t =

Electrolysis runtime / s.

The results for the different catholytes were averaged and their standard deviation was

provided as uncertainty.

2.2 Electric energy consumption (EEC)
The EEC for formate was calculated based on the determined amount of electrosynthesized

formate using equation (2).

F-z
EEC =

e (2778-1077) 2)

With EEC = Electric energy consumption / kWh kg™, F = Faraday constant / A's mol™,
z = Number of transferred electrons per molecule (z = 2), U = Averaged cell voltage / V,

FE = Faradaic efficiency / %, M = Molar mass of formate / kg mol™.

The results for the different catholytes were averaged and their standard deviation was

provided as uncertainty.
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3 Results

This chapter contains detailed data for all electrolyses carried out at constant current density
(cf. section 3.1) and variable current density (cf. section 3.2). Furthermore, pictures of the self-
fabricated GDEs and their cross sections before and after electrolysis are provided (cf. section
3.3).

3.1 Electrosynthesis of formate at constant current density
A comparative overview of the results is presented in Table S11, operational electrolysis
parameters have been summarized in Table S12, further electrolysis results have been

collected in Table S13. Moreover, detailed courses of each individual electrolysis are provided.

Discussion of cell voltage and potential of GDE

Electrolyses were run with an average cell voltage of 6.46 + 0.12 V for all different compositions
of catalyst (n = 18). The generally relatively high cell voltage was mainly caused by ohmic
losses in the anode chamber, as a non-zero gap anode was used for the oxygen evolution
reaction (OER) as counter reaction of CO, reduction to formate. Accordingly, the average
potential of GDEs was only —=1.57 £ 0.14 V vs. RHE for all different compositions of catalyst
(n = 18). As expected, the average potential of Bi GDE (-1.7 £ 0.1 V) was higher than that of
Bi-O3 GDE (-1.52 £ 0.13 V). Despite that, there was no clear trend in between. Starting from
Bi GDE, the average potential of GDE decreased with addition of Bi>O3 until Bi/Bi.O3 (60:40)
GDE (-1.5 £ 0.1 V), as expected. However, the following Bi/Bi>O3 (40:60) GDE (-1.7 £ 0.3 V)
and Bi/Bi.O3 (20:80) GDE (-1.37 £ 0.14 V) deviated from the preliminary trend, whereby
Bi/Bi2O3 (20:80) had the overall lowest average potential. Consequently, stepwise addition of
Bi-O3 as a reductive binder did not lead to the presumed stepwise lowering of GDE potential /
increase in conductivity of the GDE. Besides, the average cell voltage of the different
compositions showed the same relative correlations as the average potential of GDE, except
for Bi/Bi.O3 (40:60). Thereby, Bi GDE required the highest average cell voltage (6.63 + 0.06 V)
whereas Bi/Bi,O3 (20:80) GDE required the lowest (6.3 + 0.2 V).
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Table S11: Comparative overview of results (expansion of Table 2 in the main text) for electrosynthesis of formate at constant current density (150 mA cm2, 21 h)
with GDEs of variable catalyst composition (n = 3, respectively).

Catalyst composition ~ GDE catalyst? ~ GDE c(formate) FE [%] ud [v] E(GDE)" [V] EEC c(formate) rate c(formate) rate pH?
of GDE cost [€ m?] material®) [mmol L™ [kWh kg™"] r¥[mmol L' h™"]  r®[mmol L' h™"]
cost [€ m?]

Bi 34.3+£0.1 376.9+0.1 4883 87.56+1.1 6.63 £0.06 -1.7+£01 8.84 £0.05 24.71£0.09 17.45+0.14 4.20+0.01
Bi/ Bi;O3(80:20) 55.5+0.1 398.3+0.1 501+5 90.3+1.2 6.48 +0.06 -1.6+0.1 8.37£0.13 25.62+0.12 20.16 £ 0.14 4.13+0.03
Bi/ Bi,O; (60:40) 76.6+£22 419+3 485+ 15 87+3 6.47 £0.01 -1.5+0.1 86+0.3 25.04£0.11 16.8+0.5 4.19+£0.03
Bi/ Bi;O3 (40:60) 94.0+1.1 436.6 £ 1.2 483+ 5 87.0+0.9 6.44 £0.08 -1.7+£03 8.63+0.15 2516 £0.13 154 +£0.3 4.22 £0.01
Bi/ Bi;O3(20:80) 107.7+1.8 450.0+1.9 462 + 18 83+3 6.3+£0.2 -1.37£0.14 8.79£0.34 25.41+0.17 12.9+0.3 4.31+0.08
Bi:O3 130.5+0.5 473.0+0.5 488 £ 6 88.0+1.2 6.4+03 -1.52+0.13 855+1.5 253+0.2 19.0+0.3 4.19£0.02

a) Bi and/or Bi203; ) Including electrocatalyst (Bi and/or Bi203), PTFE and Ni foam; © Average of 21 h runtime, without compensation for iR losses; 9 t =4 - 5 h; ® t = 20 - 21 h; " After

electrolysis (t =21 h).
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Table S12: Overview of operational electrolysis parameters for electrosynthesis of formate using 0.2 mol L™" KH,PO4/ K,HPO, as electrolyte. All
values are given as average with standard deviation for the 21 h electrolysis duration, excluding the absolute electric energy consumption (EEC).

Electrolysis OCP vs. RHE / V& E(GDE) vs. RHE / V u/v EEC /Wh p(COz) / mbar
(A1) 0.950 + 0.002 -1.63+0.13 6.6+0.7 103.6 98+5
(A2) 0.966 + 0.001 -1.82+0.11 6.7 £0.7 105.1 252+ 10
(A3) 0.901 + 0.001 -1.74+0.11 6.7+0.6 105.1 78+5
(B1) 0.817 £ 0.002 -1.47 +0.16 6.5+0.8 102.3 116 £ 19
(B2) 0.965 + 0.001 -1.67+0.14 6.4+0.7 101.3 174 £22
(B3) 0.991 + 0.001 -1.56 + 0.14 6.5+0.7 102.9 147 £ 10
(C1) 0.543 £ 0.001 -1.46 +0.17 6.5+0.7 102.0 141 £ 42
(C2) 0.586 + 0.002 -1.63+0.15 6.5+0.6 101.9 179 £17
(C3) 0.510 £ 0.003 -1.53+0.16 6.5+0.6 101.8 114 +7
(D1) 0.503 + 0.001 -20+0.2 6.5+0.7 102.6 230+ 18
(D2) 0.506 + 0.001 -1.67+0.10 6.4+0.6 101.7 208 + 21
(D3) 0.836 + 0.001 -1.52+0.11 6.4+0.6 100.4 147 £ 20
(E1) 0.296 + 0.003 -1.21+0.14 6.1+0.6 96.7 191 £ 27
(E2) 0.512 + 0.001 -1.43+0.15 6.4+0.6 101.7 148 £ 17
(E3) 0.41 +£0.02 -1.47 +0.16 6.2+ 0.6 98.4 218+ 19
(F1) 0.262 + 0.001 -1.51+0.13 6.3+0.7 99.9 260 + 18
(F2) 1.13+0.04 -1.40+0.11 6.3+0.7 99.7 182 + 11
(F3) 1.15+0.04 -1.65+0.14 6.7+0.8 105.6 227 £12

[a] Average with standard deviation measured for 5 min prior to electrolysis.

S18

A46



WILEY-VCH

Table S13: Overview of volume, formate concentration, formate FE and pH determined n = 3 after 21 h electrolysis in the catholyte of formate
electrosynthesis with 0.2 mol L™' KH.PO4/ K:HPO4 as starting electrolyte.

Electrolysis V/mL c(formate) / mmol L™ FE(formate) / % pH
(A1) 522.9+0.2 485.0+0.3 86.32 + 0.04 4.20+0.05
(A2) 528.6+0.4 488.0+ 0.4 86.79 + 0.04 4.21+0.05
(A3) 529.9+0.3 490.2+0.2 88.41+0.03 4.19+0.05
(B1) 527.1+0.4 496.2+0.3 89.01 + 0.06 4.10+0.05
(B2) 530.4+ 0.6 503.4 £ 0.2 90.87 + 0.08 4.14 £ 0.05
(B3) 530.2+0.3 504.1£0.2 90.97 £ 0.07 4.14 £ 0.05
(C1) 527.2+0.1 469.8 +0.2 84.29 + 0.03 4.21+0.05
(C2) 531.4+04 484.8 +0.1 87.67 £ 0.07 4.20+0.05
(C3) 530.0+0.2 499.5+0.2 90.11 £ 0.05 4.16 £ 0.05
(D1) 529.3+0.3 484.1+0.2 87.21+0.06 4.21+0.05
(D2) 5289+ 0.4 478.3+0.3 86.09 + 0.05 4.23+0.05
(D3) 529.5+0.3 486.4 +0.1 87.65 + 0.06 4.12+0.05
(E1) 530.1+0.6 446.3+0.2 80.5+0.1 4.38+0.05
(E2) 531.0+0.3 458.6 + 0.2 82.86 + 0.08 4.32+0.05
(E3) 528.5+0.5 480.2+0.3 86.38 + 0.06 4.23+0.05
(F1) 529.6 +0.5 491.2+0.5 88.53 + 0.05 4.19+0.05
(F2) 529.2+0.5 481.0+0.1 86.64 + 0.07 4.21+0.05
(F3) 531.2+0.4 490.8+0.2 88.73 £ 0.04 4.18 +0.05
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3.1.1 Bi GDEs
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Figure S5: Data for electrolysis (A1, A2, A3), experimental details are provided in section 1.4
and results in Table S11, Table S12 and Table S13.
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Figure S6: Data for electrolysis (A1), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S7: Data for electrolysis (A2), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S8: Data for electrolysis (A3), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.

S21
A49



WILEY-VCH

3.1.2 Bi/ Bi203 (80:20) GDEs
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Figure S9: Data for electrolysis (B1, B2, B3), experimental details are provided in section 1.4
and results in Table S11, Table S12 and Table S13.
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Figure S$10: Data for electrolysis (B1), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S11: Data for electrolysis (B2), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S12: Data for electrolysis (B3),
results in Table S12 and Table S13.

experimental details are provided in section 1.4 and
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3.1.3 Bi/ Bi203 (60:40) GDEs
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Figure S13: Data for electrolysis (C1, C2, C3), experimental details are provided in section
1.4 and results in Table S11, Table S12 and Table S13.
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Figure S14: Data for electrolysis (C1), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S15: Data for electrolysis (C2), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S16: Data for electrolysis (C3),
results in Table S12 and Table S13.

experimental details are provided in section 1.4 and
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3.1.4 Bi/ Bi203 (40:60) GDEs
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Figure S17: Data for electrolysis (D1, D2,

D3), experimental details are provided in section

1.4 and results in Table S11, Table S12 and Table S13.
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Figure S18: Data for electrolysis (D1), experimental details are provided in section 1.4 and

results in Table S12 and Table S13.
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Figure S$19: Data for electrolysis (D2), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.

Q/kC Q/kC
0.0 81 162 243 324 405 486 56.7 0.0 814 162 243 324 405 486 56.7
149 . F1.0 14 300 4 F 300
, T
129 [00 > 12 250 F 250 E
10 | Low |10 & 2
: T 8 200 r200 2
> 8- 20% s E =
= : @ = = 150 L1502
D 6 302 te — & £
my >
u © 100 k100 G
4 4.0 4 x £
(4] a s
24 sold |2 50 1 [0 e
=
04 £.0 0 01 o
0 3 6 9 12 15 18 21 o 3 6 9 12 15 18 2
t/'h t/'h
Q/kC Q/kC
00 81 162 243 324 405 486 567 00 81 162 243 324 405 486 56.7
14 4 pH(catholyte) r 580 5004 ° c(formate) L 100
m  V(catholyte) [ 570 _ ®  FE(formate) e
12 4 T —
F 560 < = 400 e L8 e
2 10 3 ] . s
=4 r 550 = E n )
= 5 [ gy © 300 4 teo &
£ s = &
8 8 500 £ 200 Lao 5
2 S © °
I ,] [520 % £ . =
= [s10S S 100 rd T Be 2o W
2] 510> - . R’ =0.9999
e F 500 © . y= 18.4x + 100.0
04 [ 400 04 = RY = 0.9972 ro
0 3 6 9 12 15 18 2 o 3 6 8 12 15 18 21
t/h t/h

Figure S$20: Data for electrolysis (D3),
results in Table S12 and Table S13.

experimental details are provided in section 1.4 and
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Figure S21: Data for electrolysis (E1, E2, E3), experimental details are provided in section 1.4
and results in Table S11, Table S12 and Table S13.
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Figure S22: Data for electrolysis (E1), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S23: Data for electrolysis (E2), experimental details are provided in section 1.4 and

results in Table S12 and Table S13.
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Figure S24: Data for electrolysis (E3),
results in Table S12 and Table S13.

experimental details are provided in section 1.4 and
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3.1.6 Bi203 GDEs

c(formate) / mmol L™
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Figure S25: Data for electrolysis (F1, F2, F3), experimental details are provided in section 1.4
and results in Table S11, Table S12 and Table S13.
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Figure S26: Data for electrolysis (F1), experimental details are provided in section 1.4 and

results in Table S12 and Table S13.
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Figure S27: Data for electrolysis (F2), experimental details are provided in section 1.4 and

results in Table S12 and Table S13.
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Figure S28: Data for electrolysis (F3),
results in Table S12 and Table S13.
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3.2 Electrosynthesis of formate at variable current density

Electrolysis results have been summarized in Table S14. Moreover, detailed courses of each individual electrolysis are provided.

Table S14: Overview of volume, formate concentration, formate FE and pH determined n = 3 after electrolysis at variable current densities in the
catholyte of formate electrosynthesis with 0.2 mol L™! KH2PO4/ K2HPO4 as starting electrolyte.

Electrolysis V/mL c(formate) / mmol L™ FE(formate) / % pH
(B4) 507.1+ 0.4 238.9+0.3 91.44 + 0.07 6.41 + 0.05
(B5) 508.7 + 0.8 236.1 £ 0.4 90.6+0.3 6.42 + 0.05
(B6) 509.3+ 1.0 236.9 £ 0.1 91.3+0.2 6.43 + 0.05
(B7) 527.1+0.4 198.4 £ 0.3 90.8+0.2 6.47 + 0.05
(B8) 530.4 + 0.4 199.6 + 0.4 91.87 £ 0.09 6.47 £ 0.05
(B9) 530.2+ 0.5 196.4 £ 0.3 90.43 + 0.04 6.52 + 0.05
(B10) 518.3+ 1.3 362.1+0.2 87.3+0.3 5.47 + 0.05
(B11) 518.4 + 1.1 3545+0.2 86.9+0.3 5.57 +0.05

(B12) 516.9+ 0.7 347.2+05 83.5+0.3 5.72+0.05
S32

A60



3.2.1 Operation alternating between full and half load
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Figure S29: Data for electrolysis (B4, B5, B6), experimental details are provided in section 1.4
and results in Table S14.

Table S15: Synthesis rates of formate for different time intervals at different current densities
as shown in Figure S29.

Rate Interval Current density / c(formate) rate /

mA cm™2 mmol L™ h™*

r1 4-5h 150 2543 +0.08

rz 5-6h 75 12.28 + 0.12

rs 6-7h 150 256+0.3

ra 7-8h 75 12.0+0.3

s 8-9h 150 24.95 + 0.06

e 9-10h 75 121+0.5

r7 10-11h 150 252+04
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Figure S30: Data for electrolysis (B4), experimental details are provided in section 1.4 and

results in Table S14.
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Figure S31: Data for electrolysis (B5), experimental details are provided in section 1.4 and

results in Table S14.
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Figure S32: Data for electrolysis (B6), experimental details are provided in section 1.4 and
results in Table S14.
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3.2.2 Operation alternating between full and zero load
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Figure S33: Data for electrolysis (B7, B8, B9), experimental details are provided in section 1.4
and results in Table S14.

Table S16: Synthesis rates of formate for different time intervals at different current densities
as shown in Figure S33.

Rate Interval Current density / c(formate) rate /
mA cm™2 mmol L™ h™*
ry 4-5h 150 24.93 +0.07
rz 6-7h 150 246+0.5
rs 8-9h 150 245+0.4
ra 10-11h 150 241+07
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Figure S34: Data for electrolysis (B7), experimental details are provided in section 1.4 and

results in Table S14.
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Figure S35: Data for electrolysis (B8), experimental details are provided in section 1.4 and

results in Table S14.
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Figure S36: Data for electrolysis (B9), experimental details are provided in section 1.4 and
results in Table S14.
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3.2.3 Day-night cycle
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Figure S37: Data for electrolysis (B10, B11, B12), experimental details are provided in section
1.4 and results in Table S14.

Table S17: Synthesis rates of formate for different time intervals at different current densities
as shown in Figure S37.

Rate Interval Current density / c(formate) rate /

mA cm™2 mmol L™ h™*

r 4-5h 150 2493+ 0.16

rz 5-6h 50 8.1+0.3

rs 20-21h 50 6.5+0.3

ra 21-22h 150 23.97 £ 0.07

r's 25-26h 150 225+0.3
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Figure S38: Data for electrolysis (B10), experimental details are provided in section 1.4 and
results in Table S14.
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Figure S39: Data for electrolysis (B11), experimental details are provided in section 1.4 and
results in Table S14.
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Figure S40: Data for electrolysis (B12), experimental details are provided in section 1.4 and
results in Table S14.
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3.3 Pictures and cross sections of GDE before and after electrolysis

3.3.1 Bi GDEs

!

1cm

Figure S41: Exemplary pictures of a self-fabricated Bi based GDE (A, cf. Table S3) before
(left) and after (right) electrolysis. Details of the fabrication process are provided in section 1.2,
details on the electrolysis conditions in section 1.4.

Figure S42: Exemplary cross section of a self-fabricated Bi based GDE (A, cf. Table S3)
before (left) and after (right) electrolysis. Details of the fabrication process are provided in
section 1.2, details on the electrolysis conditions in section 1.4.
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3.3.2 Bi/ Bi203(80:20) GDEs

—
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Figure S43: Exemplary pictures of a self-fabricated Bi / Bi»O3 (80:20) based GDE (B, cf. Table
S3) before (left) and after (right) electrolysis. Details of the fabrication process are provided in
section 1.2, details on the electrolysis conditions in section 1.4.

Figure S44: Exemplary cross section of a self-fabricated Bi / Bi,O3 (80:20) based GDE (B, cf.
Table S3) before (left) and after (right) electrolysis. Details of the fabrication process are
provided in section 1.2, details on the electrolysis conditions in section 1.4.
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3.3.3 Bi/ Bi203(60:40) GDEs

—

1cm

Figure S45: Exemplary pictures of a self-fabricated Bi / Bi.O3 (60:40) based GDE (C, cf. Table
S3) before (left) and after (right) electrolysis. Details of the fabrication process are provided in
section 1.2, details on the electrolysis conditions in section 1.4.

Figure S46: Exemplary cross section of a self-fabricated Bi / Bi»O3 (60:40) based GDE (C, cf.
Table S3) before (left) and after (right) electrolysis. Details of the fabrication process are
provided in section 1.2, details on the electrolysis conditions in section 1.4.
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3.3.4 Bi/ Bi203 (40:60) GDEs
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Figure S47: Exemplary pictures of a self-fabricated Bi / Bi-O3 (40:60) based GDE (D, cf. Table
S3) before (left) and after (right) electrolysis. Details of the fabrication process are provided in
section 1.2, details on the electrolysis conditions in section 1.4.

Figure S48: Exemplary cross section of a self-fabricated Bi / Bi-O3 (40:60) based GDE (D, cf.
Table S3) before (left) and after (right) electrolysis. Details of the fabrication process are
provided in section 1.2, details on the electrolysis conditions in section 1.4.
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3.3.5 Bi/Bi203(20:80) GDEs
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Figure S49: Exemplary pictures of a self-fabricated Bi / Bi.O3 (20:80) based GDE (E, cf. Table
S3) before (left) and after (right) electrolysis. Details of the fabrication process are provided in
section 1.2, details on the electrolysis conditions in section 1.4.

Figure S50: Exemplary cross section of a self-fabricated Bi / Bi,O3 (20:80) based GDE (E, cf.
Table S3) before (left) and after (right) electrolysis. Details of the fabrication process are
provided in section 1.2, details on the electrolysis conditions in section 1.4.
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3.3.6 Bi203 GDEs
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Figure S51: Exemplary pictures of a self-fabricated Bi»O3 based GDE (F, cf. Table S3) before
(left) and after (right) electrolysis. Details of the fabrication process are provided in section 1.2,
details on the electrolysis conditions in section 1.4.
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Figure S52: Exemplary cross section of a self-fabricated Bi.O3 based GDE (F, cf. Table S3)
before (left) and after (right) electrolysis. Details of the fabrication process are provided in
section 1.2, details on the electrolysis conditions in section 1.4.
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1 Experimental procedures and analytical methods

1.1 General Information

Selected chemical compounds and details on employed equipment are listed in this section
(cf. Table S1, Table S2). All solutions were prepared using high-purity H,O (0.055 puS cm™,
25 °C, PURELAB Ultra).

Table S1: Selected chemical compounds (Purity grade, Supplier, Charge number).

Compound Purity grade Supplier Charge number
KH2PO4 > 99 % (p.a.) Carl Roth GmbH + Co. KG 312327156
KoHPO4 > 99 % (p.a.) Carl Roth GmbH + Co. KG 252322868
NaH;PO, - 2 H,0O > 99 % (p.a.) Carl Roth GmbH + Co. KG 053330675
Na;HPO, - 2 H,0O > 99 % (p.a.) Carl Roth GmbH + Co. KG 143333521
HCOOK 99 % (p.a.) Sigma Aldrich BCBX1022
HCOONa 299 % (p.a.), ACS Merck KGaA A0703243 608
NaCl 299.5 % (p.a.), Carl Roth GmbH + Co. KG 238269100
ACS, ISO
KCI >99.5 % (p.a.), Carl Roth GmbH + Co. KG 392328190
ACS, ISO
H2SO4 75%, pure Carl Roth GmbH + Co. KG 262322778
HNO3 69%, ROTIPURAN Carl Roth GmbH + Co. KG 1121091
Supra
Polyhydroxybutyrate - Sigma Aldrich BCBV5095
(PHB)
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Table S2: Equipment / device, function and manufacturer.

WILEY-VCH

Equipment / device

Function / use

Manufacturer

PURELAB Ultra
A 10 basic
LaboPress P200S
MicroMahr E 40

Sartorius 1712004

Entris 32021-1S

NGP804
CEBO-LC (CESYS
C028152)

GMH 3151

GMSD 2 BR - K31

Transferpette® S

InLab micro

SevenCompact pH/Cond
S213

LF 197-S

Sorvall Lynx 6000
MiniSpin plus

T 6060

Thermomixer comfort

Ecotron

High-purity H.O

Knife mill

Heating press
Thickness measurement

Analytical scale (0.00000 g)

Scale (0.00 g)

Power supply

Analog data logging

Pressure meter
Differential pressure sensor

Pipetting, sampling
(200-1000 pL, 500-5000 pL,
1000-10000 pL)

pH electrode coupled with
SevenCompact pH/Cond
S213

pH meter

Conductivity measurement

Fixed-angle centrifuge,
volumes up to 1000 mL
Table-top centrifuge,
volumes up to 2 mL
Oven

Incubator for 1.5 mL and
2.0 mL centrifuge tubes
Incubation shaker

ELGA LabWater, High
Wycombe, United Kingdom
IKA, Staufen, Germany

VOGT Labormaschinen
GmbH, Berlin, Germany
Mahr GmbH, Gottingen,
Germany

Sartorius Lab Instruments
GmbH & Co KG, Géttingen,
Germany

Sartorius Lab Instruments
GmbH & Co KG, Géttingen,
Germany

Rohde & Schwarz GmbH &
Co. KG, Munich, Germany
CESYS Gesellschaft fur
angewandte Mikroelektronik
mbH, Herzogenaurach,
Germany

GHM Messtechnik GmbH,
Regenstauf, Germany
GHM Messtechnik GmbH,
Regenstauf, Germany
BRAND GmbH, Wertheim,
Germany

Mettler Toledo, Columbus,
USA

Mettler Toledo, Columbus,
USA

WTW, Xylem Analytics
Germany Sales GmbH &
Co. KG, Weilheim, Germany
Thermo Fisher Scientific,
Waltham, MA USA
Eppendorf SE, Hamburg,
Germany

Heraeus Instruments,
Hanau, Germany
Eppendorf SE, Hamburg,
Germany

INFORS HT, Bottmingen,
Switzerland
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1.2 GDE fabrication

The gas diffusion electrodes (GDE) were fabricated by pressing a Sn-based catalyst mixture
onto Ni foam as support material and current collector with a heating press. The catalyst
mixture (30.00 g) consisted of Sn (87.5 wt%, 26.25 g, Particle size < 20 um, Metallpulver24,
Sankt Augustin, Germany) and polytetrafluoroethylene (PTFE) powder (12.5 wt%, 3.75 g,
Dyneon™PTFE TF 2072Z, 3M, Saint Paul, USA). The catalyst mixture was homogenised in a
knife mill (A 10 basic). The mixing (30s, 25000 rpm) lead to a temperature increase of the
mixture (T > 35 °C). After cooling to room temperature, the catalyst mixture (4.00 g) was
equally distributed onto Ni foam (d = 1.4 cm, 3.5 cm x 4.0 cm 2 14 cm?, Ni-5763, density 420-
450 g m™2, Recemat BV, Dodewaard, Netherlands) with a sieve (Stainless-steel wire mesh,
mesh size = 500 um, 1ISO 3310-1, Retsch / Verder Scientific, Haan, Germany) and a stencil
(Cut-out 3.5 cm x 4.0 cm). The GDE blank was placed in between two pieces of ordinary
baking sheet in the heating press (LaboPress P200S) and compressed (plate temperature
120 °C, pressure 10 bar, 60 s). After compressing excess material at the GDE edges was
removed with a scalpel. The GDE’s catalyst loading b was determined by differential weighing
(Sartorius 1712004) and its thickness was measured at the centre point (Micromar 40 ER). In
total, twelve GDEs were fabricated with a catalyst loading of b =103 +5 mgcm™? and
d =558 + 15 um (n = 12) for the electrolyses within this study (cf. Table S3).

Table S3: Overview of catalyst mixture loading, Sn loading and thickness of the fabricated
GDEs.

GDE b (catalyst mixture) b (Sn, wt%) d (GDE, centre point)
/ mg cm™ / mg cm™ / pm
(A1) 99 87 532
(A2) 104 91 561
(A3) 101 88 567
(B1) 101 89 557
(B2) 98 85 564
(B3) 103 90 579
(B4) 105 92 568
(B5) 97 85 561
(B6) 111 97 565
(Cy) 98 86 528
(C2) 104 91 548
(C3) 110 96 563
S5
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1.3 Electrochemical flow reactor and electrolysis set-up

The electrochemical reduction of CO, to formate was performed in a custom designed, gas-
fed flow reactor (cf. Figure S1). It consisted of three different compartments made from PEEK
(polyetheretherketone), one for gaseous CO,, followed by a catholyte and an anolyte
compartment, respectively. The CO, compartment (2.0 cm x 2.5 cm x 1 mm, flow field) was
separated from the catholyte compartment by the GDE (3.5cm x 4.0 cm, accessible
geometrical surface area 2.0 cm x 2.5 cm 2 5 cm?). Furthermore, it incorporated a flow field
for mechanical support of the GDE (cf. Figure S3). The GDE was placed in between two
silicone gaskets (thickness 0.5 cm) to prevent fluid leakage and enable application of CO-
overpressure. The following catholyte compartment frame (thickness 3 mm) had spatial cut-
outs to allow equal distribution of catholyte flow and a port to incorporate a reversible hydrogen
electrode (RHE, Mini HydroFlex, Gaskatel GmbH, Kassel, Germany) as reference electrode.
Catholyte and anolyte compartment were separated by a proton exchange membrane
(2.5cm x 3.0 cm, Nafion™, PFSA 117, DuPont, Wilmington, USA) sealed in between two
silicone gaskets (thickness 0.5 cm). The anolyte compartment (2.0 cm x 2.5 cm x 2.0 mm) had
spatial cut-outs like the catholyte compartment and contained a titanium mesh coated with Ir
mixed oxide as an anode (PLATINODE® EP, 2.0 cm x 2.5 cm, mesh type F, anode type 177,
Umicore, Brussels, Belgium). The anode was contacted by titanium wire (2 = 0.5 mm,
purity =2 99.6%, CHEMPUR Feinchemikalien und Forschungsbedarf GmbH, Karlsruhe,
Germany) that was welded onto it. The wire was accessible from outside the reactor through
a drilling hole in the anolyte compartment frame sealed by silicone (picodent twinsil® A and B,
Dental-Produktions- und Vertriebs-GmbH, Wipperfurth, Germany). All three compartments
had an in- and outlet each, located on the top and bottom of the compartment frames. The in-
and outlets were equipped with PVDF (Polyvinylidene fluoride) adapters (hose nozzle,
2 =4 mm, SERTO AG, Frauenfeld, Switzerland) connecting to the CO, supply, as well as the
catholyte and anolyte reservoir by tubing (ROTILABO®, Polyvinyl chloride, 2 =2 mm / 4 mm,
Carl Roth GmbH + Co. KG). The assembled reactor was enclosed in between two stainless-

steel plates (d = 8 mm) to ensure an equal distribution of compacting pressure.

The CO,was fed into the reactor through a water-filled bubble counter to saturate the CO, with
water at room temperature (RT). It flowed top-down through the gas compartment to prevent
fluid accumulation within. The CO; outlet of the reactor’s gas compartment was followed by a
collecting vessel (500 mL) to catch any electrolyte potentially breaking through the GDE. The
CO; overpressure was adjusted at the end of the CO; line with a regulating valve (SO NV
32A21-6, 2 = 6 mm, SERTO AG, Frauenfeld, Switzerland) as well a differential pressure
sensor (GMSD 2 BR - K31) combined with a pressure meter (GMH 3151).
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Catholyte and anolyte were circulated between the respective reactor compartment and
reservoir with a peristaltic pump (ECOLINE VC-MS/CA8-6, ISMATEC, Wertheim, Germany).
To prevent gas entrapment and maintain fluid coverage of the electrodes both anolyte and

catholyte were passed through the reactor bottom-up.

Figure S1: Schematic illustration (left) of the custom designed, gas-fed flow reactor fabricated
by the DECHEMA workshop composed of: (1) Stainless-steel plate, (2) CO, compartment with
flow-field, (3) silicone gasket, (4) GDE (geo. 5 cm?), (5) catholyte compartment with an RHE
port, (6) cation exchange membrane, (7) anolyte compartment (incorporating the anode).
Photograph of the assembled flow reactor from the side (right).

Power supply CO;, H,

Anode

v“j

5

'0

.
2R

.0

OO
O
Pele!

GRS

Anolyte Catholyte

Bl

Figure S2: Schematic set-up for the operation of the electrolysis flow reactor (cf. Figure S1)
for the electrosynthesis of formate with gaseous CO; as starting material. Abbreviations:
GDE = Gas diffusion electrode, CEM = Cation exchange membrane and RHE = Reversible
hydrogen electrode, CEBO = Data logger.
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Figure S3: Photograph of the CO, compartment in the electrolysis reactor with an integrated
flow-field for mechanical GDE support (cf. Figure S1).

1.4 Formate electrosynthesis

The electrosynthesis of formate using CO; was carried out with self-fabricated Sn-based GDEs
(cf. section 1.2) in a flow reactor (cf. section 1.3).

All electrosyntheses were performed for 22 h. A power supply unit (NGP804) was employed
to run the electrolysis, it recorded terminal voltage (U), current (I) and power (P). Furthermore,
the electrode potential of the GDE was referenced to RHE (CEBO-LC). The electrosynthesis
started with a current ramp in the first hour, in which the current density (j) was increased in
steps of 12.5 mA cm™ every 5 min until it reached 150 mA cm™2, which was maintained for the

remaining 21 h runtime.

CO: (N4.5) was supplied to the GDE at a flow rate of 15 - 20 mL min™* (Float-type flow meter,
Wagner Mess- und Regeltechnik GmbH, Offenbach, Germany) and an initial overpressure of
approx. 100 mbar relative to ambient pressure. The pressure was recorded continuously
during the running electrolysis (CEBO-LC).

Three different phosphate-based buffers were used as electrolyte: (A) 0.2 M KH2PO4 / Ko2HPO4
(equimolar), (B) 0.2 M NaH:PO4 / K:HPO,4 (equimolar) and (C) 0.2 M NaH;PO,4 / Na;HPO4
(equimolar). For each electrolysis, anolyte and catholyte had a starting volume of 500 mL
(Volumetric flask, ISO 1042). Anolyte and catholyte were circulated continuously at a flow rate
of 40 mL min™ between flow reactor compartment and reservoir, respectively. During the
electrolysis, catholyte samples (1 mL, Transferpette® S) were taken hourly in the first six
(t=0-6h) and the last four (t = 19 - 22 h) hours to monitor the pH value (InLab Micro, pH-
Meter), formate concentration and calculate the corresponding Faradaic efficiency (FE). After
electrolysis, the respective anolyte and catholyte volume was determined by its weight (Entris
3202I-1S) and density. Therefore, the density was calculated by taking samples (1 mL, n= 3,
Transferpette® S) and weighing them (Sartorius 1712004). Catholyte containing
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electrochemically generated formate (e-formate) was stored at —20 °C until its application for
microbial PHB synthesis. The GDE was rinsed with H,O and dried at RT.

Detailed information on the experimental parameters and results for all individual formate

electrosyntheses are provided in section 3.1.

1.5 Scanning electron microscopy (SEM)
SEM imaging was performed employing Flex SEM 1000 Il (cf. Table S4), operated by
FlexSEM1000 (Version 2.3).

Table S4: Conditions for SEM imaging performed on Flex SEM 1000 Il (Hitachi, Tokyo, Japan).

Conditions Conditions

Operation mode Composition Viewing height 6-8 mm
Pressure High vacuum Spot size 40
Accelerating voltage 15 kV Cathode Tungsten
Magnification x2000 Detector Back-scattering

electrons (BSE)

Images of the GDEs were taken at the centre point of the geometrical GDE surface
(2cmx 2.5cm) exposed within the reactor before and after application for formate
electrosynthesis. Prior to imaging, the GDEs were cleaned (H.O bath, 60 mL, 24 h) and dried
(RT, 24 h). All SEM images are provided in section 3.3.

1.6 Inductively coupled plasma optical emission spectrometry (ICP-OES)
ICP-OES measurements were performed on Agilent 5800 ICP-OES equipped with an SPS 4
Autosampler, a borosilicate double-pass spray chamber and a Seaspray concentric glass
nebulizer (cf. Table S5). The system was operated via ICP Expert (Version 7.6.1.12212).

Table S5: ICP-OES measurement conditions performed on Agilent 5800 ICP-OES (Agilent
Technologies, Santa Clara, USA).

Conditions Conditions
Replicate count 10 Viewing mode Radial
Pump speed 12 rpm Viewing height 6 mm
Sample uptake time 25 s Nebulizer flow 0.7 mL min™*
Stabilization time 15s Plasma flow 12 mL min™?
Read time 5s Aux Flow 1 mL min™
Rinse time 30s Oxygen content 0%
RF power 1.2 kW IntelliQuant Disabled
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In between samples, autosampler and measurement system were rinsed with 3 wt% HNOs
(prepared from 69 wt% HNOs, Supra Quality, cf. Table S1).

The wavelength for Sn determination was 283.998 nm and the Ar wavelength 420.067 nm
served as an internal standard, for which errors less than 5% were accepted. All electrolyte
samples had to be diluted by factor 4 to meet the internal standard criterion. In initial qualitative
tests, Sn was only detected in catholyte samples, but not in anolyte samples. Therefore, only
the catholyte’s Sn content was quantified via standard addition of a stock solution containing
1 ppm Sn. The stock solution was prepared from a Sn standard (1000 ppm, Single-Element
ICP-Standard-Solution, Lot N. 83131639, Carl Roth GmbH + Co. KG) via a dilution series by
factor 10 using volumetric flasks (100 mL, ISO 1042).

For each sample, four different aliquots of stock solution (0.5, 1.0, 1.5, 2 mL, Transferpette®S)
were added to the undiluted sample (1 mL, Transferpette® S). The analyte spiked samples
were filled up to 4 mL (Transferpette® S) with H,O, respectively. Hence, five points were
measured for each sample to determine the original Sn-content in the undiluted sample with a
linear weighted fit. Linear fits with R2 = 0.995 were accepted due to the limited available sample
volumes and several signals being close to the lower limit of detection (LOD, approx. 0.2 ppm

for Sn at 283.998 nm) resulting out of necessary dilution factor.

Table S6: ICP-OES results of the catholyte determined by standard addition (STAD).

Electrolysis c(Sn) / ppm m(Sn in catholyte) / mg R? of linear fit (STAD)
(A1) 1.016 0.531 0.999
(A2) 1.212 0.631 0.997
(A3) 0.952 0.498 0.998
(A4) 0.764 0.402 0.996
(A5) 0.912 0.479 0.995
(AB) 1.312 0.684 0.999
(B1) 1.032 0.541 0.999
(B2) 1.040 0.546 0.995
(C1) 3.280 1.741 0.999
(B3) 1.625 0.855 0.996
(C2) 1.828 0.972 0.999
(C3) 2.068 1.096 0.999
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IC measurements were carried out with two different IC units to determine the cation and anion

concentrations in the electrolyte samples (cf. Table S7). Both units were operated with

Chromeleon (Version 7).

Table S7: IC measurement conditions for Na*, K* and PO,*" analysis performed on two
different IC units (Thermo Fisher Scientific Inc., Waltham, USA).

Conditions Na*, K* PO,*

IC Unit Dionex™ 1CS-5000* DC, ICS- Dionex™ Aquion™ system, AS-
5000* SP, VWD, AS-AP DV autosampler
autosampler

Pre column Dionex™ lonPac CG17 Dionex™ JonPac™ AS22 IC

column (4 x 50 mm)

Column Dionex™ lonPacTM CS17 Dionex™ JonPac™ AS22 IC
(Analytical 2 x 250 mm) column (4 x 250 mm)

Suppressor CERS 500 (2 mm) ACRS 500 Suppressor (4 mm)

Eluent 6 mmol L™ CH3SOsH (MSA) 4.5 mmol L™ Na,COg3 /

1.4 mmol L™* NaHCO3

Flow rate 0.1 mL min™? 1.2 mL min™

Method gradient isocratic
1. =5-0min, 1.5 mmol L™ MSA
2. 0-25min, 1.5-2.1 mmol L™

MSA

25 - 40 min, 6 mmol L™ MSA

40 - 60 min, 1.5 mmol L™

MSA
Injection volume 10 pL 5mL
Sample dilution 200 or 400 200

factor
Detector
Retention time

Duration

Conductivity cell
Na* 29.063 min
K* 35.137 min
60 min

Conductivity cell
PO4* 8.721 min

15 min

Standards to determine the concentrations of Na*and K* were prepared by a dilution series of

a stock solution. The stock solution was prepared with NaCl (3.254 g = 1280 ppm Na*) and
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KCI (2.441 g 2 1280 ppm K*) in a volumetric flask (1 L, ISO 1042). The stock solution was first

diluted by 10, followed by a dilution series with the dilution factor 2 (cf. Figure S4).

The PO.*" standards were prepared from an anion multi-element standard (Certipur, Anion
multi-element standard |, 1000 ppm F~, PO4*", Br", Merck KGaA, HC17168637) by a dilution

series (cf. Figure S5).
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Figure S4: Calibration for Na* and K* quantification via IC measurement. Plot of Na* and K*
concentration (1, 2, 4, 8, 16, 32, 64 ppm) against the peak area of the measured signal (n = 1)
with a linear fit forced through zero, respectively.
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Figure S5: Calibration for PO4*~ quantification via IC measurement. Plot of PO4*~ concentration
(50, 100, 200 ppm) against the peak area of the measured signal (n = 1) with a linear fit forced

through zero.
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Table S8: Concentrations of Na*, K* and PO4*~ determined by IC in catholyte and anolyte after
electrolysis (22 h, 150 mA cm™2) with different phosphate buffers as electrolytes: (A) 0.2 M
KH2PO./ K:HPO,, (B) 0.2 M NaH2PO4/ K:HPO4, (C) 0.2 M NaH2PO4/ NazHPO,.

_ c¢(Na*) / mmol L™ c(K*) / mmol L™t c(PO4*) / mmol L™
Electrolysis
Catholyte  Anolyte Catholyte Anolyte Catholyte Anolyte
(A)E 3.0 3.0 289.3 289.3 196.5 196.5
(A1) 5.2 0.5 533.1 4.7 183.1 208.5
(A2) 5.3 0.6 534.4 5.8 184.8 207.8
(A3) 5.9 0.6 536.6 6.0 184.9 207.8
(B)® 102.2 102.0 192.1 192.1 196.6 196.6
(B1) 187.5 4.8 355.9 3.8 182.9 208.8
(B2) 187.4 4.8 352.8 4.0 185.1 209.8
(B3) 188.1 5.3 359.2 4.3 183.4 207.6
(B4) 188.3 5.4 355.3 5.0 184.1 210.8
(B5) 185.5 6.5 355.3 4.2 183.1 210.6
(B6) 186.1 8.8 350.1 5.0 181.7 208.3
(o= 297.2 297.2 14 14 196.0 196.0
(C1) 536.2 7.9 1.6 1.3 181.7 211.2
(C2) 538.1 8.9 2.7 14 183.2 210.3
(C3) 534.9 9.8 3.1 2.6 180.5 214.0

[a] The phosphate buffers serving as electrolyte were measured prior to electrolysis for comparison.

600 [ cNa”) [ c(K") [Jc(PO,”)

500

- 400 4

300-

200—-

100-. J
o

E [cat.|An | E |cat.| An.| E |cCat.| An.
(A) (B) (©)

¢/ mmol L

Figure S6: IC results for c(Na*, orange), c(K*, purple) and c(PO+*, grey) in the electrolyte
before electrolysis (E) as well as in both catholyte (Cat.) and anolyte (An.) after 22 h electrolysis
with different phosphate buffers as starting electrolytes: (A) 0.2 M KH2PO4 / K:HPO4 (n = 3),
(B) 0.2 M NaH2PO4 / K:HPO4 (n = 6) and (C) 0.2 M NaH2PO4 / Na;HPO4 (n = 3).
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1.8 Gas chromatography (GC)
Gas analysis was performed with an Agilent 490 micro-GC (Agilent Technologies Deutschland
GmbH, Waldbronn, Germany) operated with the software Agilent OpenLab CDS (Version

A04.07). The system contained three column units to analyse different analytes (cf. Table S9).

Table S9: GC column units for gas sample analysis performed on Agilent 490 micro-GC
(Agilent Technologies Deutschland GmbH, Waldbronn, Germany).

Conditions Channel 1 Channel 2 Channel 3
Pre column PoraPLOT U PoraPLOT U PoraPLOT U
Main column Molsieve 5A Molsieve 5A PoraPLOT U
Carrier gas Argon (N5.0) Helium (N5.0) Helium (N5.0)
Analyte H2 02, N2 CO2

All analytes were detected with a thermal conductivity detector (TCD), the sample injection
temperature was 100 °C and the columns were kept at 60 °C. The sampling time was 30 s and
the runtime 3 min. All column units were heated to 180 °C for at least 18 h prior to

measurements to remove accumulated H-O.

The micro-GC was calibrated for H; (retention time = 0.51 min) using pure H> (N5.0) as well
as an H, / CO, mixture (80:20, 20.21 + 0.40, relative error 2%, Air Liquide).

7x107 4 vy = 661944x
6107 R? = 0.9999
x107 -

5x10
4x107

3x107 A

Peak area

2x10" A
1x107 -
04

0 20 40 60 80 100
H, content / %

Figure S7: Calibration for H, quantification via GC measurement. Plot of H, content (0, 80,
100%) against the peak area of the measured signal (n = 3) with a linear fit forced through
zero.
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The gas samples (approx. 50 mL in 5 min) were collected in the last hour of the electrolysis
(t=21h) to identify side products of the formate electrosynthesis at the exhaust of the

catholyte reservoir (where gas mainly bubbled through, cf. Figure S2).

Table S10: GC results for H, quantification during formate electrosynthesis (t = 21 h).

Electrolysis H content / %
(A1) 3.67 £ 0.03
(A2) 5.65 + 0.04
(A3) 476 £0.03
(A4) 6.06 + 0.04
(A5) 3.96 + 0.03
(AB) 8.23 +0.06
(B1) 4.74 £ 0.03
(B2) 3.70+0.03
(C1) 7.63 +0.05
(B3) 4.52 +0.03
(C2) 6.81 + 0.05
(C3) 2.95+0.02
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1.9 High-performance liquid chromatography (HPLC)

The quantification of formate and PHB was carried out via HPLC (cf. Table S11), the system

was operated with the software LabSolutions (Version 5.93).

Table S11: HPLC measurement conditions for formate and PHB analysis performed on an
HPLC unit (LC-20AD, SIL-20AC HT, CBM-20A, CTO-20AC, SPD-M20A - Shimadzu, Kyoto,

Japan).
Conditions Formate PHB (Analyte: Crotonic acid)
Eluent 5 mmol Lt H,SO4 5 mmol L1 H,SO4
Flow rate 0.6 mL min™* 0.6 mL min~?
Pressure 301 271
Column oven 35°C 40 °C

Column

Injection volume
Detector
Wavelength A
Retention time

Duration

Rezex ROA- Organic Acid (8%),
300 mm x 7.8 mm
Phenomenex, California, USA
10 pL

Photodiode array (PDA)

194 nm

15.3 min

25 min

Rezex ROA- Organic Acid (8%),
300 mm x 7.8 mm
Phenomenex, California, USA
10 pL

Photodiode array (PDA)

207 nm

29.2 min

40 min

Formate standards were prepared by a dilution series from a stock solution. The stock solution
was prepared with HCOONa (3.482 g, 51.2 mmol) in a volumetric flask (100 mL, ISO 1042).

Peak area

1.5x107
1.2x107-.
9.0x1o“;
6.0x1062

3.0x10°

1.8x10" - y = 35292x
{1 R?=0.9999
0.0
0 100 200 300 400 500

c(formate) / mmol L

Figure S8: Calibration for formate quantification via HPLC measurement. Plot of formate
concentration (8, 16, 32, 64, 128, 256, 512 mmol L) against the peak area of the measured
signal (n = 3) with a linear fit forced through zero.
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PHB was depolymerised to its monomer unit crotonic acid for quantitative analysis. Therefore,
sample preparation was conducted as follows: Samples were taken from the cultivation broth
(10 or 30 mL, depending on the available volume, respectively). They were centrifuged
(6000 x g, 30 min, Sorvall Lynx 6000) and the supernatant was discarded. The cell pellet was
carefully resuspended in 1 mL H,O. The resulting cell suspension was transferred completely
into a 2 mL-centrifuge tube and centrifuged (14100 x g, 5 min, MiniSpin plus). The supernatant
was discarded and the cell pellet was dried overnight (100 °C, T 6060). The dried cell pellet
was mixed with 1 mL of concentrated H.SO4 and incubated (99 °C, 500 rpm, 60 min,
Thermomixer comfort). The resulting solution was diluted 1:50 with H>,O and subsequently

used for HPLC analysis.

PHB standards were prepared by a dilution series from a stock solution. For the preparation
of the stock solution, PHB (7.45 mg) was weighed (Sartorius 1712004) in a 2 mL centrifuge
tube. The PHB was depolymerised in the same manner as described for the dried cell pellets
above. Hence, the PHB was mixed with 1 mL of concentrated H,SO4, incubated (99 °C,
500 rpm, 60 min) and afterwards diluted 1:50 with H>O. The reliability of the obtained
calibration curve was verified by preparing an independent PHB standard (5.20 mg, Sartorius
1712004), which was diluted to a calculated amount of 1000 pg. Using the calibration curve
obtained from the dilution series of the stock solution, the quantification of this verification

standard showed an amount of 1022.27 ug which corresponded to a deviation of 2%.

3.0x10°- ¥ = 2670x

R? = 0.9997
2.5x10° -
2.0x10° -

1.5x10° -

Peak area

1.0x10° -
5.0x10° -

0.0

0 200 400 600 800 1000
PHB / ug

Figure S9: Calibration for PHB quantification via HPLC measurement. Plot of PHB content
(25, 50, 100, 250, 500, 1000 pg) against the peak area of the measured signal (n = 3) with a
linear fit forced through zero.
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1.10 Microbial PHB synthesis

1.10.1 Microorganisms
The bioconversion of formate was demonstrated with Cupriavidus necator (C. necator)
wildtype (DSM-428, DSMZ, Braunschweig, Germany) as model organism, which produces

PHB from formate under NH4* limitation.

1.10.2 Cultivation and incubation media
The cultivation and incubation of C. necator was carried out with the different growth media

listed below.
Lysogeny broth (LB):

Yeast extract (5 g L™), tryptone (10 g L™) and NaCl (5 g L™) in H,0, the pH value was set to
7.0 with NaOH (2 M) and HCI (2 M).

Minimal medium adapted from Sydow et al.®® with commercially available formate:

HCOONa (6.801gL™), Na;HPO, (2.895gL™), NaHPOs;-2H,O (3.980gL™), K;SO4
(0.171gL™), MgSOs-H.O0 (0.390gL™), (NH4).SOs (0.980gL™), CaSOs- 2 H.0
(0.097 g L™) and trace element solution (350 pL L™).

All media components were prepared sterile as separate stock solutions and combined prior
to each experiment. The pH value was set to 7.0 with sterile H,SO4 (2 M) and NaOH (2 M).

Trace element solution:

FeSO,-7H,O (15.00gL™), MnSO,-H,O (1.46gL™), ZnSOs-7 HO (2.40gL™),
CuSO4-5H,0 (0.48gL™), NaMoO,-2H,O (1.80gL™), NiSOs-6H0 (1.50gL™),
CoSO0; - 7 H20 (0.04 g L™) dissolved in 0.1 M HCI.

Minimal medium with electrochemically produced formate (e-formate):

The calculated volume of the catholyte (depending on the e-formate concentration) for
100 mmol L™ e-formate was mixed with the ingredients of the minimal medium described

above, except for HCOONa, Na,HPO. and NaH2PO4, which were not added in this case.
Formate-containing buffer for resting cells:

The phosphate buffer was either (A) 0.2 M KH2PO4 / K;HPOy4, (B) 0.2 M NaH2PO4 / KoHPO,,
0.2 M KH2PO4 / NazHPO4 or (C) 0.2 M NaH:PO4 / NazHPO, depending on the incubation
experiment. The different formate concentrations were adjusted with either commercially
available formate (HCOONa or HCOOK) or e-formate feedstock originating from

electrosynthesis.
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1.10.3 Cultivation and incubation of C. necator

All experiments were conducted using a first preculture raised in LB and a second preculture
raised in minimal medium before the main incubation in formate-containing buffer. All
cultivations were carried out at 30 °C. All shake flask and test tube cultivations were shaken at
180 rpm (shaking diameter of 25 mm, Ecotron). The second precultures (in minimal medium)
were conducted in shake flasks of varying sizes depending on the required volume for the main
incubation with filling volumes of 25% of the nominal volume. All samples taken during the

incubation were frozen at —20 °C until further analysis.

One or several C. necator precultures (depending on the required volume for further cultivation
steps) were raised from a cryo stock in 5 mL LB in test tubes. After 22 - 24 h of cultivation,
cells were harvested by centrifugation (5 min, 5000 x g, Sorvall Lynx 6000), washed with fresh
minimal medium, centrifuged again (5 min, 5000 x g, Sorvall Lynx 6000), resuspended and
added to the required volume of prepared minimal medium to reach a starting ODegoo of 0.05.
After 24 h the second precultures were harvested by centrifugation (7 min, 5000 x g, Sorvall
Lynx 6000), washed with fresh sterilized buffer, centrifuged again (7 min, 5000 x g, Sorvall
Lynx 6000) and used for inoculation of the main incubation of resting cells in formate-containing
buffer.

Shake flask incubation:

Incubation of resting cells in buffer (A) 0.2 M KH2PO4 / K2HPOg4, (B) 0.2 M NaH2PO4 / K2HPO4
or (C) 0.2 M NaH2PO, / Na;HPO, with different formate concentrations were performed in
300 mL shaking flasks with a filling volume of 75 mL. Main cultures were inoculated with the
calculated cell amount for an initial ODsoo of 0.2, whereby the actual initial OD could slightly

deviate. All incubation conditions were run in triplicates.
PHB synthesis in semi-automated parallelised bioreactors:

The main PHB syntheses in semi-automated bioreactors were performed in the DASGIP®
Parallel Bioreactor System (DASGIP AG, Jilich, Germany, Modules: Gas supply
system = MX4/4, Temperature control system / Speed control system = TC4/SC4, Multipump
module = MP8, Sensor amplifier = PH4PO4, DO-Sensor = InPro6820/12/220 from Mettler
Toledo, pH electrode = 405-DPAS-SC-K8 S/225 from Mettler Toledo, PTFE air
filter = Midisart® 2000 from Sartorius) in quadruplets. The initial incubation volume was 340 mL
of buffer (B) 0.2 M NaH2PO, / K;HPOy4, the initial ODgoo Was 1.80. The stirring frequency was
set to 800 rpm, the pH value was measured and when reaching values above 7.2 regulated by
automated adding of H.SO4 (1 M). All bioreactors were gassed with 6 sl min™ compressed air.
The initial feed of the catholyte containing 441 mmol L™* e-formate was regulated to 6.9 mL h™.
Samples (1 mL) for formate analysis by HPLC were taken every 30 min for all bioreactors.
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However, only samples of reactor 1 and 4 at 0.5 h, 1.5 h, 2.5 h, 3.5 h, 4.5 h,5.5 h and 6.5 h of
the incubation duration were analysed instantly to adjust the catholyte feed. At 0 h, 2 h, 4 h,
6 h and 7.5 h samples for PHB analysis were taken (10 mL). PHB was determined in duplicates

from each sample (2 x 5 mL).

2 Calculations

2.1 Faradaic efficiency (FE)
The FE for formate was calculated based on the determined amount of electrosynthesised

formate using equation (1).

F-z-n
FE = 1
3 (1)

With FE = Faradaic efficiency of formate electrosynthesis / %, F = Faraday constant/ A s

mol™, z = Number of transferred electrons (z = 2), n = Amount of synthesised formate / mol,

I = Current/ A, t = Electrolysis runtime / s.

The results for each different phosphate-based electrolyte were averaged and their standard

deviation was provided as uncertainty.

2.2 PHByield
The PHB yield was calculated based on the determined amount of PHB using equation (2), (3)
and (4)9,

PHB yield = — " EHE) 100 % )
yie "~ m(PHB, theo) 0

With PHB Yield = Yield of the microbial PHB synthesis based on e-formate, m(PHB) = Mass
of synthesised PHB / mg, m(PHB,theo)= Theoretical mass of PHB at quantitative

conversion of the consumed formate according to C. necator’s metabolism® / mg.

n(con. formate)
33

With m(PHB, theo) = Theoretical mass of PHB at quantitative conversion of the consumed

m(PHB, theo) = M(CA) - ©))

formate according to C. necator’s metabolismi®® / mg, M(CA) = 86.09 g mol™ (crotonic acid),

n(con. formate) = total amount of formate consumed in the bioreactor / mol.
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33 HCOOH + 12 0, — C,Hg0, + 30 H,0 + 29 CO, ()

The results for each different bioreactor were averaged and their standard deviation was

provided as uncertainty.

2.3 Overall process yield

The overall process yield (OPY) was calculated based on the yields of the two subprocesses

using equation (5) and (6).

OPY = FE - PHB Yield - 100 % (5)

A(OPY) = \/(PHB Yield)? - (AFE)? + (FE)? - (APHB Yield)? - 100% (6)

With OPY = Overall process yield, A(OPY) = Uncertainty of the overall process yield,
FE = Faradaic efficiency of formate electrosynthesis / %, AFE = Standard deviation of the
formate synthesis (n = 6) / %, PHB Yield = Yield of the microbial PHB synthesis based on
e-formate / %, APHB Yield = Standard deviation of the PHB yield (n = 4) / %. All variables in

equation (5) and (6) were divided by 100% prior to implementation for OPY and A(OPY)
calculation.

3 Supporting results

3.1 Formate electrosynthesis

The operational electrolysis parameters with the three phosphate-based electrolytes have
been summarised in Table S12, further electrolysis results have been collected in Table S13.
Moreover, detailed courses of each individual electrolysis are provided in section 3.1.1, 3.1.2
and 3.1.3, respectively. GDE photographs are provided in section 3.2, which is followed by

SEM images of the self-fabricated GDEs before and after electrolysis in section 3.3.
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Table S12: Overview of operational electrolysis parameters with different phosphate buffers as electrolytes: (A) 0.2 M KH2PO4 / KzHPOs,
(B) 0.2 M NaH2PO4 / KzHPO,, (C) 0.2 M NaH2PO4/ Na,HPO.. All values are given as average with standard deviation for the 22 h electrolysis
duration, excluding the absolute electric energy consumption (EEC).

Electrolysis OCP vs. RHE / V E(GDE) vs. RHE / V UiV EEC/Wh p(CO,) I mbar
(A1) 0.92 +0.02 -1.59 + 0.14 6.6+05 107.0 242 + 63
(A2) 0.82 +0.04 -1.88+0.17 6.3+0.6 101.7 361 + 50
(A3) 0.38+0.03 -1.90 + 0.16 6.3+05 102.1 282 + 44
(B1) 0.76 +0.02 -1.65+0.17 6.6+ 0.6 106.9 293 + 24
(B2) 0.63 +0.03 -1.72 +0.15 6.5+0.6 106.3 396 + 24
(B3) 0.56 + 0.02 -1.69+0.21 6.8+0.6 110.2 278 + 47
(B4) 0.27 £0.03 -1.81+0.30 6.7+0.6 108.9 354 + 54
(B5) 0.52 +0.02 -1.78+0.18 7.3+07 117.6 21133
(B6) 0.48 +0.03 -1.80 +0.14 6.6+05 107.4 461+ 75
(C1) 0.47 £0.02 -1.68 +0.22 7.7+06 125.2 128 + 25
(c2) 0.67 £0.02 -1.95+0.19 75+06 122.4 179+ 18
(C3) 0.52+0.03 -1.94+0.23 7.4+07 120.1 281 +23
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Table S13: Overview of electrolyte volume, formate concentration, formate FE and pH value determined n = 3 after 22 h electrolysis for catholyte
and anolyte with different phosphate buffers as electrolytes: (A) 0.2 M KH2PO4/ KzHPO4, (B) 0.2 M NaH2PO4/ KzHPO4, (C) 0.2 M NaH2PO4/

NazHPOa.
Catholyte Anolyte
Electrolysis V/mL c(formate) FE(formate) pH value V/mL c(formate) FE(formate) pH value
/ mmol L 1% / mmol L™ 1%
(A1) 524.2+ 0.5 450.5 + 0.08 78.3+0.6 4.17 + 0.05 463.0 + 0.8 221+0.03 0.339+0.005 1.19+0.05
(A2) 524.7+0.5 467.2 £ 0.03 81.3+0.7 4.07 +0.05 463.8 £0.2 2.39+0.03 0.368 + 0.004 1.15+0.05
(A3) 525.9+0.5 457.6 £ 0.1 79.8+0.6 4.11 +0.05 463.2+0.2 2.20 £ 0.02 0.337 £ 0.002 1.15+0.05
(B1) 522.6 +1.6 449.8 £ 0.9 78.0+0.4 4.16 + 0.05 461.2+0.2 2.39+0.02 0.366+0.002 1.20+0.05
(B2) 520.4 + 0.5 453.44 £ 0.09 78.3+0.1 4.14 + 0.05 460.9 + 0.3 2.36+0.03 0.361+0.004 1.26+0.05
(B3) 522.6 + 0.9 441.4£0.2 76.5+0.2 4.17 + 0.05 461.5+0.3 221+0.04 0.338+0.005 1.21+0.05
(B4) 5255+04 428.0+0.1 74.64 £ 0.04 4.25 +0.05 461.4+0.3 2.16 £0.02 0.331 £ 0.003 1.25 +0.05
(B5) 525.4+0.7 441.5+1.0 77.0+0.2 4.15 +0.05 460.4 £ 0.7 2.35+0.03 0.359 + 0.003 1.23 £ 0.05
(B6) 521.4+0.5 434.4+0.4 75.15 + 0.06 4.20 + 0.05 460.9 + 0.1 2.17+0.06 0.331+0.008 1.28+0.05
(C1) 530.7 + 1.0 343.1+0.2 60.4+0.2 5.35+0.05 455.5+ 0.4 2.34+0.01 0.354+0.002 1.17+0.05
(C2) 531.6+12 368.6 £ 0.2 65.0+0.2 4.72 +0.05 457.3+0.4 2.12+£0.02 0.322 + 0.003 1.18 £ 0.05
(C3) 530.2+0.2 362.5+0.3 63.77 £ 0.04 4.84 +0.05 458.5+ 0.4 2.18+0.01 0.331+0.001 1.17 £ 0.05
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3.1.1 Electrolyte (A) 0.2 M KH2PO4 / K2HPO4
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Figure S10: Supporting data for Electrolysis (A1), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.

144 EEC = 101.7 Wh F1.0 14
E(GDE)vs. RHE = -1.83 + 0.17 V
124 U=63z06V,I=075A ‘ Lo.o > L2
104 | F-1.0W 10
I
> 8 wm r2.0% e o
-~ : w -
S 61 ,! L3026 —
] [ 400[
49 | 40G 14
24 F-5.0W 2
o 7 L6.0 0
0 4 & 12 16 20
tih
5004 - ¥=233x L14 570
2
- R =0.99¢7 2 L
| 4004 y=19.0x ,’l r12 560_|
g R® =0.9992 L0 [350E
Sts40=
£ 3001 e 3 302>
— aakddan £ 5302
] smmn (g @® [+]
gzoo- %_52055
AA“ _4
» al o2
S 100 ] - 5103
5 saglnan rZ  tso0
v
07 - Lo [a90
0 4 8 12 16 20
t/h

Q(catholyte) / mL min

(formate)} / %

-1

FE h

600 p(CO,) =361 £ 50 mbar | 600
Gleatholyte) = 40 mL min~' T
500 § 500
&
£ 400 400
£
= 300 F300
N
(@]
O 200 L 200
o
100 A 100
04 0
0 4 8 12 16 20
t/h
100 4 FE {formate, t=22 h) =81.3 % 100
FEh (formate, t = 22 h) = 65.9 %
'y
2 80 ‘i Teee tao
::- A
2 60+ - 60
2]
£
o 404 40
=
w
w20 20
0+ ro
4 8 12 16 20
t/h

Figure S11: Supporting data for Electrolysis (A2), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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Figure S12: Supporting data for Electrolysis (A3), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.

3.1.2 Electrolyte (B) 0.2 M NaH2PO4 / K2HPO4

144 EEC = 106.2 Wh _ 1.0 +14 600 - P(CO,) = 293 + 24 mbar 600
' s Loy Qtcatnolyte) = 40 mL min”’ T
12 4 ) F0.0 = 12 500 - L 500 E
J L1ow - =
07 torio 3 400/ 400 2
> 8 t20%ts o E =
- g1 = X300 L300 &
> - (30216 = g =4
© 200 200 ©
4- 4054 =1 £
21 5.0 2 1001 F100 O
g
o 7 L6.0 0 0 0
0 4 & 12 16 20 6 4 8 12 16 20
tih t/h
5004 - y2=23.3x 14 570 1004 Fg(formme,tizzh)i?s.o:/u L 100
T_I R_jBO,?QSZi . s [ 12 | 560 . .. FEh (formate, t = 22 h) = 66.4 % °\=
Z 4004 I «* (5508 2 801 alt “ee. 80 =
g R = 0.9998 L10 @ b ., =
o - = Q
£ 300- [ 2505 & gp- Leo
= 8 0 - © g
= Laaads, St530> £ 5
2 200 wens [6§ 2 5 40] Lag £
g R :% (5205 £ -
Laa Ly ]
» al S w =
S 1001 S 510 o 2pf L20
‘O’ ll,rlll F2 k500 [
01 +* 0 1490 01 ro
0 4 8 12 16 20 0 4 8 12 16 20
t/h t/h

Figure S13: Supporting data for Electrolysis (B1), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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Figure S14: Supporting data for Electrolysis (B2), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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Figure S15: Supporting data for Electrolysis (B3), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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Figure S16: Supporting data for Electrolysis (B4), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.

14 EEC = 117.6 Wh F1.0 |14 600 p(CO,) =211 £33mbar | 00
E(GDE)vs. RHE = -1.78 + 0.18 V - -
U=73£07V, I=075A Qecatholyte) = 40 mL min I:
12 F0.0 2 F12 500 4 500 é
F1.0W 10 &
T S 4001 L400 2
4 £ £
t20%ts o E =
gr 2 X300 L300 o
t302te — & <,
w O 200 F200 ©
F-4.03 14 1 s
27 tsol 2 1001 L100 O
I<]
o4 - 60 o 0 Lo
0 4 8 12 16 20 0 4 8 12 16 20
tih t/h
5004 y:ZB.Dx 14 F570 100 1 FE(formaIe,PZZ n=770% |00
T_I Rijg_;agga . o L 12 L 560 . N FEh = (formate, t =22 h) =68.8 % °~\a
= 400 e [s50E 3= 801 ity cves [80 —
g R’ =0.9081 L10 5 b . =
Slsa0= T N =
€ 300 s 5 & & 60 . 60 2
- TTELE . S50 E 5
2 i L N | _6 m S 4 L :
g200 "o %-520% S 40 T
Aaa Ly o w =
8 1001 o S50z g L20 W
] W r2  Ls00 i
0q * o L4900 01 * o
0 4 8 12 16 20 0 4 8 12 16 20
t/h t/ih

Figure S17: Supporting data for Electrolysis (B5), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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3.1.3 Electrolyte (C) 0.2 M NaH2PO4 / NazHPO4
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Figure S19: Supporting data for Electrolysis (C1), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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Figure S20: Supporting data for Electrolysis (C2), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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Figure S21: Supporting data for Electrolysis (C3), experimental details are provided in
section 1.4 and results in Table S12 and Table S13.
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3.2 Photographs of GDE before and after electrolysis

(A1) (A2) (A3)

(B1) (B2) (B3)

(B4) (B5) (B6)

(C1)
—

i
=

Figure S22: Exemplary photograph of a self-fabricated GDE before electrolysis (left).
Photograph of the GDEs after electrolysis (right). Details of the fabrication process are
provided in section 1.2, details on the electrolysis conditions in section 1.4.
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3.3 SEMimages of GDE before and after electrolysis

Figure S23: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (Al).
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IDI_040_12_01 * 15.0kV 6.5mm X2.00k BSE-COMP

Figure S24: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (A2).
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Figure S25: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (A3).
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IDI_040_05_01 15.0kV 6.4mm X2.00k BSE-COMP =~ ' ' 20.0pm"

Figure S26: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (B1).
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Figure S27: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (B2).
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Figure S28: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (B3).

S33
A108



WILEY-VCH

PR S e e s
ID1_040_08_01 15.0kV 6.1mm X2.00k BSE-COMP 20.0pm

Figure S29: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (B4).
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Figure S30: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (B5).
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Figure S31: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (B6).
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Figure S32: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (C1).

Figure S33: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (C2).

Figure S34: SEM image (BSE detected, bright particles are Sn, section 1.5) of the GDE before
(left) and after (right) electrolysis (C3).
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3.4 Microbial PHB synthesis in shaking flasks

0.2 M KH,PO, / K,HPO,
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Figure S35: Comparison of ¢(PHB) normalised to initial ODsgo (column, line pattern, blue) and
PHB formate™ (column, solid, light blue) during PHB synthesis with C. necator (resting cells)
in shaking flasks with variable initial c(formate) specified at the columns in phosphate buffer
(A) 0.2 M KH2PO4 / KzHPO.. Incubation conditions (n = 3): C. necator (resting cells), Initial
ODsoo = 0.2, V = 75 mL, Duration = 4 h, T = 30 °C, Shaking = 180 rpm. The plotted data has
been summarised in Table S14.

Table S14: PHB synthesis in shaking flasks with variable initial c(formate). Incubation
conditions (n = 3): C. necator (resting cells), Medium = (A) 0.2 M KH2PO, / K:HPO4 Initial
ODsoo = 0.2, V = 75 mL, Duration =4 h, T = 30 °C, Shaking = 180 rpm.

Initial Initial Final g(formate) c(PHB) PHB formate™
ODeoo c(formate) c(formate) / mmol L™ /mgLtOD™ /mgg™
/ mmol L™ / mmol L™ h-t oD

0.13 0 0 0 -16.38 £ 0.03 0
0.17 111 1.60 + 0.04 373 1.8+0.7 0.7+0.3
0.14 25.0 156 +£0.2 16.9+0.3 -25%20.6

0.16 42.7 28.89+0.08 215+0.2 11.7+4.0

0.15 105.2 828+1.3 37.3+x22 6.8+2.0 1.0+04
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Figure S36: Comparison of c(PHB) normalised to initial ODego (cOlumn, line pattern, green)
and PHB formate™ (column, solid, light green) during PHB synthesis with C. necator (resting
cells) in shaking flasks with variable initial c(formate) specified at the columns in phosphate
buffer (B) 0.2 M NaH,PO4 / KzHPO.. Incubation conditions (n = 3): C. necator (resting cells),
Initial ODego = 0.2, V = 75 mL, Duration =4 h, T = 30 °C, Shaking = 180 rpm. The plotted data
has been summarised in Table S15.

Table S15: PHB synthesis in shaking flasks with variable initial c(formate). Incubation
conditions (n = 3): C. necator (resting cells), Medium = (B) 0.2 M NaH;PO, / K;HPO, Initial
ODegoo = 0.2, V =75 mL, Duration =4 h, T = 30 °C, Shaking = 180 rpm.

Initial Initial Final g(formate) c(PHB) PHB formate™
ODeéoo c(formate) c(formate) / mmol L™ /mgLtOD? /mgg™
/ mmol L™ / mmol L™t htOD™
0.17 0 0 0 -16.9+0.3 0
0.17 7.2 045003 9.93+0.05 26.5+2.0 148+1.0
0.15 11.4 1.96+0.18 15.8+0.4 27.2+6.3 9.5+2.0
0.18 21.3 11.9+0.2 13.1+0.2 43.8 £ 3.0 18.6+1.0
0.14 24.4 14.6 £ 0.2 175+ 04 42.1+£4.0 134+1.3
0.15 42.8 26.4+0.1 274 +£0.2 30.8+34 6.2+0.7
0.17 104.9 82.0+0.7 33.6+1.0 22.3+35 3.7+0.6
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Figure S37: Comparison of ¢(PHB) normalised to initial ODsgo (column, line pattern, purple)
and PHB formate™ (column, solid, light purple) during PHB synthesis with C. necator (resting
cells) in shaking flasks with variable initial c(formate) specified at the columns in phosphate
buffer (C) 0.2 M NaH2PO. / Na;HPO.. Incubation conditions (n = 3): C. necator (resting cells),
Initial ODego = 0.2, V = 75 mL, Duration =4 h, T = 30 °C, Shaking = 180 rpm. The plotted data
has been summarised in Table S16.

Table S16: PHB synthesis in shaking flasks with variable initial c(formate). Incubation
conditions (n = 3): C. necator (resting cells), Medium = (C) 0.2 M NaH2PO, / Na;HPO4 Initial
ODsoo = 0.2, V =75 mL, Duration =4 h, T = 30 °C, Shaking = 180 rpm.

Initial Initial Final g(formate) c(PHB) PHB formate™
ODsoo c(formate) c(formate) / mmol L™ /mgLtOD™ /mgg?
/ mmol L™ / mmol L™ ht oD

0.18 0 0 0 -8.8+0.5 0
0.17 8.6 3.0+£0.2 8.2+0.2 116+1.1 79+0.8
0.18 23.7 1558+0.04 11.27+0.06 54+1.7 26+0.9
0.14 40 30.84+0.12 16.4£0.3 46+0.8 1.7+0.3
0.15 100 90.4+0.4 16.0+ 0.7 -3.1+0.6 0

Exemplarily, the best conditions of buffer (B) were also examined with its inverse Na* / K* ratio
(2:1). For this purpose, PHB synthesis was carried out in 0.2 M KH2PO4 / Na,HPO., (equimolar)
at 25 mmol L™! formate. In this case, only 29.8 + 2.2 mg L™ OD™? (n = 3) PHB corresponding
to 9.1+0.6mgg™? (n=3) PHB per formate with 18.1 +0.3 mmolL*h*OD™? (n=3) as
average formate consumption rate were obtained. Generally, more formate was consumed

while less PHB was generated at the inverse Na* / K* ratio (2:1).
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3.5 Microbial PHB synthesis in parallel, semi-automated bioreactors

Table S17: PHB synthesis of C. necator resting cells in semi-automated bioreactors with e-formate stock solution feed (n = 4) shown in Figure 4 of
the main article. Incubation conditions: Buffer = 0.2 M NaH,PO. / KzHPO4 (equimolar), T = 30 °C, Initial e-formate feed = 6.9 mL h™* (adjusted during
runtime), c(e-formate) of feed = 441 mmol L™*, Runtime = 7.5 h.

V(feed) V(reactor) » c(Formate) Consumed n(Formate) c(PHB) PHB formate™
t/h Initial ODsool®!
/mL h /L / mmol L™ / mmol /mgL?*OD™? /mgg™
0.0 0 0.340 1.80 16.3 0 19.5 0
0.5 6.9 0.343 1.78 8.2+09 4.3+0.3
1.0 6.9 0.346 1.76 26+04 6.2+0.2
15 30.9 0.359 1.69 11.5+1.0 9.8+04
2.0 30.9 0.374 1.62 18.1+1.1 140+04 38.6+4.1 17.8+3.7
2.5 28.2 0.377 1.56 258+22 17.3+0.9
3.0 28.2 0.391 1.50 29.4+15 21.9+0.6
35 0 0.391 1.50 229+22 24.4+09
4.0 0 0.390 1.50 15111 27.4+05 55+7 15.9+3.0
45 0 0.378 1.50 11.7+0.7 28.9+0.3
5.0 0 0.377 1.50 56+14 31.2+0.6
55 17.3 0.384 1.46 11.2+1.0 32.8+0.4
6.0 17.3 0.392 1.43 128+ 24 35.8+0.9 71+12 16.9+3.8
6.5 25.8 0.393 1.38 238+1.3 37.0+05
7.0 25.8 0.404 1.33 29.2+20 40.1+0.8
7.5 7.5 0.407 1.32 26.3+1.7 428 +0.7 83+16 16.5+4.0

[a] The initial ODsoo used for normalisation was mathematically corrected for the volume change due to e-formate feeding and sampling throughout incubation.
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1 Experimental protocols and analytical methods

1.1 General Information

WILEY-VCH

Selected chemical compounds and details on employed equipment are listed in this section

(cf. Table S1, Table S2). All chemicals were used without further purification and all solutions

were prepared using high purity H,O (0.055 uS cm™, 25 °C, PURELAB Ultra).

Table S1: Selected chemical compounds (Purity grade, supplier, charge number).

Compound Purity grade Supplier Charge

KH2PO4 >99% (p.a.) Carl Roth, Karlsruhe / Germany 453340544

K2HPO4 >99% (p.a.) Carl Roth, Karlsruhe / Germany 024350089

HCOOK 99% (p.a.) Alfa Aesar, Haverhill / USA 10183323

HCOONa 299% (p.a.), ACS Merck, Darmstadt / Germany A0703243

608

NaCl 299.5% (p.a.), ACS, Carl Roth, Karlsruhe / Germany 238269100
ISO

KCI 299.5% (p.a.), ACS, Carl Roth, Karlsruhe / Germany 392328190
ISO

H2S04 75%, pure Carl Roth, Karlsruhe / Germany 262322778

HNO3 69%, ROTIPURAN  Carl Roth, Karlsruhe / Germany 1121091
Supra

HCIO4 60%, EMSURE®, Merck, Darmstadt / Germany MB2171818
ACS

Kl 299% (p.a.) Carl Roth, Karlsruhe / Germany 182313120

Starch solution 1%, w/v aqueous Carl Roth, Karlsruhe / Germany 24011166
solution

Ferroin solution 1/40 mol L' in VWR, Radnor / USA 23032448
ethanol

(NH4)sM07024-: 299% (p.a.) Carl Roth, Karlsruhe / Germany 262325940

4H20

Na2S203 0.01 mol L™* Carl Roth, Karlsruhe / Germany 24022325

titrimetric solution ~ Standard solution

Ce(S04)2 0.1 mol L™' standard Carl Roth, Karlsruhe / Germany 24021136

titrimetric solution solution

HCOOH 298%, for synthesis  Carl Roth, Karlsruhe / Germany 083329609

KOH >85%,EMSURE®, Merck, Darmstadt / Germany B1876233
pellets for analysis

H3PO4 75% VWR, Radnor / USA 17H304001
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Table S2: Equipment / device, function and manufacturer.

WILEY-VCH

Equipment / device

Function / use

Manufacturer

PURELAB Ultra

A 10 basic
LaboPress P200S

Perkin Elmer 062566

MicroMahr E 40
Sartorius 1712004

Entris 32021-1S

NGP804

HMC8043

CEBO-LC (CESYS C028152)
GMH 3151

GMSD 2 BR - K31

Transferpette® S

InLab micro

SevenCompact pH/Cond
S213
ECOLINE VC-MS/CA8-6

High purity H20O

Knife mill
Heat press

Hydraulic press

Thickness measurement
Analytical scale (0.00000 g)

Scale (0.00 g)

Power supply

Power supply

Analog data logging
Pressure meter

Differential pressure sensor
Pipetting, sampling
(100-1000 pL, 500-5000 pL,
1000-10000 pL)

pH electrode coupled with
SevenCompact pH/Cond
S213

pH meter

Peristaltic pump

ELGA LabWater, High
Wycombe / United Kingdom
IKA, Staufen / Germany

VOGT Labormaschinen,
Berlin / Germany
Bodenseewerk Perkin-Elmer,
Uberlingen / Germany

Mahr, Géttingen / Germany

Sartorius Lab Instruments,
Géttingen / Germany
Sartorius Lab Instruments,
Goéttingen / Germany
Rohde & Schwarz, Munich /
Germany

Rohde & Schwarz, Munich /
Germany

CESYS, Herzogenaurach /
Germany

GHM Messtechnik,
Regenstauf / Germany
GHM Messtechnik,
Regenstauf / Germany
BRAND, Wertheim / Germany

Mettler Toledo, Columbus /
USA

Mettler Toledo, Columbus /
USA

ISMATEC Laboratoriums-
technik, Wertheim / Germany
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1.2 Fabrication of GDE

1.2.1 GDEs for formate electrosynthesis

The gas diffusion electrodes (GDE) were fabricated by pressing a Bi-O3 based catalyst mixture
onto Ni foam as support material and current collector with a heat press. The catalyst mixture
(30.00 g) consisted of Bi»O3 (87.5 wt%, 26.25 g, purity 99.9%, particle size approx. 80 nm, US
Research Nanomaterials, Houston / USA) and polytetrafluoroethylene (PTFE) powder
(12.5 wt%, 3.75 g, Dyneon™PTFE TF 2072Z, 3M, Saint Paul / USA). The catalyst mixture was
homogenised in a knife mill (A 10 basic). The mixing (30 s, 25000 rpm) was carried out twice
and lead to a temperature increase of the mixture (T >35 °C). After cooling to room
temperature (RT), the catalyst mixture (4.00 g) was equally distributed onto Ni foam
(d=1.4cm, 3.5cmx4.0cm 2 14 cm?, Ni-5763, density 420 -450 g m™2, Recemat BV,
Dodewaard / Netherlands) with a sieve (Stainless-steel wire mesh, mesh size = 500 ym, 1ISO
3310-1, Retsch / Verder Scientific, Haan / Germany) and a stencil (Cut-out 3.5 cm x 4.0 cm).
The GDE blank was placed in between two pieces of ordinary baking sheet in the heat press
(LaboPress P200S) and compressed (plate temperature 120 °C, pressure 10 bar, 60 s). After
compressing excess material at the GDE edges was removed with a scalpel. The GDE’s
catalyst loading b was determined by differential weighing (Sartorius 1712004) and its
thickness d was measured at the centre point (Micromar 40 ER). In total, three GDEs were
fabricated with a catalyst loading of b (Bi.Os, wt%) = 65.7 £ 0.7 mgcm™2 and d = 523 = 11 ym
for the electrosynthesis of formate within this study.

1.2.2 GDEs for H20:2 electrosynthesis

The GDEs for the (electro)synthesis of H.O> and PFA were prepared by pressing a mixture
containing carbon black as catalyst and PTFE as hydrophobic binder onto a stainless steel

mesh as support material.

First, the catalyst mixture (3.00 g) consisting of the carbon catalyst (65.5 wt%, 1.97 g,
Acetylene Black, 100% compressed, >99.9%, S.A. 75 m? g™', bulk density 170 - 230 g L™, Lot:
Z10G042, Alfa Aesar, Haverhill / USA) and the PTFE powder (34.5 wt%, 1.03 g, Dyneon™
PTFE TF 2072Z, 3M, Saint Paul / USA) was mixed twice (each 30 s, 25000 rpm) in a knife mill
(A 10 basic). Part of the mixture (500 mg) was then placed in a cylindrical mask (d = 40 mm)
containing a stainless steel mesh (Material 1.4301, mesh size = 0.5cm, d =240 um,
3.2 cm x 3.2 cm, Haver & Boecker, Oelde / Germany) and compressed (pressure 3.5t, 60 s,
RT followed by pressure 7 t, 180 s, RT) using a hydraulic press (Perkin Elmer 062566). After
trimming the edges, the raw electrodes were treated in a heat press (plate temperature 120 °C,

10 bar, 180 s) to improve their mechanical stability.
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In total, eight GDEs were fabricated with a catalyst loading of b =26.1 + 0.5 mgcm™ and a
thickness of d = 600 £ 10 um for the (electro)synthesis of H.O, and PFA within this study.

1.3 Electrochemical flow reactor and electrolysis set-up

Detailed descriptions of the electrochemical flow reactor and the electrolysis set-up have
already been provided in a previous publication (https://doi.org/10.1002/cssc.202301721). The
same electrochemical flow reactor and electrolysis set-up have been employed for both

formate and H.O: electrosynthesis herein.

1.4 Electrosynthesis of formate
Electrosynthesis of formate using CO» was carried out with self-fabricated Bi.Os based GDEs
(cf. section 1.2) in a flow reactor (cf. section 1.3), whereby the GDEs were only used once per

experiment.

All electrosyntheses were performed for 22 h. A power supply unit (NGP804) was employed
to run the electrolysis, it recorded cell voltage (U), current (/) and power (P). Furthermore, the
electrode potential of the GDE was referenced to a RHE (CEBO-LC) without compensation of
iR losses. The electrosynthesis started with a current ramp (30 s), in which the current density

(/) reached 150 mA cm™ (750 mA in total), which was maintained for the runtime.

CO; (N4.5) was supplied to the GDE at a flow rate of 10 - 15 mL min™" (Float-type flow meter,
Wagner Mess- und Regeltechnik, Offenbach / Germany) and an initial overpressure in range
of 110 - 150 mbar relative to ambient pressure. The pressure was recorded (every 2 s) during

the running electrolysis (CEBO-LC).

The phosphate-based buffer 0.2 mol L' KH2PO4 / K;HPO4 (equimolar) served as electrolyte
for all three electrolyses. For each electrolysis, anolyte and catholyte had a starting volume of
500 mL (Volumetric flask, ISO 1042). Anolyte and catholyte were circulated continuously at a
flow rate of approx. 40 mL min™' between flow reactor compartment and reservoir,
respectively. Furthermore, the catholyte reservoir was equipped with a pH electrode (EGA142,
Xylem Analytics Germany Sales, Weilheim / Germany). The catholyte’s pH was recorded
(every 2s) during the running electrolysis (CEBO-LC). During the electrolysis, catholyte
samples (1 mL, Transferpette® S) were taken hourly in the first five (t=0-5 h) and the last
three (t = 20 - 22 h) hours to monitor formate concentration and calculate the corresponding
Faradaic efficiency (FE). After electrolysis, the catholyte volume was determined by its weight
(Entris 3202I-1S) and density. Therefore, the density was calculated by taking samples (1 mL,
n =3, Transferpette® S) and weighing them (Sartorius 1712004). Catholyte containing
electrochemically generated formate was stored at 5°C until its application for
(electro)synthesis of H.O, and PFA. The GDE was rinsed with H,O and dried at RT.

S6
A120



WILEY-VCH

Detailed information on the experimental parameters and results for all individual formate
electrosyntheses are provided in section 3.1.

1.5 Electrosynthesis of H202
The (electro)synthesis of H202 and PFA using O, was carried out with self-manufactured
carbon black based GDEs in the same reactor type as the formate electrosynthesis, whereby

the GDEs were only used once per experiment.

The duration of each electrolysis was 6 h. A power supply unit (HMC8043) was employed to
run the electrolysis, it recorded cell voltage (U), current (/) and power (P). Furthermore, the
electrode potential of the GDE was referenced to a RHE (CEBO-LC) without compensation of
iR losses. The current density was 150 mA cm™ (750 mA in total), which was reached by a
ramp (10 s) at the beginning of the electrolysis. Catholyte and anolyte had a starting volume
of 50 mL each (Measuring cylinder, 100 mL, ISO 4788) and were continuously circulated at a
flow rate of approx. 40 mL min™' between the flow reactor and the reservoir. Pure O, (N4.6)
was supplied to the GDE with a flow rate of 20 mL min~' and an initial overpressure of approx.
90 mbar relative to ambient pressure. For the determination of H,O, / PFA concentrations and
pH, 1.0 mL of the electrolytes were sampled every 1.5h. The catholyte’s volume was
determined at the end of the experiments in the same manner as described above (cf.
section 1.4). The catholyte did not show any gas evolution indicating H.O, / PFA

decomposition during or after electrolysis.

Two different phosphate-based buffers containing formate were used as catholytes: (F) The
catholyte containing formate originating from formate electrosynthesis and (R) a reference
electrolyte based on (F) for comparison. For all electrolyses, 0.5 mol L™ perchloric acid

(HCIO4) was used as an anolyte. Four experiments were carried out for each catholyte.

Reference electrolyte (R): 0.2 mol L™" KH2PO, / Kz2HPO4 (equimolar) and 0.5 mol L~ HCOOK
/ HCOOH (equimolar) in 1 wt% H3POs. The electrolyte was adjusted to pH = 4.13 + 0.05 using
KOH pellets.

1.6 Titration

The concentrations of H,O, and PFA in the samples were determined using a two-step titration
method similar to the procedure described by Greenspan and Mackellar (DOI:
10.1021/ac60023a020). Firstly, the concentration of H,O, was determined by cerimetry using
Ce(S04)2 (c=0.01 mol L™"). For this purpose, 5 drops of HSO4 (c=5mol L™") and 70 L
ferroin (c = 0.025 mol L™ in ethanol) as an indicator were added to the sample solution. The
orange solution was titrated until a light blue colour was observed. The concentration of PFA
was then determined via iodometry with Na,S.03 (c = 0.01 mol L™"). To the light blue solution,
0.1 mL of a Kl solution (c = 0.48 mol L") and a spatula tip of (NH4)sM07024-4H,O were added.
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After 15 minutes, the resulting reddish-brown suspension was slowly titrated until the colour
changed to light brown. Then 2 - 3 drops of starch solution (1 wt%/v) were added and titration
continued until the colour changed back to orange and no precipitates remained. The sample
volumes were 0.2 mL (after 1.5 h), 0.1 mL (after 3.0 h) and 0.075 mL (after 4.5 h and 6.0 h).
Each titration was carried out in triplicates (n = 3) for the specified time and experiment.
Furthermore, results of the triplicates had statistically distributed values and did not show

declining trends, which would have indicated H,O, / PFA decomposition.

1.7 X-ray diffraction (XRD)

X-ray diffraction analysis was performed employing a D8 Advance XRD (Bruker, Billerica /
USA), which was operated by DIFFRAC.Measurement Center (Version 6.5.0). Cu Ka radiation
with a power of 1200 W was used, the split aperture was fixed at 2 mm, the increments were
set to 0.020° and the measurement time per step was 1.0 s. XRD data was analysed with
Match! (Version 4.0). XRD data was measured on the GDE'’s catalyst coated side at its

geometrical centre point. Results before and after electrolysis are provided in section 3.6.

1.8 Scanning electron microscopy (SEM)
SEM imaging was performed employing the Flex SEM 1000 Il (cf. Table S3), operated by
FlexSEM1000 (Version 2.3).

Table S3: Conditions for SEM imaging performed on Flex SEM 1000 Il (Hitachi, Tokyo /
Japan).

Conditions Conditions

Operation mode Composition Viewing height 6-8 mm

Pressure High vacuum Spot size 40

Accelerating voltage 15 kV Cathode Tungsten
Magnification x2000, x4000 Detector Secondary electrons

(SE) and Back-
scattering electrons
(BSE)

Images of the GDEs were taken at the centre point of the geometrical GDE surface
(2 cm x 2.5 cm) exposed within the reactor before and after application for formate and H>O, /
PFA (electro)synthesis. Prior to imaging, the GDEs were rinsed (H20) and dried (RT, 24 h).

Exemplary SEM images are provided in section 3.4.

1.9 Determination of contact angle
The images for contact angle 6 determination were taken with the OCA 15 plus (DataPhysics

Instruments, Filderstadt / Germany), which was operated by SCA20 (Version 4.4.1).
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All measurements were carried out using the sessile drop method, a H>O droplet (50 L,
Transferpette® S) was placed at the GDE’s centre point. Contact angles were calculated by
fitting the droplet edges with a Young-Laplace model using the operating software. Exemplary

contact angle images are provided in section 3.5.

1.10 Determination of density
The densities of GDE were determined with the gas pycnometer BELPYCNO L (cf. Table S4),
which was operated via BELPycno-L (Version 3.1.4).

Table S4: Volume / density measurement conditions performed on BELPYCNO L (Microtrac
Retsch, Haan / Germany).

Conditions Conditions

Carrier gas Helium Restriction delta pressure  2.00000 bar
Temperature 20.00 °C Equilibrium delta pressure  0.00020 bar
Reference volume I Equilibrium delta time 15s

Flow cleaning time Os Standard deviation (max.) 10%
Number of cleaning cycles 10 Nr. of good measurements 10

Sample cleaning time 5s Nr. of max. measurements 10

Atm. stabilisation time 15s High precision mode Disabled

The reference volume chamber | was calibrated with steel calibration sphere S using the
instrument’s standard protocol. All samples were measured (n = 3) in sample chamber S
(20 cm?®) using glass beads (2 = 2.85 - 3.45 mm, charge 381176662, Carl Roth, Karlsruhe /
Germany) as filler volume (approx. 50%). The sample weights (Sartorius 1712004) were used
to calculate the densities from the measured volumes. To measure the GDE after electrolysis,
the area exposed in the reactor during electrolysis was cut out (5 cm?). As the sample volumes
were relatively small compared to the sample chamber despite the filler, the GDE for the
electrosynthesis of formate and H>O, were measured together in order to minimise relative

errors. The results are summarised in Table S5.

Table S5: Volume and density results for Bi.Os and carbon based GDE before and after
electrolysis.

Sample Electrolysis Volume / cm?® Density / g cm™

Bi.O3 based GDE - 0.2275 £ 0.0001 7.060 + 0.002

Bi,Os based GDE (F1), (F2), (F3) 0.3122 + 0.0002 6.631 + 0.004

Carbon based GDE - 0.2634 + 0.0003 3.094 + 0.004

Carbon based GDE  (P1), (P2), (P3), (P4)  0.5444 + 0.0002 3.270 + 0.001

Carbon based GDE  (R1), (R2), (R3), (R4)  0.5144 + 0.0002 3.363 + 0.002
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1.11 Inductively coupled plasma optical emission spectroscopy (ICP-OES)
ICP-OES measurements were performed on Agilent 5800 ICP-OES equipped with an SPS 4
Autosampler, a borosilicate double-pass spray chamber and a Seaspray concentric glass
nebulizer (cf. Table S6). The system was operated via ICP Expert (Version 7.6.3.12735).

Table S6: ICP-OES measurement conditions performed on Agilent 5800 ICP-OES (Agilent
Technologies, Santa Clara / USA).

Conditions Conditions

Replicate count 5 Viewing mode Axial

Pump speed 12 rpm Viewing height -

Sample uptake time 25s Nebulizer flow 0.7 mL min™
Stabilization time 15s Plasma flow 12 mL min™’
Read time 5s Aux Flow 1 mL min™’
Rinse time 30s Oxygen content 0%

RF power 1.2 KW IntelliQuant Enabled

In between samples, autosampler and measurement system were rinsed with 2 wt% HNO3
(prepared from 69 wt% HNOs3, Supra Quality, cf. Table S1).

All samples were measured without dilution except for acidification to 2 wt% HNO3 (using
69 wt% HNO3). In initial qualitative tests using an IntelliQuant screening, no elements of
interest were detected in the anolyte samples. Consequently, only catholyte samples were

examined further.

Standards to determine the concentrations of Bi** (A = 223.061 nm), Cr®* (A = 205.560 nm),
Fe®* (A =238.204 nm) and Ni?* (A = 231.604 nm) were prepared by a dilution series of a stock
solution (16 mg L™"). The stock solution was prepared by combining the respective standards
(10 mL each, cf. Table S7) in a volumetric flask (100 mL, ISO 1042) using 2 wt% HNO; for
dilution. Afterwards, the solution was diluted further with 2 wt% HNO; to 16 mgL™"in a
volumetric flask (50 mL, ISO 1042). This was followed by a dilution series by factor 2. Finally,
each standard (0.125, 0.25, 0.5, 1, 2, 4, 8, 16 mg L") was diluted again by factor 2 with a
matrix solution (0.4 mol L™" KH2PO4 / KoHPO4, 0.5 mol L' HCOOH, 0.5 mol L™' HCOOK in
2 wt% HNO3). Thereby, a set of standards with a matrix based on the catholyte’s composition
was obtained. In the following, the calibrations for each targeted analyte with either catholyte
matrix or 2 wt% HNO3 matrix are presented. The calibration with catholyte matrix was used to

calculate the results for the catholyte samples.
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Table S7: Single Element ICP-Standard-Solutions used for analyte quantification (Element,
Concentration, Supplier, Lot. No.).

Element Concentration Supplier Lot. No.
Bi 1000 mg L™ Carl Roth, Karlsruhe / Germany 794591
Cr 1000 mg L™ Carl Roth, Karlsruhe / Germany 797239
Fe 1000 mg L™ Carl Roth, Karlsruhe / Germany 786848
Ni 1000 mg L™ Carl Roth, Karlsruhe / Germany 974203
3000 " Peakarea (n=5), catholyte matrix 1404 = Peakarea (n=5), catholyte matrix
o Peak area (n = 5), 2 W% HNO, matrix y =165.9x + 8.0, R® = 0.997

y =318.8x + 10.2, R* = 0.999 1201
100

©
£ 80-
=
s 60
o
= 40
20
0-
0 1 2 3 4 5 6 7 8 0.0 0.2 0.4 0.6 0.8 1.0
c(Bi*") /mgL™ c(Bi*)/mg L™

Figure S1: Calibration for Bi®* (A = 223.031 nm) via ICP-OES measurement with catholyte and
2% HNO; matrix. Plot of Bi** concentration (0, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 mgL™)
against the peak area of the measured signal (n = 5) with a linear fit, respectively.

8x10*{ = Peak area (n = 5), catholyte matrix

e Peak area (n =5), 2w% HNO, matrix
——y =4621x, R* = 0.999 »
6x10*4- - - -y = 8359x, R* = 0.999 .

7x10*

3 5x10°
= 4
@ 4
~ 4x10°
‘“ 4
& 3x10*
2x10*
1x10*
0_

c(Ni*) Img L™

Figure S2: Calibration for Ni?* (A = 231.604 nm) via ICP-OES measurement with catholyte and
2% HNO; matrix. Plot of Ni* concentration (0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 mg L™") against
the peak area of the measured signal (n = 5) with a linear fit forced through zero, respectively.
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m  Peak area (n = 5), catholyte matrix
e Peak area (n =5), 2w% HNO, matrix

——y =4034x, R?=0.999
1----y=6788x, R?=0.999 g

c(Cr)/mgL™

WILEY-VCH

Figure S3: Calibration for Cr®* (A = 205.560 nm) via ICP-OES measurement with catholyte
and 2% HNO3; matrix. Plot of Cr¥* concentration (0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 mg L™
against the peak area of the measured signal (n = 5) with a linear fit forced through zero,

respectively.

1.0x10°

8.0x10*

» o
[5) )
x x
-— -
=) =)
» »

Peak area

2.0x10*A

0.0

m  Peak area (n = 5), catholyte matrix
® Peakarea (n=5), 2w% HNO, matrix

——y =6164x, R = 0.999 -

----y=11179x, R* = 0.999

c(Fe*)/ mg L™’

Figure S4: Calibration for Fe3* (A = 238.204 nm) via ICP-OES measurement with catholyte
and 2% HNO3; matrix. Plot of Fe3* concentration (0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 mgL™)
against the peak area of the measured signal (n = 5) with a linear fit forced through zero,

respectively.
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Table S8: ICP-OES results for Bi**, Cr®*, Fe®*" and Ni?* concentrations in the catholyte samples.

Electrolysis  c(Bi*)9/ugL™ ¢(Cr¥*)/ugL™  c(Fe¥)/pgL™"  c(Ni#*)/pug L™’

(FO)! 0 14.0% 0.7 151+ 3 76%1.9
(F1) 68 + 25 123 87.1+0.9 19.3+1.6
(F2) 98 + 34 11.8+1.7 102.6 £ 0.5 35.4+1.0
(F3) 195 + 35 11.4+1.0 90.8 + 0.6 171+ 1.4
(P1) 24 + 12 111+ 2.1 99.0+1.3 29.3+0.6
(P2) 35 + 20 12.6 £ 0.7 104.7 + 1.8 49+3

(P3) 54 + 21 10.5+ 0.9 943+ 1.4 25+ 3

(P4) 39 + 39 144+ 1.1 111.9+ 0.7 27.1+0.7
(RO)®! 0 154+ 0.5 165.7 + 1.6 127+1.3
(R1) 0 14.7+0.7 151.2+ 1.5 29.0+1.5
(R2) 0 15.9+ 1.2 1412+ 1.8 254 +1.9
(R3) 0 14.7+ 0.4 153 £ 2 196+ 1.8
(R4) 0 154+ 0.5 159 + 4 20.0+0.8

[a] The phosphate buffer (0.2 mol L™ KH2POs / K2HPO4) serving as supporting electrolyte for formate
electrosynthesis was measured prior to electrolysis for comparison.

[b] The reference electrolyte (cf. section 1.5) serving as catholyte for H202 / PFA (electro)synthesis was
measured prior to electrolysis for comparison.

[c] The Bi contents were below the limit of quantification (LOQ, approx. 250 ug L™") and close to the limit of

detection (LOD, approx. 62.5 ug L™"), which resulted in relative high standard deviations / relative errors.
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1.12 lon chromatography (IC)
IC measurements were carried out with two different IC units to determine the cation and anion
concentrations in the electrolyte samples (cf. Table S9). Both units were operated with

Chromeleon (Version 7).

Table S9: IC measurement conditions for K* and PO4*" analysis performed on two different IC
units (Thermo Fisher Scientific, Waltham / USA).

Conditions K* PO4*"
IC Unit Dionex™ |CS-5000* DC, ICS- Dionex™ Aquion™ system, AS-
5000* SP, VWD, AS-AP DV autosampler
autosampler
Pre column Dionex™ lonPac™ CG17 Dionex™ lonPac™ AS22 IC
column (4 x 50 mm)
Column Dionex™ lonPac™ CS17 Dionex™ lonPac™ AS22 IC
(Analytical 2 x 250 mm) column (4 x 250 mm)
Suppressor CERS 500 (2 mm) ACRS 500 Suppressor (4 mm)
Eluent 6 mmol L™' CH3SO3H (MSA) 4.5 mmol L™" Na,COs3 /
1.4 mmol L' NaHCO3
Flow rate 0.1 mL min™ 1.2 mL min™*
Method gradient isocratic

1. -5-0min, 1.5 mmol L' MSA
2. 0-25min, 1.5-2.1 mmol L™
MSA
25 - 40 min, 6 mmol L™' MSA
4. 40 -60 min, 1.5 mmol L™

MSA
Injection volume 10 uL 250 L
Sample dilution 500 250
factor
Detector Conductivity cell Conductivity cell
Retention time 34.87 min 9.28 min
Duration 60 min 15 min

Samples were diluted by factor 250 in a volumetric flask (50 mL, 1SO 1042) for PO4*"

quantification. The samples were diluted further by factor 2 for K* quantification.

Standards to determine the concentrations of K* were prepared by a dilution series of a stock
solution. The stock solution was prepared with KCI (1.221 g 2 640 ppm K*) in a volumetric
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flask (1 L, ISO 1042). The stock solution was first diluted by 10, followed by a dilution series
with the dilution factor 2 (cf. Figure S5).

The PO.*" standards were prepared from an anion multi-element standard (Certipur, Anion
multi-element standard |, 1000 ppm F-, PO.*, Br-, Merck, Darmstadt / Germany,
HC17168637) by a dilution series (cf. Figure S6).

m  Peak area (n=3)
50 ;
| ——y =0.646x, R"=0.999

Peak area
- N w »D
o o o o
1 " 1 " 1 N 1

o
1 N

0 8 16 24 32 40 48 56 64
c(K") / mg L™

Figure S5: Calibration for K* quantification via IC measurement. Plot of K* concentration (2,
4, 8, 16, 32, 64 ppm) against the peak area of the measured signal (n = 3) with a linear fit
forced through zero.

804 = Peakarea(n=1)
1——y =0.726x, R? = 0.999

S 50-

0 ' 25 50 75 ' 1(|)0
c(PO,*) /mg L™

Figure S6: Calibration for PO4*~ quantification via IC measurement. Plot of PO4*" concentration
(0, 25, 50, 100 ppm) against the peak area of the measured signal (n = 1) with a linear fit forced
through zero.
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Table S10: Concentrations of K* and PO,*~ determined by IC in catholyte and anolyte after
electrolysis (6 or 22 h, 150 mA cm™2) with different catholytes: 0.2 mol L™" KH,PO4/ K:HPO,,
(F) Combined catholytes containing formate, (R) Reference electrolyte (cf. section 1.5).

c(K*) / mmol L™ c(PO4*) / mmol L™
Electrolysis
Catholyte Anolyte Catholyte Anolyte
(FO)e! 286.2 286.2 197.5 197.5
(F1) 548.0 3.0 183.6 209.8
(F2) 540.4 27 183.5 210.3
(F3) 537.9 3.4 183.0 206.1
(P1) 383.4 13.2 133.5 0.8
(P2) 448.0 14.8 154.7 0.3
(P3) 433.9 11.6 150.8 0.4
(P4) 425.8 10.9 148.2 0.4
(RO)®! 672.2 - 288.6 -
(R1) 533.2 12.9 238.0 0.4
(R2) 550.5 12.8 245.2 0.4
(R3) 532.5 12.2 236.1 0.4
(R4) 529.3 13.2 237.7 0.3

[a] The phosphate buffer (0.2 mol L™' KH2POs / K2HPOa4) serving as supporting electrolyte for formate
electrosynthesis was measured prior to electrolysis for comparison.
[b] The reference electrolyte (R, cf. section 1.5) serving as catholyte for H202 / PFA (electro)synthesis was

measured prior to electrolysis for comparison.
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1.13 High-performance liquid chromatography (HPLC)

The quantification of formate was carried out via HPLC (cf. Table S11), the system was

operated with the software LabSolutions (Version 5.93).

Table S11: HPLC measurement conditions for formate and PHB analysis performed on an
HPLC unit (LC-20AD, SIL-20AC HT, CBM-20A, CTO-20AC, SPD-M20A - Shimadzu, Kyoto /

Japan).
Conditions Formate
Eluent 5 mmol L™ H;S04
Flow rate 0.6 mL min™
Pressure 30+ 1
Column oven 35°C

Column

Injection volume
Detector
Wavelength A
Retention time

Duration

Rezex ROA- Organic Acid (8%), 300 mm x 7.8 mm, Phenomenex,
Torrance / USA

10 L

Photodiode array (PDA)

194 nm

14.9 min

25 min

Formate standards were prepared from a stock solution by a dilution series with the dilution

factor 2. The stock solution was prepared with HCOONa (3.482 g, 51.2 mmol) in a volumetric
flask (100 mL, ISO 1042).

Peak area

1.8x10°{ ™= Peakarea
y = 35768x, R? = 0.9999

1.5x10"
1.2x107—.
9.0x106—-
6.0x106-.
3onoﬂ

0.0

0 100 200 300 400 500
c(formate) / mmol L™

Figure S7: Calibration for formate quantification via HPLC measurement. Plot of formate
concentration (8, 16, 32, 64, 128, 256, 512 mmol L™") against the peak area of the measured
signal (n = 3) with a linear fit forced through zero.
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2 Calculations

2.1 Faradaic efficiency (FE)
The FE for formate and H.O. were calculated based on the determined amount of
electrosynthesised components using equation (1).
F-z-n
I-t

With FE = Faradaic efficiency / %, F = Faraday constant / A s mol™, z = Number of

FE =

-100% (1)

transferred electrons (z = 2), n = Amount of synthesised formate or H,O» / mol, I = Current

[ A, t = Electrolysis runtime / s.

The results for the different catholytes were averaged and their standard deviation was

provided as uncertainty.

The indirect FE for PFA was determined under the assumption that formic acid reacted
equimolar in a chemical reaction with the electrochemically generated H.O, to PFA using
equation (2).

H,0, + HCOOH = HCOOOH + H,0 2)

The combined concentrations and FE of H.O, and PFA were calculated by addition of the
individual mean values. The errors were determined using their standard deviations and
Gaussian error propagation using equation (3).

Ocombined = ’O-HZOZZ + O-PFAZ (3)
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3 Results

This chapter contains detailed data for formate electrosynthesis in section 3.1 and for H202 /
PFA electro(synthesis) in section 3.2. Furthermore, GDE photographs are provided in
section 3.3, which is followed by SEM images in section 3.4 and contact angle photographs in

section 3.5 of the self-fabricated GDEs before and after electrolysis, respectively.

3.1 Electrosynthesis of formate
The operational electrolysis parameters have been summarised in Table S12, further
electrolysis results have been collected in Table S13. Moreover, detailed courses of each

individual electrolysis are provided.

S19
A133



WILEY-VCH

Table S12: Overview of operational electrolysis parameters of the formate electrosynthesis using 0.2 mol L™' KH.PO4/ K;:HPO, as electrolyte. All
values are given as average with standard deviation for the 22 h electrolysis duration, excluding the absolute electric energy consumption (EEC).

Electrolysis OCP vs. RHE / V@ E(GDE) vs. RHE / V uiv EEC /Wh p(C0O,) | mbar
(F1) 0.67 £ 0.03 -1.25+0.12 56+04 92.2 292 £ 29
(F2) 0.273 + 0.002 -1.20+0.14 59+04 96.9 263 £44
(F3) 0.268 + 0.004 -1.19+0.10 6.0+ 0.5 98.9 272 £33

[a] Average with standard deviation measured for 5 min prior to electrolysis.

Table $13: Overview of volume, formate concentration, formate FE and pH determined n = 3 after 22 h electrolysis in the catholyte of formate

electrosynthesis with 0.2 mol L™" KH,PO4/ K;HPOj, as starting electrolyte.

Electrolysis V/mL c(formate) / mmol L™ FE(formate) / % pH
(F1) 529.4+ 0.6 501.6+0.3 86.34 + 0.06 4.12+£0.05
(F2) 531.5+0.7 501.0+ 04 86.50 + 0.13 4.12£0.05
(F3) 529.5+0.7 499.8 + 0.6 86.0+0.3 4.10 £0.05
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Figure S8: Data for Electrolysis (F1), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S9: Data for Electrolysis (F2), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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Figure S$10: Data for Electrolysis (F3), experimental details are provided in section 1.4 and
results in Table S12 and Table S13.
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3.2 Electrosynthesis of H202
The operational electrolysis parameters have been summarised in Table S14, further
electrolysis results have been collected in Table S15. Moreover, detailed courses of each

individual electrolysis are provided.
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Table S14: Overview of operational electrolysis parameters of the H.O. / PFA (electro)synthesis using (F) or (R) as starting electrolyte (cf.
section 1.5). All values are given as average with standard deviation for the 6 h electrolysis duration, excluding the absolute electric energy
consumption (EEC).

Electrolysis E(GDE) vs. RHE / V uilv EEC/Wh p(0,) | mbar
(P1) -1.75+0.36 4.7+0.2 21.2 11122
(P2) -0.68 £ 0.23 4.7+0.2 21.2 121+ 18
(P3) -1.52+0.32 4.8+0.2 21.6 132+ 38
(P4) -1.59 + 0.62 49+0.2 22.1 146 + 44
(R1) -1.75+0.30 4.7+0.1 21.2 184 + 33
(R2) -1.44 +0.29 4.8+0.1 21.6 193 + 33
(R3) -1.40+0.33 4.4+0.2 19.8 210+ 56
(R4) -1.40+£0.32 4.7+01 21.2 174 + 50
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Table $15: Overview of volume, H202 / PFA concentrations, H.0. / PFA FE and pH determined n = 3 after 6 h electrolysis in the catholyte of H202 /
PFA (electro)synthesis with (F) or (R) as starting electrolyte (cf. section 1.5).

Electrolysis V/mL ¢(H20z) / mol L™! FE(H202) / % c(PFA) / mmol L™ FE(PFA) / % pH
(P1) 52.3+0.1 1.1855 £ 0.0051 73.8+0.4 70.7+£2.7 4.4+0.2 3.92+0.05
(P2) 53.1+£0.2 1.3700 £ 0.0122 86.6 + 0.8 787114 5.0+£0.8 3.93£0.05
(P3) 54.1+0.2 1.2600 + 0.0034 81.2+0.3 813147 52+0.3 3.93 £0.05
(P4) 52.0+0.2 1.2756 + 0.0051 79.0+0.4 96.4+2.8 6.0+0.2 3.92+0.05
(R1) 54.0+0.2 1.2389 + 0.0084 79.6+ 0.6 69.3+4.7 45+05 3.94+0.05
(R2) 54.3+0.3 1.0311 £ 0.0070 66.7 + 0.5 64.4+3.9 42+0.3 3.96 + 0.05
(R3) 54.8+0.3 1.1722 £ 0.0051 76.5+ 0.4 72.9+0.8 48+0.1 3.98 +0.05
(R4) 54.4+0.2 1.0833 £ 0.0034 70.2+0.3 67.6 £ 0.8 4.4+0.1 4.00 + 0.05
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3.2.1 Catholyte (F) containing formate from formate electrosynthesis
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Figure S11: Concentration and Faradaic efficiency (FE) course of H>O» and PFA for H2O; /

PFA (electro)synthesis (n=4). Electrolysis parameters: Constant current density j

150 mA cm™2, Runtime =6 h (2 16200 C), Catholyte = Formate containing catholyte originating
from formate electrosynthesis (50 mL), Anolyte = 0.5 mol L' HCIO4 (50 mL), Cathode (GDE)
= 65.5 wt% Acetylene Black, 34.5 wt% PTFE on stainless steel mesh, Reference electrode =
Reversible hydrogen electrode (RHE), Anode = Mixed Ir-oxide on a Ti-grid (Platinode EP, Type

177, Umicore).
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Table S$16: Concentration and Faradaic efficiency (FE) of H2O. and PFA in the catholyte for
electrolysis (P1) with 0.2 mol L™" KH.PO, / K;HPO4 containing formate originating from formate

electrosynthesis as starting electrolyte (cf. Figure S12).

/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.3729 £ 0.0008 88.8+0.2 23.0+0.5 55+£0.2

3 0.6758 £ 0.0029 80.5+04 31.7+0.5 3.8£0.5

4.5 0.9544 £ 0.0020 75.8+0.2 64.0+1.1 51+£09

6 1.1855 + 0.0051 706 £0.3 70.7+27 42+0.2

Table S17: pH for electrolysis (P1) with 0.2 mol L' KH,PO. / K:HPO4 containing formate
originating from formate electrosynthesis as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.11+£0.05 0.39+0.05
1.5 3.92 + 0.05 0.38 £ 0.05
3 3.93+0.05 0.38 £ 0.05
4.5 3.93+0.05 0.33+£0.05
6 3.92 +0.05 0.34 + 0.05
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Figure S12: Data for electrolysis (P1), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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Table S$18: Concentration and Faradaic efficiency (FE) of H2O. and PFA in the catholyte for
electrolysis (P2) with 0.2 mol L™" KH.PO, / K;HPO4 containing formate originating from formate

electrosynthesis as starting electrolyte (cf. Figure S13).

/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.4158 £ 0.0015 99.1+04 19.8+0.3 4.7+0.1

3 0.7775 £ 0.0025 926+0.3 34.7+1.2 4102

4.5 1.0911 £ 0.0051 86.6 £ 0.5 56.9+8.8 4507

6 1.3700 £ 0.0122 81.6+0.8 78.7+11.4 4.7+0.7

Table S19: pH for electrolysis (P2) with 0.2 mol L' KH,PO. / K:HPO4 containing formate
originating from formate electrosynthesis as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.10 0.38

1.5 3.93 0.29
3 3.93 0.30

4.5 3.92 0.27
6 3.93 0.23

Q/C Q/C
0 2700 5400 8100 10800 13500 16200 0 2700 5400 8100 10800 13500 16200
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7
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Figure S13: Data for electrolysis (P2), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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Table S$20: Concentration and Faradaic efficiency (FE) of H2O. and PFA in the catholyte for
electrolysis (P3) with 0.2 mol L™" KH.PO, / K;HPO. containing formate originating from formate

electrosynthesis as starting electrolyte (cf. Figure S14).

/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.3846 £ 0.0020 916+ 0.5 19.8+0.2 47+0.3

3 0.7217 £ 0.0015 86.0+0.2 32.0+£1.0 3.8+£0.2

4.5 1.0189 + 0.0020 80.9+0.2 55.6£4.3 44+04

6 1.2600 = 0.0034 75.0+0.2 81.3+4.7 48+0.3

Table S21: pH for electrolysis (P3) with 0.2 mol L' KH,PO. / K:HPO4 containing formate
originating from formate electrosynthesis as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.00 0.33

1.5 3.96 0.33
3 3.95 0.32

4.5 3.94 0.28
6 3.93 0.24

Q/C Q/C
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Figure S14: Data for electrolysis (P3), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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Table S22: Concentration and Faradaic efficiency (FE) of H.O2 and PFA in the catholyte for
electrolysis (P4) with 0.2 mol L™' KH2PO4 / K;HPQO4 containing formate originating from
formate electrosynthesis as starting electrolyte (cf. Figure S15).

(/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.3950 £ 0.0013 941+0.3 21.7+1.2 52103

3 0.7367 £ 0.0015 87.8+0.2 40.3+ 2.1 48+0.3

4.5 1.0378 + 0.0020 824+0.2 58.2+2.38 46+0.3

6 1.2756 = 0.0051 76.0+£04 96.4+2.8 57+0.2

Table S23: pH for electrolysis (P4) with 0.2 mol L™" KH.PO, / K;HPO4 containing formate
originating from formate electrosynthesis as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 3.99 0.34

1.5 3.95 0.34
3 3.94 0.34

4.5 3.94 0.30
6 3.92 0.27

Q/C Q/C
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Figure S15: Data for electrolysis (P4), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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3.2.2 Reference electrolyte (R) containing 0.5 mol L' HCOOK / HCOOH as

catholyte
Q/C
0 2700 5400 8100 10800 13500 16200
1 " 1 " 1 M 1 N 1 " 1 M 1
1-4_ ® H202 - 120
m PFA I
124 —y=0.184x+0.109, R* = 0.996 L 100
- | 2
) 10 y=12.1x + 0.6, R* = 0.998 .80 %I
E -
£ 0.8 -
= Leo E
& 0.6 - L —
o, - L40
L 044 3 | o
° 02l 1
0.2 = - 20
004 ® L0
1 N 1 " 1 N 1 N 1 N 1 N 1
| M I M 1 v ) M I v 1 v I
100 -| I PFA N
|0,
80 - - Combined B
2 60 o
~ 1
L 404 »
20 4 -
0 L
) M | v | v ) M I v | v I
0 1 2 3 4 5 6
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Figure S16: Concentration and Faradaic efficiency (FE) course of H,O, and PFA for H,O; /
PFA (electro)synthesis (n=4). Electrolysis parameters: Constant current density j =
150 mA cm™, Runtime = 6h (2 16200 C), Catholyte = 0.2 mol L™" KH:POs / K:HPO4
(equimolar) and 0.5 mol L™' HCOOK / HCOOH (equimolar) in 1 wt% HsPO. (50 mL, reference
electrolyte (R), cf. section 1.5), Anolyte = 0.5mol L' HCIO, (50 mL), Cathode (GDE) =
65.5 wt% Acetylene Black, 34.5 wt% PTFE on stainless steel mesh, Reference electrode =
Reversible hydrogen electrode (RHE), Anode = Mixed Ir-oxide on a Ti-grid (Platinode EP, Type
177, Umicore).
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Table S24: Concentration and Faradaic efficiency (FE) of H2O. and PFA in the catholyte for
electrolysis (R1) with 0.2 mol L™ KH.PO, / K;HPO4 containing 0.5 mol L~' HCOOK / HCOOH

in 1 wt% HsPOs as starting electrolyte (cf. Figure S17).

(/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.4067 £ 0.0060 96.9+1.5 17.0+£ 2.0 4105

3 0.7142 £ 0.0063 85.1+0.8 35.3+21 42+0.3

4.5 1.0333 £ 0.0034 79.7+0.3 51.1+£21 4102

6 1.2389 + 0.0084 73.8+0.5 69.3+4.7 51+£0.3

Table S25: pH for electrolysis (R1) with 0.2 mol L' KH,PO4 / K;HPO, containing 0.5 mol L™"
HCOOK /HCOOH in 1 wt% HsPO4 as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.07 0.35
1.5 3.96 0.32
3 3.94 0.29
4.5 3.93 0.28
6 3.94 0.27
Q/C Q/C
0 2700 5400 8100 10800 13500 16200 0 2700 5400 8100 10800 13500 16200
6.0 0.0 300 k300 _
T
c
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0 1 2 3 4 5 6 0 1 2 3 4 5 6
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Figure S17: Data for electrolysis (R1), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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Table S26: Concentration and Faradaic efficiency (FE) of H.O2 and PFA in the catholyte for
electrolysis (R2) with 0.2 mol L™" KH2PO, / K;HPO4 containing 0.5 mol L~' HCOOK / HCOOH

in 1 wt% HsPOs as starting electrolyte (cf. Figure S18).

(/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.3763 £ 0.0013 89.6 £ 0.3 16.7 £ 1.1 4.0+0.3

3 0.6733 £ 0.0015 80.2+0.2 343121 4103

4.5 0.8867 £ 0.0034 70.4+0.3 52.0+24 4102

6 1.0311 £ 0.0070 61405 64.4+39 3.8+0.3

Table S27: pH for electrolysis (R2) with 0.2 mol L™' KH,PO4 / K;HPO, containing 0.5 mol L™"
HCOOK /HCOOH in 1 wt% HsPO4 as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.05 0.33
1.5 4.01 0.30
3 3.97 0.29
4.5 3.96 0.28
6 3.96 0.27
Q/C Q/C
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Figure S18: Data for electrolysis (R2), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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Table S28: Concentration and Faradaic efficiency (FE) of H.O2 and PFA in the catholyte for
electrolysis (R3) with 0.2 mol L™" KH2PO, / KzHPO4 containing 0.5 mol L~' HCOOK / HCOOH

in 1 wt% HsPOs as starting electrolyte (cf. Figure S19).

(/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.3654 £ 0.0008 87.1+0.2 156.5+£0.5 3.7+£0.2

3 0.6767 £ 0.0011 80.6+1.3 39.0+£3.0 4604

4.5 0.9578 £ 0.0039 76.1+£04 59.6+1.6 47+0.2

6 1.1722 + 0.0051 69.8+04 72.9+0.8 4.3+0.1

Table S29: pH for electrolysis (R3) with 0.2 mol L' KH,PO4 / K;HPO, containing 0.5 mol L™*
HCOOK /HCOOH in 1 wt% HsPO4 as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.08 0.34

1.5 4.03 0.33
3 3.99 0.30

4.5 3.99 0.29
6 3.98 0.27

Q/C Q/C
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Figure S19: Data for electrolysis (R3), experimental details are provided in section 1.5 and
results Table S14 and Table S15.
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Table S30: Concentration and Faradaic efficiency (FE) of H.O2 and PFA in the catholyte for
electrolysis (R4) with 0.2 mol L™" KH2PO, / K;HPO4 containing 0.5 mol L~' HCOOK / HCOOH
in 1 wt% HsPOs as starting electrolyte (cf. Figure S18).

(/h ¢(H20>) FE(H20.) c(PFA) FE(PFA)
/ mol L™ ! % / mmol L™ [ %

1.5 0.3600 £ 0.0013 85.8+0.3 17.7+£0.8 42+0.2

3 0.6583 £ 0.0039 78.4+0.5 36.3+£1.2 43+0.2

4.5 0.9044 £ 0.0039 71.8+04 59.6 £2.1 47+0.2

6 1.0833 + 0.0034 64.5+0.2 67.6+0.8 4.0x0.1

Table S31: pH for electrolysis (R4) with 0.2 mol L™' KH,PO4 / K;HPO4 containing 0.5 mol L™*
HCOOK /HCOOH in 1 wt% HsPO4 as starting electrolyte.

t/h pH (catholyte) pH (anolyte)
0 4.07 0.35
1.5 4.02 0.33
3 3.98 0.31
4.5 3.99 0.31
6 4.00 0.27
Q/C Q/C
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Figure S20: Data for electrolysis (R4), experimental details are provided in section 1.5 and
results in Table S14 and Table S15.
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3.3 Pictures of GDE before and after electrolysis

1cm 1cm

Figure S21: Exemplary pictures of a self-fabricated Bi.Oz based GDE before (left) and after
(right) electrolysis. Details of the fabrication process are provided in section 1.2.1, details on
the electrolysis conditions in section 1.4.

— —

1cm 1cm

Figure S22: Exemplary pictures of a self-fabricated Carbon based GDE before (left) and after
(right) electrolysis. Details of the fabrication process are provided in section 1.2.2, details on
the electrolysis conditions in section 1.5.

S36
A150



WILEY-VCH

3.4 SEM images of GDE before and after electrolysis

T - et RN P

15.0kV 6.0mm X4.00k BSE-COMI;’

Figure S23: Exemplary SEM images (BSE, bright particles are Bi, section 1.8) of the GDE for
formate electrosynthesis before (left) and after (right) electrolysis.

15.0kV 7.2mm X2.00k SE

Figure S24: Exemplary SEM image (SE, cf. section 1.8) of the GDE for H2O. / PFA
(electro)synthesis before (left) and after (right) electrolysis.
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3.5 Contact angle of GDE before and after electrolysis

Figure S25: Exemplary images for contact angle 6 determination (cf. section 1.9) of the Bi»O3
based GDE for formate electrosynthesis before (left) and after (right) electrolysis (cf. Table
S32).

Table S32: Exemplary contact angles 6 of a BiO3 based GDE before and after application for
formate electrosynthesis.

O (left)/ ° o (right) / ° O (average)/ °
Before electrolysis 136.34 136.02 136.2+0.3
After electrolysis 46.26 48.71 475+1.8

Figure $26: Exemplary images for contact angle 6 determination (cf. section 1.9) of the carbon
based GDE for H202/ PFA (electro)synthesis before (left) and after (right) electrolysis (cf. Table
S33).

Table S33: Exemplary contact angles 6 of a carbon based GDE before and after application
for H.O, / PFA (electro)synthesis.

0 (left)/ ° 0 (right) / ° 6 (average)/ °
Before electrolysis 142.77 142.66 142.72 + 0.08
After electrolysis 116.24 116.52 116.4+0.2
S38
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3.6 X-ray diffraction of GDE before and after electrolysis

—— GDE before electrolysis
—— GDE after electrolysis

Intensity / a.u.

—— 96-101-0313 (Bi,0,)
—— 96-901-1995 (Bi)

| .l| “ ||I.I. Illll]l..ll .
LN LA LU LR DL LR LA AL RL AN LA DL DL |
20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta/°

Figure S§27: XRD data of the Bi»O3 based GDE for formate electrosynthesis before and after
electrolysis as well as peak positions of Bi,O3 (96-101-0313) and Bi (96-901-1995) from the
PDF-2 database (International Centre of Diffraction Data - ICDD) for comparison.
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