Characterization of the degradation of carbon-
supported tin and bismuth gas-diffusion electrodes

applied in alkaline CO; electrolysis

Von der Fakultit Energie-, Verfahrens- und Biotechnik der Universitit Stuttgart
zur Erlangung der Wiirde eines Doktors der
Ingenieurwissenschaften (Dr.-Ing.) genehmigte Abhandlung

Vorgelegt von
M. Eng. Fabian Bienen

aus Biinde, Westfalen

Hauptberichter: Prof. Dr. rer. nat. K. Andreas Friedrich
Mitberichter: Prof. Dr.-Ing. Elias Klemm
Priifungsvorsitzender: Prof. Dr.-Ing. Ulrich Nieken

Tag der miindlichen Priifung: 27.10.2021

Institut fiir Gebaudeenergetik, Thermotechnik und Energiespeicherung
der Universitdt Stuttgart
2021



II



‘You cannot hope to build a better world without improving the individuals.
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Abstract

The continuously rising CO2 concentration in the atmosphere and the associated climate change
resulting in a steady increase in the planets’ temperature requires immediate counteraction and
mitigation of CO2 emissions. Possible CO2 mitigation concepts are carbon capture and storage
or in the best-case carbon utilization. Renewable energy can be used to power CO2 electrolysis
devices in which COz is used as feed stock and converted to value-added products (CO, CHa,
C2Hs, HCOOH / HCOO, ...) guiding the route to a circular carbon economy. Therefore,
traditional synthesis routes for carbonaceous species might be substituted by environmental
friendlier COz electrolysis. Consequently, the role of CO2 can be changed from a harmful

species to a valuable resource.

This thesis focuses on the tin catalyzed electrochemical conversion of CO2 to formate which is
principally close to be economically feasible due to the already achieved performance targets
(activity, selectivity) for this half-cell reaction. Nevertheless, long-term operation and full cell
setups are rarely reported since most of the scientists focus on the development of suitable
catalysts for a specific target product. Consequently, the degradation of CO: converting
electrodes is an underrepresented topic in literature. Therefore, this thesis provides an
elaborated fundamental electrochemical impedance spectroscopic (EIS) study which can be

used to identify degradation mechanisms during operation of an COx electrolysis cell.

Firstly, tin foil was investigated via EIS by varying temperature, electrolyte as well as current
density. In combination with the analysis of the measured Faraday efficiencies (FE) the results
pointed out that the observed impedance spectrum is determined not only by the COz2 reduction
reaction (CO2RR) - the reaction of interest - but also the parasitic aqueous electrolyte
decomposition: the hydrogen evolution reaction (HER). The superposition of contributions of
both reactions to the measured features in the impedance spectrums was supported by
equivalent circuit modelling. However, it was suggested that the two observed features in the
EIS spectrum are determined by a proton coupled charge transfer reaction and ionic migration

of HCOs" (aq).

Building on the foil measurements, a fundamental EIS study for tin gas-diffusion electrodes,
which are due to their sufficient activity more relevant than tin foil electrodes, was conducted
by changing CO2 volume fraction, electrolyte, temperature and current density. Considering the
measured FEs it could be concluded that, depending on the reaction conditions, the CO2RR or

HER determines the spectrum shape. In the spectrum, features arise due to the ionic and
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electrical conductivity inside the porous system, homogeneous conversion of CO2 with OH", a
charge transfer onto CO2 to form CO2’ " and the liquid phase diffusion of COz to the active sites.
Interestingly, it could be stated that for unfavorable COx electrolysis (CO2EL) conditions (low
CO2 volume fraction in feed-gas) the impedance spectra shape dominating reaction switches
from CO2RR to HER. The proposed information in this study can help other scientists to

identify degradation mechanisms of GDEs.

The generated fundamental knowledge about EIS for GDEs in CO2EL was then transferred into
an applied study were the degradation of tin- and bismuth- based GDEs was investigated. In
particular, the effect of wetting on the electrode’s performance was the aim of these
investigations. Therefore, the wetting state was measured operando in terms of differential
double layer capacitance via EIS and additionally evaluated post mortem with energy dispersive
X-ray microscopy. The electrolyte was tested for diluted catalyst species using inductively
coupled plasma mass spectrometry. For the tin-based GDE a revealed catalyst leaching
prevented a clear assignment of the observed degradation to one single process as it was aimed
for. Obviously, these GDEs degraded due to a loss of catalyst whereas this might be not the
sole reason. The bismuth-based GDEs did not show a net catalyst leaching, but a catalyst
aggregation induced by a dissolution / reduction process could be suggested. This catalyst
aggregation and probably an ongoing electrode wetting lead to a marginal electrode

degradation.

Lastly, an alternative field of application for the produced formate solution was demonstrated
in a proof of concept study: the generated formate containing electrolyte was transferred into a
direct formate fuel cell or in a polymer electrolyte membrane fuel cell after formate was
decomposed to Hz. Within this study formate was re-electrified and its usage as energy carrier

demonstrated.
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Zusammenfassung

Die in der Atmosphire stetig ansteigende Konzentration von CO2, welches mafB3geblich fiir den
Klimawandel verantwortlich ist, fithrt zu einem kontinuierlichen Anstieg der Temperatur auf
der Erde und zeigt, dass unmittelbar Maflnahmen zur Vermeidung von CO2-Emissionen
ergriffen werden miissen. Als mdgliche Konzepte zur Verminderung von CO2-Emissionen
werden typischerweise die COz -Abscheidung (carbon capture and storage) und im besten Falle
die CO2 -Nutzung (carbon utilization) genannt. CO2-Elektrolyseure kdnnen mit erneuerbarer
Energie und CO: als Rohstoff betrieben werden und erzeugen wertvolle Kohlenwasserstoffe
(CO, CHs4, CoH4, HCOOH / HCOO, ...). Im Idealfall kann dies zu einer
Kohlenstoftkreislaufwirtschaft filhren. Auf diese Weise konnen traditionelle, CO> intensive,
Herstellverfahren von Kohlenwasserstoffen durch die CO2 -Elektrolyse substituiert werden.
Folglich dndert sich die Rolle des CO2 von einem schidlichen Treibhausgas hin zu einem

wertvollen Rohstoff.

Die in dieser Dissertation dargestellten Arbeiten konzentrieren sich auf die mit Zinn katalysierte
elektrochemische Umwandlung von CO2 zu Formiat, welche aufgrund der bereits heutzutage
in Halbzellenmessungen erzielten Leistungskenndaten (Selektivitit, Aktivitdt) an der Schwelle
zur Okonomischen Realisierbarkeit steht. Nichtsdestotrotz wurden bisher nur wenige
Langzeitstudien oder der Betrieb von Vollzellen demonstriert. Dies liegt daran, dass die meisten
Wissenschaftler sich auf die Entwicklung von mafigeschneiderten Katalysatoren fiir die
selektive Herstellung eines Zielproduktes beschéftigt haben. Folglich, ist die Degradation von
CO2 umwandelnden Elektroden ein unterreprisentiertes Thema in der Forschungsgemeinschaft
und diese Arbeit fiillt eine entsprechende wissenschaftliche Liicke. In dieser Dissertation
wurden grundlegende elektrochemische Impedanz spektroskopische (EIS) Studien
durchgefiihrt, deren Erkenntnisse bei der Identifizierung von Degradationsmechanismen

wihrend des Elektrolysebetriebes herangezogen werden kdnnen.

Zunichst wurde eine einfache Elektrodengeometrie, Zinnfolie, mittels EIS untersucht, indem
die Temperatur, der Elektrolyt und die applizierte Stromdichte variiert wurde. Es konnte unter
Heranziehung der gemessenen Faraday-Eftizienzen (FE) beobachtet werden, dass der Verlauf
des Impedanzspektrums nicht nur von der CO:2 Reduktionsreaktion (engl. CO2 reduction
reaction CO2RR), sondern gleichzeitig auch von der parasitir, durch Zersetzung des wissrigen
Elektrolyten, stattfindenden Wasserstoffentwicklungsreaktion (engl. Hydrogen evolution

reaction, HER) iiberlagert wird. Die Uberlagerung von zwei verschiedenen parallel ablaufenden
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Reaktionen im Impedanzspektrum konnte auch mittels Ersatzschaltbildmodellierung bestatigt
werden. Fiir die beiden erkennbaren Prozesse im Impedanzspektrum wurden ein Protonen
gekoppelter Ladungsdurchtritt und die Bewegung (Migration/Diffusion) von HCOs'(aq) in der

Fliissigphase vorgeschlagen.

Aufbauend auf den vorherigen Messungen wurden Zinn basierte Gasdiffusionselektroden
(GDEs), welche im Vergleich zur Zinnfolie aufgrund ihrer hohen Aktivitit von hoherer
praktischer Bedeutung sind, untersucht. EIS Messungen erfolgten unter Variation der CO2-
Volumenkonzentration, Elektrolytzusammensetzung, Temperatur und Stromdichte. Unter
Betrachtung der parallel gemessenen FEs (HER vs. CO2RR) konnte gezeigt werden, dass bei
diesen Elektroden das gemessene Impedanzspektrum je nach Reaktionsbedingungen entweder
durch die CO2RR oder HER dominiert wird. Die im Impedanzspektrum abgebildeten Verldufe
werden hervorgerufen durch die elektrische und ionische Leitfdhigkeit im Porensystem, die
Reaktion von CO2 und OH", den Ladungsdurchtritt auf CO2 unter Bildung von CO2" " und die
Diffusion von COz in der Fliissigphase hin zu den aktiven Zentren. Interessanterweise wurde
fiir ungiinstige CO2-Elektrolyse (CO2EL)-Bedingungen (niedrige CO2 -Volumenkonzentration
im Zustrom) beobachtet, dass im Impedanzspektrum die bestimmende Reaktion von der
CO2RR hin zur HER wechselt. Mit Hilfe der vorgeschlagenen im Impedanzspektrum
abgebildeten Prozesse konnen interessierte Wissenschaftler die Degradation ihrer fiir die

CO2EL hergestellten GDEs nun einfacher untersuchen.

Die Erkenntnisse aus den EIS Messungen fiir die CO2 umwandelnden GDEs wurde dann in
einer anwendungsnahen Untersuchung von Zinn- und Bismut basierten GDEs vertieft. Speziell
sollte der Einfluss der GDE Benetzung auf die Elektrodenleistungsfahigkeit untersucht werden.
Dafiir wurde im Betrieb die Benetzung der Elektrode {iiber die differentielle
Doppelschichtkapazitét (ermittelt via EIS) und post mortem die Eindringtiefe des Elektrolyten
iiber Energiedispersive Rontgenspektroskopie evaluiert. Der Elektrolyt wurde auf geldste
Katalysatorspezies mittels Massenspektrometrie mit induktiv gekoppeltem Plasma gepriift. Es
wurde ein Auflosen des Zinn-Katalysators aus der GDE festgestellt und dieser Effekt
verhindert, dass weitere Degradationsmechanismen zugeordnet werden konnten, da die
Auflésung des Katalysators die moglicherweise vorliegenden weiteren Effekte iiberlagert.
Beim Betrieb der Bismut GDE konnte keine Netto-Auflosung beobachtet werden, wohingegen
eine Aggregation von Katalysatorpartikeln, induziert durch einen Auflosungs- /
Reduktionsprozess, beobachtet werden konnte. Jedoch haben die Aggregation und eine

fortschreitende Benetzung nur zu einer minimalen Degradation der Elektrode gefiihrt.
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Zuletzt wurde eine alternative Anwendungsmoglichkeit fiir die bei der CO2-Elektrolyse
erhaltenen Formiatldsung vorgeschlagen. Dafiir wurde die Formiatlosung in eine Direkt
Formiat Brennstoffzelle oder Polymerelektrolytbrennstoffzelle, nachdem Formiat katalytisch
zu Hz zersetzt wurde, iiberfiihrt und re-elektrifiziert. Auf diese Weise wurde in einer

Machbarkeitsstudie die Verwendung von Formiat als Energietrdger demonstriert.
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1 Introduction

The concentration of COz2 in air, which is besides CH4 and N20O one of the harmful greenhouse
gases responsible for climate change, rose from the beginning of the industrial era (1750) from
~ 277 ppm up to ~ 416 ppm until today (2021).!:? Mainly, electricity production, industry, and
transport sector are responsible for the vast amount of emitted CO2.> To hit the target which
was manifested in the Paris Agreement to keep the global warming well below 2 °C (referenced
to preindustrial times) substantial effort has to be made in these sectors to mitigate extensive
CO> emitting.* Preferably, the average global temperature should not rise more than 1.5 °C
until 2100. Unfortunately, it is already clear that a temperature rise of 1.5 °C will be surpassed
before 2100 and cannot be prevented anymore. Nevertheless, in order to achieve the target of a
maximum temperature rise of 1.5 °C in the long run (2100) it is necessary to embed carbon
dioxide removal technologies to neutralize CO2 emissions for applications where no mitigation
strategies are proposed yet. Unfortunately, it is also postulated that the greenhouse gas
emissions around 2030 must not exceed 25 - 30 GtCOze per year to achieve the 1.5 °C target.
Contradictory, when sticking to the present behavior of mankind these emissions are forecasted
to be 52-58 GtCOze per year which is about twice of the aimed value and again points out that

mankind needs to act urgently.’

However, besides the transition to renewable energies the concepts to reduce or at least not
further increase the concentration of CO: in the atmosphere can be summarized in two
approaches: carbon capture with subsequent storage and carbon utilization. For example, a
typical carbon capture process is the conversion of CO2 with CaO to form CaCOs3 which is then
stored. On the other hand, using CO2 as a feedstock to produce carbonaceous chemicals is
defined as carbon utilization. Following, depending on the CO2 source and the CO2 emissions

attributed to the utilization process it is possible to establish a circular carbon economy.®

9 % of the greenhouse gas emissions in the EU-27 must be ascribed to industrial processes and
product use, emphasizing that a beneficial noticeable impact can be achieved if whenever
possible industrial processes in the EU-27 are substituted by innovative routes with smaller
carbon footprints.” Due to the expansion of renewable energy technologies their share in the
total amount of provided energy increases steadily.® Therefore, electrochemical processes are
charming as carbon utilization technologies since they can directly, without conversion to heat,

use the provided low carbon electricity source to utilize COx.



When combining water, CO2 and electricity in an electrolysis cell it is possible to activate the
stable CO2 molecule (Ec=o = 391 kJ mol!) to form hydro carbonaceous species.® Due to the
excessive amount of provided energy and the existence of a sufficient amount of hydrogen,
oxygen and carbon, a variety of chemicals such as CO, CHs, HCOOH / HCOO", C2Ha4,
CH3CH20H can be produced at the CO2 converting cathode. In a parasitic side reaction, Hz is
produced via decomposition of the aqueous electrolyte.’ The obtained product spectrum is
mainly determined by the chosen catalyst and reaction conditions.® ' Nonetheless, the
production of CO or HCOOH / HCOO" via CO:z electrolysis was already postulated to be close
to inherent economic feasibility whereas the electrolysis process cannot yet compete with the
traditional synthesis route.'’ !> While CO or a mixture of CO and parasitically generated H>
(syn gas) can be used to produce diverse chemicals, i.e., acetic acid or methanol, formic acid
(FA) and formate (FM) are mainly directly used for silage (FA), tanning (FA), pharmaceuticals
(FA) or as de-icing agent (FM).!> !* The usage of formate as hydrogen or energy carrier was

recently demonstrated.'

Yet, this work focuses on the electrochemical conversion of CO2 to formate. A substantial effort
for the development of suitable catalysts and electrode engineering can be observed in the
associated literature: novel catalysts, optimized reaction conditions (i.e., temperature,
electrolyte) and different electrode architectures are the subject of the published works.
Consequently, the numeric targets (suggested by industry) for the key performance indicators
selectivity and current density for this reaction are already accomplished.'®!” On the other hand,
due to typical short testing times, long-term stability and the observable degradation phenomena
are insufficiently explored.'® Therefore, electrochemical impedance spectroscopy (EIS) can be
used as an operando tool to assign the degradation to specific altered microscopic processes.
But first, the nature of the resembled processes in the impedance spectrum must be identified
before conclusions of the present degradation mechanisms can be drawn. The assignment of
microscopic processes to features observable in the impedance spectra is the central objective
of the presented work and ultimately enables the COz electrolysis community to perform a
knowledge-based analysis of measured impedance spectra. These findings are not necessarily
limited to the conversion of COz to formate but can be transferred to CO: electrolysis processes
with different target products. Finally, the degradation of tin- and bismuth-based electrodes is

investigated via EIS and physical post mortem characterization.



2 COgz electrolysis

CO:s2 is a remarkable stable molecule due to the linear double bonds of carbon with oxygen. The
bonding energy of the C=0 bond is approximately 391 kJ mol! which is noticeably higher
compared to i.e., C=C bonds (303 kJ mol!). To utilize CO2 via conversion to valuable
carbonaceous species a bond breaking of C=0 is necessary for which the required energy can
be provided in chemical, electrochemical and photochemical processes.® The electrochemical
conversion of CO2, often abbreviated as CO2EL (COz electrolysis), is charming owing to the
fact that the main driving force for the conversion - the electrochemical potential - is easily
controllable. Additionally, the electrical energy can be provided by renewables indicating that
no additional CO2 is produced during the necessary energy generation to operate the
electrolyzer. Furthermore, the scale-up is relatively simple since it is usually just a numbering
up of electrochemical cells.® The dream production would be that CO: is taken from the
atmosphere and converted to carbonaceous species. In the very end of life, this species will be
naturally converted to COz again and emitted into the air which will then represent a new start
of the life cycle of the considered carbon atom. Also, CO2 from concentrated sources like power
or cement plants can be used as feed stock for CO2EL to generate refined chemicals. The
drawback of this approach, when not using CO2 from the atmosphere, is that at the end of life
of the refined carbon containing chemical CO2 is emitted again and the problem is just
postponed to a later date.!2° However, in the best case, electrochemical CO2 conversion can
be used to create a carbon cycle in which intermediate steps CO: is refined to valuable

chemicals.

Already in 1870, Royer et al. published an article with the original title ‘Réduction de [’acide
carbonique en acide formique’ in which the electrochemical conversion of carbonic acid to
formic acid was reported. 2! Approximately 30 years later, Coehn et al. further investigated this
reaction in aqueous bicarbonate containing solutions and concluded the importance of the
existence of the HCOs™ ion. They already proposed the necessity of an inherent high hydrogen
overvoltage of the CO:2 converting electrodes. Otherwise, due to the extremely negative
potentials the electrolyte will be decomposed via the hydrogen evolution reaction (HER) and
by that decreasing the charge efficiency for CO2 reduction reaction (CO2RR). Furthermore, they
solely observed formic acid as reaction product.?? Contrary, in 1954 Teeter et al. proposed that
in case of a mercury electrode dissolved CO2 adsorbs at the electrodes surface before the
reduction process occurs. Following, they concluded that dissolved COz is the electroactive

species.?> 24 However, several years later in 1994, the very detailed pioneer work of Hori et al.
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regarding COz2 reduction in bicarbonate solutions at various metal electrodes has generated a
lot of interest and is of high importance for the CO2EL community. They proposed that the
investigated metal electrodes could be divided in two groups, while the first group (Cu, Au, Ag,
Zn, Pd, Ga, Ni, Pt) mainly produces CO, the second group (Pb, Hg, In, Sn, Cd) preferentially
produces formic acid / formate. Furthermore, traces of CHas, C:Hs4, EtOH and PrOH,
predominantly at copper electrodes, were observed during their experiments.”> An even more
distributed product spectrum was reported from Kuhl et al. in 2012 who investigated a copper
electrode in 0.1 M KHCO3 aqueous solution and analyzed the liquid phase products with
nuclear magnetic resonance spectroscopy (NMR) which due to the sensitivity of the method
was capable to detect traces of even more species than proposed for copper by Hori et al.. They
divided the measurable products in three categories: the main products were hydrogen,
methane, formate, carbon monoxide, ethylene; intermediate amounts of ethanol, n-propanol and
allyl alcohol were measured; to a minor extent methanol, glycolaldehyde, acetaldehyde, acetate,
ethylene glycol, propionaldehyde, acetone and hydroxyacetone were observed. This
demonstrates that up to 15 carbonaceous species are produced when electrolyzing CO: at
copper electrodes.?® The main challenge in CO2EL is to achieve high conversion rates (current
densities) and simultaneously a high selectivity for a desired product. The extent of the parasitic

HER should be reduced to a minimum.

2.1 Electrochemical CO: conversion to formate

This work focuses on the investigation of electrodes converting CO2 to formate in alkaline
media. In most studies presented in literature Sn*>”3%, In3!- 32, Bi*33° and Pb?% 3% %7 catalysts were
used as electrode material for production of formate / formic acid. Carbon monoxide is usually
observed in a minor extent as a side reaction product whereas hydrogen as a result of the
parasitic HER is observed in a higher amount. The fraction of the total introduced charge into
the electrolyzer which is used to convert CO: to a specific product is called Faraday efficiency
(FE) and desirably as high as possible. A schematic representation of the formate formation in
an alkaline COz electrolyzer is depicted in Figure 1 including the oxygen evolution reaction
(OER) which takes place as counter reaction at the anode. The corresponding electrochemical
reactions, including the undesired CO and hydrogen formation, can be seen in (1) - (4). The
electrochemical standard potentials are referenced to the standard hydrogen electrode (SHE) at

25°C and p = 101.3 kPa:®



Cathode:

HCOO: 2C0,+2H,0+ 4e~ = 2HCOO™ + 20H™ Ap® =—1.078V (1)

CO: 2C0,+2H,0+ 4e” =2CO0+ 40H" Agp® =—0.934V (2)

HER: 4H,0+ 4e- =2H,+ 40H AP’ =—-0.826V (3)
Anode:

OER: 40H =2H,0+ 0,+ 4e” APp® = +0.404V (4)

Total reaction (assuming 100% FE for formate):

2C0,+ 2KOH = 2HCOOK + 0, Uy = — 1482V (5)

: 12 0,+ H,0
2e-
W
- >
S N =
f; .................. 2K =
= 3
U .
»2 e
20H

HCOO + OH

Figure 1 Principle of the cathodic conversion of CO2 + H20 to HCOO™ + OH™ and anodic

oxygen evolution reaction.



The proximity of the standard potentials for the HER and CO2RR points out from a
thermodynamic point of view why hydrogen is usually observed as a parasitic reaction product
and emphasizes the necessity to use suitable catalysts with high HER overpotential to suppress
the electrolyte’s decomposition. Considering the cell voltage, it becomes evident that alkaline
conditions are beneficial for COz2 to formate converting systems since the half-cell potentials of
the formate producing cathode and oxygen generating anode move away from each other as a
result of different pH dependencies of the standard potentials. For each pH unit shift towards
acidic conditions, the cathodes potential increases by 0.059/2 V whereas the anodes electrode
potential raises with 0.059 V. The same holds true for the HER and formate formation, lower
pH values increase the standard potential of the HER to a higher extent and by that making it

less favorable compared to CO2 to formate conversion.

Compared to possible target products like CH3OH (6 €7), CH4 (8 €") or C2H4 (12 ¢7) only two
electrons need to be transferred to convert COz into formate or CO.° This fact implies that these
reactions follow a less complex reaction mechanism making them more facile and easier to
investigate for principle studies which go beyond an empirical understanding of the CO2RR.*%
%0 However, several techno economic analysis demonstrated that the electrochemical
production of CO and formic acid is close to become economically feasible.!> ! 41 42
Unfortunately, these analysis consider formic acid as the final product of CO2EL which usually
does not hold true due to the in the CO2EL community mainly used slightly alkaline bicarbonate
solution as electrolyte. A necessary subsequent acidification is not examined in these analyses
and would dramatically reduce the feasibility of the CO2EL process with formate as the
obtained product. However, formate solution is mainly used as de-icing agent (small market
volume) in situations where chloride containing chemicals would be to corrosive (airplane de-
icing) or as drilling-fluid.'* In the scope of this thesis a contribution with the title ‘ Utilizing
Formate as an Energy Carrier by Coupling CO: Electrolysis with Fuel Cell Devices’ (Article
IV) was published as a proof of concept study and demonstrates the usage of the obtained
potassium formate solution as fuel for a direct formate fuel cell or conventional polymer

electrolyte membrane fuel cell (PEMFC) after decomposition of formate to hydrogen.'

Following a brief overview of the state of research for CO2EL with formate as target product

will be given.



2.2 Tin and bismuth catalysts

In the literature and also in this work mainly tin is used as a catalyst material due to the attributed
high electrochemical performance for CO2EL to formate, low toxicity and cheap raw material
price.* Therefore, substantial effort was made in the CO2EL community to identify the active
species of tin catalysts: Chen et al. compared the CO2EL performance of freshly etched and
untreated tin foil with an native oxide layer and concluded, as evidenced by significantly lower
partial current densities for CO2RR products, that not metallic tin but tin oxide is the active
species without further specifying the oxidation state of tin.** Considering the Pourbaix diagram
of tin (cf. Figure 2 a)) it becomes evident that in strong alkaline solutions, which are present
during the experiments for this thesis, and negative applied potentials (<- 1.0 V vs. SHE) SnOx
is not stable from a thermodynamic point of view and will be reduced to metallic tin which is
barely active for CO2EL. Fortunately, it was shown by several authors that the stability region
of SnOx is extended due to a kinetic hindrance of the reduction to potentials regions (down to
~-1.6 V vs. SHE) which are commonly needed when reducing CO2.4-*¥ In detail, Dutta et al.
used operando Raman spectroscopy to monitor the oxidation state of tin and proposed that SnO2
is the present species at the catalyst surface even at reducing conditions.*® In accordance,
Baruch et al. demonstrated via operando attenuated total reflectance infrared spectroscopy
(ATR-IR) the existence of a native SnOx layer under reducing conditions and suggested

furthermore the presence of a surface bound tin-carbonate species as reaction intermediate.*’

Contradictory, Pander et al. demonstrated via operando ATR-IR that bismuth metal does not
show a meta stable oxide layer under reducing conditions which in combination with
potentiostatic electrolysis experiments and evaluation of the obtained reaction product FEs lead
to the conclusion that metallic bismuth is the active species for CO2EL. Fortunately, bismuth is
the stable phase in highly alkaline media and - the for CO2EL necessary - negative potentials

(cf. Figure 2 b)) making it a promising electrode material.
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Figure 2 Pourbaix diagram for tin and bismuth calculated in accordance with Pourbaix.*



2.3 Reaction mechanisms
Due to its widely usage for the conversion of COz to formate, tin is the material which is mainly
used to investigate the associated CO2RR mechanism. In principle, the underlying reaction steps

can be described as:’!

€0, (aq) = CO, (ad) (6)

€O, (ad) + e~ = €0, (ad) (7)

C0;™ (ad) + H,0 = HCOO (ad) + OH~ (8)
HCOO (ad) + e~ = HCOO™ (ad) 9)
HCOO~ (ad) = HCOO™ (aq) (10)

After surface-adsorption, CO2 is activated with an electron to form the CO2 anion radical.
Subsequently, this radical is protonated by free or adsorbed water which yields an adsorbed
formate radical and a hydroxide ion. A second electron is then transferred to the adsorbed
formate radical which finally leads to the adsorbed formate anion which can be desorbed and
transported into the bulk.’® * While a few authors proposed the protonation®”** ! (cf. (8)) as
rate-determining step, mostly the CO: anion radical formation>? (cf. (7)) is suggested as the
rate-determining reaction. Interestingly, a redox potential of - 1.9 V vs. SHE®® is attributed to
the CO2 anion radical formation which is more negative than the typically observed onset
potentials for CO2EL. This puzzle is suggested to be solved by the stabilizing effect of the
catalyst for the CO2 anion radical which then reduces the necessary reduction potential for the

activation of CO2.'°

However, density functional theory (DFT) studies strongly indicate that two reaction
intermediates can be present at the tin surface: *COOH or *OCHO®™), * denotes the atom
bonded to the surface. *OCHO™ can be bonded in mono (*OCHO) or bidentate (*OCHO¥*)
configuration.®® These oxygen bonded intermediates cannot only be formed by direct CO2

adsorption on the catalyst surface but subsequently after insertion of CO: into the hydroxylated



tin surface forming an intermediate surface bound carbonate as proposed by several authors.*:
52 The valuable study of Feaster et al. proposed that *COOH is the key intermediate in the
reduction of COz to CO whereas *OCHO™) is the crucial intermediate for formate generation.
Their argumentation was based on the fact that Volcano plots obtained from DFT calculations
for metals like Sn, Au, Ag, Zn could only describe the experimentally observed partial current
densities for CO respectively HCOO" if *COOH (for CO) or *OCHO™ (for formate) binding
energies were used as descriptors in the Volcano plot.>” In accordance, a DFT study by Cui et
al. proposed that for hydroxylated tin electrodes the formation of *OCHO®™ is energetically
favored compared to *COOH which fits to the observation that formate is the predominant
reaction product for tin electrodes.’? Additionally, a DFT study combined with experiments
from Koh et al. suggests that the *OCHO™) pathway for formate generation is also observable
for bismuth electrodes.’® In accordance, the corresponding suggested reaction pathways for

HCOO™ and CO generation are depicted in Figure 3.
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Figure 3 Suggested reaction pathways for HCOO™ and CO generation. Adapted and combined

from Kortlever et al. and Zhu et al..’® >

2.4 Electrolyte

Commonly, aqueous supporting electrolytes are used in CO: electrolysis. Besides the mainly
used alkali bicarbonate?”- 2% 60-2 glectrolyte, solutions of KC163-95, K2S04%6-%% or KOH®* 97! are
often used. When using plane electrodes, CO: is provided via bubbling into the electrolyte
which will result in alterations of the electrolyte. These alterations were studied in a very

valuable contribution of Zhong et al. who investigated the effect of CO2 bubbling into KHCOs,
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K2COs, HCI, KCl, and KOH electrolytes and monitored the resulting concentrations of H2CO3
(aq) / COz (aq), HCOs™ (aq), CO3* (aq). The concentrations of H2CO3 (aq) and CO2 (aq) were
reported as a sum parameter while the H2COs3 (aq) concentration is expected to be much lower
compared to CO2 (aq). Using (12) and (13) with the corresponding pKa values in accordance
with Zhong et al. the pH dependent above mentioned equilibrium concentrations of a solution

with a total carbon value of 1 mol L™! are exemplarily calculated and illustrated in Figure 4.7

CO, (g) = CO; (aq) (11)

K
0, (aq) + H,0 (1) & H* (aq) + HCO3 (aq) pKi = 6.35 (12)

K:
H* (aq) + HCO3 (aq) = 2 H* (aq) + COZ~ (ag) ~ PK2=1033 (13

ro. 22 120) 1 €0 (aq) €05 (aq)

Ch P
.

9 < Q
IN o o0
1 I 1

Concentration ¢/ mol L™
o
N
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0.0
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Figure 4 Calculated equilibrium concentrations assuming a total carbon value of 1 mol L™! for
the CO2 / H2CO3 / HCO3™ / CO3* equilibrium according to Zhong et al. and using the pKa

values calculated in on the report of Harned et al..”*"*
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In this work, 0.1 M and 1.0 M KHCOs solutions as well as 1.0 M KOH were used as electrolyte.
It is important to mention that for all of these electrolytes, even for 1.0 M KOH, CO: (aq) is
available in the solution.”” This dissolved COz species is of utmost importance since it is often
proposed to be the active species in CO2EL.>* 7> 7 Furthermore, Dunwell et al. discovered via
isotopic labelling that the majority of CO2 (aq) at the electrode’s surface originates from
HCOs (aq) due to a quick equilibration of this anion with COz2 (aq) which is compared to the
conversion of CO2(g) to CO2 (aq) much faster and is suggested to follow a Grotthus like
mechanism. The role of CO2(g) is then to ‘refill’ the consumed CO:2 (aq) and maintain the

HCOs" (aq) equilibrium concentration.”®

As it was discussed above, the pH value not just influences the equilibrium potential or catalyst
stability (cf. 2.2) but also affects the equilibrium concentration of CO: (aq). Therefore, a
description of the local pH value in close proximity to the electrode’s surface is of great interest.
Thus, in tortuous porous systems (cf. 4.4) where the removal of the OH™ ions produced during
HER and CO2RR (cf. (1) + (3)) is hindered, a high local pH value is expected especially at
higher current densities. Several modelling studies demonstrated that the local pH value will be
higher in the reaction zone compared to the bulk, i.e. Gupta et al. showed that for low
concentrated KHCOs3 solutions (< 0.1 M) at 150 mA c¢cm™ and an assumed 100 pm thick
boundary layer the discrepancy of the bulk and surface pH can be about 6 units.”” Furthermore,
Varela et al. as well as Burdyny et al. postulated the correlation that a low buffer capacity (low
KHCOs concentrations) and high current densities will lead to substantially higher local pH
values. When 1.0 M KOH is used as electrolyte the modelled local pH values changes only
slightly (< 1).7%7

A noticeable amount of work was done to investigate the impact of different cations and anions
onto the CO2EL performance. While it is widely accepted that, at least for alkali cations, larger
cations facilitate the CO2RR there is still some discrepancy of the effect of different anions.
However, Thorson et al. rated the facilitation of the CO2RR by cations as: Li* <Na"<K"<Rb"
< Cs" and attributed the radius dependent facilitation to two phenomena. Firstly, compared to
smaller cations larger cations have less water molecules in their hydration shell which leads to
a less distinct charge neutralization and therefore resulting in a stronger adsorption at the
negative charged cathode. These cations could stabilize reaction intermediates like the above-
mentioned CO: anion radical. A DFT study by Resasco et al. supports this theory of a stronger
dipole field induced by a higher number of adsorbed large cations which then stabilizes charged

reaction intermediates.®® Secondly, they stated that compared to smaller cations larger cations
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show a higher tendency to adsorb on the electrodes surface which will result in a less negative
potential in the outer Helmholtz layer and decrease the H" concentration at the electrodes
surface. Consequently, the parasitic HER is hindered due to the necessity of H" ions for the
reaction.* 3! Another explanation was suggested by Bell et al. who proposed that the size of
the cation affects the pKa value of the cations acid-base reaction in a manner that larger cations
have a much smaller pKa value compared to smaller cations in close proximity to the negatively
charged cathode (pKa Li": 11.6; pKa Cs™: 4.3) and by that show a better buffer capacitance and
maintain high local CO2 concentrations.®? Cuesta et al. showed experimental evidence for this
phenomenon via in-situ attenuated total reflectance surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) measurements and postulated that the local pH value at the

electrolyte-electrode interface indeed depends on the provided cation.®?

Regarding the effect of the anion two phenomena must be distinguished: the first one is dealing
with the buffering effect of the anion while the second one takes anion induced electrolyte-
electrode interface modifications into account. It is common sense that in general buffering
anions are beneficial for the CO2RR due to the maintenance of high local CO2 concentrations,
1.e. the extensively used bicarbonate system is capable to buffer local pH changes induced by
the produced OH- ions during the reaction.®* On the other hand, it was proposed by Resasco et
al. that a high buffer concentration might be contra productive because of the ability to provide
hydrogen at the electrodes surface which is beneficial for the parasitic HER.3 However, non-
buffered systems like KOH could be useful from the point of view that high local pH values
result in low proton concentrations which in consequence will hinder the hydrogen formation
due to the necessity of protons for the HER.® The second effect of anion induced electrolyte-
electrode interface modifications was mainly studied for halide anions. A ranking which halide
anion provides the best conditions for CO2RR 1is not straight forward due to inconsistencies
observed in the published literature which were traced back to the different electrolysis set-ups
and testing protocols of the publishing groups.*> *® However, there is still a lot of ongoing
research regarding the origin of the beneficial effects of halides.?’*” Exemplarily, it is suggested
that halides specifically adsorb at the electrodes surface and stabilize adsorbing CO: due to the
attraction of the anions of the positively polarized carbon evoked by the inductive effect. Gao
et al. suggested that adsorbed halides can even change the electronic structure of i.e., copper
electrodes by stabilizing Cu20 at the electrodes surface (despite extremely negative applied
potentials) which is known to effectively support C-C coupling. Additionally, the specific
adsorbed halides could sterically hinder the proton adsorption which consequently leads to a

higher HER overvoltage.®®°
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2.5 Degradation mechanisms

The experimental work in COz electrolysis mainly focuses on the optimization of - from an
academical point of view - key performance indicators (KPI), which are: a high Faraday
efficiency (high selectivity) for the target product, decreasing overpotential (high energy
efficiency) and high current densities (high activity).!® While for the conversion of CO: to
formic acid / formate high selectivities (> 80 %) at industrial relevant current densities
(> 200 mA cm™) are already achieved it is common sense in the community that another KPI,
the durability of the CO: electrolysis system, which is of utmost importance for
commercialization is very rarely studied.!® 7! For the electrochemical conversion of CO2,
porous electrodes are widely used due to their superior performance compared to plane
electrodes. Gaseous CO2 penetrates into the porous electrode from the back side while the
electrolyte penetrates into the system from the opposite side. Both phases meet inside the
electrode at a solid catalyst particle, forming the triple phase boundary where the reaction takes
place. Further information about the structure of these porous, often carbon containing,
electrodes is discussed in more detail in 4.4. However, a very comprehensive review about the
possible occurring degradation mechanisms for this type of electrodes was published by
Nwabara et al. and is highly recommended for further reading. In a first step, they pointed out
that most of the studies investigating the degradation of the electrolysis systems were operated
for less than 30 hours which means that degradation phenomena occurring at longer time frames
are usually not considered. Additionally, a few contributions presented operation times of more
than 30 h up to 1000 h in which the underlying phenomena of the observed degradation were

not investigated in detail, solely the KPIs were monitored. '8

Nwabara et al. summarized the possible degradation phenomena for CO: electrolyzers in
accordance to already known phenomena from PEMFC, which partially uses similar types of

electrodes, as:'®
Concerning the catalyst:

e Aggregation of catalyst particles induced by Ostwald ripening, dissolution and re-
deposition or coalescence during operation leading to a reduced electrochemical surface
area which in consequence reduces the achievable current densities at a constant
potential *1%?

e Catalyst leaching resulting in a loss of active material.”*

14



e Poisoning of the catalyst induced by electrolyte impurities or reaction intermediates.
Both especially investigated for copper- and palladium-based electrodes.”
e Alteration in chemical composition (oxidation state) of oxide-based catalysts induced

by strong reductive potentials.*® %37

Concerning the carbon-based porous electrode architecture:

- Erosion of the gas-diffusion layer (GDL) due to the provided gas flow which in
consequence facilitates GDL flooding and by that hindering the transport of the gaseous
reactant as shown by Ha et al. for PEMFC.%®

- Binder (Nafion®, PTFE) degradation by decomposition via radicals: HOe provided
by H20: generated in parasitic oxygen (traces diluted in electrolyte) reduction reaction
and / or He as a product of the direct conversion of Oz and H: at the catalyst surface.
This binder decomposition makes the catalyst vulnerable for leaching and the porous
architecture less hydrophobic which may result in flooding of the electrode.” %
Furthermore, the adsorption of less hydrophobic hydrocarbons at the binder surface will
reduce the hydrophobicity and result in electrode flooding.'°!

- Carbonate precipitation according to (14) - (15) due to high local pH values (cf. 2.4)
resulting in impeded reactant supply and at the same time promoting electrode flooding

due to its hygroscopic properties.'%% 103

€O, + KOH = KHCO, (14)

KHCO; + KOH = K,CO5 + H,0 (15)

Especially, the degradation phenomenon of electrode flooding attracted a significant amount of
interest. It is expected that a flooded electrode facilitates the parasitic HER due to the excessive
accessible number of protons while at the same time the diffusion length of CO2 in the liquid
phase is elongated resulting in aggravated mass transport.® 192 The undesirable effect of
electrode flooding is already known from PEMFC and silver based gas-diffusion electrodes

(GDE) for the oxygen reduction reaction (ORR).!04-107

However, electrochemical impedance spectroscopy is a powerful operando method which can

be used to monitor time-dependent alterations of the involved microscopic processes of an
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electrochemical system. Therefore, this technique can be used to specifically identify which
sub-step (i.e., charge transfer, mass transport, electrodes conductivity) occurring during reactant
conversion is impeded with time. This information is very useful and helps to reveal possible
degradation phenomena, i.e., an increasing charge transfer resistance may indicate a catalyst
leaching or poisoning and can be employed for a targeted electrode optimization. Unfortunately,
the interpretation of the impedance spectra is not straight-forward and requires careful analysis
of the obtained data.!%-!1% In literature, a few studies used EIS, among other methods, in CO2EL
as an additional characterization tool to evaluate synthesized catalysts. These works did not
include an elaborated EIS study to identify the underlying processes which points out the
necessity of the presented work in this thesis.!!! 1'2 A more detailed summary of works using

EIS for CO2EL is presented for tin foil in Article I and tin-based GDEs in Article I1.

The careful analysis of impedance spectra for tin foil and tin-based GDEs is the main content
of this thesis. Ultimately, the goal is to suggest which underlying phenomena can be observed
in the impedance spectrum and therefore enabling the CO2EL community to use EIS as an

advanced tool to characterize CO2 converting electrodes.

16



3 Motivation and interrelation between the studies

As it was pointed out in the sections before, the electrochemical conversion of CO2 to formate
can be used to convert renewable energy to valuable carbonaceous species and guide a way to
a circular carbon economy. While for systems using GDEs the KPIs of a sufficient selectivity
and current density are already achieved, the stability is rarely studied and the underlying
degradation phenomena are insufficiently investigated. Therefore, EIS is a promising tool for
operando monitoring of the degradation of inherent sub-steps (i.e., charge transfer, mass
transport) which occur at an COz converting cathode. To be able to assign the observed features
in EIS to specific underlying processes, the obtained EIS spectra need to be carefully analyzed
before proposing which microscopic processes are resembled in the spectrum. This is where

this doctoral thesis tries to create scientific merit:

In a first step, as a benchmark, electrodes with a simple geometry - tin foil - were investigated
in terms of EIS to get a basic understanding of the obtained EIS spectra which resemble a

superposition of contributions of the parasitic HER and desired CO2RR (Article I).

Building on this, the EIS investigations were extended to GDEs which, due to their higher
achieved current densities and selectivity for formate, have a higher practical significance.
Consequently, an assignment of the underlying processes to features obtained in the EIS

spectrum was proposed (Article II).

Finally, the generated knowledge for GDEs was used in a degradation study of tin- and bismuth-
based GDEs. A possibly occurring flooding induced degradation process was analyzed by
monitoring the electrode’s wetting state via EIS and physical post mortem characterization of
the GDE. Additionally, a possible catalyst leaching was examined by analyzing the electrolyte
for traces of the catalyst (Article IIT).

Furthermore, a possible field of application for the generated formate solution was investigated
in a proof of concept study. Therefore, formate was applied as an energy carrier by using it as
a fuel for a direct formate fuel cell, or as hydrogen source for PEMFC after catalytic

decomposition (Article IV).

The successive structure of the published scientific articles is illustrated in Figure 5.
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Article 1V

Degradation study on tin-
and bismuth-based gas-diffusion
electrodes during electrochemical CO,
reduction in highly alkaline media

Article 11

Revealing Mechanistic Processes in Gas-Diffusion Electrodes
During CO, Reduction via Impedance Spectroscopy

Article I

Investigation of CO, Electrolysis on Tin Foil by Electrochemical Impedance Spectroscopy

Figure 5 Content of the cumulative doctoral thesis in a nutshell.

The classification of the results presented in the articles in the overall context is discussed in

the following paragraphs.

Figure 6 illustrates a comparison of the measured impedance spectra for the operation with pure
COz2 or N2 feed for the tin foil (Article I) and SnOx / C GDE system (Article II). For the
operation of the GDE system with CO: three arcs could be observed in the impedance spectrum
whereas only one depressed arc is observable when operating the same system with N2. The
difference was assigned to a switch from HER to CO2RR, which then determines the shape of
the spectrum, when using CO: as feed gas as evidenced by the substantially decreased H2 FE.
In contrast, the shape of the impedance spectrum for tin foil operated with CO2 and N2 remains
the same only the diameters of the two observed arcs increase when introducing CO: instead of
N2 into the system. This fact indicates that the underlying processes resembled in the spectrum
are the same no matter if the system is operated with N2 or CO2. Since the H2 FE for the
operation of the tin foil system with COz2 is about 85% it is obvious that the underlying processes
must be mainly assigned to the HER and not CO2RR as it was further evidenced by kinetic

isotope effect experiments. Additionally, equivalent circuit simulations (Article I) demonstrate
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that for parallel occurring charge transfer reactions (HER and CO2RR) only one arc will be
observed in the impedance spectrum which diameter will be dominated by the favored reaction.
Naturally, due to the porous nature of the GDE (resembled in the high frequency region of the
spectrum) the number of active sites is significantly increased compared to the foil electrode
which results in lower polarization resistances independent on the shape determining reaction.
However, besides the possibility that the impedance spectrum shape determining reaction might
change with variation of experimental parameters, differences in the semi-circle diameters can
be used for interpretation unless the spectrum shape does not dramatically change with the

varied parameter.
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Figure 6 Comparison of impedance spectra measured for the operation with CO2 and N2 for
a) SnOx / C GDE in 1.0 M KOH and b) tin foil electrode in gas saturated 1.0 M KHCOs.

Diagram adapted from supporting information of Article I1.''?

Ultimately, the interpretation of the EIS investigation for the GDE system (Article IT) is based
on the microscopic processes derived from model studies (cf. Figure 7 a)). The medium
frequency process was assigned to a charge transfer related to the formation of the CO2 anion
radical. Therefore, after conversion of the admittance via Brugs equation (cf. (88)), the
extracted capacitance value can be correlated with the wetted surface area of the GDE. This
knowledge was used in Article III to monitor the wetting state of the GDE and for correlation
of the degradation with the degree of wetting. Unfortunately, it was not possible to identify a
clear correlation of the GDE degradation and wetting state due to a superimposed observed
catalyst leaching. Nevertheless, the characteristic curves for the time dependent Cai values of
the SnOx / C GDE and tin foil are depicted in Figure 7 b). It can be seen that the Ca values for

the tin foil system are instantly constant and are significantly smaller compared to the GDE
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system. Both observations are the results of the non-porous architecture of the tin foil electrode
which will arise in a low accessible surface area while simultaneously no wettable pores are
provided leading to constant Cai values. On the other hand, a time dependent wetting process is
observable for the GDE system which is induced by the applied potential lowering the surface
energy of the electrolyte / electrode interface favoring electrolyte imbibition into the porous
electrode architecture. Since the impedance spectra and extracted resistances highly depend on
the number of wetted active sites, it becomes obvious that it is important to analyze the obtained
data at similar wetting states. This was considered in the qualitative and quantitative evaluations
of Article I+II by performing the same pre-conditioning protocol for all experiments and

analyzing the spectra after a fixed time of operation.
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Figure 7 a) On the basis of Article II suggested microscopic processes observable in

112 and b) application of the generated knowledge by extracting

impedance spectrum for GDEs
the double layer capacitance as descriptor for the GDEs wetting state as investigated in

Article II1. Exemplary Cai values for the tin foil system are added for comparison.
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4 Fundamentals

4.1 Thermodynamics: Electrochemical Potential

The electrochemical potential is the key parameter in electrochemical devices since this
quantity determines from a thermodynamic point of view which reactions possibly occur at the
electrode / electrolyte interface. In contrast to the well-known chemical potential, the
electrochemical potential takes the necessary work for the transport of charged species inside
an electric field into account.!!® (16) points out the definition of the chemical potential for a
component i in phase a at constant 7, p and moles of all other components. (17) shows the
extension of the traditional definition considering the electrical work due to the movement of

charged species inside an electric field:

G .
u;-x:(a—ni) :u‘ix’ +R-T-lnaf‘

(16)

T,p,j*i

i =+ zFe® (17)

It can be seen directly that the electrical work is proportional to the charge per mole and the
existing electric potential. Depending on the signs of the moved charge and the present potential

the extension term must be added or subtracted from the chemical potential.

However, for a simple equilibrated reaction of a metal in solid phase s and its ion in the liquid

phase /

Me (s) = Me?*()+ z-e~ (18)

one can write:

e = Myrt + 2 5~ (19)

Introducing (17) into (19) and respecting that the metallic species is neutral so that the

electrochemical potential can be substituted with the chemical potential we obtain;!!* !4
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uif;+ R-T-Inay, = “;}Oe“"' R-T-lnallWeH +z-F-¢pl+ (20)

wWl+z-R-T-lnas- -z -F - ¢°

The quantity of interest is the difference of the Galvani potentials A¢ which is the potential
difference between the solid and liquid phase. Considering that the activity of the metal and

charge in the solid phase is assumed to be constant, A¢ can be expressed by:

1,0 5,0 s,0
W ze + WO — Wy R-T (21)
Aq) — ¢S_ ¢l — MeZt - .eF Me + — -lnafmu

R'T 1
= Aq)o + ; -lnaMez+

A¢° is the potential difference of the observed system at 298.15 K and an activity of 1 mol L.
The fact that the terms including the activity of the species in the liquid phase cannot be
measured without creating an additional interphase with an own potential difference, points out
the inevitable necessity to measure the Galvani potential versus a well-defined reference
system. Typically, the hydrogen evolution reaction at standard conditions, proton activity of
1 mol L', hydrogen fugacity of 1 atm and 298.15 K, is used as reference system and set to a

value of 0 V.13

However, for other reactions than metal dissolution and deposition the activity of the reduced
species cannot be neglected. Therefore, the activity of both, the reduced and oxidized form of
the active species, has to be taken into account. Consequently, a more general equation
describing the situation is the Nernst equation showing the activity and temperature dependence

of the Galvani potential (v is the stoichiometric coefficient):

R-T [1a’ox (22)
Ap = AP° + — -In o
T B\ i),

Exemplarily, the Nernst equation for the conversion of gaseous carbon dioxide and liquid water
to carbon monoxide and hydroxide ions (cf. (2)) can be written as:
R-T al,. - a (23)
Ap = AP°+ —— -ln( e HZ")

1 A
Aco * Aop-
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The activity of water can be neglected due to its excess availability whereas the activity of
hydroxide ions can be approximated with the concentration of hydroxide ions. The gaseous
species are related to the partial pressure of the component so that a more practical equation

can be derived:

Pco, ) (24)

Ab = Ap0 + T
¢= 4 2-F ! Pco'C(%H-

A¢° is the standard Galvani potential at pi = po, 298.15 K and an activity for the liquid phase

species of 1.113

4.1.1 Relationship between A¢ and ArG

To understand the fundamental meaning of the electrochemical potential, as reaction direction
determining measure, the relationship of A¢ and ARG should be derived. In classical
thermodynamics it is defined that the maximum usable work of a system at constant p and 7' is
equal to the free reaction enthalpy AxG of the underlying chemical reaction. This maximum

usable chemical energy is converted in electrochemical systems to electrical energy so that we

can write: 16

Winax = ARE = Welectric (25)

The provided electrical work of an energy generating system from a system egoistic point of

view is defined as the product of charge and voltage:!'®

Weiectric = —Q U (26)

Q can be further specified by Faraday’s law which correlates the number of converted moles of
a species with the introduced or extracted charge into / out of a system. For a system with a

constant applied current, Faraday’s law can be expressed:''*

Q=1-t=n-z-F (27)
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Combining equation (25) - (27) with n = 1 mol (necessary since AxG is normalized for 1 mol)

and substituting U with A¢ finally leads to:!!'®

ARG =—z - F - Ad (28)

With equation (28), the standard potential of a specific reaction can be calculated from the free
Gibbs reaction energy. Consequently, the electrochemical potential can be used to control the
direction of a specific electrochemical conversion. Depending on the applied potential, the
electroactive species can be oxidized or reduced. This equation does not consider kinetic effects

which may prevent the occurrence of a reaction.

4.2 The kinetics of a simple electrochemical reaction

In the previous section we solely looked at the thermodynamic description of an
electrochemical system at equilibrium. However, when it comes to a mass transfer due to a
turnover of chemical species at the electrode the kinetics of a reaction has to be considered to
properly describe the system. Typically, a rate determining first order reaction with one
transferred electron is assumed for an easy fundamental review of the electrochemical
conversion. O and R represent the oxidized and reduced species while kox and kred are the rate

constants for the oxidation- and reduction reaction:!'

kT‘E
Ox+ e” r—‘d Red (29)

ox

The rate law for the first order forward and backward reaction can be written with the help of

Faraday’s law as:

(dCRed) — K e = Lyeq (30)
dt — Mred ox — 7+ F

(1)

(dCOx

I
dt):kox'CRed:&

zF

The chemical reaction can be further treated in a quantitative manner applying the transition

state theory. The transition state is an unstable activated state of the reactant which will further
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decompose to the desired product. With the help of the Arrhenius equation the rate constant for

the generation of the activated complex can be expressed as:!!>

AG#> (32)

k =k, -exp(—R_T

The AG* denotes the standard free Gibbs energy of activation for the activated complex and ko
is the rate constant at standard conditions. As shown in (28) the free Gibbs reaction energy can

be correlated with the electrochemical potential leading to (z = 1):!!3

ARG =AG* = —F - Ad (33)

However, a symmetry factor a must be introduced and can be interpreted as the fraction of the
total change of Gibbs energy in the system which is used to change the Gibbs energy of
activation. Naturally, o takes values between 0 and 1. Additionally, in non-equilibrium state A¢
is the sum of the reversible potential A@° and the overpotential # which will be discussed later

in detail. With these considerations, we obtain for the reduction and oxidation reaction:!'*

AGE, =AGHS + o - F - q (34)
AGYE, =AGH—(1 - ) - F - q (35)

(34) and (35) can be combined with (32) to get an expression for the rate constant of the anodic

(oxidation) and cathodic (reduction) rate constants:'!*

AGY a-F - (36)
krea = Kored * €Xp (_TT;?> 'eXp< _—)

AGS;?) _exp< (1-a):F - n> (37)

kox = kO,ox T exp <_ R-T
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The rate constants are then inserted into (30) and (31) to gain the expression for the anodic and
cathodic current of an electrode (z = 1). It has to be noted that the current / is substituted with
the surface normalized current, the current density j, since electrochemical processes occur at

the electrode’s surface.''*

) AGYE a-F-n (38)
Jrea = F " korea * Cox ' €Xp (_ R r(;1d> -exp( _—.)

%)lex ((1—0()-F-n) (39)

jox=F'k0,ox'CRed'eXp(_R_T R-T

In equilibrium, both reactions occur at equal velocity which means that both current densities

have the same value. The overpotential must be zero with cox= c5x , cred = cfed leading to:!!3

. . AGY! (40)
Jrea = Jox = F - kO,red ' ng Fexp <_ R rer>
AGYH
= F - kO,ox ) Cged T exp <_ R _O;Cw)

= Jo

Jjo is known as the exchange current density and describes the rate at which the reduction and
oxidation occur in equilibrium without a net current flow. Typically, jo is a measure for the
catalytic activity of a material and describes the anodic and cathodic reaction rate in
equilibrium. The applied current in non-equilibrium conditions is the difference between the
cathodic and anodic current density. Using the definition of the exchange current density and
neglecting the transport processes so that the equilibrium concentrations c3x and cfd are equal
to cox and cred, the famous Butler - Volmer equation can be derived by subtracting (39) from

(38):"14

w)_ eXp( 1-a) - F - T])] (41)

j:jred_jox:jo'[exp<_ R-T R-T
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4.2.1 The limiting cases of the Butler-Volmer equation

Two limiting cases of the Butler -Volmer equation are often used for quantitative evaluation of
electrochemical systems. The first and most famous derivate of the Butler - Volmer equation is
the simplification for high overpotentials (|| > 118 mV). One term of the bracket in (41) can
be neglected depending on the sign of the overpotential. In the case of a high negative

overpotential, the first term in the bracket of (41) can be neglected which results in:!'!3 !4

= i)

For the evaluation of the exchange current density and the symmetry factor, the equation is
written in the Tafel form:''*

o - F (43)

log10(lj1) = logyo(o) ~2303 R T n

As it can be seen from Figure 8, the exchange current density and the Tafel slope can be derived
from the plot of the Tafel equation. The exchange current density is a measure for the catalytic
performance of a material while the Tafel slope can give mechanistic insides about the observed

reaction.'®

200 00 0 | 100 200
n/mV
Figure 8 Exemplary Tafel plot to extract the exchange current density and Tafel slope from
kinetic measurements. Adapted from Bard et al..!'
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The second limiting case of the Butler - Volmer equation corresponds to a situation where the
overpotential is very small (|| < 10 mV).!!3 Therefore, e can be approximated via Taylor series

expansion:'!”

n< o X2 3 (44)

X"
X — — _ - 4.
e*= 1+ Z oy =1+x+ o0 + 3!+

n=1

Applied to (41) and neglecting terms of n > 1 due to the assumed small overpotentials we

obtain:!'!’

- F - 1-a)- F - F 45
f”fo'[(l‘%)‘@( 7 n)lz‘fo'ﬁ'“ ()

A linear correlation between the current density and the overpotential can be observed. This
equation is often used to determine the charge transfer resistance Rct when the potential is close
to the equilibrium value. The ratio of the overpotential to the current density leads to the value

of the surface normalized Ret which can be used to rate catalyst materials:!''*

R-T (46)

4.2.2 Additional types of overpotentials and their description

The discussed relationship between current density and overpotential was restricted to the
activation overpotential 7a... Commonly, in electrolysis systems at least two additional
overpotentials must be considered: the concentration overpotential #conc and the ohmic

overpotential 7q.

Neone Must be taken into account due to a depletion of the concentration of the active species at
the electrode surface when a current is applied. Then, the assumption that the bulk and surface
concentration are equal is not reasonable anymore c # ¢°. Exemplarily, this means cdx # cox for

the cathodic current density and (41) is written as:'!?

o .Co_x[ex (_w)] (47)
]Ted - ]0 CO p R 'T

ox
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with:

N = MNact + Nconc (48)

Re-arranging (47) with respect to # and performing a coefficient comparison with (48) the

following equation for #conc can be derived:

R-T cd, (49)
nconcz_a_F'ln a

It can easily be seen that 7conc becomes zero if the bulk concentration is equal to the surface

concentration. For extremely high current densities, the surface concentration approaches zero

Cox -> 0 and Hconc > 0,

A special case exists if the mass transport to the electrode’s surface is determined by diffusion.

The surface concentration ¢ can be calculated from the bulk concentration ¢° via Fick’s first

law. 13

g oc B c®—c (50)
f—n—-F—D(a)xzo—D( 5 )

J represents the flux of the electroactive species, D is the diffusion coefficient and Jn is the
thickness of the Nernst diffusion layer. It is obvious that the highest flux, and therefore the
highest current density can be achieved if the surface concentration is zero ¢ = 0 (immediate
reactant consumption). The obtained current density is the limiting current density evoked by

mass transport due to diffusion.!'!”

. c’ (1)
Jumie =m0 F D | ==
N

Rolling back to (22) a diffusion overpotential #ditr can be defined as:!!?

ndiff=%'ln(c) (52)
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Finally, introducing (50) and (51) into (52) leads to the desired equation for the concentration

overpotential determined by diffusion:

R-T J (53)
o= ()
Nairr =5~ F ° 0 Jrimit

The ohmic overpotential accounts for all occurring resistances which behave like a classical
ohmic resistor. Typically, these resistances are caused by the electrical conductivity in the solid
phase of the electrode, the ionic conductivity of the electrolyte and contact resistances of the
current collector. The most prominent phenomenon is the overpotential induced by the voltage
drop evoked from the limited conductivity of the electrolyte. This specific overpotential can be

described via:!'

X
_ Ry (54)

I represents the flowing current during electrolysis, x is the distance of the electrodes, 4
represents the electrode’s surface and x is the solution’s conductivity. For electrochemical
measurements, the potentials are usually ‘7R-corrected’. This means that Ro was determined via
electrochemical techniques and that the observed potentials during further electrochemical
characterizations are corrected by Ro - I. This work flow is mandatory to rule out inconsistent
performances of the same electrode in different set-ups (distance electrodes, conductivity

electrolyte etc.).

4.3 Electrochemical double layer theory

Electrochemical processes typically occur at the electrode - electrolyte interface, and therefore,
it is useful to have a basic understanding of the nature of the interface region. This interface
region is called electrochemical double layer. In this section, three basic concepts for the

description of the electrochemical double layer are briefly introduced.

Helmholtz was the first scientist who tried to describe the charge arrangement at the
electrode - electrolyte interface. As it can be seen in Figure 9 a), an excess charge of positively
charged ions (electrode) and solvated negatively charged ions (electrolyte) is present at the
interface of a metallic electrode immersed in an electrolyte. The total charge of the interface
region is electroneutral.!'> The charge in the solid electrode and the solvated ions approach the

surface as close as possible which is in the case of the solvated ions half of their diameter
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(including H20 shell). Both charges are strongly attached to the surface which will result in

separated charges on straight planes with a distance of d/2.'!*

It becomes obvious that the change of excess space charge density of the metal, gm, with applied

voltage drop (potential) can be described via the model equation of a parallel-plate capacitor:

0 A
Wn_ Gy ogy (59

ap

Cu corresponds to the Helmholtz differential capacitance while €o is the permittivity of vacuum
and ¢ is the relative permittivity of the electrolyte referenced to €0. A denotes the area and d
represents the distance of the ‘plates’.!!* It must be mentioned that d in (55) is equal to d/2
presented in Figure 9 a). Unfortunately, this model does not consider that the charge density
will be affected by the electrochemical potential and concentration of the solvated ions.
Typically, experimentally obtained differential capacitance values show a dependence on the
potential and electrolyte concentration. Furthermore, thermally induced movement of the
solvated ions was neglected which will in consequence lead to a non-fixed arrangement of the

solvated charge as it was assumed in the Helmholtz model.!'> 13

These inaccuracies were tackled by Gouy and Chapman. They proposed the existence of a
diffuse double layer. In principle, the model considers the attracting forces of the charged
electrode onto the solvated ions fixing them close to the surface and the random thermal
movement of the ions which will counteract and lead to a diffuse distribution of the solvated
ions. As shown in Figure 9 b), an accumulation of the solvated ions close to the surface can be
observed since the electrostatic forces prevail the thermally induced movement of the solvated
ions. Depending on the distance to the electrode, the association of the ions will decay. The
extent to which the charge species is fixed and the diffuse double layer will expand depends on
the potential of the electrode and the concentration of the solvated ions. Gouy and Chapman
derived an equation to describe the change of the space charge density depending on the

potential level and ion concentration:!!% 113
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¢o represents the potential at the electrode’s surface, all other variables are already defined.
However, the predicted capacitance values still deviate from the experimentally observed ones.
The introduced errors can be traced back to three assumptions which are made in the derivation
of (56): ion-ion interactions are neglected; the ions are assumed to be point charges and ¢ is

assumed to be independent of the distance of the electrode.!!

Otto Stern was the one who combined the two existing unsatisfactory models and combined
them to a model which predicts capacitance values which are in good agreement with
experimental values. Stern pointed out that the Helmholtz and the Gouy-Chapman description
exist simultaneously. This indicates that a compact fixed layer of solvated ions exists close to
the interface while a diffuse layer can be expected at increasing distance from the electrode’s
surface. The total predicted differential capacitance Ca for a polarized electrode can be

described mathematically as:

1 1 1 (57)

N =

i: 5'50_1_'_ S F 2-s-so_c _
== + |kl
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Figure 9 c) summarizes all three presented models and illustrates the arrangement of the charged
species depending on the distance to the electrode surface. Additionally, the potential drop as a

function of the distance is depicted.
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Figure 9 Overview of the presented models for the description of the electrode - electrolyte

interface: a) Helmholtz- b) Gouy & Chapman- ¢) Stern- model

From an experimental point of view, measured values of the differential capacitance Cq are
often evaluated with Helmholtz model (55) - besides the shown inaccuracy - to determine the
area of the parallel-plate capacitor which is typically interpreted as the electrochemical surface
area (ECSA) of an electrode. This approach requires the knowledge of ¢ and d which are hard
to estimate. To get around this, the measured differential capacitance of a well-defined surface
(not rough, known surface area) of the desired material in the specific electrolyte is set as
specific capacitance (Cs/ mF cm™) and used to convert differential capacitance values of the
same material in the same electrolyte under operating conditions to a surface area. This surface
area is of high importance when it comes to catalyst evaluation since the electrodes performance
highly depends on the number of accessible active sites which are proportional to the ECSA.

Ca (59)

ECSA = —
Cs
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4.3.1 Electrocapillarity

Let us now consider a metal electrode which is in contact with aqueous electrolyte. As explained
before, a double layer of opposite charged species will be formed at the electrode - electrolyte
interface. This situation at the interface can be described quantitatively from classical

thermodynamics with the Gibbs adsorption isotherm:!'!*

Cay=Y i am g
i

y represents the surface energy to create a unit amount of interface, /i and fi; represent the
surface excess concentration and electrochemical potential of the component i. This abstract

equation can be transformed to a more useful form from the electrochemical point of view:!!3

_dV=Qm'd¢+ZFi'dﬂi D)
i

(61) points out that if the composition of the electrolyte is assumed to be constant (dui = const.)
the change of the work induced by a change of the electrochemical potential is balanced by the
surface energy. Since in experimental science changes of quantities can be measured more

convenient compared to absolute values, the first and second order derivative of dy is calculated

with respect to the electrochemical potential with dui = const.:'!?
_ (f’_V> g (62)
- m
9/,
(02)/) B (aqm) _c (63)
- =) = (=2) =G
¢ Hi ¢ Hi

(62) 1s the famous Lippmann equation. It becomes evident from (63) that the change of surface
energy can be correlated with the double layer capacitance which was introduced in the
foregoing section. To be more precise, the double layer capacitance as shown before should be

named differential capacitance since this quantity describes the change of the surface charge

34



for a potential perturbation. For further insights, the integration of the first order derivative of
(63) was performed setting the upper boundary ¢ and the lower boundary to ¢pzc which is called

the potential of zero charge where the excess charge gm at the interface is equal to 0:

Gm = C;- (¢ - ¢pzc) (64)

It must be noted that the subscript of the capacitance changes to i since this value now
corresponds to the integral capacitance. Because the determination of ¢pzc is a challenging task,
the differential capacitance is the quantity which is of practical interest for the description of
the capacitive behavior of an electrode and relatively easy measurable. The relationship of Ci

and Cq is nicely shown by Bard et al. and depicted in Figure 10:'!4

Slope of tangent = C,; at -1.0 V\

Slope of chord
=Cat-1.0V

Figure 10 Plot of the surface charge vs. (¢ - ¢pzc). Ci is the average change of the excess
surface charge gm with a potential perturbation referenced to ¢pzc. Ca is the slope of the plotted

curve for an infinitesimal perturbation of the potential at ¢. Reproduced from Bard et al..''*

Now that we know an expression for the excess surface charge gm, we can introduce (64) into
the Lippmann equation (62) and integrate to get a correlation between the surface energy of

the interface and the integral capacitance.

(¢) - ¢pzc)2 (65)

V=ypzc_Ci' 2

An exemplary plot of (65) is shown in Figure 11: it can directly be seen that the shape of the y

vs. ¢ curve is an inverted parabola with its maximum Ypz at ¢ = ¢pzc. Independent of the sign,
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the necessary energy to create a unit amount of interface surface will be reduced when a
potential - relative to @pzc - is applied. From a phenomenological point of view this behavior
can be explained as following: at ¢pzc no excess charge is present at the interface, the aqueous
phase shows the lowest tendency to wet the hydrophobic electrode surface. If a potential ¢ #
Ppze 1s applied the electrodes will be polarized and the double layer will form. The accumulation
of equally charged species at the interface will result in repelling forces which in consequence
will lead to a tendency to increase the area of the interface. This is the underlying phenomenon
for the electrowetting effect which results in a more pronounced wetting of polarized surfaces

/ electrodes.!?
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N
[¢]

solvated ions
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charged electrode ' ¢
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Figure 11 Schematic plot of the potential dependent interface surface energy according to
(65), inspired by Hamann et al..!'* At more negative or positive potentials referenced to ¢p.c a
surface energy reduction is observable. At @pzc the excess charge is equal to zero and the
surface energy reaches a maximum due to the absence of repelling charge carriers of the same

sign.

4.4 Gas-diffusion electrodes

Besides the electrochemical conversion of COa, several electrochemical applications, for
example zinc-air batteries, fuel cells, chlor-alkali electrolysis, include the reaction of gaseous

educts with protons provided from a liquid electrolyte.!!®12° Therefore, the reactant gas must
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be dissolved in the liquid phase and diffuse to the electrode where electrons are transferred (cf.
Figure 12 a)). It is not surprising that due to the low solubility of gases (O2, COz) in aqueous

electrolytes® !2!

and slow diffusion velocity of the dissolved gas, the mass transport limits the
applicable current densities.?”- 1?2 For the most part, these limitations can be circumvented when
using gas-diffusion electrodes (GDE). These electrodes consist of a porous architecture which
faces the liquid electrolyte on one side and the gaseous reactant at the opposite side. Both
reactants penetrate into the GDE while the reaction takes places at the spot where the liquid
electrolyte, gaseous reactant and solid catalyst meet. This region is often referred to as the triple
phase boundary (TPB) which is a widely accepted terminus despite it does not sufficiently
describe the conditions inside the GDE as it will be discussed later in this section.!'®: 123 Besides
the obvious tremendous amount of provided active sites inside the porous GDE, a significant
reduction of the diffusion length of the gaseous species through the liquid phase is the reason
124-126 A

GDEs are superior, especially at high conversion rates, compared to plain electrodes.

simplified representation of the discussed conditions is illustrated in Figure 12 b).

Taking a short digression to the historical point of view: GDEs were already described by Reid
in a patent in 1902. He used porous carbon to convert H2 and Oz in aqueous KOH to electricity,
today known as alkaline fuel cell. He already described that the liquid electrolyte can only
partially penetrate into the porous carbon while the gaseous reactant will diffuse through the
porous system.!'?” Furthermore, in 1925 Heise patented porous carbon-based electrodes for the
usage as cathodes in zinc-air batteries including an intermediate paste layer. This intermediate
layer was introduced to prevent the electrode from flooding. Heise postulated that batteries in
which the intermediate layer was included were more durable compared to air electrodes
without this hydrophobic layer.!?® 12 As stated by Kubannek et al. a breakthrough of GDE
engineering was achieved by introducing polytetrafluoroethylene (PTFE) as electrochemical
stable hydrophobic agent and binder for GDEs applied in alkaline electrolytes.'? Furthermore,
in the 1960s Grot patented wettable PTFE - today known as Nafion® - which is one of the key

components in membrane electrode assemblies (MEA) in PEMFC.!3°

However, considering Figure 12 a): at high conversion rates the depleted concentration of
gaseous reactant will be replenished by diffusion of dissolved gas from the bulk to the
electrode’s surface; the thickness of the depletion layer and by that the diffusion length of the
reactant depends on the conversion rate. The achievable conversion rate will be limited by the
mass transport of the gaseous educt.® On the other hand, Figure 12 b) points out the simplified

conditions inside a GDE: the electrolyte will form a thin liquid film on the pore walls and wets
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the catalyst particle, the gaseous reactant will diffuse quickly in the gas phase and dissolves in
the thin liquid film. The distance the reactant has to diffuse in the liquid phase, which is much
slower compared to gas phase diffusion, is significantly reduced. Consequently, a facile educt
mass transport will be achieved.” 1?* It cannot be stressed enough that the illustrated GDE
representation only demonstrates a simplified viewpoint on the present conditions inside the

GDE.

reactant
gas provided [ | catalyst particle
via bubbling fixed at pore wall

reactant

m gas provided

in gas phase

plain
electrode

triple phase
boundary

a) plain electrode  b) gas-diffusion electrode

Figure 12 Schematic representation for the electrochemical conversion of gaseous educts at
a) plain electrode and b) gas-diffusion electrode revealing a significantly reduced liquid phase
diffusion length /aitr. for the gaseous reactant. Besides the reduction of /i, an increased
number of active sites - caused by the porous nature of the GDE - is the reason why GDEs are

superior compared to plain electrodes.

However, to emphasize the role of a small diffusion length to achieve high current densities, a
rough estimation of the limiting current depending on the diffusion layer thickness ox for CO2
converting electrodes can be made via (51). The following parameters (25 °C) were assumed:
Dcoxm20=1.92x10° cm? s *!, ccozmo =0.0336 mol L' 6, z=2, F = 96485 A s mol!. The
calculated results are depicted in Figure 13 and demonstrate a steep rise of jiimit for small
diffusion layer thicknesses. For CO2EL at a plain electrode where CO:z is provided via bubbling
into the bulk electrolyte, the diffusion layer thickness is estimated to be around 40 - 100 um
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which will result in jiimit = 30 mA cm. %7132 On the other hand, the diffusion layer thickness
for a GDE was estimated from Weng et al. via modelling to be approximately 0.01 — 10 um
which - considering Figure 13 - explains why it is possible to achieve significantly higher
current densities with GDE set-ups compared to plain electrodes (cf. Figure 12).!3 It must be
mentioned that for industrial applications a current density of ~ 200 mA ¢cm™ is mandatory to

achieve desired space-time yields.*!» 7
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Figure 13 Modelled limiting current density jiimit for CO2EL as function of diffusion layer

thickness on. Calculation based on (51).

The contact intensification of the three existing phases is not the sole task of the GDE. These
porous architectures should also provide a high electrical conductivity (reduce ohmic losses),
sufficient mechanical stability and a suitable wetting behavior so that a GDE flooding or dry
out can be prevented.'** 1** These versatile requirements onto the GDEs properties indicate that
GDE engineering is a crucial task on the way to industrial realization of a CO: electrolysis

system.

39



Two GDE designs, depicted in Figure 14, have prevailed: a multi-layer approach®® 13> where

27, 66 with a

each layer fulfills a specific task or in contrast the single-layer GDE design
homogeneous architecture. The multi-layer GDE consists of a hydrophobic gas-diffusion-layer
(GDL) and a hydrophilic catalyst layer. The GDL (~ 100 — 300 um) itself is a combination of
a macroporous- and a microporous-layer: while the macroporous-layer ensures a facile gas
transport of the gaseous educt inside the GDE, the microporous layer prevents excessive
flooding of the GDL.!3% 37 The top of the GDL is coated with the catalytic layer (5 - 50 um)
which includes the electrocatalyst and Nafion® as hydrophilic binding agent. Therefore, this
layer is more or less flooded and represents the reaction zone in which COz is provided through
the GDL and diffuses in the flooded catalyst layer to the active sites.®® '*® On the other hand,
the single-layer GDE combines the gas-diffusion- and catalytic-layer in one homogeneous
phase. The catalyst powder (or supported catalyst) is mixed with a hydrophobic agent - almost
exclusively PTFE powder - and consecutively pressed or rolled to obtain the GDE. In the case
of single-layer GDEs, PTFE is not solely used to control the hydrophobicity but also as binder
to provide mechanical stability. For advanced GDE engineering, additional functional layers
can be coated onto the single-layer GDE or pore-forming agents can be used to custom tailor
the porous structure. Commonly, the GDE is fixed to a metallic current collector to improve the
current distribution inside the GDE. A famous example for a single-layer GDE is the PTFE
bonded silver-based oxygen-depolarized-cathode which is used in industrial scale in chlor-

alkali electrolysis. 27> 1% 121, 139

multi-layer GDE single-layer GDE
Co, H,0 Co, <+— 1,0
Co, H,0 Co, <+— 1,0
Co, H,0 CO, € 1,0
Co, O Co, <+— 1,0

@ macroporous—]ayer ®+® gas-diffusion-layer (= 100 - 300 ]Jm)
) microporous-layer M+@ + (@) gas-diffusion electrode (= 110 - 350 um)
(3 catalytic-layer

Figure 14 Schematic representation of the architectures of single- and multi-layer GDE
designs.
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A considerable amount of work was done from a modelling point of view to understand the
operation principle of GDEs. The first models were quite simple assuming that the pores of the
GDE will be filled to a specific extent at which end a meniscus will be formed. Unsatisfactorily,
this model predicts low jiimit due to the small triple phase area as consequence of the assumed
wetting characteristics.!?” '*° This model was then extended separately by two different
approaches: the first concept was to introduce a liquid electrolyte film which forms on the pore

VV3118129’141’142

while the second optimization was to assume the parallel existence of completely
dry hydrophobic and flooded hydrophilic pores.'?* 13- 144 However, the puzzle was more or less
solved by Cutlip who combined both above mentioned approaches to set up the famous thin-
film flooded agglomerate (TFFA) model which in contrast to the previous approaches can be
used to describe experimentally observed limiting current densities of GDEs as shown from
Pinnow et al. for Ag-GDEs in NaOH for the oxygen reduction reaction. The TFFA model
suggests the parallel existence of flooded catalyst agglomerates and hydrophobic gas transport

pores. At the transition of flooded and dry regions a liquid film is formed at the pore walls.!?*:

145, 146

Considering the knowledge provided via modelling the terminus TPB needs to be re-evaluated.
As indicated in Figure 12 b), the triple phase boundary is restricted to a single point or a line
which would result in small ECSAs and not sufficiently explain the high observable activity of
GDE:s. Following, the TPB might be interpreted as a reaction zone (cf. Figure 15 a)): to a certain
extent the GDE is flooded up to a point where the macropores are dry and only adjacent smaller
pores are filled due to the higher capillary forces. Additionally, a liquid film is formed on the
pore walls at the exit of a flooded small (< 100 nm) macropore.” The existence of dry
macropores close to flooded or wetted significantly smaller pores is the most important
characteristic of the GDE since this is the reason for the short diffusion lengths of COz2 in the
liquid phase. Consequently, a bimodal pore system is mandatory for a properly working

GDE."®

4.4.1 GDEs wetting behavior

As pointed out in the previous section the interplay of wetted and non-wetted regions inside the
GDE is a major characteristic for highly active GDEs. The hydrophobicity of the GDE
determines the wetting behavior and can be adjusted by varying the mass fraction of the
hydrophobic agent.!?* Furthermore, if a catalyst support is used the hydrophobic characteristic
of the support affects the hydrophobicity of the GDE. The hydrophobicity of carbon support

can be adjusted by oxidizing the support’s surface.'® However, three wetting scenarios must be
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distinguished to properly understand the importance of GDE wetting during operation. These

scenarios are illustrated in Figure 15.

(~ 100 nm)

reaction zone
small pores

CO, . H,O (electrolyte)
macropores h dOpthlz;l. .
(~ Sum) ydrophobicity
dry wetted
gas-transport 1on-transport
b)

too
hydrophobic

too
hydrophilic

Figure 15 Possible scenarios of GDE wetting during operation: a) optimal hydrophobicity
resulting in small diffusion lengths for CO2 b) too hydrophobic pore system leading to a small
ECSA and therefore to unsatisfactorily activity c) too hydrophilic pore system which will be
flooded and dramatically increase the diffusion length of CO: in the liquid phase.

The desired wetting behavior is depicted in Figure 15 a): the macropores of the GDE are
partially flooded while the adjacent smaller pores are completely flooded due to the higher
capillary forces. At the connection points of the small flooded pores and the dry macropores a
liquid film is formed. The flooded adjacent pores and the wetted pore walls of a macropore can
be suggested to be the reaction zone where the reaction takes place. This scenario is a
compromise of a high ECSA while the diffusion length of COz in the liquid phase is kept to a
minimum. It must be mentioned that it is not yet clear with certainty that the location of the
reaction is inside the liquid film and smaller pores or if the reaction takes place at the very

TPB.!?¢ Nonetheless, for a highly hydrophobic GDE the scenario in Figure 15 b) can be
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expected. The electrolyte penetrates only slightly into the GDE which will result in a low ECSA
and activity. The other extreme case is a highly hydrophilic GDE which will be (nearly)
completely flooded and have a high ECSA. Unluckily, the diffusion length of CO2 in the liquid
phase to a sufficient number of active sites is significantly increased. Especially, at higher
current densities this will lead to a mass transport limitation of CO2 and favor the undesired

HER >

It is noteworthy, that the GDEs used in this thesis are extremely hydrophobic which is not just
a result of the hydrophobic PTFE but also due to the inherent remarkable hydrophobicity of the
used acetylene black support.'*” Thus, it is legitimate to question why the hydrophobic GDEs
show a high activity for CO2EL despite the expected insufficient wetting (cf. Figure 15 b)).
This can be answered by recalling the fundamentals of electrowetting shown in Figure 11. As
soon as a potential - relative to ¢pzc - is applied the surface energy of the liquid and solid
interface is reduced and a wetting process will be induced. This is the reason why the extremely
hydrophobic GDEs show a decent activity for CO2EL. However, the wetting behavior of a GDE
can be altered by several reasons (degradation porous system, catalyst alteration, precipitation
of electrolyte salts inside GDE) resulting in flooding and by that in a degradation of the

electrode’s performance as noticeable in decreasing CO2RR FE and increasing HER FE.!3: 102
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5 Methods

5.1 GDE preparation

In this thesis, carbon supported tin- and bismuth-based GDEs were investigated. Therefore, the
catalyst powder was mixed with the binding agent PTFE and dry-pressed in a hydraulic press.
A more detailed description of the catalyst powder synthesis and the GDE manufacturing
process will be presented in the following subsections. Exemplary results of the material
characterization of the catalyst material and GDE will be presented in the sub section where the

basic principles of the characterization techniques are briefly explained.

Both catalyst powders used in this dissertation were provided from a collaboration partner from
the Institute of Technical Chemistry from the University of Stuttgart. For both powders
acetylene black (AB) was used as supporting material since it was tested in previous works to
be the most suitable carbon black - among the tested ones - for the desired application due to
its high electrical conductivity and noticeable hydrophobicity.!#” 48 Furthermore, the
agglomerates and aggregates of AB provide a sufficient number of mesopores.*> 4
Interestingly, the BET surface of the used AB, 75 m? g'!, (Alfa Aesar, 100 % compressed,

99.9+ %) was quite low for a carbon black material.!*” However, the synthesis routes for both

catalyst powders will be described.

5.1.1 Tin-based catalyst powder

A homogeneous precipitation method was adapted from Kang et al. to precipitate SnO2 on
acetylene black.?”> % Therefore, 9.0 g AB and 0.577 g of sodium dodecyl sulfate (SDS,
improves dispersion of hydrophobic AB in water) were dispersed in 200 mL of deionized water
and vigorously stirred overnight. Following, the dispersion was ultra-sonicated for 1 h while
consecutively 0.451 g of the precursor, SnClz x 2 H20, and 6.0 g of urea were added to the
dispersion. The mixture was heated up to 90 °C were urea starts to slowly decompose to
ammonia, carbon dioxide and hydroxide ions which carefully raises the pH value.!>® The
hydrolysis was carried out for 4 h under total reflux of the evaporated water. The dispersion
was filtered and thoroughly washed to remove chloride salts and SDS. Lastly, the powder was
dried at 100 °C overnight in air. The approximate Sn loading determined via thermal
gravimetric analysis (TGA) was 2.6 wt%. As suggested by Kang et al., the slow and uniform

rise of the pH is the reason for the precipitation of evenly sized nano particles.!'>°
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5.1.2 Bismuth-based catalyst powder

The Bi203 catalyst was synthesized according to Yuan et al. and precipitated on AB via a
slightly modified protocol of the above shown homogeneous precipitation method.'>! 132 13.6 g
of AB and 0.865 g of SDS were dispersed in 300 mL of deionized water stirred overnight and
ultra-sonicated as described above. The dispersion was then acidified with 22.5 mL of conc.
HCI and the precursor, 3.0 g Bi(NO3)3 x 5 H20, was added. The pH value was raised to a value
of 11 by carefully pouring 1.0 M NaOH to the dispersion. Thereafter, the dispersion was stirred
for 2 h at room temperature and 3 h at 90 °C under total reflux. Analogously, the powder was
filtered, washed and dried at 100 °C overnight in air. The Bi loading was 4.5 wt% as determined
with TGA. Due to the higher molar weight of Bi, the loading on a molar base was the same as

in the Sn-based catalyst powder.

5.1.3 GDE manufacturing

The GDEs were prepared via dry-pressing. A schematic procedure of the manufacturing process
is illustrated in Figure 16. In a first step, the catalyst powder is mixed in a knife-mill with the
hydrophobic agent PTFE (Dyneon, TF 2053Z) in a ratio of 65 wt% : 35 wt% referenced to pure
carbon. This chosen mixing ratio is an outcome of previous work.!*® The mixture is then
transferred into a cylindrical mask with d =39 mm and 4 =10 mm. The excess powder is
removed with a doctor blade to achieve a macroscopic flat surface. Following, a cylindrical
stamp is put in the mask and the arrangement is transferred to a hydraulic dry-pressing unit. A
pressure of 10.5 kN cm? was applied for 60 s. After the pressing step the electrode was
thermally treated for 60 min in air at 340 °C (ramp: ~ 5 °C min™"), which is slightly above the
PTFE melting point.'>® During the thermal treatment PTFE partially melts and generates
hydrophobic macropores and increases the mechanical stability.** As stated in 4.4, the existence

of a bimodal pore structure is of utmost importance for properly working GDEs.
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Acentylen Black PTFE Mixing Hydraulic pressing Thermal treatment GDE
catalyst loaded

Figure 16 Principal processing steps for GDE manufacturing.
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5.2 Material characterization

5.2.1 Scanning electron microscopy

Scanning electron microscopes (SEM) are widely used to analyze and picture the structure of
the surface of materials. The achievable magnification ranges from about 20x up to 100,000x.
Principally, an electron gun generates an electron beam which is accelerated with an
acceleration voltage of up to 40 kV, subsequently focused by lenses and finally scans over the
surface of the probe. The electrons will hit the surface of the sample and produce inelastic or
elastic scattering whereas the scattered electrons are collected with a detector to generate the

image.

Inelastic scattering will result in secondary electrons (SE) which are detected with the SE
detector and used to reveal the topographic information about the sample. SE contain a depth

information of about 5 - 50 nm.

Elastic scattered electrons are typically called back scattered electrons (BSE) containing a depth
information of about 50 - 300 nm and are detected with the corresponding BSE detector. The
ratio of the number of incident electrons and back scattered electrons is called backscatter
coefficient and depends on the atomic number of the material the sample is made of. Typically,
the backscatter coefficient increases with increasing atomic number. A higher number of back
scattered electrons will increase the number of electrons hitting the BSE detector and result in
bright spots in the picture. Depending on the atomic number varying gray levels can be observed

giving information about the distribution of different species inside the sample.'>*

In this thesis, a Zeiss ULTRA PLUS SEM was used to characterize the topography of the porous
GDE (using SE) and to analyze the catalyst distribution via material contrast images (using

BSE). Exemplary SEM images of the SnO2 GDE are illustrated in Figure 17.
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Figure 17 a) SEM picture obtained with secondary electrons showing the porous architecture

of the SnO2 GDE. b) Material contrast image generated by back-scattered electrons revealing

the homogeneous dispersion of the SnO2 catalyst.

5.2.1.1 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) can be used for qualitative and quantitative
elemental analysis of the investigated sample. Usually, EDX is an extension of SEM: the
electron beam of the SEM excites an electron in an inner shell of an atom which will result in
a vacancy. This vacancy will be refilled by an electron which drops from an outer shell and
simultaneously emitting an X-ray photon with a specific energy. This phenomenon is illustrated
in Figure 18. For example, if an electron from the K shell is knocked-out from the atom, the
vacancy can be refilled by electrons from the L and M shell. The energy of the emitted X-ray
photon - released during the refilling of the vacancy - depends on the energy difference of the
vacancy shell and the shell from where the refilling electrons drops. To clearly specify the
energy levels the Siegbahn notation was introduced. However, it is important to mention that
the emitted characteristic X-ray energy depends on the atomic number as stated in Moseley’s
law when combined with the wavelength - energy correlation (E =h ¢ A!):

h-c (66)

E = T'(Z—O')z

E denotes the characteristic energy of the emitted photon. h and c represent Planck’s constant
and the speed of light. B and ¢ are constants which are characteristic for the specific shells
while Z is the atomic number.!>* This dependence of the characteristic X-ray on the atomic
number is essential in EDX to qualitatively distinguish between different elements. For

example, the Kai values for potassium and platinum are 3.314 keV and 66.83 keV. Typically,
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EDX spectra show the intensity as an auxiliary unit as a function of the energy in keV. Since

the energy levels are specific for an element, the present species can be identified.
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Figure 18 Schematic representation of the generation of characteristic X-rays during EDX.

In this work, the elemental distribution in the cross-section of an GDE is used to evaluate the
penetration depth of the electrolyte into the GDE. A surface EDX analysis is often referred to
as an element mapping. An exemplary element map of potassium distributed inside the GDE

after operation is depicted in Figure 19 and was recorded with a Bruker XFlash 5010 device.

Figure 19 Potassium element map for the cross section of a GDE after operation.

5.2.2 Transmission electron microscopy

Transmission electron microscopes (TEM) can be used to generate high-resolution images of
samples. Analogously to SEM, an electron gun provides an electron beam but in contrast to
SEM it is accelerated with much higher voltages of 200 kV or even 1000 kV in high-resolution
TEM. A typical resolution of a TEM operated with 200 kV as acceleration voltage is about

0.24 nm which demonstrates the main difference of TEM to SEM: a higher resolution can be

48



achieved with TEM. Due to the underlying principle of electron transmission, the samples must
be thin enough (< 100 nm) to transmit a suitable number of electrons which can be analyzed by
a detector. Therefore, the sample preparation includes several steps (grinding, electrolytic
thinning or ion milling) to achieve sufficient thin samples. The image is generated by the
deflection of electrons relative to their initial transmission direction. The scattered electrons
lead to a lower number of electrons, relative to the initial beam, reaching the detector which
will result in an observable contrast. There are two underlying phenomena responsible for the
electron scattering during transmission: mass-density contrast which represents the scattering
due to interaction of electrons with the nuclei, and diffraction contrast which is a result of
constructive interference of scattered electrons (cf. 5.2.3).!>* For the sake of simplicity, further

explanation of the underlying scattering phenomena is omitted.

TEM measurement were performed from the collaboration partners from the Institute of
Technical Chemistry from the University of Stuttgart. Dark field TEM pictures, in which the
contrast is inverted so that heavy elements appear as bright spots, of the bismuth-based catalyst
powder are depicted in Figure 20. These pictures illustrate the homogeneous catalyst

distribution and that aggregates of a few nm are precipitated onto the acetylene black support.'>

Figure 20 TEM images of the bismuth-based catalyst powder revealing a homogeneous
catalyst distribution and the existence of catalyst aggregates of a few nm on the acetylene

black support.
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5.2.3 X-ray diffractometry

X-ray diffractometry (XRD) is the most widespread technique to characterize the
crystallographic structure of materials. Compared to other material characterization methods,
XRD identifies a material by its crystalline structure and not by its composition, and therefore,
it can be used to reveal the existence of different phases of a material with the same

composition.!>*

The underlying phenomenon in XRD is the constructive or deconstructive interference of
diffracted X-rays as it will be explained in the following with the help of Figure 21. Two X-
rays with the wavelength 4 travelling in the direction of the sample interfere constructive when
their phase shift is n4 while # is an integer. These beams are termed in phase. On the other hand,
the beams interfere destructive and are out of phase if their phase shift is n4/2. Two incidents
in phase beams which are diffracted on the crystallographic planes are only in phase after
diffraction if Bragg’s law (cf. (69)) is fulfilled. Out of phase diffracted beams will interfere
destructive and cannot be detected. From a geometrical point of view, the incident and

diffracted beams can only be in phase, considering Figure 21, if:

n-A= SQ + QT (67)

SQ and QT can be calculated via trigonometry (6 = incident angle) and yield:

SQ+ QT =2-PQ - sin(d) (68)

Introducing (68) into (67) and substituting PQ with the plane spacing dnki, Bragg’s law can be

formulated as:

n-A=2: dhkl ' Sln(H) (69)

The detector can only detect X-rays when the diffracted beams are in phase. A diffractogram is
a plot of the detector signal in dependence of the incident angle. This incident angle is varied
in a specific range and the diffracted X-rays are detected in the case of constructive interference.
Therefore, the different plane spacing of a material can be identified. Typically, the evaluation
procedure consists of an alignment of library data and the measured diffractograms to specify

the material at hand. It must be mentioned that XRD is a bulk sensitive method, depending on
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the material of the sample, incident angle and X-Ray source the penetration depth of the

4

radiation is in the range from 2 - 160 um.!?

" Diffracted
beam

1
Incident
beam

e O O e L O

Figure 21 X-ray diffraction on parallel crystallographic planes graphically emphasizing

Bragg’s law. Reproduced from Leng et al..!>*

The XRD device used in this work is a Bruker D8 Discover GADDS with an CuK« X-ray
source. The measurements were conducted in the Bragg-Brentano arrangement of the device.
An exemplary diffractogram of the precipitated tin catalyst is depicted in Figure 22. To properly
analyze the crystalline structure of the catalyst, the precipitation was performed without a
carbon support to improve the signal to noise ratio for the material of interest. The diffractogram

reveals that SnO:z is the present species in the bulk phase.

Sno,

Intensity / a.u.

15 20 25 30 35 40 45 50
20/°

Figure 22 Exemplary diffractogram for the precipitated tin catalyst without carbon support.
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5.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful tool to characterize the nature of a
species at the surface of a sample. The basic principle of XPS is illustrated in Figure 23: An
incident X-ray photon - with an energy of hv - hitting the surface of a sample can knock out
electrons from the inner shell of the present elements. Typically, the emitted electrons have a
low energy of 20 - 2000 eV (which is the reason why this technique is surface sensitive, depth
information < 10 nm) and are called X-ray photoelectrons. These photoelectrons are analyzed
by a detector in terms of their kinetic energies Ex. With the help of the equation describing the
photoelectric effect (cf. (70)), the binding energies Eb of the surface species can be correlated
with the measured kinetic energies Ex and the energy of the incident beam. The incident beam
energy is the product of Planck’s constant h and the frequency v of the X-ray. ® denotes the

work function of the spectrometer and can be calibrated for the specific device.!*

Eb:h'V—Ek—(p (70)

Ejected X-ray photoelectron
<

' K

S

Figure 23 Scheme illustrating the principles of photoelectron generation. Adapted from Leng

etal..l>*

A typical plot of an XPS spectrum shows the binding energy on the x-axis and the signal
intensity on the y-axis. The observable peaks reveal the element binding energies at the surface
which, considering metal and metal oxide catalysts, correlate with the oxidation state of the
material. One cannot overemphasize the importance of XPS for catalyst evaluation due to the
fact that catalyzed electrochemical processes take place at the electrodes surface and not in the
bulk phase. Therefore, operando XPS can be used to characterize the catalytic active species at

the surface which often differs from the bulk material.'>>

The surface of the Sn-based GDE was analyzed with XPS using a Thermo Scientific ESCALAB

250 ultra-high vacuum (1 x 10” bar base pressure) X-Ray photoelectron spectrometer with an

Al K (alpha) source (Thermo Scientific XR4). The XPS spectrum (cf. Figure 24) reveals that
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SnOx and not Sn (0) is the present species at the GDEs surface. It must be mentioned that
because of the proximity of the binding energies (SnO: Sn3d32 =494.7 eV, Sn3ds» =486.3 eV
; SnO2: Sn3dsz» = 495.4 eV, Sn3ds» = 486.9 eV)!*% 157 and the available resolution of the XPS
at hand, it was not possible to distinguish between Sn (+I) and Sn (+II) - oxide. Furthermore,
the measurement was not performed during operation of the GDE in which the surface species
is very likely partially reduced to metallic tin at the applied negative potentials.*’ The carbon
and fluorine signal are caused by the acetylene black support respectively PTFE which was

used as binder in the GDE manufacturing process.
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Figure 24 XPS spectrum of the Sn-based GDE revealing that SnOx and not Sn (0) is the

present species at the catalyst surface before operation.!!?

5.2.5 Mercury intrusion porosimetry

As it was shown in 4.4 the porous architecture of a GDE is of utmost importance for a properly
working electrode. Therefore, mercury intrusion porosimetry (MIP) is widely accepted to
characterize porous architectures containing meso (d = 2 nm - 50 nm, measurable down to 3.6
nm) and macropores (d > 50 nm).'*® Usually, the pore size distribution and the cumulative pore
volume are of interest, the latter one can be measured via MIP and used to calculate the pore
size distribution. The principle of MIP was first postulated in 1921 by Edward Washburn. He
stated that the required pressure for mercury to penetrate into a porous material is inverse
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proportional to the pore radius. For the assumption of cylindrical pores and a non-wetting fluid,
the following equation can be used to calculate the smallest radius rmin of pores which can be

filled at the applied pressure p:'>°

Ymin = —

<2 : m) : cos(8y) (71)

yLv represents the surface energy for the liquid / vapor interface of mercury while 6s. denotes
the contact angle between liquid mercury and the solid sample. It is crucial that mercury does
not spontaneously imbibe into the porous sample (6s. > 90°) so that the intruded mercury
volume (for constant yLv and 6s.) only depends on the applied pressure. Typically,
484 mN m™! is assumed for yLv while 140° is used for &st. It must be mentioned that fs. depends
on the material’s surface roughness and composition and is usually not measurable for each
specific sample. For this reason, a standard value of 140° for fsL is assumed for the calculation

of 7min.!>8

In principle, a change of the observable mercury volume induced by penetration into the porous
sample is measured versus a step-wise increase of the applied pressure (0.003 - 400 MPa). With
this information, the cumulative pore volume can be plotted versus the applied pressure or when
using (71) versus the pore radius respectively diameter. Due to the large range of pore
diameters, it is useful to plot the calculated diameter on a logarithmic (decadic) scale. The
differential quotient AV (Alogio(d))! yields the pore size distribution which is of high interest
in GDE engineering.!>® A typical MIP plot for the manufactured Sn-based GDE is depicted in
Figure 25 and reveals the necessary bimodal pore size distribution as stated in 4.4. A pore size
regime at ~ 4 um and 90 nm was observed. Additionally, the existence of mesopores (< 50 nm)

can be seen in the plotted data.
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Figure 25 Mercury intrusion porosimetry for a Sn-based GDE revealing a bimodal pore size

distribution and the existence of mesopores.

5.3 Reaction product quantification

Due to the parallel occurring reactions in electrochemical CO2 conversion (cf. 2.1), it is
necessary for a GDE performance evaluation to quantify the fraction of the total introduced
charge which is used to produce the desired product. This fraction is called Faraday efficiency
(FE), i.e., FE CO denotes the fraction of charge which was used to produce CO referring to the
total introduced charge into the system. The total introduced charge depends on the applied
current and polarization time and can be calculated via (27) for constant current. Furthermore,
(27) can be used to derive a theoretical molar flow for a reaction with z transferred electrons.
To calculate the FE, it is necessary to determine the amounts of the observed reaction products.
For the gas-phase products (H2, CO) gas chromatography (GC) was used while the liquid
product (HCOO") was quantified via high performance liquid chromatography (HPLC). A brief

explanation of the quantification methods is provided below.

5.3.1 Gas chromatography

A GC is used to separate the reaction gas into its components and subsequently quantify the

amount of a component in the gas mixture. The underlying phenomenon for the separation of

the components is the distribution of the analyte in two immiscible phases. In the case of GC,

these two phases are the gaseous phase and the solid phase. The mobile gas phase contains the

analyte and is injected into the GC with subsequent flowing through the stationary solid phase,
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a capillary column. The equilibrium concentration of the analyte in both phases will be

determined by the equilibrium constant of the distribution equilibrium: '

C. .
K = i,stationary (72)

Ci,mobile

A strong interaction of the analyte with the stationary phase (high cistationary) Will lead to a
retarded flow of a specific component relative to the flow of the mobile phase through the
stationary phase. Miscellaneous components interact in a varying extent with the stationary
phase which will result in different retention times for each specific component. The extent to
which a component interacts with the stationary phase depends on several parameters, i.e.,
nature of the analyte component, material of the column etc. Typically, the careful selection of
the column material is the key process to solve a separation problem. The fine-tuning of the
separation process is conducted by adjusting the pressure or temperature inside the column. The
dependence of the distribution equilibrium constant on the temperature can be described with
the Van't Hoff equation and points out that the retention time of the analyte can be manipulated

by adjusting the temperature: '

<6an)_ AH (73)
0T )/ R-T?

The quantification of the separated components in the mobile phase at the end of the column is
in the used device realized by a thermal conductivity detector. In the obtained chromatogram,
the detector’s signal is plotted versus the time. Due to the different retention times of the
components the chromatogram contains several signal peaks. A calibration of the GC with
external standards containing the analytes of interest is necessary to get quantitative results.
Commonly, the calibrated amount is correlated with the peak area of the peak at the
component’s retention time. In an analysis run, the obtained peak areas of the sample with
unknown quantitative composition is then used to calculate the concentration of each

component.

With the measured concentrations £ (in vol%) of the gas phase products and the total exhaust
gas volume flow leaving the electrolyzer, the partial volume flow of each component can be

quantified as:
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Vi,exp. = Vt * Bi (74)

The theoretical flow of the component i is calculated by a combination of Faraday’s (27) and

the ideal gas-law, yielding:

R-T-1 (75)
p-z-F

Vi,theor. =

Finally, the FE for the component i is then calculated as:

FEi = _.Vi,exp. (76)

Vi,theor.

The device used in this thesis was a Varian® p-GC equipped with a thermal conductivity
detector and two molecular sieves (5 A). The channel containing a molecular sieve using helium
as mobile phase was used to quantify CO whereas the channel with the molecular sieve operated
with argon was used to quantify hydrogen. Theoretically, both components would be detectable
on the same column but due to the close proximity of the thermal conductivity of hydrogen and
helium, the sensitivity for the hydrogen detection would not be sufficient in the channel using

helium as mobile phase.

5.3.2 High performance liquid chromatography

High performance liquid chromatography (HPLC) was performed to quantify the amount of
produced formate. Analogously to GC, the liquid phase components are separated in an HPLC
and subsequently quantified by means of a calibrated external standard. In contrast to GC, the
mobile phase including the analyte is a liquid solvent which flows through the stationary phase.
The interaction of the analyte with the stationary phase while flowing through it has two
underlying different mechanisms: on the one hand, the separation can be based on an adsorption
process in which the components are separated due to their varying ad- and desorption
characteristic on the columns surface. On the other hand, the components can be separated via
an absorption process which is comparable to the separation process in GC and includes a
change of phase of the analyte. Due to the different extent of component retardation via one of
the above-mentioned mechanisms, the mixture is separated and a chromatogram is obtained.

Typically, the choice of the stationary- and mobile phase as well as the applied volume flow of
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the mobile phase are optimization parameters to solve the separation problem. As mentioned
above, the concentration c; of the separated components can be determined after the device was

calibrated with an external standard of the components of interest. ¢

During electrolysis experiments, samples were taken at the in- and outlet of the electrolyzer to
determine the respective concentrations of formate. The produced molar flow of the component
of interest, formate, can be calculated using the measured concentrations and the catholyte flow

rate:

(77)

ni,exp. = catholyte * (Ci,outlet - Ci,inlet )

The ratio of the experimental and theoretical (calculated with (27)) molar flow rate yields the

FE:

ni,exp. (78)

FEi = =
ni,theor.

A HPLC 1260 Infinity II system from Agilent Technologies was used in this thesis. The system
consisted of a quaternary pump, auto sampler, column oven and a refractive index detector
which was used to quantify the analyte by measuring the changes in the refractive index of the
analyte loaded mobile phase referenced to the refractive index of the pure mobile phase.
Aqueous 0.005 M H2SO4 was used as a mobile phase with a flow rate of 0.6 mL min™' while an
Agilent Technologies Hi-Plex H column with a diameter of 6.5 mm was chosen as stationary
phase and operated at 60 °C. This column contained sulfonated cross-linked styrene /

divinylbenzene gel.

5.4 Electrochemical methods

5.4.1 Linear sweep voltammetry
Linear sweep voltammetry (LSV) is a basic potential sweep method which was reported in 1938
by Randles and Sevcik.'®! The principle of LSV measurements will be explained on the basis

of a scheme depicted in Figure 26 which was reproduced from Bards famous textbook.!'!*
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A simple reaction of anthracene which takes up an electron to form an anion radical is

considered:

ke
At e & ar- (79)

kox

At the initial potential Ei, the resulting current is zero. The potential is then linearly swept with
a constant sweep-rate of v which can range from 0.1 mV s up to 1000 V s (cf. Figure 26 a)).
Up to the potential £ only non-faradaic current, so-called capacitive current, is measurable
which is evoked by the time-dependent change of the excess charge at the surface of the
electrode. The potential is further moved beyond £’ and a flow of a faradaic current as a result
of the reduction of anthracene can be observed (cf. Figure 26 b)). An increasing potential will
result in an increase of the faradaic current due to the provided enhanced driving force (cf. (28))
up to the point where a peak current is achieved. Now it is important to consider the
concentration profile of anthracene in the vicinity of the electrode (cf. Figure 26 c)): the
anthracene concentration will decrease due to the consumption during the reaction whereas the
anion radical concentration will increase. At a specific current - the peak current - the mass
transport of anthracene from the bulk to the vicinity of the electrode cannot keep up with the
reaction rate and an educt depletion at the electrode’s surface will be observed with ongoing
time / potential sweep. This depletion will reduce the surface concentration and the resulting

current will decrease.''® 113

(@) (b) (©)

Figure 26 Illustration of the LSV method: a) linear potentials sweep with time, starting at
t = 0. b) resulting potential and time-dependent current. ¢) concentration profile of the

reaction’s educt and product. Figure reproduced from Bard.!!'*

The correlation between the capacitive current /c and the applied sweep rate v is of high practical

significance. As it can be seen from (80), a measurement series for varying sweep-rates can
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lead to the differential double layer capacitance via a plot of the resulting capacitive currents
vs. sweep-rates. As stated in 4.3, the Cq value can be correlated with the ESCA and provides
valuable information about the wetted surface area.

_ dE (80)
lc = CdE: Cdl-v

However, LSVs are mainly used to determine the reactivity of an electrode. A high current
density at low applied overpotential is desired. The resulting current density of different
electrodes at a defined overpotential or vice versa is taken as an evaluation parameter. It must
be mentioned that the expressiveness of LSVs in COz electrolysis is very limited. The measured
current is the sum of all CO2RR reactions and the parasitic HER. The partial current densities
of the reactions are more meaningful and can be calculated as the product of the total current
density with the faradaic efficiency for the reaction product of the desired reaction at the specific
potential. Furthermore, the postulated occurrence of a peak (cf. Figure 26 b)) will not be
observed in LSVs due to the excess availability of water which is the educt for HER. The mass
transport limitation of CO2 cannot be observed when solely looking at an LSV due to the
replacement of the decreasing partial CO2RR current with an increasing partial HER current.
The mass transport limitation of COz is only noticeable in a decreasing FE for CO2EL reaction

products and an increasing FE for Ho.

5.4.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a powerful advanced electrochemical
characterization method to identify the nature and quantify the extent of occurring loss-
resistances during operation of an electrochemical device. It is obvious that electrochemical
devices dealing with currents and potentials can also be described in terms of resistances. These
loss-resistances correlate with the corresponding overpotentials and can be used to rate the
velocity of a single sub-process, i.e., charge transfer or mass transport. The knowledge of the
magnitude of a specific loss-resistance is a valuable information since it can be used as a
guidance for a targeted optimization of the electrochemical device. Furthermore, a time-
dependent evaluation of the loss-resistances can yield important information about degradation
processes, i.e., an increasing charge transfer resistance (= increasing activation overpotential
Nac) With time indicates catalyst alteration. This valuable information points out that the catalyst

has to be optimized.'®?
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The principle of EIS will be explained on the basis of Figure 27 which depicts a typical current

voltage relationship of a cathode during electrolysis:

Considering the operation of a working electrode at a stationary state marked as direct current
(DC) operation point. Depending on the parameter which is controlled to be constant, the
operation mode is called potentiostatic (£ = const.) or galvanostatic (j = const.). The EIS
principle is the same for both types of operation, thus the further explanation will exemplarily
consider potentiostatic EIS. The system, which is in a stationary state, will be disturbed and
excited by a sinusoidal change of the potential (cf. (81)) with a specific frequency (cf. Figure
27) which will result in a phase shifted sinusoidal answer (cf. (82)) of the resulting current (cf.
Figure 27). It is of utmost importance that the excitation due to the alternating potential will
result in the same amount of change of current for both directions of perturbation. However,
the impedance Z, as resistances in alternating current circuits are called, can be calculated
analogously to Ohm’s law as the fraction of voltage and current (cf. (83)), and therefore describe
the slope of the E - j curve at the specific point of operation. It cannot be stressed enough that

the slope of the curve is a complex partial derivate of the underlying physical processes

affecting the E - j curve. 19114
E(t) = E,-sin(w-t) 81)
I(t) = Iy sin(w -t + @) (82)
Z(w) = @ = @.e(i-dﬁ) = 2] W = Zp, +i-Zy (83)
1ty I

w represents the angular frequency, @ is the phase shift between the waves of the excitation
and resulting signal while i denotes the imaginary unit. It can be seen that the total impedance
contains a real and imaginary part. Ohmic resistances affect the value of the real part while i.e.,

capacitive or inductive contributions of the impedance are represented in the imaginary part.
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Figure 27 Schematic representation of the principles of EIS.

An impedance measurement at a single frequency is not very meaningful since the measured
impedance value contains information on all processes occurring at this specific and higher
frequencies. To get information about the specific underlying processes and to separate them
from each other, the impedance measurement is repeated in a wide range of frequencies to
obtain an impedance spectrum. Impedance spectra are commonly plotted in the Bode form (cf.
Figure 28 a)) which is |Z] (y1 axis) and phase shift (y2 axis) vs. logarithm of the frequency f
(not angular) or in the Nyquist (cf. Figure 28 b)) representation where Zim is plotted vs. Zge.
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Figure 28 a) Bode and b) Nyquist representation of an impedance spectrum.

The exploited phenomenon is exemplarily depicted in Figure 29 for the operation of a fuel cell:
every single process which is involved during the operation possesses a specific time-constant
which can, i.e., for a charge transfer process be interpreted as the rate constant of the reaction.
It is well known that frequency is the reciprocal time, and therefore, point out how the frequency
dependent impedance measurement can be correlated with processes at different time scales.
The recording of an EIS spectrum starts at high frequencies, the measured impedance value will
then be - considering Figure 29 - determined by the double-layer charging of the electrode.
When reducing the frequency, the measured impedance contains contributions of the double-
layer charging and the charge transfer. Since the contribution of the double-layer was already
estimated at higher frequencies it is possible to deconvolute the information at the lowered
frequency containing contributions of both processes. This procedure can be continued to low
frequencies where, i.e., mass transport in gas- or liquid phase and degradation effects are
observed in the impedance spectrum. Typically, EIS devices operate in the frequency range of
1 mHz - 1 MHz.!% 162 Unfortunately, as it can be seen in Figure 29, the frequency ranges of the
processes overlap and it is not possible from a single EIS measurement to safely determine
which type of processes affect the measured impedance value. Therefore, it is necessary to
perform a series of experiments varying experimental parameters (7, potential, educt
concentration, etc.). For example, a diffusion process can be identified by reducing the educt
concentration since the mass transport resistance (cf. (52)) increases which will result in a

growing impedance value at lower frequencies. These considerations point out the complexity
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of EIS: the measurement is simple, but the interpretation is challenging. The first step must
always be to identify the underlying processes in the EIS spectrum at the desired operation
point. Therefore, as mentioned above, a series of experiments is necessary to get a clue of the

nature of the observed processes.

10¢ 10° 10* 10°® 102 10" 10° 10" 10% 10® 10* 10° 10°
Timet/s

Figure 29 Exemplary time-constants in PEMFC for the occurring microscopic processes.

Figure adapted from Friedrich et al.'®

The quantitative information of the EIS spectrum is usually evaluated via equivalent circuit
modelling (EQCM): The measured spectrum is fitted to an equivalent circuit which commonly
consists of resistors, capacitors and inductors. The components can be connected in serial and
parallel configurations and yield an equation describing the equivalent circuit. Unfortunately,
the corresponding equivalent circuit which is able to describe the measured spectrum is not
necessarily unique. To get a meaningful equivalent circuit the underlying processes should be
already known. The chosen equivalent circuit should be as simple as possible due to the fact
that with increasing components in the equivalent circuit the number of fitting parameters
increases which naturally increases the quality of the fit. The most relevant equivalent circuit

components will be presented below.
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Resistor:
Electric conductivity of the electrolyte or inside the electrode is typically modelled with a
resistor while the impedance of a resistor is simply the value of the ohmic resistance. There is

no observable time dependence:

Zr = R (84)

Inductor:
Inductive effects occur at high frequencies (kHz), i.e. due to the current flow in the connection
cables. Twisting the current carrying cables can reduce the extent of this undesired effect. The

phase angle has a value of + 90°. Thus, the impedance can be calculated as (L = Inductance):

Zilw)y=i-w-L (85)

Capacitor:

The capacitor is used to describe the time-dependent behavior of the impedance as a result of,
1.e., charging the double-layer at the electrode - electrolyte interface. It is assumed that the
double-layer at the electrodes surface behaves like a parallel plate capacitor with the

capacitance C. The phase angle has a value of - 90°.

1 (86)

Ze(w) = i*w-C

Constant phase element (CPE):

In reality, classic capacitors fail to describe the capacitive behavior of the investigated
electrodes. This is due to irregularities of the electrode’s surface, roughness of the electrode
leading to a dispersion of time-constants along the electrode. This phenomenon was
experimentally discovered since the capacitance of a real electrode is not a vertical line but has
a slope indicating that the phase angle is not constantly - 90°. The CPE can be described via the

following equation;'%%: 162

1 (87)

Zepp(w) = 0 (-0
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Q is the value of the admittance and « is the constant phase exponent which can take values
between 0 and 1. For o = 1, the electrode’s surface behaves like an ideal capacitor. It must be
mentioned that Q is not equal to the interfacial capacitance which is often of interest due to its
correlation with the ECSA. Brug et al. suggested that the QO value for an ideal polarizable

electrode can be transferred to a meaningful interfacial capacitance according to:!¢*

(88)

Ro denotes the sum of the ohmic resistances recognizable at & — oo.

R - CPE element:

Commonly, a parallel combination of a resistor and CPE element are used as one equivalent
circuit component to describe a time-dependent microscopic process. All impedance spectra
which fulfil the Kramers - Kronig relation can always be described by a connection of n R -
CPE elements.'® 1% Consequently, this means that EIS spectra can always be fitted by a serial
combination of n R - CPE elements. As already mentioned, by increasing »n unsurprisingly the
quality of the fit of the model will be better due to the higher number of fitting parameters. On
the other hand, each R - CPE element corresponds to one time-constant and by that to one
physical process indicating that choosing the value for n should be conducted very cautiously
regarding a realistic number of underlying processes. The R - CPE element can be described

via: 108

R (89)
1+(i-w-R- Q)

ZRr—_cpE (w) =

Porous electrode:

Electrochemical processes often take advantage of porous electrodes because of the tremendous
provided surface area. The distribution of the local current and potential inside the porous
electrode is not uniform due to the geometry of the pores and will result in a time-constant
dispersion affecting the impedance spectrum. Furthermore, not just the geometry of the pores
but also the surface concentration gradients along the pore length will lead to an additional
distribution of the local current and potential inside the GDE along the pore length. Commonly,

this time-constant dispersion is mathematically described by transmission line models which
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consider gradients of resistances and capacitances inside the porous GDE.!%: 19162 Depending
on the assumed pore geometries and boundary conditions regarding current flow, electrolyte
and electrode conductivity and origin of the processes occurring inside the porous system
(charge transfer reaction or solely double-layer charging) a variety of models exists. A typical

167

equivalent circuit for a transmission line model adapted from Go6hr'®’ is depicted in Figure 30.

The illustration emphasizes that the total impedance of the porous electrode is composed of

impedance contributions by:!%% 167

Ze: outer surface layer of the porous electrode

Zm:  ground surface of the porous electrode

Zp: electrolyte resistance inside the pore
Zs: electrical resistance of the porous electrode
Zq: surface processes occurring at the pore walls

Cylindrical pore

]
OmmeQueesmems e mam = ?'"" Zp,l ----- '?. ------ Zp,i ----- ? ----- an == Zm "'=
== z,
B Lo == P P et P s sl P O il
|

Figure 30 Illustration of a transmission line model for a cylindrical pore. Adapted from

Gohr.'¢7

The special case of a blocking outer and ground surface layer (Ze & Zm — o) with additional
neglection of either the impedance evoked by the limited conductivity of the electrodes bulk
phase (Zs = 0) or electrolytes conductivity inside the pore (Z, = 0) can be described with (90)
or (91). Zg denotes the impedance at the pore walls which is often assigned to an R - CPE
element describing the charge transfer inside the porous system. These equations are used in
the evaluation software Thales® from ZAHNER-Elektrik GmbH & CoKG which potentiostats
were used in this thesis.'®’
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6 Conclusions and Outlook

6.1 Conclusions

This cumulative doctoral thesis consists of four peer reviewed research articles and contributes
to the understanding of the degradation of tin- and bismuth-based gas-diffusion electrodes
(GDEs) which are employed in alkaline COz electrolysis to generate formate. Electrochemical
impedance spectroscopy (EIS) was identified as a powerful operando characterization method
to ascribe the degradation to specific microscopic processes. For that reason, elaborated EIS
studies on tin foil and tin-based gas-diffusion electrodes were conducted to carefully interpret
which processes determine the shape of the impedance spectra. This cautious analysis is
challenging but mandatory before using EIS for degradation studies. Following, the generated
knowledge was used for the investigation of tin- and bismuth-based GDEs via EIS. Apart from
that an additional field of application for the usage of the obtained formate solution was
encountered: in a proof of concept study formate was used as an energy carrier for the re-
electrification in a direct formate fuel cell (DFFC) or polymer electrolyte membrane fuel cell
(PEMFC) after decomposition to H2. The main findings reported in the four articles are

summarized below:
Article 1:

The impedance spectrum of tin foil electrodes operated in KHCO3 aqueous solutions yield two
observable processes. While the process in the low frequency region cannot be assigned with
certainty, our results suggest that the ionic movement of HCO3 is described in this time domain.
The high frequency process is determined by a charge transfer reaction which contains
inseparable information about the CO2 reduction reaction (CO2RR) and the parallel occurring
parasitic hydrogen evolution reaction (HER). The reasonability of this conclusion was
supported by equivalent circuit modelling which predicts that two charge transfer processes
happening simultaneously at the same surface will lead to only one observable process in the
impedance spectrum. Finally, this means that for tin foil electrodes (intermediate Faraday
efficiencies (FE) for HER and CO2RR) EIS cannot be used to evaluate a specific reaction, due
to the superposition of the contributions of HER and CO2RR. Interestingly, kinetic isotope
experiments suggested that the observed charge transfer includes a proton transfer since the
corresponding resistance increases when using D20 instead of H20 as solvent. This fact

indicates that the charge transfer might be mainly determined by the HER since it is widely
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accepted that in CO2RR the electron transfer onto COz2 to form COz" " is the rate-determining

step and does not involve a proton.
Article II:

Tin-based gas-diffusion electrodes were operated in aqueous 1.0 M KOH. An elaborated EIS
study was conducted by varying several parameters such as temperature, CO2 volume fraction,
current density and electrolyte. Four underlying microscopic processes were suggested to
determine the shape of the impedance spectrum, listed in descending velocity: ionic and
electronic conductivity inside the porous GDE, homogeneous reaction of CO2 with OH to form
bicarbonate, charge transfer from the electrode onto CO:z to form COz"", liquid phase diffusion
of CO2. The exact specification of the charge transfer was achieved by kinetic isotope
experiments which suggested that no proton is involved during the charge transfer reaction.
Interestingly, it was shown that the spectrum was mainly determined by CO2RR and that the
shape determining reaction can change when applying unfavorable conditions. In particular,
when changing the CO2 volume fraction to values below 20 vol%, the characteristic shape of
the spectrum changes and surprisingly the polarization resistance decreases which can only be
explained by a switch of the spectrum determining reaction towards the HER. This hypothesis
was supported by the observation that the new spectrum shape looked like a spectrum obtained

for the same electrode operating with N2 where the HER is the sole observable reaction.

Article I11:

The provided knowledge of the above described EIS investigations was used to characterize the
degradation of tin- and bismuth-based GDEs in aqueous 1.0 M KOH. Therefore, EIS was used
to monitor the degradation with a specific focus on electrodes wetting and catalyst leaching.
The wetting of the GDE was monitored in terms of differential double layer capacitance which
is proportional to the wetted surface area and could be - due to the investigations of foregoing
work (Article T + II) - extracted from the EIS spectra. Additionally, post mortem
characterization of GDEs via SEM EDX was used to reveal progressing time-dependent wetting
of the GDEs. However, it could be shown that for tin-based GDEs the alteration induced by
wetting cannot be quantified because of an observable superimposed catalyst leaching.
Consequently, catalyst leaching was identified as a degradation process but simultaneous
degradation due to GDE flooding cannot be excluded. Finally, a bismuth-based GDE was used

as a promising alternative catalyst material considering its thermodynamic stability according
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to the Pourbaix diagram. Indeed, no bismuth leaching was detected, but a slight degradation
could be observed. This degradation might be assigned to an ongoing wetting of the electrode
or a catalyst aggregation induced by a dissolution / redeposition mechanism resulting in no net

bismuth loss but reduction of accessible catalyst surface.
Article IV:

Herein, an additional field of application for formate solutions generated via COz electrolysis
was demonstrated in a proof of concept study. Therefore, the obtained solution was transferred
into a DFFC and successfully re-electrified. The poor numerical results were attributed to a
non-optimized fuel cell system and lower operation temperatures. Another successfully
demonstrated approach was the re-electrification via PEMFC after formate was decomposed to

H: in an autoclave using a carbon supported palladium catalyst.

6.2 Outlook

The shown evaluation of impedance spectra helps to understand the degradation of CO:
converting GDEs. In future works, it should be tested if the suggested interpretation, assignment
of microscopic process to features observed in the impedance spectrum, can be transferred to
different electrode compositions, architectures and extended operation conditions to identify
the limitations of the proposed interpretation of EIS spectra. Furthermore, it would be
interesting to pass the knowledge of the advised processes to physical (non-equivalent circuit-
based modelling) impedance spectra modelling to check if the results are in good agreement.
However, as stated in Article III of this cumulative thesis, EIS can be employed as a powerful
operando characterization method to monitor the degradation of the investigated cathode. In
general, besides evaluating catalyst stability special attention regarding the investigation of
degradation phenomena should be paid to two additional phenomena. Firstly, flooding of the
electrode which impedes facile CO2 supply. Secondly, the precipitation of carbonate salts
(reaction CO2 with OH") which block the pore system and increase the GDEs wetting which
both lead to an altered COz transport to the active sites. The undesired conversion of CO2 with
OH" is a natural constituent when using alkaline electrolytes, alternatively, acidic CO:2
electrolysis can be a remedy for this issue and consequently should attract the focus of
researchers besides the drawback of high accessibility of protons which is beneficial for the

parasitic HER.

Moreover, the degradation study of tin- and bismuth-based GDEs indicated that bismuth is a

promising catalyst material which can, at least for the tested times of operation, surpass the

71



performance of tin while simultaneously indicating a less distinct degradation. Therefore, the
bismuth-based GDE should be investigated more intensively with a focus on long-term

operation.

In general, while it is already possible to achieve outstanding performance parameters such as,
current densities of 1.8 A cm™ at Faraday efficiency of ~ 70 % for the conversion of CO> to
formate, the used set-ups are almost exclusively not optimized to reduce the total voltage drop
and the operation times are quite short (<30 h). Therefore, promising electrodes like the
demonstrated bismuth-based GDE should be tested in optimized full cell set-ups and longer
durations to get more insights about the full cell performance and possible occurring electrode
or system degradation. These investigations are mandatory for the commercialization of CO2

electrolyzers.
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ABSTRACT: The conversion of CO, on tin catalysts via
electrolysis leads to valuable chemicals like CO and formate and
can help to close the carbon cycle. In the current literature,
catalysts for the electrochemical CO, reduction reaction (CO,RR)
are amongst other methods characterized via electrochemical
impedance spectroscopy (EIS) in terms of charge transfer
resistances while neglecting the parallelly occurring hydrogen

evolution reaction (HER). This may lead to an inapt assignment of

the catalyst properties to the CO,RR, whereas the impedance
spectrum displays features of the parasitic HER or mixed
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information of both the reactions. This circumstance is tackled systematically in this work by analyzing linear sweep voltammograms
and impedance spectra under various experimental conditions to get more insights into the processes displayed in the respective
impedance spectra. The main finding is that the observed high-frequency process displays a charge transfer reaction, which contains
contributions of the HER and CO,RR and is not appropriate for evaluating catalysts for the CO,RR. This ambiguity was observed
for experimental conditions where the HER or CO,RR prevailed. Additionally, equivalent circuit model (EQCM) simulations
confirmed the occurrence of just one arc in the EIS spectrum for the parallelly occurring charge transfer reactions on the same

electrode.

KEYWORDS: CO, electrolysis, CO,RR, electrochemical impedance spectroscopy, tin, formate, carbon dioxide, CO,

B INTRODUCTION

To achieve reduction of CO, emissions on the order necessary
to comply with the goals defined in the Paris agreement, all
countries and sectors have to substantially increase their
efforts. Beyond other measures, particularly for the carbon
footprint of the industry, it is mandatory to develop
technologies that can substitute processes that are based on
fossil feedstock and which emit CO, and other greenhouse
gases as a consequence.”” In that respect, the electrochemical
conversion of CO, off-gas from industrial plants, biorefineries,
or, in the long term, even from the atmosphere to useful
chemicals using renewable energy can help to change the role
of CO, from a harmful waste to a valuable feedstock for the
production of a variety of carbon-based chemicals, which are
nowadays mainly derived from fossil resources.'”* The
electrochemical CO,RR can lead to several reaction products
such as CO, formate/formic acid, methane, ethylene, or
methanol. At the same time, the most important parasitic
reaction in aqueous electrolytes is the HER.”® The significance
of the HER and the distribution between the CO,RR products
highly depends on the catalyst, electrolyte, reaction conditions,
and electrode potential.”® In this work, we focus on the
conversion of CO, on tin foil electrodes to formate, which is
used in a variety of different applications, e.g, as a deicing
agent, drilling fluid, or for silage and tanning if subsequently

© 2020 American Chemical Society
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protonated to formic acid.”'® Most of the CO,RR research
papers focus on the conversion of CO, to CO or formate since
only two electrons are needed for this conversion thus making
the reaction mechanisms less complex and achieving better
performance.”'" Accordingly, it was shown that the electro-
chemical conversion of CO, to formic acid and CO is already
close to being competitive with the traditional fossil-based
production process.”'* However, there is still a lack of
knowledge on the conversion of CO, to formate on tin
electrodes, especially regarding the reaction mechanism and
degradation phenomena.*® Electrochemical impedance spec-
troscopy (EIS) can approach this lack of information with its
ability for operando quantifying the resistances of the
microscopic processes (e.g., charge transfer, mass transport
of educts, adsorption of species) displayed in the impedance
spectrum.”” The challenges are to identify the respective
processes that are displayed in the impedance spectrum and to
assign these features to the correct physical phenomena.

Received: December 20, 2019
Revised:  February 4, 2020
Published: March 13, 2020

https://dx.doi.org/10.1021/acssuschemeng.9b07625
ACS Sustainable Chem. Eng. 2020, 8, 5192—-5199


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Bienen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dennis+Kopljar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Geiger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norbert+Wagner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaspar+Andreas+Friedrich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.9b07625&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b07625?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b07625?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b07625?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b07625?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b07625?fig=abs1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.9b07625?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf

Articlel

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Several authors used EIS as an additional tool among other
methods to compare catalysts presented in their papers and
substantiate their arguments. However, there is no study
focusing on a detailed analysis of the impedance spectrum itself
to clearly elucidate the different contributions observable in the
spectra and assign them to specific physicochemical
processes.'* Specifically for Sn-based electrodes, various
authors have performed EIS with different appearances of
the spectra suggesting a significant influence of the exact
composition of the electrocatalyst, reaction conditions, and the
chemical environment. Choi et al. performed EIS measure-
ments for Sn and Sn—Pb alloys in a CO,-saturated 0.5 M
aqueous KHCO; solution. They observed two arcs in the
frequency range of 1 MHz to 100 mHz. The presented
interpretation focused on the high-frequency process, which
was dependent on the alloy composition, without further
specifying the underlying chemical process.'> Two arcs were
also observed in the impedance spectrum by Lv et al, who
conducted EIS measurements in CO,-saturated 0.1 M KHCO,
in the frequency range of 40 kHz to 10 mHz for Sn deposited
on a Cu foil and Sn.'® On the other hand, Daiyan et al.,, who
analyzed SnO,-based electrodes in a CO,-saturated 0.1 M
aqueous KHCOj solution, observed only one semicircle in the
Nyquist plot, which was used for the comparison of the
investigated catalysts with regard to their reaction kinetics."”
Comprehensibly, all of the above-mentioned authors did not
investigate the origin of the observed processes displayed in
the impedance spectrum in detail since their papers focused on
the investigation of catalyst materials and EIS was merely
employed to compare the kinetics of the reaction on the
specific catalyst. Zeng et al. conducted a slightly more detailed
investigation on their EIS measurements for Cu and Cu—Sn
foams. The electrolyte was N,- or CO,-saturated 0.1 M
KHCO3, and the frequency was varied in the range of 10 kHz
down to 100 mHz. For both types of foam and purging gas, the
spectra showed two arcs with one of them highly dependent on
the applied potential, indicating that this arc represents a
charge transfer process. An important result is that in contrast
to bare Cu foam, the Cu—Sn foam exhibits lower charge
transfer resistance values in the CO,-saturated 0.1 M KHCO;
solution compared to the N,-saturated electrolyte, which was
then interpreted that the Cu—Sn foam is more active for
CO,RR compared to the HER.'®

Since the HER and CO,RR occur in a competing way
parallelly on the same electrode, we want to emphasize how
important it is to be sure about which reaction dominates the
processes displayed in the impedance spectrum before taking
the results of EIS to evaluate catalysts. To the best of our
knowledge, no elaborate EIS study exists for the CO,RR on tin
foil in aqueous KHCOj solution, or for the CO,RR in general.
Therefore, a detailed investigation, as described in this
contribution, is necessary to get more insights into the
processes displayed in the impedance spectrum.

B EXPERIMENTAL SECTION

All experiments were performed in a classic three-electrode setup. The
working electrode was tin foil (99.998%, Alfa Aesar, 0.1 mm
thickness) with a diameter of 2 cm and a geometrical surface area
of 7 cm? Before assembling the cell, the tin foil electrode was
immersed for 30 s in 1.0 M HNO; (Pan Reac AppliChem IN) to
remove surface impurities followed by rinsing with deionized water. In
all experiments, the reversible hydrogen electrode (RHE) was used as
the reference electrode, whereas a platinum foil served as the counter
electrode. If not stated otherwise, the temperature of the electrolyte
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was 303 K. KHCOj; solutions were obtained by mixing solid KHCO,
(=99%, Roth) with pure water (resistivity >18 MQ). For some of the
experiments, deuterium oxide (99.9 atom % D, Sigma-Aldrich) was
used as the solvent for KHCO;. Before starting the experiments, the
electrolytes were purged in situ at a flow rate of 0.0S slm for at least 1
h with N, (5.0, Linde) or CO, (4.5, Linde), depending on the desired
experimental parameters. During the tests, the bubbling of the desired
gas into the electrolyte continued at the above-mentioned flow rate. If
mentioned, the pH value was measured by using a pH electrode
(InLab Flex-Micro, Mettler Toledo) in combination with an
evaluation unit (S7 Seven2GoTM Pro, Mettler Toledo). For all
electrochemical tests, a ZAHNER-elektrik GmbH & Co. KG
Zennium electrochemical workstation and the corresponding
evaluation software Thales were used.

Electrochemical Characterization. Electrochemical impedance
spectra for tin foil were recorded in the range of 10 mHz to 300 kHz
in galvanostatic operation mode. The excitation current for every
experiment was 5 mA. The benchmark conditions were 303 K and a
load of —4.77 mA cm™ for measurement in a 1 M KHCO, aqueous
solution saturated with CO,. By conducting experiments at —3.18,
—4.77, —6.37, and —7.96 mA cm™%, the current dependency of the
impedance spectra of tin could be observed. To investigate the
thermal behavior of the impedance spectra of tin, a temperature series
was carried out for 303, 313, 323, and 333 K. The effect of different
electrolytes was tested using 0.1, 0.2, 0.5, and 1.0 M aqueous KHCO;
solutions. All solutions were purged with N, or CO, before starting
impedance measurements. To identify the processes involving
hydrogen-containing species, deuterium oxide was used as a solvent
to generate KHCO; solutions. For all of the experiments, the cell was
polarized for 10 min at the desired experimental conditions as a
preconditioning procedure before immediately—with no current
interruption—recording the impedance spectra. At least three
consecutive spectra (~ 7 min relaxation time under load between
each run) were recorded for each experimental parameter set whereby
the second spectrum was used for evaluation. In contrast to the first
spectrum, the second spectrum has reached a steady state and the
observed changes during the following consecutive spectra were
marginal. Experiments were repeated for at least one more time to
guarantee reproducible results. For an easier comparison, the Nyquist
data were shifted to the same origin by subtracting the ohmic
resistance.

Linear sweep voltammetry (LSV) was performed to compare the
activity of tin foil in different electrolytes. The potential was shifted
from +50 to —1300 mV versus RHE with a sweep rate of 1 mV s™".
The electrolytes were 1.0 and 0.1 M KHCOj; solutions purged with
CO, or N,. For iR compensation, an impedance measurement was
conducted after recording the LSV to determine the ohmic resistance.

The faradic efficiency (FE) was measured during galvanostatic EIS
measurements applying a constant current of —4.77 mA cm ™ at 303
K. The concentration of the gaseous products H, and CO in the
purging gas stream was quantified by a micro-gas chromatograph and
averaged over time for at least 60 min with a measurement resolution
of 5 min. The averaged concentrations were then multiplied by the
volume flow of the purging gas stream to obtain the gas flow of the
reaction products. By calculating the ratio of the experimental and
theoretical product flows (applying Faraday’s law), the FE was
determined. The FE for formate was calculated as the difference from
100% and the FEs of H, and CO since tin is known to exclusively
produce H,, CO, and formate in aqueous alkaline media.'”**
Nevertheless, to prove this assumption, exemplarily formate was
determined to close the mass balance. This was done via UV
spectroscopy after converting formate to formic acid and expelling
dissolved CO, and bicarbonate from the liquid sample (interference
on detection peak at ca. 220 nm) using H,SO, (cf. Figure S1).2!

B RESULTS AND DISCUSSION

EIS is a powerful tool to elucidate rate-determining processes
in a specific time domain during electrochemical reactions.
However, the analysis of impedance spectra is not trivial and

https://dx.doi.org/10.1021/acssuschemeng.9b07625
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Figure 1. (a) Linear sweep voltammetry at 1 mV s™! for tin foil in N,- and CO,-saturated 0.1 and 1.0 M KHCOj4 aqueous solutions and (b) the

corresponding Tafel analysis based on total current (Icorr + Ingr)-

one needs to have detailed knowledge on the contributions
that can be observed in the spectra. However, performing a
literature survey on this topic, it becomes clear that the origins
of the processes displayed in the impedance spectra obtained
for tin foil during CO, electrolysis are not well understood
as—to the best of our knowledge—no detailed analysis has
been conducted so far. Combining linear sweep voltammetry
(LSV), faradic efficiency, and impedance measurements, we
want to give insights into the nature of the processes during
CO, reduction on tin foil in KHCO; aqueous solution.
Linear Sweep Voltammetry and Apparent Tafel
Analysis. As a starting point to introduce the system that is
being studied, LSV measurements were made in CO,- and N,-
saturated 0.1 and 1.0 M KHCO; electrolytes with a sweep rate
of 1 mV s™' and are depicted in Figure la. For both
concentrations, tin foil shows a higher activity in the CO,-
saturated environment at lower potentials, whereas the activity
in the high overpotential region is superior in the N,-saturated
electrolyte. This might be explained as due to the mass
transportation effects of CO, and a hindrance to the HER at
higher current densities. The LSVs were used to perform
apparent (not taking partial current densities into account)
Tafel analysis, which can be seen in Figure 1b. For each
combination of purging gas and electrolyte concentration, one
can distinguish two regions in the diagram. The increase of the
Tafel slopes observed at higher potentials indicates that mass
transport effects or other processes contribute to the slope and
determine the shape of the plot in this region.”> The slopes in
both the N,-saturated and CO,-saturated 1.0 M KHCO,
electrolytes in the low potential region are close to —118
mV dec™!, which is as expected for the HER where the Volmer
step is rate limiting.*® A rate-limiting electron transfer in the
CO,RR (cf. eq 5) would result in a Tafel slope of —118 mV
dec™! as well.*»** When analyzing the FE for the HER, which
was determined at a constant potential of —550 mV versus
RHE (region I in Tafel plot), one can see that hydrogen
evolution prevails in CO,-saturated 0.1 and 1.0 M KHCO;
solutions (FE H,: 83% and 85%) at this potential. This fact
indicates that the apparent Tafel slope in the CO,-saturated
electrolyte might be mainly determined by the HER in region
I. On the other hand, in the CO,-saturated 0.1 M KHCO;
solution, the Tafel slope is —160 mV dec™, which significantly
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deviates from —118 mV dec™ as expected for the HER and a
rate-limiting electron transfer during the CO,RR. This higher
Tafel slope indicates a change in the reaction mechanism for
the HER (the deactivation of active sites induced by CO,) or
an increasing contribution of the CO,RR (assuming a
mechanism with a Tafel slope greater than 118 mV dec™" for
this reaction with an uncertain mechanism) to the apparent
Tafel slope.

Electrochemical Impedance Spectroscopy. FEs for H,
and CO were determined during galvanostatic impedance
measurements using gas chromatography. The received results
and additional information regarding potential and pH values
after 1 h of bubbling with N, and CO,, respectively, are shown
in Table 1.

Table 1. FE for Tin Foil in N,- and CO,-Saturated 0.1 and
1.0 M KHCO; Solutions at —4.77 mA cm™>

Potential pH after
Purging ErvsRHE/ FE FE FE 1h
Gas Electrolyte mV H, CO HCOO™  bubbling
CO, 1.0 M —682 87% 3% 10%“ 8.0
KHCO;,
CO, 0.1 M —879 43% 5% 52% 7.1
KHCO;,
N, 1.0 M —722 only H, detected 8.9
KHCO;,
N, 0.1 M —821 only H, detected 9.2
KHCO;,

“Calculated using FEy;, and FE( and mass balance closing condition.

As described above, impedance measurements were
conducted at a current density of —4.77 mA cm™* (15 mA)
in galvanostatic operation mode with an excitation signal of 5
mA. After saturating the electrolyte for 1 h with N, or CO,, the
preconditioning phase was 10 min at the desired experimental
parameter set. Figure 2 shows the Nyquist and imaginary part
versus the frequency plot. In general, the spectra reveal at least
two processes during electrolysis with a low-frequency process
occurring at a characteristic frequency around 0.1 Hz and a
high-frequency process at around 500 Hz. The spectra
recorded in N,-saturated electrolytes are dominated by the
HER, as no CO,RR products were detected via y-GC. In
general, changing the purging gas to CO, results in larger

https://dx.doi.org/10.1021/acssuschemeng.9b07625
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Figure 2. (a) Nyquist plot for tin foil obtained in CO,- and N,-saturated 0.1 and 1.0 M KHCO; at galvanostatic operation, —4.77 mA cm 2, with
an amplitude of S mA, ohmic resistance subtracted, and (b) the corresponding imaginary part versus frequency plot.

diameters for both semicircles and, as a consequence, to an
increased total faradic impedance. When bubbling CO, into
the electrolyte, in addition to the HER, the CO,RR must also
be taken into account. Accordingly, the increased impedance
values might be a result of the sluggish CO,RR becoming more
accented or that the CO,-saturated environment slows down
the HER. To reveal the origin of the processes, we introduce
the investigation regarding thermal activation and potential
activation of the two processes.

Temperature- and Current-Dependent Behavior. To
identify thermal- and current-activated processes, the impe-
dance spectra for the temperature series were recorded at 303,
313, 323, and 333 K in CO,-saturated 1.0 and 0.1 M KHCO;
solutions at a current density of —4.77 mA cm™?, while for the
current series, spectra were recorded at —3.18, —4.77, —6.37,
and —7.96 mA cm™* at 303 K (Figure S2 for 1.0 M KHCO,
and Figure S3 for 0.1 M KHCO;).

Taking the obtained results of the current density and
temperature variation into account, it is very likely that the
high-frequency process that is activated by increasing the
temperature and current density displays a charge transfer.'>?°
Consequently, a plot of the R, values versus the reciprocal
current should result in a straight line, whereas the slope
gep)rggents the Tafel slope (cf. eq 1 and insets in Figures S2 and

3).

1
2.303-1

Ct —

(1)

It is important to mention that the plotted reciprocal current
is the total current and not a partial current for the HER or
CO,RR. The slopes of these plots for 0.1 and 1.0 M KHCO;,
are —163 and —132 mV dec™', which are in agreement with
the Tafel slopes obtained via LSV. As a consequence, the shape
of the curve for CO,-saturated electrolytes in region 1 in
Figure la is determined by an electron transfer. The fact that
plotting the reciprocal total current versus Rc, leads to the
expected straight line and comparable Tafel slopes to the
values found via LSV evaluation suggests that the R¢, arc in the
EIS spectrum is a mixed quantity consisting of contributions of
the HER and CO,RR. Because of the contribution of both the
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reactions to the Tafel slope in the kinetic region, two different
explanations exist for an increased Tafel slope in the CO,-
saturated electrolyte compared to the N,-saturated electrolyte.
On the one hand, the presence of CO, could slow down the
HER, increasing its magnitude and resulting in an increased
mixed Tafel slope; on the other hand, the presence of CO,
obviously results in the CO,RR taking place at the electrode,
which might have a significantly higher Tafel slope than in the
HER and thus pushing the mixed Tafel slope to a higher value.

The low-frequency process cannot be attributed to a charge
transfer process since it is not activated with increasing
temperature and current density in the probed current density
range (cf. Figures S2 and S3). To gain further insights into the
high- and low-frequency processes, additional experiments
with varying KHCO; concentrations and isotope-labeled water
were conducted.

Kinetic Isotope Effect. Impedance spectra were recorded
in CO,-saturated 0.1 and 1.0 M KHCO; solutions using
ultrapure water or deuterium oxide (D,0) as solvent (303 K,
—4.77 mA cm™?). This should give an insight into the
mechanism of the processes, as slower kinetics of proton-
involved processes are expected due to the additional neutron
in the deuterium core. A simplified reaction mechanism for the
HER in alkaline media including the Volmer, Heyrovsky, and
Tafel reactions is given in eqs 2—4, which points out the
involvement of hydrogen in the charge transfer reactions 2 and

323

M + H,0 + ¢~ & MH_y, + OH™ @)
MH, + H,0 + e" 2 M + OH™ + H, 3)
2MH,, = 2M + H, (4)

Regarding the reaction mechanism of the conversion of CO,
to formate or CO, there is no unequivocal and conclusive
consensus in the scientific community yet. Typically, the first
step is considered to be the activation of CO, through a direct
electron transfer followed by a protonation with a simulta-
neous electron transfer (cf. eqs 5 and 6).%*® The fact that the
CO, radical formation is often referred to be the rate-
determining step suggests that a possible displayed charge
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Figure 3. (a) Impedance spectra and (b) imaginary part versus frequency plot for tin foil obtained in CO,-saturated 0.1 M KHCOj solution
comparing H,0 and D,O as solvents. Galvanostatic operation at —4.77 mA cm™ with an amplitude of 5 mA, ohmic resistance subtracted.

transfer in the impedance spectrum, which is attributed to the
CO,RR, must then represent a nonconcerted proton and
electron transfer to CO,.>*’

CO, +e = CO;° (s)

CO;* + H,0 + e~ & HCOO + OH~ (6)

As a result of the above considerations, we expect, in
contrast to the HER, that a CO,RR-attributed charge transfer
process shown in the spectrum will not be decelerated,
resulting in a higher resistance and lower characteristic
frequency, when substituting hydrogen with deuterium.’**’
We would expect quite the contrary—an acceleration of the
CO,RR because the solubility of CO, increases from 33.8
mmol L™} in H,O to 38.1 mmol L™} in D,0.*

However, the high- and low-frequency processes are both
slowed down when using D, O as the solvent in 1.0 M KHCO;
and in 0.1 M KHCO; where CO,RR prevails (cf. Figures 3 and
S4 for 1.0 M KHCO;). This fact can be seen in the larger
diameters of the arcs in the high- and low-frequency regions
and a reduction of the characteristic frequencies. Since the
high-frequency process displays a charge transfer reaction
affected by CO,, one can now be little more specific that this
charge transfer process involves hydrogen or a hydrogen-
containing species. This observation rules out that the
observed charge transfer is dominated by the conversion of
CO, to the CO,*” radical (cf. eq S), leading to the suggestion
that this process might be ascribed to the HER. On the other
hand, since the mechanism of CO,RR to HCOO™ and CO is
not fully understood yet, it might be that (in contrast to eq 5) a
hydrogen-containing species is involved in the rate-limiting
CO,RR charge transfer reaction. For example, Baruch et al.
suggested the involvement of hydrogen-containing tin
carbonate species in the rate-limiting CO,RR charge transfer.
Analogous to the involvement of hydrogen in the HER, the
unlikely, but not completely excluded, participation of a
bicarbonate species during the CO,RR would result in an
increase of the high-frequency resistance as well when
substituting H,O with D,0.* As will be shown later, the
low-frequency arc correlates with the HCO;~ concentration so
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that a slowed-down low-frequency process in D,O-based
electrolytes might be explained by the impeded movement of
HCO;™ and DCOj5™ ions in D,O.

KHCO; Concentration Series in N,- and CO,-
Saturated Electrolytes. To investigate the influence of the
electrolyte concentration, impedance measurements were
conducted in N,- and CO,-saturated 0.1, 0.2, 0.5, and 1.0 M
KHCO; solutions. It can be seen that in the N,-saturated
electrolyte, the high-frequency process, the charge transfer,
seems to be independent of the KHCO; concentration, while
the low-frequency process becomes slower at lower KHCO;
concentrations (cf. Figure 4a,b). In N,-saturated electrolyte,
only hydrogen is detected, which means that all displayed
features might be linked with the HER. However, a slight
increase in the charge transfer resistance with decreasing
KHCO; concentration might be a result of an increasing pH
value and a slowing down of the HER kinetics. The observed
deceleration of the low-frequency process with decreasing
HCO;™ concentration may be explained by the fact that
HCOj;™ can be reduced to hydrogen at the applied potentials,
as it was shown by Wauttig et al. for Au catalysts, and contribute
to the total polarization resistance so that the low-frequency
arc may display the diffusion of HCO;™ ions.”* Recording the
impedance spectra for CO,-saturated solutions with different
KHCO; concentrations reveals that both processes are
accelerated when increasing the KHCO; concentration, as
shown in Figure 4c,d. The increased charge transfer resistance
can be explained taking eq 1 and Figure 1b into account: The
Tafel slope (calculated with total current) increases with
reduced KHCO; concentrations and consequently results in
higher R, values. As shown above, the R, values of the
KHCO; concentration series in the N,-saturated electrolyte
remain more or less constant, which was also observed in the
LSV evaluation. However, the change of the nearly
independent charge transfer in the N,-saturated electrolyte
regarding the HCO;™ concentration to a distinct HCO;™-
concentration-dependent charge transfer in the CO,-saturated
electrolyte indicates a contribution of the CO,RR as a reaction
itself (higher Tafel slope compared to the HER) or a
decelerated HER in the CO,-saturated electrolyte to the
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Figure 4. Impedance spectra obtained for tin foil in aqueous solutions with varying KHCOj; concentrations saturated with (a) N, or (c) CO, and
their corresponding imaginary part versus frequency plots (b, d). Galvanostatic operation at —4.77 mA cm > with an amplitude of 5 mA, ohmic

resistance subtracted.

charge transfer arc in the impedance spectrum. The increase of
the charge transfer arc in lower-concentration CO,-saturated
electrolytes is not a pH effect of the HER since this reaction
should be favored at more acidic conditions (cf. pH values
Figure 4c).*> The increasing low-frequency arc in low-
concentration CO,-saturated electrolytes can also be explained
via a possible HCO;™ diffusion process.

Simulating Independent Parallelly Occurring Charge
Transfer Reactions. The results indicate that the high-
frequency process displays a charge transfer, which is the sum
of the contributions traced back to the HER and the CO,RR.
The reactions occur parallelly on the same electrode. Figure Sa
shows an equivalent circuit model (EQCM) simulation for the
high-frequency process generated with Thales from ZAHNER-
elektrik GmbH & Co. KG assuming one RC element for each
reaction (inserted parameters are listed in Table S6).
Consequently, the RC elements were combined in parallel
since the reactions occur parallelly.’® A parameter study
regarding the corresponding time constants 7ypr and 7corr

(regardless of which reaction is slowed down) illustrates that
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for parallel reactions, only one arc will be observed in the
impedance spectrum no matter how dissimilar the time
constants are. When applying the rules of electrical engineering
by converting the two resistors and capacitors to one mixed
RC element, one can see that the simulated Nyquist plot is
identical no matter if the EQCM contains two separate RC
elements or one combined RC element (cf. Figure Sb). This
finding supports our theory that the observed charge transfer
cannot be exclusively ascribed to the HER or the CO,RR since
the parallelly occurring reactions will result in one mixed arc
during EIS.

Bl CONCLUSIONS

Impedance spectroscopy reveals at least two observable
processes during electrolysis on tin foil in CO,-saturated
aqueous KHCOj solutions. In 1.0 M KHCOj solution, the
HER prevailed while in the 0.1 M KHCO; solution, the
CO,RR products dominated the product distribution. A
parameter study was carried out to identify the origin of the
observed processes for these two cases. Our results indicate
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shown in (a).

that the high-frequency process around 500 Hz displays a
charge transfer reaction, which is determined by the HER and
CO,RR no matter if the faradic efficiency for the HER is about
87% (1.0 M KHCO;) or 43% (0.1 M KHCO;). The reactions
occur in parallel, which we showed in an EQCM simulation
will result in one mixed time constant (RC element) in the EIS
spectrum no matter how distinct the differences of the
corresponding time constants of the two reactions are. The
second process in the low-frequency region around 0.1 Hz
cannot be reliably identified. Our results suggest that this
process may describe the ionic movement in the electrolyte
since the resistance of this process scales with the KHCO;
concentration (higher concentration, lower resistance). With
our study, we wanted to help identify the observed processes in
the EIS spectrum during CO, electrolysis on tin foil in aqueous
KHCO; solution. Since the HER and CO,RR occur in parallel
on the same electrode, we showed that the charge transfer
resistance measured via EIS is affected by both the reactions
and cannot easily be used to evaluate catalyst materials. The
widely used chronopotentiometry or chronoamperometry in
combination with the determination of the FEs for CO,RR
products is suitable and sufficient to evaluate catalysts for
CO,RR.
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Figure S1 Faraday efficiency determination of H,, CO and HCOO- after galvanostatic operation
at - 4.77 mA cm? in CO, saturated 1.0M KHCO; aqueous solution showing reproducible results
and by that validating the test set-up. During EIS measurements shown in the primary paper
further liquid phase HCOO- determination was skipped due to the lack of possibility to quantify
HCOO- online. H, and CO were quantified online via u-GC and used to calculate the faraday

efficiency for formate via the mass balance closing condition.
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In contrast to S3 ¢) and d) the low frequency process clearly depends on the applied current for

extremely low current levels. However, further investigation would go beyond the scope of this

contribution since at these low current densities, respectively potentials, the EIS response is

almost completely determined by HER and the product analysis unreliable (due to low current

densities resulting in low conversion rates). Therefore, the faraday efficiency for CO,RR is

almost negligible, thus, with low relevance to the target of this investigation.
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Table S1 Resistance and Capacitor values inserted into Thales® EQCM modelling tool. Time

constant T, Rixeq and Ciixeq calculated via Equation S1-S3.

Ratio time Rygr/ Cher/ Tier / Reoorr/ | Ccozmrr/ Tcorr/ Riixed/ | Crmixed/ | Tmixed/
constants Q F S Q F S Q F S
=T 1 0.01 0.01 1 0.01 0.01 0.5 0.02 0.01
5T=1 1 0.01 0.01 2.5 0.02 0.05 0.714 | 0.03 0.021
100 1, =1, 1 0.01 0.01 10 0.1 1 0.909 | 0.11 0.100
1000 1,=1, 1 0.01 0.01 20 0.5 10 0.952 | 0.510 | 0.486
T=Re(C (S1)

! ! + ! S2
Rmixea Ruer = Rcozrr (52)
Cinixed = Cuer + Ccozrr (S3)
S7
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ABSTRACT: The use of gas-diffusion electrodes (GDEs) as CO, converting '8
electrodes increases the achieved current densities for the CO, reduction o,
reaction (CO,RR) by a multiple (>100 mA cm™>) compared to planar
electrodes (10 mA cm™2), whereas the long-time stability of the employed
GDE:s is a crucial factor for the industrial realization of this technology. We
investigated carbon-supported tin-based GDEs by electrochemical impedance
spectroscopy with the goal to identify the underlying physical processes by
varying the applied current density, temperature, CO, partial pressure, and
electrolyte, an unexplored task so far. The spectrum displays four features
which we interpreted as (i) ionic and electronic conductivity in the porous
system, (ii) reaction of CO, with OH™ to form bicarbonate, (iii) charge
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transfer converting CO, (aq) to CO3~, and (iv) liquid phase diffusion of CO,

(aq). Besides the assignment of the physical processes to the features obtained in the spectrum, we conclude that the observed
spectrum shape is affected by CO,RR and hydrogen evolution reaction, whereby the shape dominating reaction switches with
varying experimental conditions such as temperature, CO, volume fraction, current density, and electrolyte.

KEYWORDS: CO, electrolysis, CO,RR, electrochemical impedance spectroscopy, tin, gas-diffusion electrode, GDE, CO,

B INTRODUCTION

All countries that signed the Paris agreement have committed
to reduce greenhouse gas emissions according to the target to
keep global warming well below 2 °C with regard to
preindustrial values. This entails significant efforts to reduce
the carbon footprint of all sectors in the following decades.
Because industrial processes significantly contribute to the
overall emissions of industrialized countries, for example, in the
EU-28 with 8%, the development of innovative routes with
lower or negligible CO, emissions that can substitute
traditional processes based on fossil resources can make a
contribution to achieve the desired targets."™ The electro-
chemical conversion of CO, using renewable energy not only
substitutes conventional CO,-intensive processes based on
fossil resources but also utilizes CO, itself as a feedstock,
thereby making it a valuable carbon source.*”® Depending on
the catalysts and reaction conditions, several carbon-based
products can be obtained by the cathodic electrochemical
reduction of CO,.”*

This work focuses on the tin-catalyzed conversion of CO, to
obtain formate as the target product. Typically, CO, is not
solely converted to formate (eq 1) on tin catalysts but also to
carbon monoxide to a lower extent (eq 2), while the aqueous
electrolyte is reduced to hydrogen (eq 3) in a parasitic side
reaction, reducing the charge efficiency with respect to formate
formation, according to the following equations

© 2020 American Chemical Society

7 ACS Publications

CO, + H,0 + 2~ = HCOO + OH™ (1)
CO, + H,0 + 2¢” = CO + 20H" @)
2H,0 + 2¢” = H, + 20H~ (3)

Formate can be used as a deicing agent or drilling fluid as
well as for tanning and silage when protonated to formic acid.”
In a proof-of-concept study, it was also shown that formate
obtained via CO, reduction reaction (CO,RR) can be utilized
as energy carrier and fed into a direct formate fuel cell to
produce electricity or after catalytic decomposition to
hydrogen with subsequent re-electrification in a typical
polymer electrolyte membrane fuel cell.'>"!

Unfortunately, the conversion of dissolved CO, on planar
electrodes is limited to a maximum current density of well
below 10 mA cm™ because of mass transport constraints
evoked by the low solubility of CO, in the aqueous electrolyte
(33 mM L™ in H,0, 25 °C, 1 atm) and the diffusion of
dissolved CO, from the bulk electrolyte to the electrode
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surface.”'>"® This limitation can be circumvented by the use of

so-called gas-diffusion electrodes (GDEs) providing a porous
architecture and intensifying the contact between the gas-,
liquid-, and solid phases. Their use entails a substantial increase
in the number of active sites while the diffusion length of
dissolved CO, to the catalyst surface is reduced. Accordingly,
gaseous CO, can be employed as the substrate and, due to the
above effects; the macroscopic mass transport of the reactant is
substantially accelerated."*™'® As a result, the achievable
current densities when using GDEs for CO, electrolysis can
be increased by more than an order of magnitude compared to
planar electrodes without sacrificing selectivity toward CO,RR
products.'”"? The so far achieved current densities which are
already on industrially relevant orders are the reason why
GDEs have gained increasing interest in recent years for the
investigation of CO, electrolysis systems.’s’m_21 Nevertheless,
long-term stability of these GDEs is an under-represented
research topic in the literature. Besides potential catalyst
degradation, GDEs might suffer from a change of their
hydrophobic properties over time, resulting in flooding,
efficiency losses, and in a shift of the product selectivity
toward the undesired hydrogen evolution.”*’ In that respect,
electrochemical impedance spectroscopy (EIS) is a powerful
tool to deconvolute contributions of specific physical and
(electro)chemical processes to the overall resistance during
operation of electrochemical devices. The knowledge which
process (e.g., charge—transfer, mass transport of reactants)
determines the polarization resistance gives valuable insights
required for the rational optimization of the employed GDEs
and can aid in revealing possible degradation mechanisms. To
use EIS as an electrochemical diagnostic tool, it is crucial to
know which physical phenomena are observed in the measured
impedance spectra. As described in one of our previous
contributions on the use of EIS to investigate planar tin
electrodes during CO,RR, there is a lack of knowledge on how
to analyze and interpret EIS measurements for CO, reduction.
This is because most authors use EIS solely as an additional
tool to characterize their catalyst materials or electrodes
without a detailed investigation of the underlying processes
observed in the spectrum. 4=26 However, as we have shown,
because of the competitive nature of the reaction [hydrogen
evolution reaction (HER) vs CO,RR], single features in the
spectrum cannot unequivocally be assigned to one specific
reaction and used as argument to compare catalytic perform-
ance as such. Only a few studies in the literature perform a
more elaborate analysis of the EIS spectra. Wang et al. for
example used EIS as an additional characterization method to
investigate their tin-based GDEs in the aqueous KHCO,
electrolyte. They observed two arcs in the Nyquist spectrum
and assigned the lower frequency arc to a not further specified
charge transfer because the diameter of the arc decreases with
increasing overpotential. The high-frequency process was
correlated with the ionic migration in the liquid film inside
the GDE.*”"*° In another contribution, Verma et al. recorded
impedance spectra in different concentrations of aqueous
KOH electrolytes in a flow reactor with a Ag-based GDE
cathode and IrO, as an anode in the frequency range of 10 kHz
to 0.1 Hz. They observed one semicircle and found that the
cell resistance and the charge transfer, described by the
observed semicircle, decrease with increasing KOH concen-
trations.”® The fact that the HER occurs in parallel to the
CO,RR on the same electrode competing for the same active
sites and by that affecting the obtained impedance spectrum is
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usually not considered in reports using EIS as a character-
ization method. In this contribution, we want to expand our
previous rather fundamental investigation for tin foil electrodes
to the industrially more relevant GDEs.>' The aim is to
identify the underlying physical and chemical processes
observed in the impedance spectrum for GDEs used in CO,
electrolysis to provide information for the sophisticated
optimization of CO, converting GDEs and reveal possible
degradation mechanisms.

B EXPERIMENTAL SECTION

Preparation of Gas-Diffusion Electrodes. The catalyst powder
was prepared, as reported previously." Briefly, SnO, was precipitated
onto acetylene black (AB) (Alfa Aesar, 100% compressed, 99.9+%)
from aqueous solution using SnCl, X 2H,0 (Carl Roth, >98%) as a
precursor. The slurry contained urea (Carl Roth, >99.5%) as a
precipitating agent, which was hydrolyzed at 90 °C. Thereby, formed
ammonia gives a homogeneous raise to the pH value, inducing the
Sn(OH), precipitation process. The catalyst powder was filtered,
washed, and dried in air at 100 °C. The catalyst loading was 2.5 wt %
referred to be metallic Sn on AB (determined by thermogravimetric
analysis). The electrode preparation is based on a previous reported
procedure.’” The catalyst powder was mixed in a knife mill with
polytetrafluoroethylene (PTFE) (Dyneon, TF 92070Z) at a C/PTFE
ratio of 65:35. The powder was then filled in a cylindrical mask with a
diameter of 39 mm and a height of 10 mm. The mask was completely
filled with the powder mixture while the overlapping excess powder
was removed via doctor blading. Afterward, the corresponding
counterpart of the cylindrical mask was carefully inserted into the
mask, followed by a hydraulic pressing step for 1 min at 10.5 kN cm™.
Thermal treatment for 60 min at 340 °C (heating ramp 5.3 K min™")
complemented the GDE manufacturing process.

Physical Characterization. The GDEs morphology and the
catalyst dispersion were studied using a scanning electron microscope
(SEM, Zeiss ULTRA PLUS) with an acceleration voltage of 2.00 kV
and a magnification of 20k and 50k. The angle-selective back scattered
electron detector was used to obtain material contrast images and by
that showing the catalyst dispersion. Furthermore, mercury intrusion
porosimetry (MIP) was applied to obtain information about the
porosity and the pore size distribution of the GDE. The surface of the
GDE was investigated by X-ray photoelectron spectroscopy (XPS)
using a Thermo Scientific ESCALAB 250 ultra-high vacuum (1 X
107° bar base pressure) X-ray photoelectron spectrometer with a Al
Ka source (Thermo Scientific XR4).

Electrochemical Characterization. All experiments were
performed in a common three-electrode setup (cf. Figure S1). The
geometrical surface of GDE exposed to the electrolyte was 1 cm® In
all experiments, the reversible hydrogen electrode was used as the
reference electrode, whereas platinum foil served as the counter
electrode. If not stated otherwise, the temperature of the electrolyte,
1.0 M KOH, was 30 °C. The backpressure of the GDE was adjusted
to 3 mbar g using a dip tube and water column. The KOH electrolyte
was obtained by mixing solid KOH pellets (Chemsolute >85%) with
in-house purified water (ion-exchange, resistivity > 18 MQ). For
designated experiments, deuterium oxide (99.9 atom % D, Sigma-
Aldrich) was used as solvent for KOH, whereas the KOH pellets for
these experiments had a purity of 99.98% (Acros Organics). The gas
supply consisting of CO, (4.5, Linde), N, (5.0, Linde), or a mixture of
both was introduced at a flow rate of 50.0 mLn min~" toward the back
side of the GDE. The mixtures of N, and CO, were obtained via
mixing in T-fitting using mass-flow controllers (Bronkhorst EL-
FLOW Select). For all electrochemical tests, a ZAHNER-elektrik
GmbH & Co. KG Zennium electrochemical workstation and the
corresponding evaluation software Thales were used.

EIS were recorded in the range of 10 mHz to 300 kHz in a
galvanostatic operation mode while the excitation current for every
experiment was 10 mA. The reference parameter set at 30 °C was a
load of —50 mA cm™ for a measurement in 1.0 M KOH aqueous
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Figure 1. (a) Polarization curve and FEs obtained during CO, electrolysis using aqueous 1.0 M KOH as the electrolyte and (b) impedance spectra
recorded in a galvanostatic operation mode employing pure CO, and N, as feed gas.

solution and a pure CO, feed with a flow rate of 50.0 mLn min™". The
current dependent behavior of the GDE was investigated by
conducting EIS measurements at —25, —50, =75, —100, and —125
mA cm™, the thermal-dependent characteristic of the GDE was
studied at 30, 40, 50, and 60 °C. To identify CO, volume fraction-
dependent processes, the partial pressure of CO, varied by mixing N,
into the feed gas, maintaining a total gas flow of 50.0 mLn min™".
Consequently, the impedance spectra were recorded for 100, 70, S0,
30, 20, and 0 vol % CO,. Additionally, a current series was conducted
at the abovementioned loads for a gas feed containing 20 vol % CO,
and 80 vol % N,. To identify processes involving hydrogen containing
species, deuterium oxide was used as solvent to prepare 1.0 M KOH
solutions. Before recording any impedance spectra, the system was
polarized for 10 min at the desired experimental parameter set.
Immediately after these 10 min, the measurement started without
current interruption. At least three consecutive spectra (approx 7 min
relaxation time under load between each run) were recorded for each
experimental parameter set of which the second spectrum was used
for evaluation. In contrast to the first spectrum, the second spectrum
is close to steady-state conditions, and the observed changes during
the following consecutive spectra were significantly smaller compared
to the changes from the first to the second spectrum. Experiments
were repeated for at least one more time to ensure reproducible
results. To make the comparison more straightforward, the Nyquist
data were shifted to the same origin by subtracting the ohmic
resistance.”’

The Faraday efficiencies (FEs) were measured during the EIS
measurements at the given parameter set. The volume fractions of the
gaseous products H, and CO in the gas stream were quantified by a
micro gas chromatograph (4-GC, Varian) with a resolution of S min.
The obtained gaseous product volume fractions during the recording
of the second impedance spectrum (used for evaluation) were
averaged. The averaged volume fractions were then multiplied with
the inlet volume flow of the feed gas to obtain the gas flow of the
reaction products (the error of the CO, flow rate, used for the
calculation of the FEs, induced by the conversion of CO, with OH™
of the electrolyte and OH™ produced during the electrochemical
reaction is estimated in the Supporting Information). By calculating
the ratio of the experimental and theoretical product flows (applying
Faraday’s law), the FE was determined. The FE for formate was
calculated as difference from 100% and the FEs of H, and CO since
tin is known to exclusively produce H,, CO, and formate in aqueous
alkaline media.”** Additionally, we showed in a previous work that
only these three products are generated in a significant amount during
CO,RR using our in-house manufactured GDEs."

A polarization curve was obtained for pure CO, as feed gas by a
stepwise increase of the current load (—0.5 mA cm™ to —400 mA
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cm™?). Each current retained for 15 min whereas the corresponding
potential was logged after these 15 min before changing to the next
current. Simultaneously measured volume fractions of the gas phase
products via u-GC were averaged (three data points) and used to
calculate the FE. After each current step, before changing to the new
current, the high-frequency resistance was measured at the present
current to calculate the iR-drop at the specific current. Before
recording these polarization curves, the GDEs were preconditioned at
—50 mA cm™ for 10 min to achieve a reproducible wetting at the
beginning of the polarization curve measurement. The experiments
were reproduced at least once.

B RESULTS AND DISCUSSION

EIS is a powerful tool to analyze rate-determining processes
during electrochemical reactions. However, the evaluation of
the impedance spectra is not trivial and one needs to have
detailed knowledge on the contributions that can be observed
in the spectra. By recording impedance spectra as a function of
the applied current, temperature, CO, partial pressure, and
electrolyte composition, we want to elucidate the nature of the
observed features and the underlying processes during
electrochemical reduction of CO, on tin-based GDEs. The
physical characterization of the GDE is depicted in the
Supporting Information (Figure S2).

Electrochemical Impedance Spectroscopy. Before
discussing the results of the EIS measurement, it is useful to
get a general understanding of CO, reduction employing the
GDEs manufactured in our laboratory. A polarization curve for
the GDE operated with 100 vol % CO, in 1.0 M KOH at 30
°C is depicted in Figure la. The curve was recorded via a
stepwise increase of the current and logging the corresponding
potential after 15 min at each value. At the maximum current,
—400 mA cm?, the potential is approx. —725 mV with a FE
for CO and H, of about 12 and 5%, respectively. The
remaining 83% is attributed to the production of formate. A
slight scattering of the potentials at higher currents is induced
due to the gas evolution at the GDE surface making a precise
potential determination impossible. The observed FEs for CO
(~12%) and H, (~5%) remain nearly constant for potentials
of =450 mV to —725 mV. This fact indicates that even at a
current density of —400 mA cm ™2, no mass transport limitation
for CO, is observed because otherwise the FE for H, would
increase. For 1 and 0.5 mA cm™>, the FEs were not determined
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Figure 2. Impedance spectra obtained during CO, electrolysis for (a) current density and (c) temperature parameter series to identify current- and
thermal-activated processes and their corresponding imaginary part vs frequency plots (b,d).

because the quantification error would be too high due to the
low amount of charge involved.

Impedance spectra recorded at —50 mA cm™ in 1.0 M
KOH at 30 °C for 100 vol % CO, and 100 vol % N,,
respectively, are shown in Figure 1b in the so-called Nyquist
representation in which the negative of the imaginary
impedance is plotted over its real part. The measurement
frequency decreases from left to right. The spectrum obtained
for N, displays two features: in the high-frequency range (left
part of the figure), a 45° slope is observed which is determined
by the ionic and electrical conductivity inside the porous
electrode.** The second feature occurs at around 41 Hz and
represents at least one process. The EIS spectrum for pure
CO, is more complex and shows a higher polarization
resistance compared to the operation with pure N,. This
observation, which is important for later interpretation, shows
that at conditions where only HER takes place, that is, in the
absence of gaseous CO,, the polarization resistance is
significantly smaller compared to the case when CO,RR is
contributing to charge conversion. This fact suggests that the
existence of CO, inside the GDE increases the resistance for
the HER because otherwise CO, conversion would be barely
observed due to the higher polarization resistance. However,
the spectrum obtained for pure CO, gas feed shows that at
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high frequencies, the ionic and electrical conductivity
determine the shape of the spectrum in a similar way observed
for the EIS data obtained in a N, atmosphere. Significant
features occur at approximately 206 and 20 Hz and indicate
the existence of at least two faradaic processes. At even lower
frequencies, a small shoulder can be recognized where the
curve intersects with the x-axis again, denoting the existence of
another process in the low-frequency regime. An inductive
contribution in the low-frequency region—which we observe
as well—is a wide discussed topic in fuel cell science and
cannot be explained unequivocally until today. Typically, this
feature is attributed to slow adsorption/desorption processes
of reaction intermediates, the blocking of active sites with
catalyst poison, or the migration of charged species inside a
porous electrode.*>*® However, this part of the spectrum will
not be further discussed in the following because we will focus
on the elucidation of the high- and medium-frequency process
and a potential low-frequency process. The identification of the
corresponding underlying physical processes is the overarching
target of the experiments shown in this contribution. First of
all, we analyzed the thermal- and current-dependent behavior
of the impedance spectrum.

Temperature- and Current-Dependent Behavior. In
Figure 2, the current- and temperature-dependent Nyquist and
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Figure 3. (a) Impedance spectra recorded during CO, electrolysis for varying CO, volume fractions in the feed gas and (b) corresponding

imaginary part vs frequency plots.

imaginary impedance versus frequency plots are shown. The
obtained FEs for H, and CO during the EIS measurements are
in good agreement with the observed values for the FE
acquired during the measurement of the polarization curve.
The medium-frequency process around 20 Hz shows a distinct
dependence on the applied current. A higher current leads to
an exponential decrease of the corresponding medium-
frequency resistance (cf. Figure 2a). Additionally, Figure 2b
reveals that the characteristic frequency of this resistance shifts
to higher values when increasing the current. The exact same
trends can be observed for the medium-frequency process for
an increase of temperature (cf. Figure 2¢,d). This temperature-
and current-dependent behavior is commonly associated with a
charge-transfer process and strongly indicates that the
medium-frequency process displays a charge-transfer reac-
tion.”™*” A process in the low-frequency region (on the right in
the Nyquist plot) can be observed for the lowest current
density of —25 mA cm™ (cf. Figure 2a). On the other hand,
this process becomes already visible at —50 mA cm™ when
increasing the temperature to above 30 °C (cf. Figure 2c).
Typically, diffusion processes are displayed at low frequencies
which we will be investigating in the following sections.”* The
process in the high-frequency domain is slightly activated with
an increase of the current load. This behavior is further
manifested in the difference plots of the imaginary parts of the
spectra referenced for the one at —50 mA cm™ (except for
—25 mA cm™?) (cf. Figure S4a). This high-frequency process is
also activated with a temperature increase (cf. Figures 2d and
S4b). Interestingly, the FEs obtained during EIS at more or
less similar potential for the current and temperature series
(comparing spectrum —25 mA cm™ with the spectrum at S0
°C) differ from each other showing that the shift of FEs during
the temperature series is not just a result of different applied
potentials. The activation energies for the thermal-activated
high- and medium-frequency processes are determined via the
Arrhenius plot (cf. Figure S6). The corresponding activation
energy for the high-frequency process is about 43.0 + 2.2 kJ
mol™!, while for the medium-frequency process, a charge
transfer, an activation energy of 16.2 + 1.4 kJ mol™" was
calculated. In the next step, the CO, partial pressure varied to
reveal processes affected by the CO, volume fraction.
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Effect of CO, Partial Pressure. The impact of the CO,
partial pressure on the shape of the EIS spectra at —50 mA
em™? is depicted in Figure 3. It is evident that the polarization
resistance increases when the CO, partial pressure is reduced.
The resistance of the medium-frequency process, which has
been ascribed to the charge transfer, increases with the
decreasing CO, volume fraction, and the characteristic
frequency shifts to lower values (cf. Figure 3b). This indicates
that this charge-transfer process is positively affected by high
CO, volume fractions in the gas phase which determine the
concentration of dissolved species in the electrolyte according
to Henry’s law. As a result, this process can be ascribed to a
rate-limiting charge transfer occurring in the CO,RR
mechanism which is improved according to the concentration
of active species. The process observed in the high-frequency
region exhibits a lower resistance by higher CO, partial
pressures as well. According to the results presented in the
following, we suggest that this process represents the
equilibrium reaction between dissolved CO, with hydroxide
ions in the alkaline electrolyte according to

CO, + OH™ = HCO;~ (4)

It was shown in a kinetic study by Pohorecki et al. that the
activation energy for this reaction is about 45.1 kJ mol™" in
0.85 mol L™ KOH which fits to our calculated activation
energy for this process of 43.0 + 2.2 kJ mol™ (see above).”® A
density functional theory study by Cui et al. supports this as
well since at the hydroxylated tin surface, which we expect to
be present in our GDE, the conversion of CO, to HCO;™ is an
integral part of the reaction mechanism and has an activation
energy of 0.47 eV £ 45.4 kJ mol™'.** The aforementioned
decrease of the high-frequency resistance with increasing
current densities (as shown in the differential plots of Figure
S4a) can now be explained because of the increased local OH™
concentration at high current densities (cf. eqs 1-3)
accelerating the homogeneous reaction of CO, and OH™ to
form bicarbonate.

The volume fraction of CO, can be reduced to 50 vol %
without having any effect onto the low-frequency process. The
indicated small arc at low frequencies remains the same size as
well as the FE for H,. This behavior changes when reducing
the CO, volume fraction below 50 vol % to 30 vol %. A low-
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Figure 4. (a) Impedance spectra recorded during electrolysis for varying CO, volume fractions in the feed gas and (b) time-dependent behavior of
the impedance spectra for the operation with 20 and 10 vol % CO, in the feed gas.

frequency arc becomes more pronounced which is intensified
when the CO, volume fraction is further decreased to 20 vol %.
In contrast to CO, volume fractions of 100, 70, and 50 vol %
where the FE for H, is constant (~7%), the values are now
increased to 11 and 14% which we think is a result of the
depletion of the carbon containing active species due to the
low CO, partial pressure. These observations indicate that the
low-frequency process corresponds to the diffusion of the
carbon containing active species to the active site. When taking
the shape of the diffusional process into account, it can be
further specified as a finite-length diffusion process with a
characteristic finite diffusion layer thickness.” As shown
before, the observed arc in the low-frequency region increases
with rising temperatures (cf. Figure 2c) which seems to be
counter intuitive to our interpretation because diffusion
processes are usually accelerated at higher temperatures, but
on the other hand, the CO, solubility is significantly reduced at
higher temperatures which might be overcompensating the
accelerated diffusion.”

Figure 4a displays the already known EIS spectra recorded
for 100 and 20 vol % and the now introduced spectra recorded
for 10 and 0 vol % CO, in the feed gas. This figure shows that
decreasing the CO, volume fraction beyond a certain volume
fraction, in our specific case 10 vol %, the above trend becomes
reversed and the polarization resistance decreases. The
presented behavior points toward the complexity of analyzing
EIS data for CO,RR as it demonstrates how the HER becomes
the dominant process in the impedance spectrum because the
total resistance of the HER for the operation with 10 vol %
CO, in the feed gas is lower compared to the CO,RR
resistance. The fact that the FE for H, dramatically increases
from 14 to 40% when reducing the CO, volume fraction from
20 to 10 vol % supports this theory. We recently demonstrated
for tin foil electrodes that parallel occurring reactions like HER
and CO,RR during CO, electrolysis will both affect the shape
of the impedance spectrum." Following the rules of electrical
engineering for parallel resistors, it can be assumed that the
process with lower total resistance dominates the spectrum.
The dynamic shape of the impedance spectrum recorded for
GDEs supplied with 10 vol % CO, in the feed gas stream
becomes even more evident when taking a look at the time-
dependent change of the spectrum (cf. Figure 4b). Typically,
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the EIS measurements are recorded at steady-state, that is, the
first spectrum is always discarded due to conditioning effects.
This holds true for operation at 20 vol % for which the second
and third spectrum look almost identical. However, it can be
observed for the measurements with 10 vol % CO, that the
appearance of the spectrum is significantly changed with time
and that it becomes more similar to the shape of the spectrum
obtained for pure N, as feed gas. Accordingly, the polarization
resistance is reduced significantly. The very first spectrum
reveals a vast diffusional arc which is more pronounced
compared to the spectrum recorded for 20 vol % CO,. This
indicates that at the beginning, the spectrum is still dominated
by CO,RR and that the HER becomes increasingly dominant
due to a lasting depletion of the carbon containing active
species for the CO,RR inside the GDE. As a result, no
diffusional arc can be observed in the 3rd and 4th spectrum
and the polarization resistance approaches values comparable
to the operation with pure N,. The same can be observed for a
current series with 20 vol % CO, (cf. Figure S7): the
impedance spectra have a similar shape for currents between
—25 and —100 mA cm™ while only a slight change of the FE
for H, can be observed. When further reducing the current to
—125 mA cm™?, the FE toward hydrogen increases by around
9% and the spectrum is changing its shape. In particular, the
diffusional process of the carbon containing active species
which should be accented at higher currents vanishes and the
spectrum looks more like the spectrum obtained for the
operation with pure N, where the HER is the sole reaction (cf.
Figure 1b).

For a better classification of the results, we added a brief
comparison in the Supporting Information where the above
shown spectra for GDEs are compared with the spectra
recorded for the operation of tin foil electrodes (cf. Figure S9).
The results for the tin foil electrode were published in a
previous publication of our group.”'

Kinetic Isotope Effect. In the literature, there is still
ongoing debate about whether CO, (aq) or HCO;™ (aq) is the
active species during the rate-limiting step of the
CO,RR5"™* To gain further insights into this matter, we
will present experiments related to kinetic isotope effects
(KIEs) in the following in which D,0O is employed as solvent
for the electrolyte. Processes which are affected by hydrogen
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Figure 5. Imaginary part vs frequency plots obtained from EIS measurements during electrolysis using pure (a) N, and (b) CO, as feed gas and

H,0- or D,0-based 1.0 M KOH as the electrolyte.

atoms are expected to be slowed down when substituting
hydrogen with heavier deuterium which should shed light on
the species involved in the reaction.*®

The changes when substituting H,O with D,O become
evident comparing the data in the imaginary part versus
frequency part representation of the results. These plots for
pure N, and CO, gas feed in H,0- and D,0-based KOH
electrolytes are depicted in Figure S and partially reveal
significant differences in the characteristic frequencies of the
processes. The measured spectrum for the operation of the
GDE with pure N, will be determined by HER only and
should be influenced when using D,O as solvent and is used as
benchmark comparison to demonstrate how a spectrum
changes when it is affected by the substitution of hydrogen
with deuterium. Indeed, the characteristic frequency, or in
other words the velocity of the observed charge-transfer
process, is reduced from 6.6 to 1.5 Hz when using D,O as
solvent (cf. Figure Sa). The peak height which is in first
proximity proportional to the resistance is increased, and the
iR corrected potential also increases from —1003 to —1072
mV. Unsurprisingly, the ratio of the deuterium and hydrogen
gas volume fraction (0.73:1.0) in the product gas stream
agreed very well with the ratio of the corresponding thermal
conductivities (0.75:1.0, Ap, = 138 mW K" em™, 1, = 185
mW K cm™)* which determine the estimated volume
fractions using a thermal conductivity detector in the u-GC.
This ratio gives an approximate conversion factor between the
estimated H, and D, volume fractions because the u-GC was
not calibrated for D, gas. The observed changes when
operating the electrolysis cell with pure CO, and using D,0O
instead of H,O as solvent are depicted in Figure Sb. Figure S8
shows the corresponding Nyquist plots with reproduced
measurements emphasizing the significance of the small
differences measured. A difference can be seen for the
medium-frequency process—the charge transfer—which
shows a higher resistance and a slight decrease in the
characteristic frequency. The fact that the ratio of the observed
D, and H, volume fraction is 0.14:1.0 instead of 0.75:1.0 as
expected from the ratio of the thermal conductivities strongly
indicates that the FE for the parasitic deuterium evolution
reaction is shifting to lower values compared to the HER which
consequently results in a higher FE for CO,RR products in
D,0-based electrolytes. Because the FEs are shifting when
using D,O as solvent, a straightforward interpretation of the
obtained results during CO,RR in terms of KIE is quite
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difficult. However, because the measured spectrum during the
operation with pure CO, contains contributions of the HER
and CO,RR in superposition, we suggest that the observed
slight decrease of the characteristic frequency and the increase
of the medium-frequency resistance can be attributed to the D,
formation which is slower compared to the H, formation in
H,O-based electrolytes (cf. Figure Sa). This hypothesis is
supported by the fact that the rate-determining step during
CO,RR is often referred to be the initial electron transfer onto
CO, to form the CO3™ anion radical (cf. eq 5).*>*

CO, + ¢ = COy~ ©)

On the other hand no clear consensus for the CO,RR
reaction mechanism exists in the literature ruling out the
involvement of a hydrogen containing species in the charge
transfer.** However, we think that a rate-determining charge
transfer during CO,RR involving a hydrogen containing
species would result in more significant changes in the
measured spectrum than we observed and suggest that the
active species participating in the electron transfer is related to
the reduction of dissolved CO, (aq) to form the CO3~ anion
radical. Dunwell et al. demonstrated with a combination of in
situ spectroscopic, isotopic labeling, and mass spectroscopic
investigations for CO, conversion on gold electrodes that
gaseous supplied CO, [followed by the dissociation to CO,
(aq)] is not the primary carbon source during the reduction.
Instead, CO, (aq), provided via rapid equilibrium exchange of
HCO;™ and CO, (aq), is postulated to be a significant but not
the sole carbon source.*’

However, the consumed CO, (aq), obtained via equilibrium
exchange with HCO;, is then replenished by the reaction of
the gaseous CO, supply with OH™ ions at the outer boundary
of the diffusional layer to form fresh bicarbonate. CO, (aq) can
then provide very fast utilizing HCO;™ ions to transport CO,
(aq) analogous to a Grotthuss mechanism to the electrode
surface which is subsequently reduced in the rate-limiting
electron transfer. The involvement of the hydrogen containing
HCO;™ species for the mass transport of CO, (aq) is a second
explanation why the medium-frequency process is affected by
the substitution of hydrogen with deuterium without
disagreeing the postulated mechanisms showing that the
conversion of CO, to COj3” is the rate-limiting electron
transfer.
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With respect to the measuring accuracy, no significant
changes are observed for the high- and low-frequency process
when changing the solvent from H,O to D,O.

B CONCLUSIONS

We investigated carbon-supported tin-based GDEs employed
for the electrochemical conversion of CO, to formate and CO
in aqueous 1.0 M KOH via EIS. The goal was to elucidate the
underlying physical processes to help interpreting future EIS
spectra and enabling targeted optimization of CO, converting
GDEs. We observed four features in the EIS spectrum which
we tried to further specify by carrying out parameter series,
namely, temperature, CO, partial pressure, current density, and
electrolyte. Careful analysis leads us to the following
interpretation of the spectrum: the 45° line in the high-
frequency domain is a typical feature observed for porous
electrodes representing resistances arising because of the
electrical conductivity of the GDE matrix and the ionic
conductivity in the pore system. The subsequent process in the
high-frequency range was identified to be the conversion of
CO, with OH™ to form bicarbonate or vice versa. Our results
suggest that the medium-frequency process depicts the charge
transfer from the electrode onto CO, (aq) to form the CO3~
anion radical. The small arc in the low-frequency region was
assigned to the liquid phase diffusion of CO, to the active sites.
It is important to mention that it is crucial to carefully interpret
the EIS spectra because the features are in superposition with
the parasitic HER and can change dramatically depending on
the operating point, that is, when reducing the CO, volume
fraction in feed gas in our specific set up to about 10 vol %, the
spectrum is no longer dominated by the CO,RR, and the
observed features must be ascribed to the HER which as a
consequence prevents the characterization of the GDE related
to the CO,RR. In the transport limited current density regime,
this change of the dominating reaction could set-in at even
higher volume fractions. Nevertheless, our assignment of
physical processes to the observed loss resistances enables
researchers to utilize EIS for targeted optimization of GDEs for
CO, electrolysis and can aid in revealing degradation
mechanisms.
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Figure S1 Schematic drawing of electrolysis cell with 3 electrode configuration.

Reference electrode: Reversible hydrogen electrode (RHE); Counter electrode:

Platinum; Working electrode: in-house manufactured carbon supported tin based gas-

diffusion electrode (GDE). The electrolysis cell including electrolyte (1.0 M KOH*aq)

vessel were put into a water bath for tempering.

Estimation CO, flow rate error
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Since the inlet flow rate of CO, was used to calculate the FEs for the gas phase

products a slight error occurs due to the reaction of CO, with OH- present in the

electrolyte and OH- ions produced by electrochemical reactions. These phenomena

reduce the real CO, outlet flow rate so that the FEs calculated with the species

concentrations (measured via y-GC) and the CO, inlet flow rate are higher than the

ones calculated with the outlet flow rate. Seger et al. recently showed that under open

circuit voltage (no current load) the CO; inlet flow rate is reduced in the outlet from 45

mL min-' to approximately 43.5 mL min-' when using a Cu coated GDE as cathode in

1.0 M KOH. The geometrical surface area was 2 cmZ2." In our system operating in 1.0 M

KOH the CO, inlet flow was 50 mL min-' and the geometrical surface area of the GDE 1

cm?. Estimated conservatively using the data from Seger et al., the error for the CO,

flow rate due to conversion with OH- of the electrolyte is about 1.5 mL min-.

Additionally, the error induced by the conversion of CO, with OH- produced by

electrochemical reactions can be estimated via Faradays law and the ideal-gas law

assuming: | = 0.05 A (standard current during parameter series, except current density

series), z = 2, F = 96485 A s mol'", T = 30 °C, p = 101300 Pa and R = 8.31451 J K
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mol-'. After calculation the error can be estimated to be around 0.4 mL min-'. Adding up

both errors described above, the total error when using the CO, inlet instead of outlet

flow rate is ~ 2.0 mL min-! which is 4% referenced to the inlet flow rate of 50 mL min'.

In relation to the gas phase products FEs, which are around 5% up to 15%, the absolute

errors of the FEs are in the range of 0.2% and 0.6% which are insignificant.
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GDE Physical characterization

The outcome of the physical characterization measurements is summarized in Figure

S2. Figure S2 a) displays a SEM image of the GDE recorded with an acceleration

voltage of 2.0 kV and a magnification of 20k. The heterogeneity of the microstructure

becomes evident revealing a porous structure of the GDE which is essential for the

functionality of the GDE. Taking the results of the mercury intrusion porosimetry (MIP)

into account (cf. Figure S2 c)) the porosity of the electrode is about 81% and a bimodal

pore size distribution is observed which is characteristic of carbon black-based GDEs.

The pore diameters are ~ 3.8 ym and 90 nm. This bimodal pore system is of utmost

importance for a well-performing GDE since both of the pore types fulfill a specific task

during the reaction. The bigger pores with diameter above 100 um, in literature often

denoted the secondary pore system and ascribed to the voids between the carbon black

agglomerates, ensure a fast transport of gaseous CO; inside the electrode whereas the

agglomerates with pores < 100 um are filled with the electrolyte due to capillary forces.?

For a chemical reaction to happen, CO, must be transported to the active sites: CO,

dissolves at the gas / liquid interface inside the GDE whereas this interface significantly
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exceeds the geometrical surface area. Subsequently, CO, diffuses through the liquid

phase to the active sites and is converted to carbonaceous products. The outstanding

advantage of GDEs is that the diffusion length of CO, from the gas / liquid interface to

the active sites is dramatically decreased compared to bulk diffusion in set-ups using

plane cathodes. Beside the per geometrical surface area increased number of active

sites, this the reason why GDEs achieve high conversion rates for CO,RR. 24

The SEM picture in Figure S2 b) obtained with an angle-selective back scattered

electron detector shows the material contrast between the carbon network and the

catalyst particles (brighter) pointing out the uniform catalyst dispersion inside the GDE.

As shown previously, the particles have a diameter of around 10 nm — 40 nm while

additional TEM measurements revealed that the observable catalyst particles are

agglomerates consisting of crystallites with a diameter below 3 nm.*

The bonding condition at the surface of the GDE was investigated via XPS (cf. Figure

S2 d)). The inset of the diagram shows the region of interest where the catalyst

material, Sn, is specified. At about 495.4 eV and 486.9 eV one can see the peaks for

the Sn3d3,, & Sn3ds), orbital which is attributed to Sn(+Il, +1V)O, ruling out the existence
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of metallic Sn (Sn3ds, = 492.8 eV, Sn3ds, = 484.5 eV) on the catalyst surface inside

the GDE. % ¢ Unfortunately, we were not able to distinguish between SnO and SnO, with

the XPS data at hand which can be traced back to the small differences in binding

energies (SnO: Sn3ds, = 494.7 eV, Sn3ds, = 486.3 eV ; SnO,: Sn3dz, = 4954 eV,

Sn3ds, = 486.9 eV).5 6

Despite not being able to distinguish between the oxide species on the surface, it is

important to generally conclude that tin oxide rather than metallic tin is present on the

surface. It was shown that a meta stable tin oxide layer is present during

electrochemical conversion of CO, under reducing potentials.”

Additional XRD measurements were conducted for the tin catalyst which was, in

contrast to the above described procedure, directly precipitated and not on carbon

support. Thermal treatment of the tin catalayst was performed as described in the

experimental section. The diffractometer of the material is depicted in Figure S3 and

reveals that SnO, is the present species in the bulk phase.
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Figure S2 a) SEM image revealing porous microscopic structure of GDE b) material

contrast image showing the homogeneous dispersion of tin catalyst on carbon support

¢) MIP measurement of the GDE showing a bimodal pore-size distribution d) XPS

spectrum elucidating that SnO, is the dominating species on the catalyst surface.
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Figure S3 Diffractogram obtained for the unsupported catalyst material revealing that

SnO, is the present species in the bulk phase.
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Figure S4 Difference plot of the imaginary parts for the a) current series whereas the

data obtained for - 50 mA cm? are taken as reference b) temperature series whereas

the data obtained for 30 °C are taken as reference.

Calculation activation energy E,

The activation energy E, for the high — and medium frequency process was calculated

using the Arrhenius equation (Eq. S1).8 Rr represents the corresponding faradaic

resistance of the high — or medium frequency process. Ry represents the pre-

exponential factor. R is the universal gas constant whereas T represents the
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temperature. The slope of the linearized Arrhenius equation (Eq. S2) includes the

desired information about the activation energy.

Ey
Rr = Rpo* exp (m) (S1)
Es 1
11‘1(RF) = IH(RF()) + F hd f (82)

We did not want to perform equivalent circuit modelling (EQCM) to obtain the values for

the faradaic resistances of the processes since it was not our aim to set up an

equivalent circuit model. We focused on qualitative interpretation of our data since this

is more convenient in the early stage of EIS analysis for CO,RR. However, to obtain

meaningful Arrhenius plots we need the values for the resistances of the high- and

medium frequency process. To get these values we calculated the polarization

capacitance C, via Eq. S3 for each spectrum of the temperature series. w describes the

angular frequency. Z' and Z” represent the real and imaginary part of the impedance.®

10
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C 1 ( p Z” )

= %Nz o2 S3

p w (Z,)2+ (Z,,)Z ( )
The Z' values of the inflection points of the plot vs C, vs. Z' mark significant changes of
the time constants and by that dividing the spectrum into sections. The width of each
section is the approximate resistance of the corresponding underlying process. Figure

S5 exemplarily demonstrates the procedure for the spectrum obtained at 40 °C.
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Figure S5 - Nyquist plot obtained for the operation of the GDE at 40 °C and the

corresponding plot of the polarization capacitance vs. Z'. The Z’ values of the inflection
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points divide the spectrum into section whereas the width of a section is the

approximate resistance value for the underlying process.

The resistance values for the high- and medium frequency process for the tested

temperatures are displayed in Table S1. These values are inserted into Eq. S2 and

plotted (cf. Figure S6). The activation energy E, for both processes was calculated via

evaluation of the slopes of the lines.

Table S1 Temperature dependent resistance values for the high- and medium

frequency process.

Temperature /
°C

30

30

40

40

50

50

60

60

RHigh frequency /

1.105

1.012

0.720

0.703

0.365

0.415

0.225

0.243
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19
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£
-1.0 4 ()
High frequency process
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Figure S6 Arrhenius plot for the high and medium frequency resistance for the

calculation of the activation energy for each process.
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Figure S7 a) - Nyquist and b) imaginary part vs. frequency plot for a current series

recorded during operation of the GDE with a feed gas composition of 20 vol% CO, and

80 vol% N,. The diffusional arc in the low frequency domain vanishes at - 125 mA cm2

and the shape resembles the spectrum obtained for the operation with pure N,. This

was interpreted as a change in the shape dominating reaction (from CO,RR to HER) of

the impedance spectrum.
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Figure S8 - Nyquist plots obtained for H,O and D,O based electrolytes during operation

with pure a) N, and b) CO,. The total polarization resistance increases using D,O based

electrolyte for both gas feeds.

Comparison of EIS spectra obtained for CO.RR on tin foil and SnO, / C gas-diffusion

electrode

For better classification we present a brief comparison of impedance spectra recorded
for the operation with pure CO, and N; on tin foil and SnO, / C gas-diffusion electrodes
(cf. Figure S9). The detailed information regarding the spectra for tin foil electrodes can
be found in a previous work of our group. '

It becomes evident when looking at the change of the spectrum for the GDE when

substituting N, with CO, that the shape of the spectrum significantly changes from one
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semi-circle to three semi-circles. As argued in the main text we suggested that this
changing shape is due to a change of the shape-determining reaction from HER to
CO2RR because the resistance of the HER is increased during operation with CO, while
at the same time CO,RR is favored evidenced by the faraday efficiency of 91% for the
CO,RR

In comparison, EIS measurements for tin foil electrodes in N, and CO, saturated 1.0 M
KHCOj; solution showed two arcs. Importantly, the shape of the spectrum remains the
same when N, is substituted with CO,. Merely the semi-circle diameters increase when
CO; is used as feed gas suggesting that the shape-determining reaction is the same
when operating the cell with CO, instead of N,. The fact that the spectrum shape for tin
foil systems is in contrast to the GDE system independent of the feed gas might be
explained due to the high HER faraday efficiency (FE H,: 87%) for CO, operation in the
tin foil system. On the contrary, for the GDE system where the spectrum shape is
dependent on the feed gas, the FE H, changes substantially from 100% for the
operation with N, to 9% when operated with CO..

The comparison between these two different electrode systems supports our theory that
depending on the reaction conditions during CO,RR the appearance of the EIS
spectrum can change according to the more dominant and, therefore, shape-
determining reaction during electrolysis. A distinct observed change in the spectrum
shape does not necessarily have to be attributed to the alteration of properties

describing the CO,RR but can be ascribed to a change of the investigated (spectrum
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shape-determining) reaction as well. Still, simple changes for the semi-circle diameters
while maintaining the same impedance spectrum shape seem to be reasonable to

evaluate the degree optimization or degradation of the investigated system.

3.0 20
100 vol% CO, a) O 100 vol% CO, b)
O 100 vol% N, O 100 vol% N,
2.5
15 4
2.0
€ FE Hy: € FEH,:
S 151 o 10 85% Tin foil
=~ only H, detected SnOx /| C GDE -~ only H, detected
N N
v 1.0+ ' o © o o .
° oc? °©? %0, e
o) o] o
0.5 o, o,
- % b,
0.0+ %@ 0 &
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Figure S9 Comparison of impedance spectra recorded for a) the operation of a GDE
with N, and CO, feed gas as shown in this contribution b) tin foil electrodes in N, and

CO, saturated 1.0 M KHCO3; as demonstrated in a previous work of our group.'’
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ABSTRACT

This work investigated the degradation of tin — based gas-diffusion electrodes (GDE) and also a promising
Bi,03 GDE in electrochemical CO, reduction in highly alkaline media which has not been studied before.
The contributions of the electrode wetting (or flooding, if excessively) and catalyst leaching on the degra-
dation were analyzed. Therefore, electrochemical impedance spectroscopy was used to monitor the wet-
ted surface area of the GDE in combination with post-mortem analysis of the penetration depth by
visualizing the electrolyte’s cation in the GDE cross-section. Furthermore, to reveal a possible degradation
of the electrocatalyst, its distribution was mapped in the GDEs cross-section after operation while the
catholyte was additionally analyzed via ICP-MS. The results clearly demonstrate that the SnO, catalyst
dissolves in the reaction zone inside the GDE and might be partially redeposited near the GDEs surface.
Since the redeposition process occurs only partially a steady loss of catalyst was observed impeding a
clear distinction of the two degradation phenomena. Nevertheless, the deterioration of the electrode per-
formance measured as faraday efficiency (FE) of the parasitic hydrogen evolution reaction (HER) qualita-
tively correlates with the differential double layer capacitance (Cyq;). A significant difference of the rate of
increase for the hydrogen FE and Cy, can be ascribed to the superposition of both above-mentioned degra-
dation mechanisms. The demonstrated instability of SnO, contrasts with the behavior of Bi,03 GDE which
is stabilized during CO, conversion by redeposition of the diluted dissolved species as metallic Bi which is
active for the CO, reduction reaction.
© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights reserved.

1. Introduction

species a widely pursued strategy is to utilize CO, as feedstock for
the electrochemical conversion to the desired carbonaceous spe-

Several countries have signed the Paris Agreement to commit to
the joint target to keep the global warming well below 2 °C refer-
enced to the temperature level in pre-industrial times. To achieve
this target, coordinated efforts are necessary to reduce the carbon
output of the international community. In the case of the EU-28 the
contribution of industrial processes to the overall CO, emissions is
around 8%. Mitigating these emissions necessitates addressing
both the form of energy input as well as the source of chemical
feedstock both realizable by the substitution of conventional pro-
cesses by innovative routes [1-3]. In the case of carbon containing

* Corresponding authors.
E-mail addresses: Fabian.Bienen@dlr.de (F. Bienen), Andreas.Friedrich@dlr.de
(K.A. Friedrich).
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cies and by that changing the role of CO, from harmful waste to
a valuable resource [4-6]. The composition of the obtained carbon
containing products highly depends on the used catalyst and oper-
ational parameters of the electrolyzer [7,8].

One of the possible products during CO, conversion is formate
or formic acid, depending on the prevailing pH-value. In this reac-
tion only two electrons need to be transferred (cf. (1)) making it a
relatively simple reaction from a mechanistic point of view [9,10].
It was shown by Verma et al. that formate/formic acid can indeed
be produced electrochemically in a commercially competitive
manner with state-of-the-art performance metrics [11]. Besides
the traditional usage of formate as de-icing agent it was shown
in a proof of concept study that formate solutions obtained in
CO, electrolysis can also be used as energy carriers which opens

2095-4956/© 2021 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by ELSEVIER B.V. and Science Press. All rights reserved.
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a new field of application for the produced carbonaceous species
[12]. SnO, based electrodes are known to convert CO, and H,O to
formate as well as carbon monoxide in smaller quantities accord-
ing to Egs. (1) and (2). Unfortunately, the conversion of H,O to
H, (Eq. (3)) is a parallelly occurring parasitic reaction reducing
the charge efficiency.

CO, + H,0 + 2e =HCOO™ + OH" 1)

)
(&)

In the electrochemical CO, reduction reaction (CO,RR) commu-
nity it is widely known that plane electrodes converting CO, dis-
solved in the bulk electrolyte are limited to a maximum
achievable current density of < 35 mA cm™2 due to the low solubil-
ity of CO, in aqueous electrolyte (33 mM L' in H>0, 25 °C, 1 atm)
[7,13,14]. Enforcing a higher current density will only result in an
increased hydrogen formation by water reduction as CO, is not
transported sufficiently fast to the active sites. Therefore, so called
porous gas-diffusion electrodes (GDEs) are used to improve the
interplay between the liquid electrolyte, solid catalyst particle
und gaseous reactant [15-18]. The porous architecture of these
electrodes increases the number of active sites and significantly
reduces the diffusion length of CO, to the catalyst surface in the
liquid phase, which in consequence will lead to higher achievable
current densities up to hundreds of mA cm~2 [19,20]. However,
long-term stability of CO, converting SnO, - based GDEs has not
been studied to a lager extent so far [21]. In the few instances
where it has been investigated, the GDE degraded after several
hours of operation which can be seen in an increase of faraday effi-
ciency of the hydrogen evolution reaction (HER) [21,22]. Birdja
et al. recently published a contribution describing a good-
practice for the evaluation of the degradation of CO, converting
electrodes. From the view point of the electrode performance
(Faraday efficiency for reaction products) they suggested three
key guidelines: averaging of currents for the FE calculation should
be avoided (constant current operation recommended), reproduc-
tion of experiments to calculate error bars, high sampling fre-
quency for product quantification [23].

However, taking a look into the literature usually GDE flooding
and catalyst alteration are mentioned as possible degradation
mechanisms during CO,RR whereas only a few studies further
investigate the underlying degradation mechanism itself. In the
case of GDE wetting Leonard et al. specifically investigated the
flooding mechanism of CO, to CO converting Ag - GDEs. They con-
cluded that the flooding of the GDE is besides the well-known elec-
trowetting effect promoted by the precipitation of carbonates due
to the high local pH values. The hydrophobic properties of the por-
ous architecture can be recovered after washing the electrode and
diluting the carbonate salt [24]. In accordance, Jeanty et al. pro-
posed that besides providing protons for the reaction a certain
extend of wetting is beneficial to prevent the precipitation of car-
bonates inside the GDE and maintain carbonate removal from the
reaction zone [25]. Regarding the catalyst stability of SnO, Lee et al.
investigated the stability of SnO, nano-catalysts during CO,RR to
formate via post-mortem X-ray diffractometry and X-ray photo-
electron spectroscopy measurements. They stated that in moder-
ately alkaline media a metastable SnO, layer is present at the
surface of the catalyst particle even at negative potentials which
agrees with the work of Baruch et al. and Dutta et al. who used dif-
ferent advanced operando materials characterization methods like
ATR-IR and Raman spectroscopy [26-28]. The latter ones also
showed that besides a metastable surface SnO, layer the bulk
material is reduced to metallic tin which is more favored at weak
alkaline conditions [28]. Interestingly, to the best of our knowledge

CO; + H,0 + 2e"=C0O + 20H"

2H,0 +2e =H, + 20H"
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no study exists where the stability of SnO, during CO,RR was char-
acterized via elemental analysis of the catholyte to reveal a dis-
solved tin species which would point towards catalyst leaching.
A detailed overview for possible degradation mechanisms during
CO,RR on GDEs can be found in the comprehensive review of Nwa-
bara et al. or in the contribution of Popovic et al focusing on
copper-based electrodes [21,29].

In this work we investigated two possible degradation phenom-
ena: the leaching of the catalyst out of the GDE and the flooding of
the porous GDE which alters the mass transport properties of CO,.
To this end, the double layer capacitance as measure of the GDEs
wetting state was monitored with time and correlated with the
hydrogen FE as well as with the measured electrolyte penetration
depth determined post-mortem after a variety of operation times.
In addition, the catholyte was analyzed for dissolved tin species via
inductively coupled plasma mass spectroscopy (ICP-MS) while
post-mortem catalyst mapping in the cross-section of the GDE
was used as supportive method to reveal catalyst loss or
redistribution.

2. Experimental
2.1. Gas-diffusion electrode preparation

2.1.1. SnO, - based gas-diffusion electrodes

Sn0, - based GDEs were prepared as described in our previous
publications [20,30]. Briefly, Sn was deposited onto acetylene black
(Alfa Aesar, 100% compressed, 99.9+%) as Sn(OH), via a homoge-
neous precipitation procedure using SnCl, x 2 H,O (Carl Roth,
>98%) as precursor. The powder was filtrated, washed and dried
(100 °C) in air. The catalyst powder had a Sn loading of approxi-
mately 2.6 wt% and was mixed in a knife-mill with PTFE (Dyneon,
TF 2053Z) at a weight ratio of 65 wt% (referenced to carbon) to
35 wt%. The mixture was filled in a cylindrical mask (d = 39 mm;
height: 10 mm) and dry pressed for 1 min at 10.5 kN cm~2. Finally,
the GDE was thermally treated at 340 °C for 1 h to improve the
PTFE distribution and by that increasing the mechanical stability.
A detailed characterization of the material and the GDE can be
found in Figs. S1 and S2 and our previous works [20,30].

2.1.2. Bi»03 - based gas-diffusion electrodes

Bi,03 was prepared according to Yuan et al. [31]. The method
was modified for a precipitation analogous to the previous
described SnO, - based GDEs. Therefore, conc. HCI (22.5 mL) was
poured to acidify a slurry of acetylene black (13.6 g; Alfa Aesar,
100% compressed, 99.9+%), sodium dodecyl sulfate (0.865 g) and
water (300 mL) while subsequently the precursor Bi(NOs); x 5
H,0 (3.0 g; >98.0%, Carl Roth GmbH & Co. KG) was added. After
that 1.0 M NaOH was added slowly to the slurry until a pH value
of 11 was reached. Following the slurry was stirred for 2 h at room
temperature and 3 h at 90 °C. The material was filtered, washed
with 2 L of deionized water and dried at 100 °C overnight. The
GDE preparation was the same as described for the SnO, - based
GDEs. To archive the same molar ratio of catalyst as Sn the used
amount of precursor was adjusted to the higher molar weight of
Bi (approx. 4.5 wt% Bi on carbon). Transmission electron micro-
scopy images and an X-ray diffractogram of the material are pro-
vided in the SI (Fig. S3).

2.2. Electrochemical measurements

Electrochemical measurements were conducted in a three-
electrode set-up consisting of the working electrode, reversible
hydrogen electrode (RHE) as reference electrode and nickel-mesh
as counter electrode. Both electrodes had a geometrical surface
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area of 3.14 cm? The gaseous backpressure of the GDE was
adjusted to 3 mbar, via a water column at the CO, outlet while
the hydrodynamic pressure was constant due to a fixed maximum
column height of 41 cm. The cathode and anode chamber were
separated via an anion exchange membrane (AEM, fumasep®
FAB-PK-130). 1.0 M KOH (Chemsolute >85%) or 1.0 M NaOH
(Merck >99%) aqueous electrolyte was circulated via a peristaltic
pump at a flow rate of 5 mL min~! and tempered to 30 °C. The total
volume of the catholyte was 1.0 L, whereas 0.5 L of electrolyte was
used as anolyte. CO, (4.5, Linde) was provided from the backside of
the GDE at a flow rate of 50 mLn min~". The outlet gas flow was
measured via a bubble-meter (Merck). Corresponding FEs for CO
and H, were calculated via faradays law by measuring the exhaust
gas-stream composition (u-GC, Varian) and flow-rate (bubble-
meter). The FE for formate was determined using the catholyte
flow rate and the in- and outlet concentration of formate which
was analyzed via high performance liquid chromatography (HPLC,
Agilent Technologies: 1260 Infinity II LC System, Column: Hi-Plex
H, 7.7 x 300 mm, 8 um).

EIS spectra were recorded in galvanostatic operation mode with
a ZAHNER-elektrik GmbH & Co. KG Zennium electrochemical
workstation. The evaluation of the spectra was performed with
the RelaxIS 3 software (rhd instruments GmbH & Co. KG). The spec-
tra were recorded in a frequency range of 200 mHz-300 kHz
(~5 min run time) with an excitation current of 10 mA for all exper-
iments. Before recording EIS spectra the system was conditioned
for 10 min at the desired parameter set. To monitor the time
dependent wetting of the GDE the spectra were recorded consecu-
tively with a time resolution of approx. 5 min. Each spectrum was
then fitted to an equivalent circuit model (EQCM) to extract the
differential double layer capacitance Cq4 which serves herein as
approximation for the electrochemical surface area (ECSA).

2.3. Post-mortem analysis

2.3.1. Scanning electron and energy dispersive X-ray microscopy

After the electrochemical characterization a selection of GDEs
was prepared for post-mortem analysis to visualize the penetra-
tion depth of the electrolyte into the porous GDE. Element map-
ping of the electrolyte’s cation was performed on the cross-
section of the electrode indicating the extent to which the elec-
trolyte has penetrated into the GDE. Therefore, the reactor was dis-
assembled and the GDE rinsed with demineralized water. The GDE
was then instantly immersed in liquid nitrogen to fix the residual
electrolyte in the pore space at the location where it was present
after the experiment. Consecutively, the GDE was dried at room
temperature in a vacuum oven via sublimation of the frozen water
until a constant pressure inside the oven was achieved indicating a
completed drying process. The dried electrode was cut with a scal-
pel to expose the GDEs cross-section.

The scanning electron microscopy (SEM, Zeiss ULTRA PLUS)
images were taken with a magnification of 60 at an acceleration
voltage of 20 kV. For energy dispersive X-ray microscopy (EDX) a
Bruker XFlash 5010 device was used to visualize the distribution
respectively penetration depth of the electrolyte’s cation. Finally,
the colored images were quantitatively evaluated using Image]
[32] to measure the penetration depth of the electrolyte’s cation
at several representative locations inside the GDE and averaging
the results. The catalyst material was mapped as well to make
qualitative statements on the degree of leaching.

2.3.2. Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) mea-
surements were carried out for catholyte samples at t = 0 h and
t = 24 h to reveal catalyst leaching. Therefore, the XSeries2 device
(Thermo Fisher Scientific) equipped with an argon plasma and a
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quadrupole mass spectrometer was used to quantify tin or bismuth
in the catholyte. Samples were prepared by pipetting a defined vol-
ume of the original electrolyte, neutralizing and acidifying with
concentrated HNOs to a final acid concentration of 2 vol% (Rotipu-
ran®Sup, Carl Roth), adding 1 mg L~! internal standard (Sc or Lu,
ICP standard solutions, 1000 mg L~', Carl Roth, Germany) and
finally diluting the samples by factor 10. Calibration was carried
out using Sn or Bi concentrations of 0, 0.5, 1, 10, 100, 500, 1000,
2500 pg L~ (ICP standard solutions, 1000 mg L™, Carl Roth, Ger-
many) and ensuring a correlation coefficient of at least 0.999.
Detection limits were calculated as a 30 times blank concentration.

3. Results and discussion

The target of this contribution is to give insights into the degra-
dation mechanisms of SnO, - based GDEs during CO, electrolysis.
Therefore, we focused on two possible aspects: the excessive wet-
ting/flooding of the GDE and a potential catalyst leaching. First, we
tried to correlate the GDEs performance with the wetting behavior
of the electrodes. The latter was characterized via EIS to obtain the
double layer capacitance, Cq4;, and post-mortem analysis of the pen-
etration depth of the electrolyte during operation. In addition, the
catalyst stability was studied via element mapping of the catalyst
distribution inside the GDE as well as by ICP-MS measurements
of the catholyte after the electrolysis.

-Z2"1Q
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Fig. 1. (a) Exemplary - Nyquist plot (scatter) obtained for a SnO, - based GDE
during CO,RR at —50 mA cm 2 in 1.0 M aqueous KOH and fitted data (line). The
used equivalent circuit model consists of: Inductance, Rg, 2 R - Q elements. (b)
Exemplary potassium element map of the GDEs cross-section after freeze-drying
procedure for the quantification of the electrolyte’s penetration depth.
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3.1. Evaluation approach

For a better understanding we want to elaborate the methodol-
ogy for an exemplary experiment in the following. Fig. 1(a) shows
an impedance spectrum of the SnO, - based GDE for which the
spectrum shape is characteristic and typical for this type of GDE
at the studied parameter sets. In a previous detailed contribution,
we investigated and discussed the obtained impedance spectra
for the system at hand and assigned the observed arcs to the
underlying physical processes [30]. The intersection of the curve
with the x-axis in the high frequency region represents the Ohmic
resistance while the straight line in the high frequency region is
caused by the porous architecture of the electrode. The arc in the
high frequency region was suggested to correspond to the chemi-
cal reaction of CO, to HCOs. The lower frequency region in Fig. 1
(a) is ascribed to a charge-transfer process which can be quantita-
tively analyzed via equivalent circuit modeling (EQCM) to extract
the differential double-layer capacitance (Cg) as a measure of the
wetted surface area. The equivalent circuit which was fitted to
the raw data consisted of the following elements: inductance, Rq
and two R-Q Elements (cf. Fig. 1(a)). The fitted parameters of the
R-Q element in the lower frequency region (R, Q, o) were used to
convert the Q-value via Brugs equation into a physical meaningful
capacitance value [33]. The time evolution of the Cgy values is gen-
erated by analyzing consecutive recorded galvanostatic impedance
spectra over several hours of time.

Fig. 1(b) illustrates how the penetration depth of the electrolyte
into the GDE was measured. Therefore, the GDEs cross-section was
analyzed via element mapping after the GDE was dried according
to the above described freeze-drying process. The electrolytes
cation, potassium, was mapped via EDX and used to monitor the
penetration depth of the electrolyte. The shown penetration depth
(cf. Fig. 2(a)) is the average of two repetition experiments while the
error bar displays the standard deviation of all measured lengths of
the original sample and the reproducibility experiment. It is evi-
dent, that potassium carbonate or bicarbonate are predominantly
precipitated and by that accumulated deeper inside the GDE due
to the dramatically increased pH value in the reaction zone which
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is a result of sluggish OH™ removal into the bulk electrolyte
[24,34,35].

3.2. Time dependent GDE wetting

The GDE was operated for different time spans and analyzed as
described in 3.1 to visualize the time dependent wetting behavior
of the GDE and to correlate the Cy with the electrolyte’s penetra-
tion depth (cf. Fig. S6 and Table S1) determined via cross-
sectional element mapping.

The results of the galvanostatic EIS (—50 mA cm2) and penetra-
tion depth evaluation are depicted in Fig. 2(a). The Cy, values indi-
cate a sharp increase of the wetted surface area at the beginning of
the experiment up to ~300 min. The sharp increase is characteristic
for the wetting of GDEs and can also be seen in the time dependent
behavior of the electrode’s potential (cf. Fig. 2(a) inset) and is
caused by electrowetting which is induced by the potential depen-
dent surface energy reduction of the liquid/solid interface [36]. As
seen in Fig. 2(a) the initial potential during galvanostatic electrol-
ysis is quite negative, resulting in a high driving force for the elec-
trowetting. After 300 min the increase of C4 becomes stationary
until about ~900 min at which a more erratic increase of Cy can
be observed. Interestingly, this sharp increase is not pictured by
the post-mortem evaluated penetration depths. The penetration
depth increases with a square root like function of the time which
nicely fits to the standard equation for the description of time
dependent imbibition of liquids into porous material: the simpli-
fied Lucas-Washburn equation (Eq. (4)), which balances contrary
acting forces induced by surface energy and viscosity effects [37].
The capillary constant includes: surface energy (liquid-solid),
dynamic viscosity, contact angle, average pore radius.
kcapillary * \/E (4)

The fact that the Cy values and penetration depths do not per-
fectly correlate indicates that the depth of penetration is not the
sole parameter influencing the double layer capacitance. Possible
structural degradation as roughening, catalyst agglomeration or

lpenetration =

25
(b) Faraday efficiency H,
Ca

§ 204

ué Jeonst. = - S0 mA cm2

S

8

g 154

Ei

o

S

5

>

=

B 104

=

o

3

=

K]

2

2 37

g

0+ . . . :
0 400 800 1200 1600
t (min)

Fig. 2. (a) Monitored Cy and potential for a SnO, - based GDE over 24 h of operation at —50 mA cm 2. Post-mortem determined penetration depth of the electrolyte’s cation
which was fixed via rapid freezing of the GDE directly after disassembling and rinsing with de-ionized water. Inset: Corresponding time dependent electrode potential. (b)
Corresponding FE of the parallelly to CO,RR occurring parasitic HER recorded for 24 h as a measure of the performance of the GDE.
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leaching, salt deposition and carbon corrosion can affect the Cy
values as well and cannot be excluded with certainty. However,
the measured penetration depth solely indicates the macroscopic
wetting of the GDE along a straight line (cf. “Evaluation approach”)
analogous to a continuously moving electrolyte front from elec-
trolyte to gas side, the double-layer capacitance is ascribed to the
wetted surface area inside this electrolyte front evoked by the
complex porous architecture and heterogeneity (pore size distribu-
tion, tortuosity, PTFE distribution and surface functionality) of the
GDE. In detail, capillary penetration is a time dependent process
which highly depends on the hydrophobicity of the material and
the pore radii as indicated in Eq. (4). Consequently, it can be sug-
gested that the filling of the Cy determining pores, i.e. small pores
due to over proportional contribution to the surface area, occurs at
a different velocity as compared to larger pores. Depending on the
hydrophobicity the electrolyte penetration into the small pores can
be faster or slower compared to the filling of pores with bigger
radii. In contrast to the Cg determination the image-based evalua-
tion of the penetration depth does not include the time dependent
progressing wetting inside an already wetted area as the resolution
of the technique does not allow it. This is suggested to be the rea-
son why the time dependent Cy values and penetration depths do
not perfectly correlate.

Besides the Cy; values Fig. 2(b) illustrates the time course of the
hydrogen FE (corresponding FE for CO and HCOO™ are depicted in
Fig. S4). It becomes obvious that the hydrogen FE qualitatively fol-
lows the same shape of the Cg curve (with a little offset) or vice
versa suggesting a correlation between the wetting of the electrode
and the extent to which the parasitic HER occurs.

The sharp increase of Cy around 900 min is not a measurement
or EQCM evaluation artifact since it is a reproducible phenomenon
and at the same time the hydrogen FE indicates that something has
happened to the electrode. The origin of the sharp increase of Cy
and hydrogen FE cannot be clarified without any doubt but might
be explained with different approaches:

- There is a sudden increase (for a so far unknown reason) of the
wetted surface area. A mechanical failure of the GDE was not
observed and would have been visible in the element mapping.
The change of hydrogen FE runs a head of the change of Cy and
not vice versa. The nature of the Helmholtz double layer which
affects the specific capacitance might deviate significantly when
more hydrogen is produced (increased number of adsorbed
hydrogen species) which in consequence may lead to a sharply
growing capacitance value. The increasing hydrogen FE can be a
consequence of a possible catalyst dissolution which will be
shown in the next section.

To provide further insights an exemplary potentiostatic EIS
experiment was conducted to reveal a possible effect of the applied
operation mode on the obtained results. The measured data of the
potentiostatic experiments are depicted in Fig. S7 and show that
Caq1 follows the same trend as shown in the galvanostatic
experiments.

To reveal a possible catalyst alteration, we performed galvano-
static EIS measurements and mapped the tin catalyst in the GDEs
cross-section while additionally analyzing the catholyte for tin.

3.3. Catalyst leaching in SnO, — based GDEs

Since it was shown that the GDE degradation is not solely
caused by electrode flooding we wanted to investigate the possibil-
ity of catalyst leaching. For this purpose, we performed galvanos-
tatic electrolysis experiments at —25 mA c¢m 2, =50 mA cm 2
and —75 mA cm™? with simultaneous EIS measurements for
800 min and subsequent mapping of Sn in the GDEs cross-
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section. In addition, the catholyte was investigated via ICP-MS.
The same post-mortem procedure was repeated for a GDE which
was kept at OCV for 800 min. It is important to mention that for
EDX mapping of Sn we had to switch the cation of the electrolyte
from potassium to sodium (Ka; = 1.040) because the characteristic
X-Ray energies of potassium (Ko; = 3.314 keV; KB; = 3.590 keV)
and tin (Lo = 3.444 keV; LB; = 3.663 keV) are too close to be sep-
arated accurately which is evident by a clearly identified broad
potassium peak overlapping into the tin peak region. Higher elec-
tron beam energies to clearly identify tin (Koy = 25.271 keV;
KB, = 28.485 keV) were not accessible with the hardware at hand.

Fig. 3 shows the element maps for sodium and tin after the
operation of 800 min at OCV at different current densities. It
becomes evident that at OCV no significant penetration of elec-
trolyte into the GDE can be observed which is due to the extremely
hydrophobic nature of acetylene black and PTFE. The wetting starts
under polarization induced by the change of the surface energy
when applying a potential as illustrated by the sodium element
maps for the current series. The observable penetration depths
(297 um % 32 pm; 405 pm £ 67 pm; 541 um + 53 pm) correlate with
the increasing current densities (respectively polarization) while
the plateaus of the Cg values for —25 mA cm~2 and —50 mA cm 2
also indicate an increased wetting at more negative potentials (cf.
Fig. S8). Accordingly, the triple-phase region is expected to be
shifted deeper inside the GDE at higher current densities which
results in an elongated diffusion length for product removal. Addi-
tionally, the time course of Cy points out that the wetting rate
increases as well (cf. Fig. S8). These observations regarding a
favored wetting at more negative potentials is expected as it fol-
lows the rules of electrocapillarity stated by Lippmann where a
higher polarization leads to a decrease of the surface energy of
the solid/liquid interface [36].

A loss of tin is observable when a current is applied as it is pic-
tured by the absence of tin in the region with a significant presence
of sodium. There is the possibility that the loss of tin might be
overemphasized by the presence of precipitated sodium carbonate
in the pore system which impedes the detection of tin as the emit-
ted X-rays might not penetrate through the carbonate and reach
the detector. To prove a possible catalyst leaching ICP-MS mea-
surements of the catholyte were carried out to reveal a possible
tin dissolution. Fig. 4(a) summarizes the results and already points
out in a qualitative manner that tin can be found in the catholyte
indicating a non-stable catalyst at the applied potentials in highly
alkaline media.

Starting with OCV it can be seen that - contrary to the mapping
results — even without polarization at a time averaged potential of
Eigr ~+50 mV vs. SHE a small amount of tin is detectable in the cath-
olyte. The origin of the detected amount of tin must be attributed
to catalyst leaching because the tin concentration in the blind sam-
ple of the electrolyte was below the detection limit (29 ng L~1). At
this potential and pH (>14.0; 1.0 M NaOH) the Pourbaix diagram
suggests the following dissolution reaction of the initial catalyst
material SnO, (cf. Fig. 4(b)):

Sn0, +20H =Sn0%™ + H,0 (5)

Under a load of —25 mA cm 2, —50 mA cm 2 and —75 mA cm 2
the time averaged potentials (Ejgr vs. SHE) are shifted to —1.40 V,
—1.51 V and —1.58 V. According to the Pourbaix diagram metallic
Sn is the thermodynamically stable phase at these potentials
assuming a reasonable pH value of at least 14. This suggests that
the catalyst SnO, might be directly reduced to metallic tin via:

SnO; + 2H,0 + 4e=5n + 40H" (6)

The reduction of SnO, to the metallic form under similar condi-
tions was previously stated by several authors [26-28].
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Fig. 4. (a) Concentration and normalized - with respect to penetration depth - concentration of dissolved tin species in the catholyte determined via ICP-MS measurements
after CO,, electrolysis for 800 min at the desired current density and OCV. Inset: Corresponding time dependent electrode potential. (b) Pourbaix diagram for tin calculated
according to Pourbaix [38]; circles represent the iR corrected averaged potentials for the operation at the current densities shown in (a).

Additionally, the E - pH diagram emphasizes that SnO, can be
stepwise reduced to Sn via SnO and/or dissolved Sn03~ and HSnO3
[27,28,38]. The fact that tin can be found in the catholyte (cf. Fig. 4
(a)) shows clearly that a dissolved tin species is present and that
SnO, reduction at least partially occurs via such mechanism. This
might explain why besides a loss of catalyst material deep inside
the GDE an enrichment of tin can be found near the GDEs surface.
The dissolved tin species shows a tendency to move in the direc-
tion of the bulk electrolyte due to diffusion induced by the concen-
tration gradient of dissolved tin and electromigration of the
negatively charged tin ions in the direction of the anode.

Unfortunately, SnO, and not metallic tin is the active species in
CO,RR and might explain a degradation of the GDE in terms of cat-
alyst alteration in addition to the observed leaching [39]. However,
several authors suggested that under reduction conditions a meta-
stable native oxide layer is present at the catalyst surface impeding
the degradation of the active material. This metastable oxide layer
is only stable to a certain extent, the protecting oxide layer will be
reduced at extremely negative potentials [26,28,39].

As indicated in Fig. 4(a) and (b) more negative potentials seem
to be beneficial for a subsequent redeposition of tin inside the GDE.
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It must be mentioned that due to the generated OH™ ions during
CO3RR and HER (cf. (1)-(3)) the pH value inside the porous system
can be significantly higher than 14, possibly changing the thermo-
dynamically stable tin species to HSnO5 instead of metallic tin (cf.
Fig. 4(b)). This phenomenon would be observed first for the exper-
iment at —25 mA cm 2 as the corresponding averaged potential is
the closest to the equilibrium line. Besides the more positive
potential at this current density this might be the reason why
the highest tin concentration in the catholyte can be found for
the experiment at —25 mA cm~2. Additionally, the potential at
—75 mA cm? is significantly more negative which favors the rede-
position of dissolved tin species. The reduced amount of diluted tin
species at higher current densities can be seen even more pro-
nounced when normalizing the measured tin concentration with
respect to the penetration depth to decouple the effect of an
increased amount of wetted surface area at higher current densi-
ties (cf. Figs. 4 and 3). Since we did not perform ICP-MS measure-
ments for the anolyte a cross-over of dissolved SnO3~ or HSnO3
though the AEM cannot be excluded with certainty as reason for
the reduced amount of diluted tin species for —50 mA cm~2 and
—75 mA cm~2 compared to —25 mA cm 2.
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Among the formate-producing materials, only the bismuth -
based catalysts are known to be electrochemically active in the
metallic state, whereas for all the others, e.g. In, Hg, the presence
of a metastable oxide surface layer seems necessary for formate
generation at adequate FE [40]. To overcome the unavoidable oxide
reduction at the conditions at hand and to allow to investigate
long-term stability of the GDE without the superimposed catalyst
stability issue, we manufactured Bi,O3 — based GDEs and analyzed
their long-term behavior in the same manner.

3.4. Degradation of Bi,03 - based GDEs

To evaluate the stability of the Bi,O3; GDE, cross-sectional ele-
ment mapping and ICP-MS measurements of the catholyte were
performed after 24 h of operation at —50 mA cm2 in 1.0 M
KOH. According to the Pourbaix diagram metallic Bi is the stable
phase (cf. Fig. 5(a)) at the observed average potential Eg = —1.30
V vs. SHE (cf. Fig. 6(b) inset) and pH value >14. The direct electro-
chemical reduction of Bi,O3 can be described via:

Bi,0; + 3H,0 + 6e"=2Bi + 60H" (7)

According to Fig. 6(a) the same behavior for Bi,O3; can be
observed as in the case of the SnO, - based GDE (cf. Fig. 3): com-
pared to the non-wetted area the bismuth signal is significantly
reduced in the center region of the GDE. Close to the GDEs surface
which faces the electrolyte it appears that an enrichment of bis-
muth is observable. These observations indicate that Bi,Os3 is leach-
ing into the catholyte with a subsequent reduction of the diluted
species in the outer region of the GDE. In fact, Vivier et al. showed
in a detailed cyclic voltammetry study that the mechanism of Bi, 03
reduction to metallic Bi in alkaline media includes a dissolved BiO5
species from which the observed mobility of bismuth (cf. Fig. 6(a))
can be deduced [41]. Furthermore, the dissolution of Bi,O3 is
favored at higher pH values which can be an explanation for the
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distinct loss of Bi; O3 in deeper layers of the GDE since the transport
of produced OH™ from the active area into the bulk phase is hin-
dered. The chemical dissolution of Bi,Os and the subsequent elec-
trochemical reduction of the diluted species to Bi probably follows
these simplified reactions [41,42]:

Bi,03; + 20H™ =2Bi0; + H,0 (8)

BiO; + 2H,0 + 3~ =Bi -+ 40H" 9)

Analogous to the characterization of the SnO, - based GDE,
samples of the catholyte were taken at the beginning of the exper-
iment (no polarization) and analyzed for bismuth. Interestingly,
the sample taken at t = 0 min had a bismuth concentration of
22.8 ug L' (probably introduced by impurities in the KOH salt)
whereas the averaged value of both samples (two identical exper-
iments) taken after 24 h under load showed a significant lower
concentration of 5.0 ug L™! + 1.2 pg L~! which is close to the detec-
tion limit of 3.0 ug L~! and lower than the quantification limit
9.0 ug L1 (cf. Fig. 5(b)).

The ICP-MS results combined with the observations in the ele-
ment mapping suggest that Bi,Os partially dissolves to BiO; but
is quantitatively reduced again to metallic Bi so that no effective
catalyst leaching can be observed with ICP-MS. Our results further
indicate that bismuth impurities of the electrolyte salt are reduced
to metallic bismuth as well. The different precipitation degree of
the dissolved species in the tin- and bismuth - based system might
be ascribed to the different potentials for the transition from dis-
solved to metallic species as determined by thermodynamics and
illustrated in the corresponding Pourbaix diagrams. Whereas the
potential for reduction of BiO3 to Bi is located at —0.50 V vs. SHE
[38], the transition of HSnO~ to Sn occurs at around —1.10 V vs.
SHE, both at pH 14. The corresponding electrode potentials during
electrolysis were —1.30 V and —1.51 V, respectively, indicating the
difference in the driving force for the reduction.
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Fig. 5. (a) Pourbaix diagram for bismuth calculated according to Pourbaix [38]. (b) Bismuth concentration in catholyte determined via ICP-MS at the beginning of the

experiment and after 24 h.
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Fig. 6. (a) Cross-sectional element maps of potassium and bismuth obtained for a Bi,O3 - based GDE which was operated for 24 h at —50 mA cm~2. (b) Corresponding time

dependent behavior of Cy), hydrogen FE and electrode potential.

The corresponding time course of the FE for hydrogen and the
Cq values for the Bi,O3 GDE are depicted in Fig. 6(b) (FE for CO
and HCOO™ are illustrated in Fig. S9). The Cq, curve has a similar
shape as for the SnO, GDE indicating a comparable wetting behav-
ior which is expected as only the catalyst material was changed.
Since no effective loss of catalytically active species is observed,
the increase of the hydrogen FE with time indicates a degradation
process promoted by increased wetting due to:

- A mass transport problem: hindered removal of liquid phase
product or blockage of gas transport pores with electrolyte or
precipitated carbonate salts impeding sufficient CO, transport
[24,25]

- A reversible change of selectivity induced by a shift of the
potential to a less negative value as a result of the increased
wetting which raises the number of the accessible active sites
(j = const.).
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In detail, two slopes of the hydrogen FE curve can be distin-
guished: in the region of 0-500 min a distinct increase of hydrogen
FE is observable which correlates with the significant change of Ejg
vs. SHE in this time region. Conversely, the sharp increase of Cy is
only observed until ~200 min instead of 500 min indicating that
the on-going significant hydrogen FE increase cannot solely be
attributed to the wetting. After 500 min the hydrogen FE increases
with a lower rate which correlates with the time course of the
potential. The substantial increase of Cy at ~900 min is not
reflected in FE H, suggesting again that an increased wetting does
not necessarily result in proportionally higher hydrogen FE.

On the other hand, catalyst leaching was neglected as reason for
the degradation since it was shown before, that less bismuth can
be found in the catholyte at t = 24 h compared to t = 0 h. This, at
first sight, reasonable assumption might not be accurate since
the element mapping illustrated a diminishment of bismuth dee-
ply inside the GDE so that a catalyst redistribution -evoked by
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the reduction of Bi,O5 to Bi via dissolved BiO; - can be concluded.
Since this diminishment of catalyst is observed at the interface
where the electrode is wetted and non-wetted (indicated by potas-
sium cf. Fig. 6(a)) it might be the case that the reduced amount of
catalyst in the reaction zone - which is expected to be close to the
cross section of the wetted and non-wetted area - alters the elec-
trodes performance. Additionally, even without an effective loss of
catalyst material the dissolution of Bi,O3; and redeposition of Bi
will very likely lead to bigger particles and by that reducing the
catalytic surface. Unfortunately, the approach to use Bi,Os GDEs
was not able to completely deconvolute the impact of catalyst
alteration and GDE wetting onto the degradation mechanisms to
safely identify the mainly responsible phenomenon. For future
work it will be helpful to directly synthesize Bi — based catalyst
material instead of Bi,O3 so that a redistribution of the catalyst
induced by dissolvable Bi,O3 at the applied potential and pH region
(cf. Eq. (8)) can be prevented.

4. Conclusions

In this contribution we investigated the degradation of SnO,
and Bi;03 - based GDEs in the electrochemical reduction of CO,.

Our results demonstrate that the observed GDE degradation is
affected by the wetting behavior and catalyst leaching. The contri-
bution of each degradation process cannot be quantified separately
if the catalyst is not stable - as is the case for SnO, in highly alka-
line media - which as consequence will prevent a clear assignment
of the main degradation mechanism. Furthermore, under galvano-
static operation an increased wetting of the GDE will lead to a
reduced potential and alter the GDEs performance due to the
potentioselective nature of the CO,RR while the reversible perfor-
mance drop could falsely be assigned to an irreversible degradation
phenomenon. It was not possible to conduct potentiostatic EIS
measurements since the applied potential cannot be iR compen-
sated during the EIS measurement. This would be necessary since
the current in potentiostatic EIS will increase with time due to the
progressing wetting induced by the applied potential.

However, besides not being able to exactly quantify the specific
contribution of the electrodes wetting and catalyst leaching to the
degradation of the GDE our results clearly show that SnO, is not a
suitable catalyst for the long-term operation of a CO, electrolyzer
in highly alkaline media: without controlling the local pH value
(i.e. incorporation of an ionomer) SnO, will be leached out of the
GDE and might be redeposited as tin metal which is not active
for CO,RR but instead favors HER. ICP-MS measurements of the
catholyte indicate that this redeposition is not quantitative and
that the catalyst will be lost over time. To overcome the catalyst
leaching and to deconvolute the possible degradation processes,
Bi, 03 GDEs were manufactured as it was hypothesized that reduc-
tion to metallic bismuth will not deteriorate performance as in
contrast to most formate-producing catalysts bismuth is active
for CO,RR in metallic form. Unfortunately, similar as in the case
of Sn0O,, dissolution of Bi,O; was observed as evidenced from
cross-sectional bismuth maps of the GDE. In contrast to the SnO,
- based GDE the diluted dissolved species was redeposited quanti-
tatively as demonstrated by ICP-MS measurements which pointed
out that there was no bismuth accumulation in the catholyte. This
and the fact that redeposited metallic bismuth is active for CO,RR
itself is strongly suggested to be the reason why the degradation of
the Bi;O3 GDE is less distinct compared to the SnO, GDE.

However, to clearly solve the problem of two superimposed
degradation mechanisms, we suggest for future investigation the
direct preparation of Bi GDEs since the metallic species is the active
species for CO,RR and according to the Pourbaix diagram stable in
highly alkaline media and the negative potentials at hand. Conse-
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quently, the alteration of the GDE due to a redistribution of the
active material via dissolving and redepositing - even if quantita-
tively - can be prevented and the contribution of the GDEs wetting
onto the electrodes degradation clearly determined.
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Fig. S1 (a) Hg-Porosimetry revealing a bimodal pore system (b) XPS spectrum showing that
SnOy is dominating the catalyst surface; peak deconvolution to distinguish between SnO> and
SnO was not possible with hardware at hand) (¢) SEM image emphasizing the porous structure
of the GDE (d) material contrast elucidating the homogeneous dispersion of tin catalyst on

carbon support [1].
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Fig. S2 Diffractogram obtained for the unsupported catalyst material showing that SnO> is the
dominating species in the bulk phase of the catalyst [1].

S3
146



Articlelll S

1.0 (a)

=
(9]
1

Normalized intensity / a.u
>
S
e

1

=

(9]
1

— B1,0; pure catalyst
-1.0 ———Bi1,0, JCPDF: 01-080-9184
— ;

10 20 30 40 50 60 70 80
26"

Fig. S3 (a) Diffractogram obtained for the unsupported catalyst material revealing that Bi,Os3 is
the present species in the bulk phase. (b) Dark field TEM images of the supported BioOj3 catalyst

emphasizing a homogeneous distribution of Bi2Os.
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Fig. S4 Exemplary overview of time resolved FE for H2, CO and HCOO". Galvanostatic
operation of an SnO; based GDE at - 50 mA cm™ in 1.0 M KOH. Total FE is smaller than 100%
due to cross-over of HCOO" through the anion exchange membrane (AEM) with subsequent

oxidation at the anode [2].

S5
148



Articlelll Sl

50

1 Cromate Catholyte outlet
45 Crommae ANOlyte outlet
40
35 1
1 Econstaut: -1.2 Vvs. RHE
30 1
25 1
20 4
15 1

10

Crommaie &t T€ACtor outlet (mmol L)

0 y T J T J T ; T T y T y T y
0 200 400 600 800 1000 1200 1400 1600
¢ (min)

Fig. S5 Formate concentration at the reactor outlet of the anolyte and catholyte cycle revealing
formate cross-over through the AEM. Potentiostatic operation of an SnO»-based GDE in 1.0 M
KOH at - 1.2 V vs. RHE.
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Fig. S6 Exemplary maps of potassium in the GDEs cross-section after operation at - 50 mA cm™

for the desired time interval.

Table S1 Evaluated penetration depths at 5 different spots obtained for two independent similar

experiments for each operation time.

Time / | Length 1/ | Length 2/ | Length 3/ | Length 4 / | Length 5 / | Average / | Standard deviation /
min pm pm um pwm um pm pm
120 181 180 156 156 167
120 106 110 126 132 112 142 27
360 235 220 244 240 249
253 23
360 299 271 271 231 267
744 355 421 373 368 412
404 34
780 405 468 437 376 426
1440 492 520 563 598 569
522 40
1440 489 533 504 480 475
S7
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Fig. S7 Calculated Ca values for an exemplary potentiostatic EIS measurement when operating a
SnO»-based GDE in 1.0 M KOH at - 1.2 V vs. RHE. Additionally, the measured current and iR-

corrected potential are plotted.

Firstly, Fig. S7 shows that potentiostatic EIS is not potentiostatic in the very meaning of the
word (see Eir curve). This is due to the progressing wetting which is induced by the applied
potential. The electrolyte will cover more and more active sites so that the resulting current will
increase. The potential during potentiostatic EIS cannot be iR corrected “on the fly” so that the
real potential of the electrode (affected by the increasing current) is not constant. The time course
of the real applied potential and Caq show the same shape as for the galvanostatic EIS
experiments indicating that the obtained results should not depend on the applied operation

mode.
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measurements of an SnO> based GDE in 1.0 M NaOH at - 25 mA c¢cm™ and - 50 mA cm™.
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Electrochemical reduction of CO, to useful chemicals can change the role of CO, from harmful waste to a valuable feed-

stock. Despite a lot of progress in the alkaline electrochemical conversion of CO, to formate, there is still a lack of potential

applications for the generated aqueous formate solution. Here, the general ability of formate to be used as an energy or

hydrogen carrier is discussed and compared to well-known energy storage chemicals. Concepts to employ formate solu-

tion as an energy carrier by combining CO, electrolysis with the reconversion of formate into electricity via a direct

formate fuel cell or catalytic decomposition to H, combined with a proton exchange membrane fuel cell are demonstrated.

Keywords: CO, reduction, Direct formate fuel cells, Energy carriers, Gas diffusion electrodes, Power-to-X technologies
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1 Introduction

Some of the most important challenges society and industry
are facing in the next decades are related to facilitating a
shift of energy and chemical production away from fossil
towards renewable resources and feedstocks, and to estab-
lish a circular, sustainable, and carbon-neutral economy [1].
Increasing the share of renewable energy in the global ener-
gy mix inevitably requires concepts of energy storage due to
the fluctuating nature of most of the renewable energy
sources such as wind and solar energy [2]. In this respect,
the low-temperature electrochemical reduction of CO,
(CO5RR) on the cathode of an electrochemical cell is a
promising approach to employ excess electricity from re-
newables and store it as chemical energy [3 - 10].

In principle, depending on the electrocatalyst [11-13]
and the reaction conditions [14 - 16], a vast variety of prod-
ucts are accessible, from which, however, only few have
been demonstrated so far to yield promising key figures re-
garding selectivity and reaction rates. From the accessible
products, only CO and formic acid/formate (pKa = 3.77)
have been shown to be produced with sufficient perfor-
mance values, namely, at Faradaic efficiency (FE) above
80% and current densities in the order of 100 mA cm™ for
hundreds of hours [17]. This is not surprising, as produc-
tion of these two-electron transfer products is kinetically
favorable on state-of-the-art catalysts (Sn- and Ag-based for
formate and CO, respectively) without yielding an array of
different products as on copper-based systems [18]. In
recent years, also techno-economic analyses have been pub-
lished which confirm that formic acid (not formate, see lat-
er) and CO are closest to reach economically competitive
conditions [19-22]. This is facilitated by their relatively
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high market price. For CO or syngas, i.e., a mixture of CO
and H,, the application possibilities are manifold and its
production via electrolysis is highly promising regarding
the much-quoted and desired sector coupling, i.e., the inte-
gration of electricity from renewable resources into other
fields of application, here, the chemical sector or the pro-
duction of fuels.

On the contrary, although many studies are focused on
the production of formate, its application and prospect as
product remains quite elusive. It is often overlooked that it
is not formic acid (FA) but formate that is produced in
CO,RR as in almost all instances neutral to alkaline condi-
tions are employed, requiring an additional acidification
step if the FA market is targeted. Furthermore, for both for-
mate and FA, an energy-intensive separation from the elec-
trolyte would be mandatory, questioning if this route is eco-
nomically reasonable at all. While market potential for
potassium formate, which is nowadays mainly used as de-
icing agent, is small, it is often referred to its potential as
energy vector in energy storage applications. This applies
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for its use in H, storage, i.e., dehydrogenation and subse-
quent use in proton exchange membrane fuel cells
(PEMECs) or as fuel in direct liquid fuel cells (DLECs),
Fig. 1 [23,24]. However, to the best of the authors’ knowl-
edge, studies proving the coupling of CO, electrolysis
(CO,EL) with these approaches of reconversion into elec-
tricity and critically assessing the system potential have not
been published so far. Here, it is argued that in order to jus-
tify the considerable work on the electrochemical genera-
tion of formate in a process which lends itself to be trans-
ferred into large-scale applications, it is crucial to consider
the valorization of the product. This is the starting point of
the present contribution discussing these possible valoriza-
tion pathways in a proof-of-concept study. The aim of this
work is to experimentally demonstrate the feasibility of cou-
pling the formate-rich product stream from CO,EL with
subsequent use in the above-mentioned applications. To the
best of the authors’ knowledge, this is the first time this has
been published. To introduce the motivation, the experi-
mental study is embedded into an elaborate discussion on
the meaningfulness and suitability of formate as energy car-
rier as well as an introduction into the corresponding tech-
nologies. In that respect, relevant results from literature are
included to describe the importance of optimizing the inter-
face between the respective processes rather than optimiz-
ing each technology individually.

2 Concept of Electricity Storage Using
Formate as Hydrogen Carrier

2.1 Evaluation of Formate as Energy or Hydrogen
Carrier

The unique advantage of utilizing power-to-gas/liquid/
chemicals or more generally power-to-X technology for
energy storage application is the combination of the unpre-
cedented energy content that can be stored in chemical

bonds, simple scalability of the processes, and the ability to
transport and store significant amounts of energy over a
long period of time [2]. At the moment, various compounds
are discussed as being attractive for chemical energy stor-
age, ranging from methanol, ethanol, FA, or other liquid
organic hydrogen carriers (LOHCs) to H,, methane, or
ammonia, with each technology exhibiting certain advan-
tages and drawbacks [2,25,26]. As none of the chemical
storage alternatives is superior in every aspect, it depends
on the specific application and the rather subjective weight-
ing of different properties to favor one over the other. Also,
for the subsequent release of electricity in times of demand,
different routes exist depending on the carrier, from which
two approaches will be discussed herein: (1) the reforming
or dehydrogenation of the compound with the subsequent
use of the produced H, in hydrogen-fed fuel cells and (2)
the direct utilization in liquid-fed fuel cells. While the first
approach benefits from the already mature H,/O,-fuel cell
technology, the latter is characterized by the compactness of
the system but exhibits much lower technology readiness
level (TRL). However, for certain niche applications, similar
technologies, e.g., methanol, ethanol, and also FA fuel cells,
have already been brought to demonstration scale proving
their potential in certain off-grid applications, such as port-
able devices, supply logistics, or military equipment in
which practicability outweighs price, energy density (see
below), or scalability [27].

Naturally, being a liquid energy carrier when dissolved
in aqueous solution, formate can be considered advanta-
geous over gaseous compounds regarding safety, ease of
transport, and storage. Although volumetric energy den-
sity of FA is in the same order of magnitude as com-
pressed H, at 700bar (~1.3kWhL™), with 2.1kWhL™
(1.72kWhkg™) it is rather moderate compared to metha-
nol and ethanol with 4.82kWhL™ (6.09kthg‘1) and
6.32kWhL™" (8.0kWhkg"), respectively. For formate,
exclusively taking into account energy density is even
more problematic than for formic acid, as the formate salt

is usually dissolved and diluted in water, fur-

CO,RR: CO; + H,O+2e = HCOO + OH
CO, + 20H = CO4* +H,0

in alkaline conditions (pH=10.5)
K

I= ~ =18
]E HCOO" E ﬂl_,o‘:\

co,

% HCOO-
0, solution
= a7
KOH/ KHCO,

OER 20H = 050,+ HO+2e

Direct-Formate

ther decreasing energy content to 756, 151,
and 76 WhL™! for 10, 2, and 1M, respectively.
This sets strict limitations to its use in energy
storage applications, in particular, when high
energy density is indispensable, such as in elec-
tromobility. Thus, it is evident that neither

Fuel Cel aqueous potassium formate nor diluted FA
solution can be considered promising in this

catalytic : :

dehydrogenation app lication.

However, instead of discussing theoretical
energy densities, it can be reasonable to compare
the realizable energy densities. In certain DLFCs,

.
o)~

Figure 1. Coupling of CO, electrolysis to formate with the subsequent reconver-
sion into electricity using fuel cell technologies.
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e.g., only diluted feed streams can be used and/
or only partial oxidation realized, which reduces
the available energy density considerably. The
first holds true for direct-methanol fuel cells
and, to lower extent, to direct-formic acid fuel
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cells for which fuel crossover through the membrane limits
the concentration at which the fuel cell works properly to
2-4M [27]. Partial oxidation is, e.g., encountered in direct-
ethanol fuel cells, where mostly just the 4-electron reaction
towards acetic acid takes place instead of complete 12-elec-
tron oxidation to CO,, thus, drastically decreasing the avail-
able energy density down to 252 WhL™ for partial oxida-
tion of a 2M solution. On the contrary, as it will be
described later, direct formate fuel cells (DFFCs) running
on concentrations as high as 15M have been reported [28],
corresponding to an energy density of 1.13kWh L™, Yet, in
the end, more important is the applicability of the technolo-
gy and the advances that can be made in the performance
of the energy-recovering system in comparison to compet-
ing electricity storage technologies, i.e., how much electrical
energy can realistically be recovered and how efficiently. In
this regard, performance reported with DFFC and dehydro-
genation of formate are so far highly overlooked but indeed
very promising, as will be discussed in the respective chap-
ters.

Another important aspect, when the discussion is set in
the context of green chemistry and the implementation of
electricity from renewable resources, is the generation of the
energy carrier. Formate can be regarded as being particular-
ly promising as it is directly produced from CO, and elec-
tricity. But also the generation of methanol produced from
CO, and renewable hydrogen (or directly from CO,EL),
ethanol and furfural from fermentation of biomass residues,
or glycerol as waste product from biodiesel can be consid-
ered sustainable. Furthermore, formate salts are environ-
mentally benign and less harmful than methanol and FA,
the latter being also highly corrosive. On the contrary, other
suggested storage chemicals such as hydrazine, ammonia,
and borohydride might have high hydrogen content and
show promising results when used in a

2.2 Routes of Reconversion of Formate into
Electricity

In the following, two routes to reconvert formate into elec-
tricity are described and important aspects for the coupling
with CO,EL are addressed.

2.2.1 Direct Formate Fuel Cell

In a DFEC, formate and O, are used to generate electricity.
A sketch of the working principle is shown in Fig.2. The
corresponding electrochemical reactions are the oxygen re-
duction reaction (ORR) and the formate oxidation reaction
(FOR), according to:

Cathode (ORR):

0, +2H,0 + 4e-=40H~ E° = 0.40 V vs SHE (1)

Anode (FOR):

2HCOO™ 4 60H™ =2C0%™ 4 4H,0 + 4e~

()
E® = —1.05 V vs SHE

Overall:

2HCOO™ +20H™ + 0,=2C03™ +2H,0 U’=145V
(3)

The reaction at the cathode is already known from the
H,/O, alkaline fuel cell, which is the conversion of oxygen
and water to hydroxide. At the anode, potassium formate
(HCOOK) reacts with KOH to potassium carbonate and
water. These two half-cell reactions are separated by an
anion-exchange membrane (AEM). The transport of OH”

DLEC, but are highly toxic or dangerous
and, thus, rather unsuitable for decen-
tralized or portable applications.

In summary, formate shows certain
intriguing aspects which make its use
attractive, particularly, when considering
the coupling of its generation by electrol-
ysis with electricity recovering by fuel

cell technologies. A definite and critical b %
assessment, however, must comprise a
complete and quantitative analysis of the
whole process chain starting from its
production, transportation, and use [29]. OH

Importantly, it has to take into account
the specific field of application to find
the niche where its use is competitive
and reasonable. A decisive factor will be
a successful further development of the
technologies to improve performance,
efficiency, and price.

Flow-field

, + A
pe .
H,0 co;

HCOO OH
\ ,&, .
Anion exchange Flow-field

membrane
Anode: formate

Cathode: oxygen
oxidation reaction

reduction reaction

Figure 2. DFFC scheme showing the components of the cell, reactants, and products.
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from the cathode to the anode compartment maintains the HCOO™ 4+ OH =H, + CO%}~ (4)
charge neutrality during operation. The theoretical cell volt-
age is 1.45V (pH 14) [30], the highest among all common HCOO~=CO + OH~ )

fuel cell systems.

The DFFC system provides certain beneficial properties.
In comparison to FA, potassium formate shows low toxicity
and is not corrosive which makes it easy to handle, store,
and transport. Compared to acidic environment, alkaline
medium accelerates the kinetics of both ORR and FOR (on
Pd) while it also enables the use of non-noble metal cata-
lysts [31]. Another advantage is that fuel crossover is signif-
icantly lower since OH™ is transported through the AEM
from the cathode to the anode which is in the counter direc-
tion of a possible HCOOK crossover [32].

For these reasons, the use of DFFCs has gained a lot of
interest in the last years and prompted considerable output
of literature (see overview in [33]). Several authors demon-
strated that operating DFFCs with pure O, at elevated tem-
peratures (up to 60°C) is beneficial [31,34,35] and that
their performance exhibits a strong dependence on the
composition of the feed. Studying the literature, it appears
that the interaction between formate concentration, fuel cell
performance, and oxidation kinetics is highly dependent on
the system and not fully understood yet. Wang et al. report
that the energetic efficiency reaches a maximum of 32 % at
4M HCOOK [36]. According to Bartrom et al., the DFFC
performance exhibits an optimum at a concentration of 1 M
[28]. The latter also showed that oxidation kinetics is posi-
tively influenced by high formate concentrations up to 15 M
which is advantageous regarding energy density of the fuel.
Unfortunately, this does not translate into better perfor-
mance in the full cell which is argued to be a matter of effi-
ciency of fuel delivery to the active site, anode utilization,
and ohmic losses. To the best of the authors’ knowledge, the
best DFFC performance with a model fuel stream was dem-
onstrated by Tran et al. [32] who reported an energy density
of 302mW cm ™ for a fuel cell operating with pure oxygen
at 60°C, 1M HCOOK, and 2M KOH. Indeed, the pub-
lished results already indicate reasonable applicability of the
system to power certain portable devices. Based on their
system performance, Wang et al. calculated that already
100 mL of 4 M HCOOK solution would facilitate the charg-
ing of a representative mobile phone field charger of 12 Wh
when their device is scaled to a membrane electrode assem-
bly (MEA) size of 200 cm? [36].

2.2.2 Formate Decomposition to H, and Use
in Hydrogen-Fed Fuel Cells

Catalytic decomposition of formate can proceed via two dif-
ferent pathways. First, via the preferred dehydrogenation
(Eq. (4)) forming H, and carbonate, or second, via decar-
bonylation (Eq. (5)), resulting in CO and OH". In both cases,
water serves as source of protons. When the generated H, is
used in a fuel cell, a CO content of less than 20 ppm is neces-
sary to prevent poisoning of the electrocatalyst [23].
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While a lot of research is done on the decomposition of
FA - a concept particularly promoted by the group of Beller
et al. [37] and Grasemann and Laurenczy [38] for H, stor-
age — only a handful of publications deal with the decompo-
sition of formate solutions. In this regard, particularly the
studies of Su et al. [39] and Bi et al. [40] showed highly
promising results, successfully introducing heterogeneously
catalyzed hydrogen storage based on ammonium and potas-
sium bicarbonate/formate, respectively. Besides demonstrat-
ing reversibility of de-/hydrogenation using a carbon-sup-
ported Pd catalyst, in both cases formate salts were
decomposed to H, with yields >90 % at optimized condi-
tions and, importantly, without detection of CO. The latter
can be explained by the mechanistic observation that the
decomposition of FA follows a formate pathway which
yields 100 % selectivity towards CO, and H, [41]. Further-
more, as dehydrogenation of formate results in the forma-
tion of (bi)carbonate (pKa = 10.5) instead of gaseous CO,,
as shown in Fig. 3, a mostly undiluted H, stream is pro-
duced which is of great advantage when coupling the pro-
cess to a hydrogen-fed fuel cell [42].

[catalyst]
HCOOH == CO, + H, pH <3.77
u +H,0
-H* H,CO,
[catalyst] u -H*
+H,0
HCOO- HCOy + H, pH > 10.3
-+ i
Co 2
pH

Figure 3. FA/formate decomposition and the connection to the
carbonate cycle in aqueous solution.

2.3 Coupling of CO, Electrolysis with Subsequent
Formate Utilization

To establish formate obtained from CO,EL as a reasonable
energy carrier, its electrochemical production has to be of
high energetic efficiency at relevant production rates and
yield a product stream of high concentration. Unfortunately,
so far, CO,EL often lacks in all of the above aspects. In terms
of energetics, the sluggish reaction kinetics of both cathode
and anode (oxygen evolution) reaction (OER) as well as
ohmic losses throughout the cell contribute to a low efficien-
cy. Accordingly, reported values barely exceed 30 -40 % at
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relevant current densities which increases specif-
ic energy input and, thereby, the cost of the elec-
trolysis [43]. Besides the development of more
efficient catalysts to decrease overpotentials, the
limited conductivities of electrodes, membranes,
and electrolytes cause ohmic losses that are re-
flected in the overall cell voltage as well and must
be kept at a minimum. While a highly conductive
electrolyte is favorable in all electrochemical ap-
plications, its choice also strongly affects the ac-
tivity and product distribution [44,45] by deter-
mining the composition in the electrochemical
double layer, and thus, the kinetics and diffusion
characteristics. The choice is further complicated
by the required compatibility in the subsequent
energy-recovering process, e.g., regarding the
coupling product potassium (bi)carbonate,
which forms both during alkaline CO,EL as well
as during both utilization steps. Precipitation by
(locally) exceeding the solubility limit of the sol-

OH

Anode: oxygen
evolution reaction

Anion exchange
membrane

Cathode: gas-diffusion electrode
CO,reduction

vent causing a blocking of the pores of the cata-
lyst support and reducing lifetime of the elec-
trode might be a result.

Of utmost importance, when the formate-rich product
stream is to be used in energy-related applications, is to ob-
tain a high concentration. Current density and residence
time are obvious parameters to maximize concentration.
However, so far, achieved concentrations at single-pass are
well below 0.5 M, if reported at all [6], which is too low to
obtain a reasonable energy density. This suggests that recir-
culation of the product stream to enhance total residence
time and to accumulate formate is mandatory. To the best
of the authors’ knowledge, this has only been done by Kac-
zur et al. who introduced a unique three-compartment set-
up in which, despite working under alkaline conditions, the
end product is FA at extremely high concentration up to
4M [46]. When operating at high concentrations, it be-
comes reasonable to switch from cation-exchange mem-
branes (CEMs), e.g., Nafion, which are employed in a ma-
jority of literature studies, to AEMs as shown in Fig. 4. This
is important, as in neutral to alkaline conditions, the CEM
transports K" instead of protons to maintain charge neutral-
ity, which leads to an increasing accumulation and deple-
tion of OH™ and K" in the cathode and anode chambers,
respectively. In turn, this yields a corresponding opposite
shift in pH on either side of the membrane and an increase
of reactor voltage. This is negligible at small residence time
and single-pass but becomes a problem at high recirculation
rates. Using an AEM would allow for the compensation of
this effect [47,48]. Important aspects that arise are AEM
availability, price, stability at high pH, and selectivity for
OH™ over HCOO'. Both the change in composition by ac-
cumulation of (bi)carbonate and formate, but also inevita-
ble product crossover and oxidation would necessitate find-
ing an optimum point of operation regarding product yield,
efficiency, and concentration.
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Figure 4. Filter-press type flow-through electrolysis cell for alkaline CO,EL.

To deal with the low solubility of CO, in aqueous media,
which limits the maximum current density on planar elec-
trodes to a few mAcm™ [49] and, therefore, again, the
product concentration, gas diffusion electrodes (GDEs) are
commonly used. These highly porous electrodes provide a
high internal surface area at which the three-phase bound-
ary forms and where the reaction takes place. Thereby, gas-
eous CO, can be fed and diffusion paths of dissolved CO,
to the active sites can be minimized to a thin electrolyte film
enabling current densities of several hundred mA cm™.
Recently, the high performance of a hydrophobic GDE,
comprised of polytetrafluorethylene (PTFE)-bound carbon
black and loaded with a nanosized SnOjy catalyst, was dem-
onstrated, by which up to 400 mA cm™? at FE >80 % could
be achieved [3]. Fig. 5 shows the significant increase in ac-
tivity with such electrodes compared to a plain tin foil.

3 Experimental Section
3.1 Electrochemical Reduction of CO,

3.1.1 Catalyst and Electrode Preparation

SnO, nanoparticles supported on carbon black were pre-
pared as recently described in [3], based on the homoge-
nous precipitation method via urea decomposition by Song
and Kang [50]. Acetylene Black was suspended in double-
distilled water by strong magnetic stirring (16 h) and ultra-
sonication (1h). The targeted percentage of tin on carbon
black was 2.5wt%. SnCl,-2H,O and urea were added in
concentrations of 0.01 and 0.5 M, respectively, and hydroly-
sis was performed at 90 °C for 4 h. The black solid was fil-
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Figure 5. Linear sweep voltammetry displaying an elevated ac-
tivity for Sn-GDE compared to Sn foil.

tered, carefully washed with water and dried at 100 °C over-
night. The preparation of GDEs was performed by a dry
pressing method described in [3]. In short, the SnO,-loaded
carbon is mixed with PTFE powder in the desired ratio in a
knife mill and a portion of the mixture is transferred to a
cylindrical mask (7.07 cm?). Electrodes were pressed, ex-
tracted from the mask and undertaken thermal treatment at
340 °C for 10 min under nitrogen atmosphere.

3.1.2 Electrolysis Setup

Electrolysis was performed in a custom-made three-com-
partment cell operated in semi-batch mode under galvano-
static conditions at 1000 mA cm™. The cathode chamber
consists of two parts, a gas side and a liquid side, separated
by the GDE. The anode compartment is separated by a
Nafion® 117 membrane. The GDE (sealed against the frame
by an acrylonitrile butadiene styrene (ABS) plate leaving
1cm? of geometrical surface area), a fine Ni mesh and an
Hg/HgO (1M KOH) electrode serve as working, counter,
and reference electrode, respectively. CO, was constantly
fed at 28 mL min}, while the electrolyte was added batch-
wise. Aqueous solutions of 2 M KHCOj; (27 mL, adjusted to
pH = 10 by KOHy)) and 5M KOH (30 mL) were used as
catholyte and anolyte, respectively. Electrolyte temperature
was set to 50 °C by circulating the electrolyte trough heat
exchangers in a thermostat. The final formate concentration
was determined via high-performance liquid chromatogra-
phy (HPLC).

3.2 Direct Formate Fuel Cell

3.2.1 Electrode Preparation

At the cathode side, a silver-based GDE supplied by Coves-
tro Germany AG, was used. The anodes were prepared in-
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house via drop casting onto a gas diffusion layer (Sigracet
29 BC, SGL Carbon). The ink consists of 9.6vol%
ultra-pure water (Alfa Aesar, HPLC grade), 86.5vol %
2-propanol (Chemsolute®, LC-MS quality), 3.8 vol % alka-
line ionomer fumion (Fumatech) and a mass concentration
of 13.5mgmLy," of carbon-supported palladium (Alfa
Aesar, 10 wt % Pd, Type 487). The ink was sonicated for 2 h.
The ink was drop-casted onto the gas diffusion layer (GDL)
mounted onto a heating plate until an approximate metal
loading of 0.31 mgcm ™ catalyst was attained.

3.2.2 Experimental Procedure

The experiments were carried out in a gold-plated 25 cm?
(5cmx5 cm) in-house designed fuel cell at 25 °C. The DFFC
was operated with three different formate-rich fuels at the
anode side, introduced through a flow field on the back side
of the electrodes: a solution obtained from CO, electrolysis
(pH 11.3, 2.0 M KHCO; before CO,RR electrolysis, 0.26 M
HCOQ") and a model formate solution with 2.0 M KHCO3
(Roth, >99.5%), 0.25 or 1M HCOOK (Sigma Aldrich,
99 %), and KOH pellets (AppliChem, 85 %) to obtain a pH
of 11.3. The cathode fuel was pure oxygen (Linde, quality
4.5). The flow rate for the circulating anode fuel was 5mL
min~". Before recording the U-j curve (potentiostat: Zahner,
Zennium), the formate solution was circulated for at least
1h to ensure comparable wetting grades. Before entering
the fuel cell, O, was routed through a washing flask with
water at 25 °C. The pressure at the oxygen side was 4 mbar.
The anode and cathode were separated by an anion ex-
change membrane of the type AHA from ASTOM Corpora-
tion (placed for at least 12h in 1 M KOH solution before
use). The U-j curve was then recorded in 25-mV steps until
a cell voltage of 200 mV was attained.

3.3 Formate Decomposition to H, and Use in H,/O,
PEMFCs

3.3.1 Formate Decomposition

Formate decomposition was performed in closed-batch
mode for characterization of process parameters and open-
batch mode (hydrogen releasing) for the PEMFC supply.
For characterization measurements, 34 mg of the used Pd/C
powder (5wt % Pd, Sigma-Aldrich) were placed in a stirred
autoclave and 8 mL of a 1M FA, FA/HCOOK mixture
(50:50), or HCOOK solution, adjusted for its pH with
KOH, were added. The autoclave was heated to a tempera-
ture of 80°C and the pressure was monitored for 90 min.
The recorded pressure was compensated for the tempera-
ture-related increase. Gas phase analysis was done with an
offline Agilent 7890A gas chromatograph (GC), equipped
with a Poropak Q and Molsieve 5A column, connected to a
thermal conductivity detector (TCD).

www.cit-journal.com

159



ArticlelV

Chemie
878 Research Article | Ingenieur
Technik
3.3.2 Energy Recovery in PEMFCs (a)
1.0 ; : o~
As proof of concept, the gas obtained by formate ‘ * E: gl g:gg : :‘123:: Em::: :g:z::g: o 14 E
decomposition was transferred to a F107 Z 08- U-j curve 0.26 M formate from CO,RR_—~ . 1=
.
PEMEFC (h-tec, Hydrogen Energy Systems) with = 1 . -3 £
2 . o 06~ .— 2
an electrode area of 16cm” and a maximum g . sl £
_ 1 Ll
power output of 200mW (pure H,/air). The S o4 T, 72 é
cathode side was operated with atmospheric air 3 ! ! 5
. . . . . o —C— Power plot 0.25 M model formate solution ~ _ 1 3
in diffusion mode, while the anode was directly 02 —o— Power plot 1.00 M model formate solution 8
connected to the decomposition reactor without 1 & Power plot 0.26 M formate from CO,RR 5
- ~ 0.0 +—F—— =
any .further flow regL'll'atlon. Slmultaneous oo 0 1 2 3 4 5 & 7 8 9 10
starting the decomposition reaction, the moni- g (b) Current density j/ mA cm™2
toring of the fuel cells open circuit voltage % 2
(OCV) was enabled. = 2
@ 7/} Power density 12 h polarization 600 mV
3 1
4 Proof of Concept g Ao N .
0 ? 2 % %
3 !
. . Lo 2 2 16, 8 10 12
4.1 Electrochemical Reduction of CO, Time t/h

to Formate

Figure 6. a) U-j curves and power plots for model formate fuels and formate

The formate-rich electrolyte employed as fuel in
the following chapters was prepared by CO,RR
in the experimental setup described in [8]. A for-
mate concentration of 0.26 M HCOOK is achieved within
30 min at a set current density of 1000 mA cm > with aver-
age FE to formate of 75 %. The respective cathode potential
(vs standard hydrogen electrode (SHE)) dropped from
-1.66 to about -1.52V within the first 5min and then
steadily increased to about —1.62 V until the end of the ex-
periments. The final solution showed a pH of 11.3 and was
directly used as feed in the subsequent steps. As mentioned
above, the obtained concentration is too low to obtain a rea-
sonable energy density of the product stream. Although it is
not in the scope of this study, in further work, higher con-
centrations > 1 M have to be targeted. This is important, in-
dependent of the specific product utilization but for its use
in energy storage applications this holds particularly true.

4.2 Direct Formate Fuel Cell

Following electrolysis, the obtained product stream is used as
feed in the DFFC device described in the Sect. 3. The results
are summarized in Fig. 6. In Fig. 6a, the performances of the
DFFC setup for the operation with a model formate fuel and
a formate fuel obtained from CO,RR are demonstrated. The
OCYV for the DFFC operating with the model formate fuel is
900 mV while the OCV for the DFFC supplied with the fuel
from CO,RR is 855 mV. These deviations from the theoreti-
cal value of 1.45V (see Sect.2.3) can be attributed to the
mixed potential phenomenon which can be traced back to
the oxidation of the anode catalyst and inevitable fuel cross-
over resulting in internal currents [51]. Nevertheless, the U-j
curves show the characteristic shape, whereby at small over-
voltage, the shapes are dominated by kinetic resistance fol-
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fuel obtained from CO,RR, b) potentiostatic operation of DFFC operating with
formate obtained from CO,RR.

lowed by an interval where ohmic losses are decisive. Mass
transport limitation can be observed at a current density
of ~9.50mAecm™ (1M HCOO"), 290mAcm™ (0.25M
HCOO?), and 1.96mA cm™ operating with fuel from
CO,RR. The corresponding maximum power densities are
3.75, 1.52, and 1.03 mW cm . Obviously, the discrepancy be-
tween the curves must be attributed to the varying composi-
tion of the fuel solutions.

Comparing the runs with model formate solutions, the
importance of a high formate concentration can clearly be
seen. This aforementioned relationship was also observed
by several authors [28, 34, 35]. Additionally, the mass trans-
port limitation shifts to higher current densities and the
maximum power density increases. The formate concentra-
tion and the pH value are nearly identical for the model so-
lution and the one from CO,RR. Accordingly, the deviation
of the U-j curves must be attributed to the remaining envi-
ronment which could have an impact on the HCOO™ diffu-
sion coefficient. The explanation of this behavior requires
further work and is not in the focus of this publication.

Comparing the maximum power density of 3.75 mW cm >
of the DFFC operating with 1 M HCOO™ model solution
with the, to the authors’ knowledge, best DFFC performance
of 302 mW cm ™ [32], a discrepancy of two orders of magni-
tude can be observed. This difference is mainly attributed to
the higher operating temperature (60 °C vs 25 °C) boosting
the kinetic of the FOR and the additional potassium hydrox-
ide (2 M KOH instead of KHCOj3) in the fuel stream increas-
ing the cell voltage. Nevertheless, the successful demonstra-
tion of this concept can also clearly be seen in Fig. 6b where
the DFFC runs in constant voltage mode at 600 mV with
formate-rich feed generated by CO,RR. Over a time of 12 h,
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energy is generated. The comparatively poor numerical re-
sults of our system should not be overemphasized because
the used DFFC system was not optimized at all since the ob-
jective of this part of our work was to demonstrate a proof-
of-concept for the re-electrification of a formate solution
generated by CO, electrolysis.

4.3 Formate Decomposition and Use in PEMFCs

Decomposition of a 1 M HCOOK solution was evaluated in
terms of hydrogen yield and CO concentration using a
Pd/C catalyst in a batch autoclave at various temperatures.
CO is a typical poison for Pd-based catalysts and must be
avoided at all costs but also because concentrations as low
as 20ppm [23] can be detrimental for the subsequent
PEMEFC. Fig. 7 shows the pH dependency of the decomposi-
tion. It is evident that alkaline conditions are beneficial re-
garding both yield and selectivity towards the dehydrogena-
tion pathway. As described in Sect. 2.3, literature suggests
that dehydrogenation is favored when starting with formate
instead of formic acid as the mechanism towards H, pro-
duction proceeds via a formate intermediate on metal cata-
lysts [41]. Accordingly, CO evolution is suppressed to such
an extent that it falls below the limit of detection, i.e.,
[CO] <15 ppm. The increase in the H, yield with increasing
pH value, in turn, can be explained by a combination of
the falling rate of CO-induced catalyst deactivation and the
removal of bicarbonate from the equilibrium which is
converted into carbonate in highly alkaline solution
(pH > 10.5).

To demonstrate a proof-of-concept, a 0.26 M
HCOOK solution (pH = 11.3 with KHCOj; con-
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Figure 7. H, yield and CO concentration as function of the pH
of the formate containing solution. Catalyst: 34 mg Pd/C,
T=80°C, 1 M HCOOK/HCOOH. CO concentration below the limit
of quantification for pH between 8.8 and 14.

the results discussed for the formate decomposition, where
a higher pH value results in a higher H, yield. In addition,
the formate solution from CO,RR contained a high concen-
tration of potassium carbonate which could limit the H,
yield by impeding the equilibrium shift towards the product
side (see Fig.5). This may easily be avoided by choosing
other conducting salts in CO,RR, like KCI, which are not
involved in the reaction equilibrium. Last, the resulting H,
flow was not controlled, thus, making an exact quantitative
evaluation difficult.

centration slightly increased from 2.0 to 2.25M
by conversion of CO, with KOH during electrol-
ysis) obtained from CO,RR was decomposed in
semi-batch mode and the produced gas phase
was directly transferred to a PEMFC. The maxi-
mum power density of the applied educational
fuel cell system was measured to be 11 mW cm ™
achieved with Hy/air feed. Fig.8 shows the ob-
tained cell power over time. To compare a for-
mate solution of higher concentration and pH
(IM, pH 14), the cell power of such a model
solution was also recorded. In both cases the
maximum power output could be reached tem-
porarily, however, as the formate fuel is not con-
tinuously fed but provided once in the begin-
ning, the power output decreases according to

Power density / mW cm™

the decomposition kinetics of formate. A quanti- 0

tative evaluation shows that the model 1 M for-
mate solution provides a total energy output,
which is significantly larger than expected from
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the ratio of the initial concentrations of the
formate solutions, i.e., approximately factor 15
compared to factor 4. This can be explained with
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Figure 8. PEMFC output power over time obtained with H, supplied through
the decomposition at 80 °C of a model 1 M HCOOK solution at pH = 14 and the
0.26 M solution from CO,RR at pH = 11.3.
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It was proven that, in principal, the stored chemical ener-
gy can successfully be recovered. Further investigations need
to focus on the decomposition kinetics and, in particular, the
reactor concept including a constant power release and a
robust on-/off-functionality with regard to H, supply. In
continuous mode, the reactor concept has to be adapted for
accurate and robust release of the gas avoiding pulsation and
entrainment. The latter is under development by the group
of Wasserscheid for the release of H, from LOHCs [52, 53].
The advantage of formate decomposition is that it is less en-
dothermic (AHR’ = 4kJ mol™) [54], compared to the one of
LOHC dehydrogenation (AHg" = 36 k] mol ™ to 136 k] mol ™)
[55] and that it takes place at lower temperatures.

5 Conclusion

Electrochemical CO, reduction to formate at alkaline condi-
tions has been shown to proceed with promising selectivities
and current densities using inexpensive and earth-abundant
electrode materials. While literature on CO,RR to formate
often refers to the high potential for energy storage applica-
tions, we want to stress that although tremendous efforts are
being made to optimize this reaction. So far, there is no clear
and reasonable exploitation strategy in sight, as long as the
reconversion of formate to electricity in subsequent process-
es has not been established properly and until the coupling
of CO,RR with these processes is not accounted for. Further-
more, owing to the rather low volumetric energy density and
costly electrolysis, potential applications are limited to cases
where applicability and public acceptance are more impor-
tant than just price or energy density. This is mainly the case
in decentralized, portable, and off-grid applications but not
in electro-mobility or stationary energy storage. To this end,
the proof-of-concept study herein successfully demonstrates
for the first time that utilizing the product stream from
CO,EL directly as feed in a DFFC or indirectly in a PEMFC
after H, release via catalytic decomposition facilitates stor-
age and recovery of electricity. It is further shown how the
specification of the CO,EL product stream significantly
influences the achievable electricity recovery, namely, how
decisive product concentration obtained by CO,EL and the
compatibility of composition and pH value of the electrolyte
are. Although performance indicators of the non-optimized
devices given herein are far from being optimal, literature
data give rise to the assumption that utilizing the feed in
more optimized systems bears high promise.

Finally, summarizing the message from this contribution,
three critical issues are identified which must be tackled and
resolved before CO,EL to formate and subsequent energy
recovery can become a reasonable technology for energy
storage.

- All involved technologies must be further optimized to
facilitate adequate round-trip efficiency. So far, an effi-
ciency of ~20% estimated from state-of-the-art studies
is too low to be reasonable.

www.cit-journal.com

162

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

- Efficient coupling of the technologies, as described in this
contribution, is necessary. In that respect, optimization of
possible formate concentration and compatibility/optimi-
zation of the electrolyte for both electricity storage and
electricity recovery steps is essential, as shown herein.

- Finally, a complete and detailed life cycle, techno-eco-
nomic and socio-economic and policy assessment start-
ing with the capture of CO, from different sources and
ending with the recovery of electricity has to be per-
formed for different application scenarios. Importantly,
this might reveal potential niche applications in which
formate from CO,EL indeed shows superior characteris-
tics compared to competing technologies, either perfor-
mance-wise, from environmental viewpoint, or even in
terms of economic considerations.

Especially the last point has to be tackled to guide further

development in this field and realize the potential of this

promising technology towards a meaningful future for ener-
gy storage applications.
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I Abbreviations

ABS acrylonitrile butadiene styrene
AEM anion-exchange membrane
CEM cation-exchange membrane
CO,EL CO,; electrolysis

CO,RR CO, reduction reaction

DFFC direct formate fuel cell

DLFC direct liquid fuel cell

FA formic acid

FE Faradaic efficiency

FOR formate oxidation reaction

GC gas chromatograph

GDE gas diffusion electrode

GDL gas diffusion layer

HPLC high-performance liquid chromatography
LOHC liquid organic hydrogen carrier
MEA membrane electrode assembly

OCV open circuit voltage

OER oxygen evolution reaction

ORR oxygen reduction reaction

PEMFC  proton exchange membrane fuel cell
PTFE polytetrafluorethylene

SHE standard hydrogen electrode

TCD thermal conductivity detector

TRL technology readiness level
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