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1 Introduction

1 Introduction

The paradigm shift towards 100% environmentally friendly electricity consumption is the
major goal worldwide and especially in Europe. To achieve this goal, technologies f@neration
andconversion oklectricity from renewable energy sources areladeHowever, challenges such
as fluctuating wind and solar power generation and electricity consumption patseuttsin a
surplus of wind and solar power. Increasingly, this surplus can neither be consumed nor fully stored.
In addition,the frequencyluctuationsof the transmission grichust be reduced to ensure stable 50
Hz andprevent damage to the entire grid or potential electricity blackésts result, responsive
energyconversion technologies such as fuel cells, electrolyzers, and batteriggezat importance
to store this excess energy through electrochemical processes. The stored excess energy can then be
used to meet power demand and stabilize frequeheyeby better protectintpe powergrid from
blackouts.

Electrolyzers, batteries and fuel cells are increasingly becoming the focus of industry and
research institutes in order to meet European €@fiission targets. The main basic components of
these electrochemical systems, such as electrolyte, separattecrates (anode and cathode), are
similar to each other and are constantly being optimized. One class of electrodes is the gas diffusion
electrode (GDE), which electrochemically catalyzes the reactions at the interface between solid, gas
and liquid phase<$sDEs are used in:

1 - Fuel cells based on proton exchange membranes (PEMFC), anion exchange
membranes (AEMFC), alkaline media (AFC) or in a unitizegenerativemode
(URFC).

- Metalair batteries such as Zxir and FeAir batteries (MAB).
- Certain wateelectrolyzers with open anodes or cathodes based on proton exchange
membranes (PEMEL) or anion exchange membranes (AEMEL).

1 - Chlorine production by chloralkali electrolysis with oxygen depolarized cathodes
(ODC).

9 - Electrochemical CO2 reduction (ECB)plications.

The combination of a catalyst, PTFE as a binder, and porous carbon is a fundamental method

for producing stat®f-the-art GDEs. These GDEs are used for various reaction combinations such

as:
1 oxygen evolution | oxygenreductionreactions (OERORR)
1 chloride evolution | ORR
1 hydrogen evolution | OER
i carbon dioxide reduction | OER

Some of these applications such as MAB and URFC use GDEs that must be capable of two

opposite electrochemical reactions such as OER and OirRe are bifunctional GDEs. There are

11



1 Introduction

quite a number of studies showing new bifunctional catalysts, their combinations with different
elements, materials, architectsi@ surface structures and crystal planes to develop low cost and
noble metal free GDESY @ B,

However bifunctionalcarbonbased GDEs exhibit carbon corrosion in alkaline media, leading
to technology malfunction. Therefore, new carfiee (CF)GDEs! Bl 6171 8 gre being developed
to avoid carbon corrosion and its unstable behavior during OER RDRR? 11, In general, carbon
is oxidized by the attack of reactive species (peroxide) generated during ORR. This leads to higher
overpotentials on OER, which cause direct oxidation obarar This carbon corrosion leads to
mechanical destabilization, reduction in conductivity, loss of catalyst, and eventually a collapse in
electrochemical performance. Therefore, the durability of-stiatke-art GDESs is limited. However,
there is an opptunity to develop CFSDE designs that could have higher durability than sifte
the-art GDE designs. One way to replace carbon is to use a porous metal as a current collector, which

is then coated with an electrocatalysf!.

12



1 Introduction

1.1 Objective and Research Strategy

The goal of this work is to propose a novel, ldagn stable, bifunctional, carbdree
(CF)GDE design for alkaline energy converters.

This is achieved by understanding how the electrochemical activity of GDEs is aligthed
pore sizeandthe surface properti€ydrophobic and hydrophiljof the electrode

In addition combinations of different pore sizes and surface propdtigsdrophobic and
hydrophilic) and their influence on electrochemical activity afdlobe investigated

It is alsonecessary to understatiee difference between the designed GIBE and thestae-
of-the-art carbonbasedGDEer.

To accomplistthis, | used the following research strategy.

Alternatives for carbon in GDEs for alkaline applications are porous metal substrates.
Therefore, nickel and/or stainlesteel alloysare usedassubstratedbecause thegre stable in the
applied electrochemical environment. It is also of great importance to use metal substrates with a
large coatable specific surface area, such as metal foams or flHeegsretal substrates with three
different pre sizes (500 600um, 20 < x O200um and 20um) areused.They serve as electrode
bodies, which are electrochemically coated with Mn&s electrocatalyst, which is also
electrochemically stable in an alkaline medium.

The MnQ is electrodeposited on the metal substratgag anelectrochemical setup similar
to that of Tsai at el 2. The electrodeposition setup is a combination of potentiostatic and
potentiodynamic deposition. The difference with Tsai at el 2 is that the setup of the
potentiodynamiaepositionis varied by the cycle number and dynantars rate f(scay) to obtain the
most suitable electrodeposition setup for the OER and ORR activity. TherefateptigtedvinOx
is analyzed by Xray diffraction (XRD) and transmission electron microscopy (TEM) to determine
the crystal phase.

Then, some of th&inO-coatedmetal substrateare hydrophobized with PTFEo obtain a
hydrophobic surface property

In generalthe differenpore sizesand surface properties (hydrophobic and hydroplofithe
considered metal substrates affect the electrochemical aclitigyefore, hese differences need to
be compared with each other and witbcarbonrbased GDE to determine at which pore sizeface
properties and their combinatioasigh electrochemical activity igbtained Therefore,all metal
substrates coated with MpCand PTFE as GDE« will be analyzedwith different surface
measurement methods tovestigatetheir surface structure (field emission scanning electron
microscopy- FEREM), pore structure (xay tomography), specific surface area (nitrogen sorption

- BrunauerEmmetTeller- BET) and hydrophobicity (contact angl€A).

13



1 Introduction

Then, they areelectrochemicallycharacterized by electrochemical impedance spectroscopy,
galvanostatic and potentiostatic measurements with aathketup.

Impedance spectroscopy characterizes the individual parameters (charge transfer resistance,
ohmic resistance of electrolyte amé&mbrane, Warburg diffusion coefficieamtdelectrochemically
active surface area) that determine the electrical response and indicate the electrochemical activity.
Consequently, it is possible to understand which parameter or electrochemical process is mo
dominant.

In addition GDEsare alsdested at higher electrical loads to determine their electrochemical
behavior in neaapplication environmentsFor a given current density, the galvanostatic
measuremenndicatesthe total cell potential, from wbih the overpotentias calculatedfor OER
and ORR.This is becaus¢he overpotential is an indirectly proportiona&rametervalue for
electrochemical activityThe potentiostatic measurement works similarly to the galvanostatic
measuremenbut is useddr longterm stability measurements to determine the degradation of the
GDE atspecificelectrical potentials for OER and ORR.

Based on the individual GEDE surface and electrochemiaaisults, hydrophobic and non
hydrophobic Mn@-coated metal substratesecombined to design a layered-@DE with a specific
pore size gradient and a hydrophilic/hydrophobic transition. Téreyalso electrochemically
analyzed to describe the influence of the pore size gradient and hydrophilic/hydrophobic transitions
on OER and ORR activity.

All the abovemeasurement methods and their resatsusedo highlight and understand the
differencesbetween GDEs antb explore their interrelationships. Based on this, a novelGOE

design can be propos#thtcanpotentially compete with thetateof-the-art carborbasedGDEesr.

The approach of this work is divided into three parts:

The first part is the determination of a coating method for the preparation of a catalyst that can
be applied in a standardized manner to various metal substrates (nickel foam, pressed nickel foam,
andstainlesssteelfleece).

The second part is ttretudyof different substrates with specific macropore sizes coated with
MnOy and the influence of PTFE on them.

The third part is the design of layered bifunctional castvea GDEs. It is necessary to design
a hydrophilic/hydrophals porosity gradient by combining several Mrgdd PTFE coated substrates

with different macropore sizes.

14



2 Literature

2 Literature
2.1 GasDiffusion Electrodes

2.1.1 Applications

Electrochemical applicationsuch asproton exchange membran®BEMFC)*?, anion
exchange membrane®AEMFC)4 and alkaline @AFC)4 151 [ fyel cells, metahir batteries
(MAB)", zero gap membrane electrode assembly (MEOX)AEM electrolyzes*® 191 (AEMEL)
andelectrochemicaCO; reduction (ECR) systedd useGDEsor GDErelated electrod&3l. The
starting point ofalkaline GDE applications is thBaconfuel cell, developed byFrancis Thomas
Baconin the late1930&2. All of the aboveapplications arsimilarin design.They consist of an
anode a cathode an electrolyte andh separatorTheir electrodesequirecontactwith a gasphase
andanaqueous phas€gor thisreasonthe electrodes ammmonlyreferred to a&DES?%l. Some of
them such aPEMFC AEMFC, and AEMEL, have apolymer electrolytanembrane thas proton
or anion conductiveand thereforedoes not requirean aqueous electrolytend separatorThese
polymer membranes aweetted bysupplyingH:O to provide OH or H" transportduring operation
of the specific applicationhe schematic depictions thfe abovetechnologiesind their GDEgan

be seen belown Figurel, with the exception athe Baconfuel cell.

AFC _ AEMFC de- PEMFC ) 4e-
: HOR : ORR

HOR - ORR

@
I Electrolyte

AEMEL . ECR ] s MAB
HER l_ll_l 4e- OER T 4‘87__ _l|_f'_4'e_
R

Cathode

|Pro|on Exchange Membrane |

s
Cathode [ifi 7

Metal Electrode
Separator

Figure 1. Schematic depiction of different gas diffusion electrode applications (ALFC: alkaline fuel cell;
AEMFC: anion exchange membrane fuel cell; PEMFC: proton exchange membrane fuel cell; ECR:
electrochemical C@reduction system; AEMEL: anion exchange membrane electrolyzer; MAB:-airetal
battery).

[ Anoin Exchange Membrane | [Electrolyte|  [Diaphragm |
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2 Literature

There arevenmore applicationthanthoseshown in Figurel thatuse a GDEBr GDErelated
electrodessuch asolid oxide fuel cei (SOFd*), phosphoric acid fuel cal(PAFG?)), or proton
exchange membrane electrolyg@PEMEL?9)). In general, they are similam designto the other
applicationsshown (Figure 1), but with different separatsrandor GDESs resulting indifferent
operating principles. Nevertheless the selection shown in Figure 1 will be introduced. All
applicationsshownschematicallyFigure 1) have a GDEon theanode and cathodade, with the

exception oMAB, which hasa GDEononly oneside

Fuel cell applications (AFC, AEMFC and PEMFC) aseppliedwith hydrogen (H) and
oxygen (Q) to generate electricity: is electrochemicallpxidizedatthe anodewhile O, is reduced
at the cathodgeresulting inthe productionof H.O. The chemicalreactiors usedare hydrogen
oxidation (HOR) and oxygen reduction reaction (ORM)C and AEMFCshowthe sameeaction
anddue to their alkalineenvironment(E 1 and E2), have different membraneghe AFC has a
porous hydrophilic membrarnikeatis permeabléo liquid electrolytes, while theAEMFC has an anion
exchange membrartkatis conductiveonly to anionsThe PEMFC, a the othehand hasa proton
exchange membrane and is more simdaheAEMFC thanthe AFC because the PEMiermeable
only to protons (H). In addition the PEMFCGalsohasHOR and ORRwhich are different fronthe
reactionsof the AFCbecausdhey occuiin an acidicenvironmentE 4 and E5). The reactiongre

shown for both environmentm the following chemical equations.

Alkaline:
Anode/ positive electrode
2H,+40Ht 4H0 + 4e El
Cathodé€ negative electrode
0O;+2H0O +4et 40H E2
Cell-reaction:
2H2+ Ot 2H0 E3
Acidic:
Anode/ positive electrode
2H,+4H,0t 4H0"+4¢€ E4
Cathodé€ negative electrode
O,+4H0"+4et 6H0 ES5
Cell-reaction:
2H2+ Ot 2H0 E6

16



2 Literature

These reactions on the electrodake placeat the respective catalyst layer on the GDEs.
However, the catalysts diffatepending orthe alkalineor acidic environmenbf a FC ancdthe
electrolyzet® 271, The principe and design of GD&areexplained in more detdih the nexichapter

Furthermoredifferention conductng meda lead to different transport rmkanisms. In the
alkaline environment, anions (OM transport the charge from the cathode to the anode.
Consequentlythe electrolytén alkaline agueous applicatioizuusually & to 7M (25 - 30%) KOH
solution (FC and EL) becauseliasthe highest ioit conductivity comparedto other alkaline
electrolyte&® 1291,

In AFCs both sides (anode and cathode) are separated by a diapfitagjrfon® is often
used as statef-the-art diaphrag®®. It consistof ceramic powdefzirconia)and a polymer matrix
(polysulfonel¥®. The electrolyte fils the mesgores of the diaphragnand provides ionic
conductivity betweerthe anode and cathod&his description of the electrolyte and diaphragm
providesthe framework for thedesign of AFCand alkaline water electydis In akaline water
electrolsis, the reversereactionoccurs asn AFC, butwith electrodes derived from GDEEhis is
becauseheelectrodes artully immersed in the electrolyte.

The difference between AFC and AEMFC is theirti@msporimedium The AEMFC has an
AEM (anion exchange membrartbatreplaces the electrolyte ad@phragnof theAFC. Generaly,
the AEM contains a polymer backbotmewhich cationic functional groupseattachedo provide
anion conductivityBut AEMs still havelow chemical stability under alkaline conditigmghich has
beenintensivelyresearcheéf! B 1321, The occurrence othemical degradation is caused thye
chemical instability of cationic functional groups and polymer backBbié. However, cationic
functional groups such asquaternary ammoniuffi, imidazoliun¥® and ®me phosphoniuff’
groupsand aliphatic or mixed aromatic/aliphatic polymer backb@&hese promising tamprovethe
chemical stabilityof AEMS®8. Therefore they arecurrently beig develod for applicationssuch
as AEMFC and AEMEL as these were originally optimized forless aggressive environments
(desalination, electrodenization, electrodialysi§}).

On the other hand?EMFC is fully commercializedndworkswith Nafior®, the stateof-the-
art proton exchangenembranepolymef*3l. Proton conductivity is provided by functionalized
sulfonic acid groups on thetrafluoroethylene (PTFEjolymer backborf&!.

GDE-derived ¢ectrodes are usedin electrolyzeg?!, such asAEMEL, AEL or PEMEL to
produceH, and Q by water splitting. Tie correspondingelectrochemical reactiorare oxygen
evolution(OER)and hydrogen evolution reacti@dER), which are the reverse reactions of an AFC
andAEMFC, respectively 1 and E2). There is alsahe PEM water electrolsis (PEMEL), which
has the reverse electrochemical reactions of a PENMECL and E5). Accordingly, the FC is
potentially capable of electrolymy waterthrough itsreverse operatioriThe reverse operation of
HOR and GRRis HER and OERindleads to the unitized regenerative QFREMFG*Y technology

which focuseson water electrolysisnd FC operatioty bifunctional GDEsBIfunctional GDEs
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have catalystsuitable folbothprocessedHowever theefficiencyof UR-PEMFCis lowercompared
to a singlePEM water electrolyzeor a singlePEMFCdue tothe slow kinetic rate ofhe ORR and

the limitations inmass transport ahegaseous reactants to the reaction éites

In addition there is also an application of GDEs thaables electrochemic@lO;, reduction
(ECR) to produce hydrocarbon fueisdfeedstocké? 9, This ECR systenis under development

andis used inthree common configurations
l. Microfluidic cell: asshown inFigurel (ECR), but with an electrolyte flow channg&p.
I. Hybrid cell: samealesignas MAB but the ®E (cathode) is gassed with ¢8.

M. Zero-gap cell: samelesignasAEM or PEM electrolyzer cellé 1461,

The ECR system operasin neutral or alkaline electrolyte&K@QH) and the electrochemical

reactions for CO evolution are as follows:

Anode/ positive electrode

40Ht O+ 2H,0 + 4¢ E7
Cathodé€ negative electrode
2CO,+2H0+4et 2CO+40H ES8
Cell-reaction:
2COt 2CO+ O E9

As mentionedabove it is also possible to produce other carbon prodsuts asCHs, CHa
or HCOOH*"], Theelectrochemidareactiongake place athe catalyst layer on threspectiveGDE.
OH is split intooxygen andrecombinesat the anoddo form HO. The H,O diffuses through the
membraneandreactesthe cathodeCO, and water areéeduced to CQGand hydroxide ionst the
cathodeand the hydroxide ions diffuse to the anotiee separator oén ECR systentanconsist of
different ion exchange membragf®! “8 49 |t depends on thenedia conditions whether a
bipolarmembranea cationexchange membrarm an anion exchange menaneis use?® 45 1491,
The ECR system is stillnder developmertue toproblems withstability and product selectivit
[471 1481 1501 51 Stability is affectedoy poisoning mechanisnasie tometal impurities in the electrolyte
These impuritieseduce the active surface a@athe catalysandconsequenthaffectthe product
selectivity®? 531, Selectivity isalsoaffectedby pH variations antheoccurrenceof HER,whichmust

be suppresed to maintain selectivitj 54,
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The olid oxide electrolysis cell (SOEC) isheghly efficientapproacHor the co-electrolysis
of CO; and HO to syngas (kand CO) at high temperatuf®s However, SOECsbeyondthe scope

of this work.

The last GDE applicatiopresenteds MAB (Figure 1). It consists ofa metal anodean
agueousnhonaqueour solidelectrolyte, a separator and a GOBere aresariousmetals that can
be used as anodsuch asZn, Mg, Si, Fg Al, Li, K, or Nd'"1 B¢ b7 However,Zn was the first
researchednode for MAB applicationand is statef-the-art (e.g.,primary battery for hearing
aids)l8. For highly active metalsuchasLi, K, and Na nonaqueous aprotic electrolytes such as
ether, sulfoxide, or amidebased solvenfsl ©% with an anodespecific metal salsuch as
LICF3sSG;, LiTFSI, or LiPFs %) areneededFor the othermetalssuch asZn, Mg, Si, Fe, and Al an
alkalineor neutralagueous electrolytguch as KOK® 8 or chloride-based electrolytédl areused
There are also combinations of ionic liquids with aqueous anéqoeous electrolytes due to their
wide potential window, low volatility, high ionic conductivity and rff@mmability/>8! [62],

Furthermoresolid-state electrolytearedivided into threalifferent typesGel-polymer, solid
polymer and ceramic electrol{#8. Gelpolymer electrolytes areery flexible and haveslightly
lower ionic conductivitythanaqueouslectrolytesThis is because they aaecombination of a 3D
polymer skeletoranda liquid electrolyt&® 4, A solid polymer electrolyte, mthe other hand, has
an ionconducting polymer matrix butto liquid solvent.As a resultthe ionic conductivity is lower
comparedo a getpolymef®®. In addition, there are also ceramic electrolyties example of the
NASICON, garnet sulfide, or perovskitetype®® ©8, These electrolytes have high mechanical
strengthbut low conductivity For this reasonresearch is focesl on increasg ionic conductivity
and electrochemical stabilitl. Theinterface betweeslectrolyteandelectrode plays an important
role. Based orthe manydifferent types otlectrolytes and anodg it is possible to deelopa wide
variety of MABs

Some of thermmequirea separator between the electrodes to avoid their cantdtd control
dendrite growthIn general the separatomustbe ionically conductive electroni@ally insulating,
mechanicdy and dimensiond} stable, chemicst resistamh, migrationinhibiting, andwettable by
the electrolyté?”). Therefore there are different types and materigiseparatorslepending on the
MAB electrolyte and anodé&ibers, polymer filmsand solid ioiic conductors are materidisatare
usedf7l.

Thelastcomponent of th&AB is a GDEthat makes the a@lectrochemically available. The
electrochemical reactiorare initiated by a catalyst However,MABs are distinguishedbetween
aqueous and neaqueousasthese two types have different GDE reactidh®&®. In the following,
only the aqueous GDE typéll be discussedE 107 E 12). Compared to thether GDEgresented,
which are electrochemidgl active for only one reaction, the GDE of a MABnust be
electrochemicdy activefor ORR and OERsuch adUR-PEMFC Therefore it is referred to as a
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bifunctional GDE These bifunctional GDEs are used in@®tarybatteies. They arelischarged by
ORR and charged by OER. The corresponding reactions are showni#ievdischarge direction

GDE/ ORR /cathodeegative electrode

O,+2HO+4et 40H E 10
Zinc metalelectrode anode positive electrode
2Zn+40H%t 2ZnO+2H0+4¢€ E1l1
Cell-reaction:

O.+2Znt 27Zn0O E12

These exemplaryreactions of aZn-air-battery are reversibleThe dher metal anodes
mentionedMg, Si, Fe, Al, Li, K or Najre alsaeversibleor theoreticdy reversible However, the
secondary MABsare still under development to increase ttherability and bifunctional
electrochemical activity and avoid capacity degradéfionin highly simplified terms the
capacianceis determinedy themetal electrodeahe OER/ORRactivity isaffectedby theGDE, and
the durability depends on both electrodés. this context, here are three maiproblems
Passivatioft” of the metalanode dendrite growtk® of the metalnodeand carbon corrosiéh of
the GDE!"l, Based orthe abovecomponents, therarea variety of MABs all of which areunder

development. Bvetheless, therarealreadycommerciabrimary Znair-batteries for hearing aid's
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2.1.2 Working Principle

In the previous chaptevariousapplicationsvere shown thatse a GDE. In this chapter, the
basic principles and opeiam of the GDE are described.In the following, onlythe alkaline
environmenwill be consideredin general, &DE can be defined as follows:

A GDE has an interfacébetween thesolid, gaseous,and liquid phasg at which it
electrochemically catalyzethe reactions between the liquid and gass phase through the
electrically conductive solid phasetbk catalyst.

Therefore a GDE is designed to providelarge electrolyte surface aato allowthe gas to
dissolvein the liquid phasandthendiffuse to the electrochemidglactive sitefor its reaction

Generaly, the largest possible electrolyte surface areaisolving thegas is achieved by
combiring materials that havecertain properties:a large specific surface area and
hydrophilichydrophobicbehavior Ther combination forms an electrolyte wetting film inside the
GDEin whichthe gas cadissolvewithouttheelectrolyte leaig. Thus if the weting film is large
the amount ofdissolved gas in the electrolyteassolarge In the following,two different standard

designs of GDEre presentedyhich areshown schematically iRigure?2.

(a) (b)

Catalyst
CL MPL  MPS @ Carbon

— 2 PTEE
GDL . Current collector

Figure 2. Schematic depiction of GDE desigia} a layeied electrode GDE:combination of gas diffusion
layer (GDL) (macro porous substrate (MPS) micro porous layer(MPL)) with catalyst laye(CL); (b) a
porous electrode GDEnixture of carbon, catalyst and PERS! [20] (e8] (691,

ThelayeredelectrodeGDE design irFigure2 (a) consists otwo main layersagas diffusion

layer GDL) and acatalyst(CL). The GDL provides gas transport toward CL and serves as a physical

carrier. In generalthe GDL is hydrophobito prevenklectrolyteleakage and flooding dhe GDL-
pores.Therefore the GDL is mixed or coated with a hydrophobic additistech asPTFESY. In
addition there aretwo differenttypes of GDL. A singlelayer GDL, which consistsof only a
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macroporoussubstrate (MPS)and adoublelayer GDL, which also has a microporous layer
(MPL)®%, Thus, the electrolyte wetting filis formed between CL and GDLThe thickness ofhe

GDL affecsthe gas supply and the sensitivity of liquid water accumul&i&d. It has beeshown

that an additional microporous layer is beneficial for higher perforrifédn¢¢éoweves there are
competingrendswhenthe thickness of the diffusion layer is varied. Thicker GDLs are less sensitive
to liquid water accumulatignbut the extendedtransportchannels cotribute to mass transfer
limitations andvice vers#°. TheseGDLs are composedf porous carbn materiad such asarbon
fibers (MPS)and/orcompressed actatedcarbon powde(MPL).

In contrast, lie porouselectrodeGDE (Figure 2 (b)) consists of a GDL completely covered
with catalyst particles boundy a hydrophobic additivé! ['2, Accordingly, the porous electrode
GDE is a combination cd PTFEbound GDL and CL, resuling in ahydrophobic/hydrophili@ll-in-
one approach.The electrolyte wetting film formsnear the bulk electrolyte side atthe
hydrophobic/hydrophilic pore system of the porous electrGeeeraly, the GDLis a percolation
systemof electricaly conductive powdesuch asarbon, silver or nick& 211731 |t depends on the
applicationof the GDEwhetheran additonal catalyst is neededhich is therapplied tothe GDL
surface Therefore, it is possible tabricate a carbofree bifunctional porous electrode GDE with

this design by using only catalyst powder and PTi#E is stable in alkaline electrolytés

The GDE design with two main layers (GDL and (Higure 2 (a)) is usually themost
commonly usegdespecially in FCs, MABsind electrolyzerdhisis because dhe low catalyst mass
of CL, which isonly afew micrometers thickayeron the hydrophobized carbon GDAs a result
expensive catalyswuch adt, Ry or Ir are affordablevhenthis desigris used One way ¢ rephce
noble metal catalysts with naroblemetalsis to increase the masstof non-noblemetal catalysts
to compensate thstal electrochemical actity®®!. For this reason the porous electrode a welt
suited option for thipurpose The nickel GDEof BaconrFC is a good exampté. However, here
are also special applicationsuch asoxygen depolarized cathodes (ODG@g) alkaline chlorine
production wherethe design ofhydrophobt porous electrodés used(Figure 2 (b))l'2 51, As
indicated above, a commercial ODC consist of a mixture of silver powder and PTFE pressed onto a
metal mesh current collect6t ", In addition to theDDC, the most statef-the-art GDEs have a
carbonbased GDl.which is known for its carbon corrosion duri®fR/ORRoperationin alkaline
mediun¥? © 101 11 Therefore novel GDE designand/or carbotiree material combinationkave

beeninvestigatedand arepresentedbelow.

Thegoal ofvariousresearch groigis to developa GDE that has high electrochemical activity
and iselectrochemically stable over theng term. TheseGDE designgFigure 3) are carbosfree
and carborbasedor OER/ORR andER/CQRR applicationsIn generaltheycan still be broken
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down to thesingle functional layer of CL and GDFEigure3 shows examples afovel GDEs. The

first of the GDEsshown Figure 3 (a)) was developedfor Zn-Air-Batterie§!. Ke Xuet al used a
hydrothermal method to grow Mr@anospheredirectly on nickel foam (Mn@Ni). CNTs and a
PTFE emulsion were used to prepa@®RL thatwas fitted on the Mné&Ni andthen also attached

to a Teflon membrane. In general, the coated nickel foam is actually a CL on a GDL, similar to the

porous electroddescribedFigure 2 (b)). The PTFE/CNT is a hydrophobic/hydrophilic transition

region between Mn@Ni and PTFE membrane, which provides the largest possible electrolyte

surface area foD. solvation. Theypresentd the positive effect of the hydrophobic agent (PTFE),

which modified the pore structure and contributed to the large wetting film and efficient gas transport.

As a result this GDE achieveda discharge voltage of 0\8 at 100mA cm? and exhibited a
completelystable discharge for folnours at 20nA cm2,

(c) (d)
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Figure 3. Schematic depiction of different GDE designs: (a) Mnickel foanicarbon nanotubes
(CNT)/PTFEIPTFE membrane GDE™; (b) graphite/carbon nanoparticles/Cu/PTFE GBE (c)
MnQy/stainless steel mesh (€5)(d) NiFe-Hydroxysulfide/nickel foam GDE.

In Figure 3 (b), the second GDE is usédr the electrochemical reduction of @ECR)to
ethylen&“. Dinh et al. sputtered a Cu catalyst onto a porous PTFE membféey.then spray
coated carbon black nanoparticles on topakeelectrical contactvith CL andachieveuniform
distribution of current density. The graphite layer servebesverall support and current collector.
The directconnectionof CL with the electricallynonconducting GDL (porous PTFE) leads to the
formation of the electrolyte wettinglrin at their interface Accordingly, this design has verghort
transportdistancesor the dissolved Cgto its reaction sitsincethere is no hydrophilic/hydrophobic

carbon between CL and PTFH. this designthe porous carbon layer issedonly asa current
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collectorthatis fully immersed in the alkaline aqueous electrolytioreover, the carbonbased
current collector layewasnot consumed during theéO; reduction reactiofCO:RR). This ECR
GDE had an average current density of &i®cnm? at an applied voltage of 2\Afor onehour.In
addition, the ethylene selectivitindicated no loss for 15Mours at current densities between
757 100mA cm?,

In Figure3 (c), the third GDE is a simple design and was used as,&heCtrode in MEA
operated in ma UR-AEMFC (unitized regenerativieanion exchange membranduel cell)®. Ng et
al. electrodepsited MnQ on stainless steel (ss) mesh ameh annealed at 480°C. Thus the CL
(MnOx coating)covers thénsideand outsid®f the GDL (ss meshyvhich has similashorttransport
distancegor O, asthe previouslymentioned ECR GDE. Howeveéhe catalystoated ss mesh is not
hydrophobic andhus requiresa hydrophobic GDL forelectrochemical systems withiqueous
electrolytesNeverthelesshis GDEexhibitedstable electrochemical activity during OER and ORR
alternating operatiofor 100 cycles ifh.1 M KOH, measuredvith a rotating dik electrodeassembly
Subsequentlythe coated meshas used in a MEA setup in an LAEMFC thatexhibiteda currem
density & 60mA cm? at 1.75V in electrolyzer modeand a current density between &l
57 mA cnr2at 0.45V in FC mode

The last GDEFigure3 (d)) was used in a ZAir-Battery (OER/ORR) and asvatersplitting
electrode (HER/OERM). Wanget al electrodeposited MiFe(OH)s on a nickel foam andhen
immersedt in a NaS solution at 28C for onehour. This resulted imconversion of NisFe(OHY 6
to Ni1gFeS .0 OH)s6 0N the nickel foamAll in all, this is a similar approacasthe coated ss mesh
but with a potentiallylarger coatable surface ea due to the 3D pore structure of the nickel foam.
For ths reason the transport distances fatissolved Q are alsoshortand the GDE is also not
hydrophobic. Nevertheless, the CL has uniform electrical contact due étettecally conductive
GDL (Ni foam).The coated nickel foaBDE exhibitedstable charge (1.8) and discharge (0.7V)
voltage at 2nA cnr? in a flexible solidstate rechargeable Zxir-Battery using an alkaline gel
electrolyte In addition, itexhibitedexcellent longterm stability aftea test o5 hoursfor 75 charge
and discharge cycleBloreover, it achievedan overpotential of 266V at10 mA cm? during OER
in 1.0M KOH, which outperformed the Ir/C setulpastly, it exhibited a water splitting voltage of
1.62V at 10mA cm 2 when used oboth sides (anode and cathode).

In general, kknovel GDE designsHigure3) havetheir ownadvantageoverthe stateof-the-
art due to their different arrangementfahctional layers and different materialhese advantages

can be summarizess follows
9 shorter tansportistancedor dissolved gass
1 more uniform and direct electrical conductivity of CL

 carbonfreematerials to avoid carbon corrosion
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To understand these advantages, it is necessaakaaacloserlook atthe GDE where the

three phases, solid, liquid and gas, are in contact with each Diieethree phases are:

Solid:  CL (typically cansistingof a catalyst ancnelectron conducting material)
Liquid: Electrolyte
Gas: Oxygen

It is known that the gaseduction reaction (ORR or GRR) occursat the threephase
boundary(TPB). The three phases meetagtoint on the catalystn the GDE This and the oxygen
transportthroughthe gassolid doublephaseboundary (DPB) to the TPBis shownschematically
in Figure4. The oxygen adsorbs on the catalyst surfidden dissociates arichvels by interfacial

diffusion to theTPB, wherethe reduction reaction takes place.

Interface

Diffusion

ad™\

Three-Phase-
Boundary

Figure 4. Schematic epiction of a gasolid oxygen mass transport to the thwaseboundary (TPBYEl.
Blue: electrolyte; yellow: catalyst

However,Nesbittet all”®l haveshown thathe liquid-solid DPB (DPBs) dominats the gas
reduction reaction activitgtueto higher diffusion ratethanat thegassolid (DPBys) interfacé®® 1],
This higher diffusion rate of oxygen to the active sitthatiquid-solid interfacg DPBs) occursonly
in the electrolyte thin film However, the diffusion rate depends on thiekness of thelectrolyte
film, which will be discussedelow. In addition, this DPBs regionhasa largeractive surface area
thanthe TPB becausdhe micro- and nanometer pore structure of BLflooded by an electrolyte

thin film®2, Consequetty, the DPB;s regioncontributes more to the electrochemical activity ttigmn
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TPB region These factare consistentwith the high current densitieh an ORRor CO,RR GDE
that they observed

Bekischet all®® experimentally confirmed ®PBs GDE (schematically shown ifrigure
3(c)). Theyelectrochemically coateal nickel mesh wittMnO, andelectrochemicallgharacterized
the coated mesim a symmetric celin which the GDE was completelywetted with an electrolyte
thin film.

Moreover, Bockrisand Cahar®¥ displayeddifferent current distributios along a Pt surface
in contact witha SOy electrolyte meniscus (finite contact angle & *atthetip, Figure5). The
Pt surfaceexhibited currents withiafew micrometes of the meniscudp depending on the applied
electrial potential Lower potentials (0.39V vs RHE) resulted inextension of the current
contributing Pt surface within the meniscusa® much a$ pum. Therefore the thicknessof the
meniscuselectrolyte filmranged from 3 to~ 300nm on thecurrent contributindPt surfac& 79,

In addition Roheet all” presentech model ofwater activity for an oxygen depolarized
cathode (ODC)which is astateof-the-art porous electrodgesign(Figure2 (b)) consising of silver
particles and PTFH.hey described the DRBegionasathin-film region with a thickness of 8@m
and displayedoxygen concentration profiles for different curretgnsitiesundera convective
electrolyte flow anda stagnant electrolyteln the thinfilm region (80nm thick), the initial
concentration anthe slopeof the concentratioprofile depend on the applietirrent densit. At
higher current densitieghe initial concentratiordecreasesand the slop&decomesnore negative
Convective electrolyte flowasa positiveeffect on therofiles This confirms that water activitgt
low local electrolyte viscosity favotie solubilty of O, and itsrapiddiffusion. However, the oxygen
concentration profile decreases with increasing film thickness.

Theseresultsby Bekischet al. B, Bockriset al B4 andRoheet al. [® supportthefindings of

Nesbittet al. [ thatliquid-solid DPB dominate the gas reduction reaction activity.

On this basisa schematicepresentationf anelectrode surface in contact with an electrolyte
meniscuss shownin Figure5 onthe left The contactsurfacesaredivided intoafi f | o zorkead
the oxygen and electrolytedoulk andaf hi gh c ur r e awhere ther edecttolyte fitmo n e
thickness is thinThe high current densityoneis representedby the dashedectangular box. The

arrows symbolie the processesescribedn theenlargementf thedashedox onthe right.

26



2 Literature

W ] oxygen-Bulk .-~} Z;:;II;:I
Flooded -7

SN

NN
OO

4
-

-
-

Zone

|
|
7 7% 8 2. Diffusi :
/ . Diffusion
/ 5 I tion I
High i o I
% Electrode CDu"e_"t “ 4 O ) S |
/A ensity g‘_ I
% Zone H Oﬁ
% 1. issolutianI
7 OH- '
2 |
A,;, o |
/ 7 J 2
7 L/ OH
////// Z RN olyte Film JI

Figure5. Schematic depiction of thieree phase zonat a meniscuandtheprocesgsfor theoxygen reduction

reactionat the gasliquid and liquidsolid doublephaseboundaies(DPBg and DPB)8! [79],

In the magnification, thandividual processtepsshowthe path of the oxygen molecule from
the DPBy (gaselectrolytg to the DPBs (electrolyteCL). First, the oxygen moleculd@iffusesnear
the electrolyte film(DPBy), thendissolveghereandis transported byiffusion nearthe CL surface
(DPBs) 9. There itadsorbsat the catalytially active siteandsubsequentlyhe oxygernis redued
to a hydroxideion©®l,

Dissolution ofCO; in anelectrolyte film for examplepccurs bythe formation of a thilCO,
film on the electrolye. The CO, moleculeslosetheir kinetic energy from thgas phasandthen
dissolve in the electrolyteThis has beendescribed by DFT and molecular dynamic (MD)
simulaions, anddensity measuremenkgveshownthat thedensity of theelectrolytedecreasesat
the interface confirming this”® 5, These simulationgesulted ina CO, film of about0.5nm
thicknesson theelectrolyté’®. In addition Nesbittet al® concluded that the trafes of CO,
between phases (gas to liquid) is faster than d@ffusion through the liquid phase to the catalyst
site.

The dissolution of oxygen in an electrolyte thin film is expected to be similar to thutmso
of CO,. This is becausthe similarity oftheenergy profiles and the reduced electrolyte derZify!
¢l indicatethat the thickness of thexygen filmis comparable

Moreover comparson ofthe results oSomasundararat al €% andVachaet al ® shows
that the freesolvationenergy of oxygen is lower thahatof CO,. This suggests that the dissolution
of oxygen is faster thathat of CO,. The transitionfrom the thin O, film to the electrolyteis
symbolized by the light blue col@f the electrolytein Figure 5 on the right In general, thin
electrolyte films aredvartageoudor oxygen mass transpdrecause th&ansporidistancego the

active siteare shorter
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However,water activity andhusionic conductivity play a importantrole in the solubility
and diffusivity of O, ["1 871, Hydration of ionge.g.,K* andOH), i.e., thebindingof ionsto water
molecules, reduceswateractivity!”® 8, The water coveringapacityis inversely dependent on the
electrolyte concentratiéid. The solubility of oxygen decreasesith increasing electrolyte
concentratiof”), as ions occupyexcess water molecul&s €8, For tHs reason fewer water
molecules are available for the hydration shell of an oxygen molesbleh requiressix water
moleculesfor solvaton®. In addition, low water activity of an electrolyte lesitb low diffusivity
of oxygerf” and thus slower reaction rdf&l. Forthisreasonverythin electrolyte filmgabout3 nm
or less) potentialljhavecompardively low water activity?.,

Consequentlythe cationconcentratior(K*) on the wetted CL is expected to increase locally
with increasing current dengit This was confirmed byenget al®®?, which also supports the
previously mentionedesults ofRcheet all™®. Thereforedue to the higher water activity and lower
ion accumulationthe local reactiomoneson CLaregenerally closer to the electrolyte bitkDPBy
(gasliquid interfacg than inTPB7®. This is also supported by the fact that the ionic resistance
increasesitthethin tips ofthe electrolyte meniscus of porous electrodé€sg(ire2 (b))

In summarymostof the electrochemical reactiorsccurin the high current densitgoné®®
(Figure5). The DPBconceptcontributes the moso thehigh current density zormompared to the
TPB conceptdue tothe faster oxygen diffusivity in the electrolyte arte largeravailable
electrochemicdy active surfacarea(DPBy A DPBs). This isillustratedby Nesbittet all”® for CO;,
reduction(Figuree).

m] Gas Diffusion Layer

S
L
: 4 Triple-
Co, “ . “ - Phase
li Boundary
CcO - Double-
OH- Phase
l Boundary
H,O
CO, H,O Electrolyte ;. o 0

activity  activity  conductivity

Figure 6. Comparison ofhe contribution of the TPB and DPB to the current density of l€Quction.
Reprinted with permission frohtesbitt et al”¥! Copyright © 2020, American Chemical Society.

The contributions of TPB and DRBPBy + DPBs) to the current densitgreaffectedoy the

conductivity of theelectrolyte the gasactivity, andthewater activity as shown in thplotsin Figure
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6. As a functionof distancegasactivity peaks at the gdidm and decreases with increasing distance
from thegasbulk. In contrast water activity ancdelectrolyte conductivityncreasewith increasing
proximity to theelectrolytebulk. These variableaffectthe current density of theeduction reaction
(green graph irigure 6). The TPB contributemainly in the region of thegas film leadng tothe
first increasdn the reduction current density. After thegion of thegas film, the current density
increases mucinore inthe region othe electrolyte thin film or DPB respectivelyThe reason for
this istheincreasen water activity anaconductivity ofthe electrolyte

Moreover the reduction reaction takes plaoederthe electrolyte film with a film thickness
of several nanometers to omécrometel’®. Thisreactiondepthdepends on the water activiigs it
affectsthe solubility or dissolutiorof O, in the electrolyte Accordingly, the water activity also
affectsthe oxygerconcentration and igiffusivity. Therefore, higkelectrolyte concentratiashould
be avoided to maintain high water activifihis will ensure thathe external convection of the
electrolytewill compensatéor the local increasm ions thusmaintairing sufficientwater activity
Neverthelessthin electrolyte films oran electrochemic#y active surfaceshould notbecometoo
thick so that theransportdistance(diffusion length)of the active substanceds shortto maintain
high current densitiég! 4],

As shown the high current densityonei also calledhefi t Hilmrz o nieisdessentiafor
the GDE. This is becausthe supply of electric current ensurediy the electrochemical reactions
thattake place ireachpore with ahin-film-zone. Thiszone is influenced bghe porosity ofthe CL,
the hydrophobicityof the CL or the GDL (depending on the GDE desigt)eelectrolyte and gas
pressurelt is alsonecessaryo achieve a balance betwebeflooded thin-film and gaszonesin the
GDE by using a hydrophobic additiwich asPTFE.This is becauséhe capillarypressureof the
electrolyte in thepores must be controlled fweventflooding of the pores. However, the gasr
electrolytepressure must not be too hjgitherwise the electrolyte will Hercedout of thepores,
or the pores will be completefooded

Figure7 shows a schematic depiction of a staftehe-art GDE with the correspondimgass
transport processé@s the gasulk, in the thinfilm-zoneandin the electrolyte bulk
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Figure 7. Schematic depiction of stateof-the-art porous electrodé&sDE and the massransport processes

during operation.

Masstransport of oxygebeginsin the gasulk during ORR batterydischargng):

Oxygenis transportedhrough the gas pores of the electradehe hydrophobicelectrode
surface mainly by Knudsenrdiffusion®® or sometimesby convectioff®l. Oxygendissolvesup to
10 3 mol It at aqueous electrolytmncentrations between Q.11 mol I, at atemperaturef 293K
andatmosphéec pressur€’ in the thin-film-zong which isschemécally shown in Figure5. In the
DPBy (thin-film-zone) a concentrationequilibrium between gaseous and dissolved oxyggen
targetedduring ORR operation (discharge of MABigure1). Consequentlyoxygen consumption
by the GDE leads to further oxygen dissolution n@intain the concentration equilibriuffl.
Evaporation otheelectrolyteis driven in the same wBy. DissolvedO; diffuses through the pores
into the Helmholtz double layer. It adsorditthe catalystreaction siteandthe ORR takes plac&he
position of the thinfilm-zoneis influenced bythe capillary pressure of the electrolytevhich is
affected bywetting properties of the electrode and tlydrostatic pressure dfie gas and liquid
phasel?,

Massgransport of hydroxide iortsegins inthe electrolyte bulkluring OER batterychargng):

Masstransport of hydroxidéons occurs byconvectionand migratiorfrom the electrolyte
bulk tothe vicinity ofthe electrodsurfac&? ['2, At this point theNernstdiffusion layer isreached,
and theons are transportdd the Helmholtzdouble layeby diffusion only Thentheyadsorbonthe
catalyst active sitby losing their hydration shelindthe OER takes placEor this diffusion through
the Helmholtz double laygman activation energyr charge transfepotential respectively,is
required The energyfor diffusion through the double layelepends orthe active species, the

electrolyte and its concentration and the properties ofl#atrode/catalyst.
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These transport procesdead tospatial gradientis electrolyte concentratiofnydroxide ions
and dissolved oxygergnd electric potenti&f. The mass transport resistance for piagticular
electrochemical reaction (OER or ORR) is the sum dhdilvidual transport processes involvad
the redudion or oxidation of oxygen.Ohmic losses ardetermined by the conduction ofie the
electrode and the conductiofions in the electrolyteand membranéeTlheir influence orthe total

cell voltage independence of current density is shown schematically in the folldvigrge 8.

Membrane

and
Electrolyte

Ohmic Drop

Cathode/Anode Catalyst
and Environment/
Transport Mechanism

Cathode Overpotential

Total Cell Voltage =

Anode Overpotential

Current Density =

Figure 8. Current density as a function of the voltage divided into the single factors involved and their
corresponding cause.

The thermodynamic potential is a constant value for the reactiothdmierpotential othe
anode and cathodearies depending on their electrochemical activithe electrochemical
environmentused,and the transport mechanisms at the applied curemdityg. In addition, the
limited ionic and electron conductivity afmportantparts of thecell, such as the membrane and
electrolyte, the current collectoand i possildy i the cell's housing platesresuls in ohmic
resistance, alsknownas ohmic drop. Thisontribuiesto the fact thathe total voltage of the cell

increases witlincreasingcurrent densit.

The group oKrewef?® "2 andTurek®® 71 summarizedsomemodeling options for various
GDEapplications. However, the most critical point of a GDE is its electrtiytdilm. Accordingly,
mass transport plays a key rolée nmass transport of oxygen duri@RRis the ratedetermining
step sincethe active reactant (OHs alreadydissolvedduring OERand is available in larggmounts
nearthe catalyst sitesSincethe oxygenmustfirst be dissolved irthe electrolyte thin filmbefore
diffusing to the active sitewhereit is finally adsobedon the catalyst siteluring ORR The mass
transport of oxygen and OHave been studied innaodetbasednannerto understantheir critical
influenceand limitationsandto find possiblemprovementpotential of the GDE? 1971 (%81 [99],
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2.1.3 Hydrophobicity

Hydrophobidty is requiredin GDEs for the GDl.which provides gas transport but inhibits
aqueousluid transporor evaporatiof®., The GDL iscritical for the thin electrolyte filnthataffects
the electrochemical performance of thatire GDE. To understand the GDL, tfiendamentalof
hydrophobicityare important In general, fdrophobic surfaces increase the corrosion resistance of
exposed surfaces in the environment and maintain theirttong chemical stabilityODnemeasure
of hydrophobicity is the contact angle of the liquid on the solid surfdescribed as wettability.

Figure9 showsthree schematic examples of possible contact angles.

6<90° f8=90° g>90°

VIg

Ysi

Figure 9. Schematic depiction of sessile liquid drops on a smooth homogeneous solid surfabeirand
correspondi ng f o rgmigud-gasantetfagecténsioasy golidegas inferdace tensiomns:
solidtliquid interface tension)Yuan and Lee, 20¥#8Y. Added with permission &farati Darband, G. et al.,
2018192, CC B¥NC-ND license [ittp://creativecommons.org/licensestfisgnd/4.0).

Solid surfaces with a contact angle alfout90° are hydrophobicgreaterthan 90° are
superhydrophobicandless tharf0° are hydrophilic. The contact angleaffectedby the surface
energy, surfaceoughnessand surface tension of the liquid. The surface energy can be Iqvi@red
exampleby usingsilane groupswhich increasgthe electrial resistancé, Surface tension ithe
derivative of free enthalpy"Q as a function ofurfacearea(d) at constant temperature and pressure

This is shown irthe following equation:

_— m. Eq.1

The interfa@l tensions between phasés : solidgas;/ : solidliquid; [ :liquid-gag
determine the contact angle oliguid dropet on an ideal flat surface. TherefoMgungs equation

is used ihathematical equatiadd(m. Eq. 2))*%2:

0é+— —— m. Eq.2
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However, surface roughness is not consideredranings equation. Tarefore Wenzel
introduced an equatiofm. Eq.4) in which the surface roughness taken into accounby the

roughness factdii 0 (m. Eq. 3) %3

i _ m. Eq.3

iz 7 i [ weéE—+ m. Eq.4

This equation represents tti@ange irwettabilityas a functiorof thesurfaceproperty Surface
roughness increasthe contact angle of a flat surfasbenthe contact angle is greater than°9G
it is smallerthan 90°, the contact anglis decreased due the increasén surface roughne8,
Consequently the Wenzelmodel is applicable only for homogerous surfacesand not for
heterogeneous surfaéég (104,

This model is helpful to understand that rough surfaces@DL or CL behave completely
differenty whenthey are in contact with the aqueous electroaridtheir roughness increasdn
general, bth have homogeous surface structure but different contact angk3L is hydrophobic
and for ths reasorhigher roughness increadhe contact angle. However, the contact angle of the
CL becomes smallexrsthe roughness increas&incethe CL should be hydrophilic to ensurkagge
contact area witthe electrolyte.

The heterogeneous rough surfaces arsuasedto be heterogeneous solid surfaces with air
pockets.Therefore Cassie and Baxtéf® defined the contact angle with the following equation
(m.Eq.5):

DéEto QZOE+H QzhE+ m. Eq.5

The cosine of the contact angle of a liquid diebpn a heterogeneous surfasequalto the
sum of the cosines of the contact angles on two different homogeneous surfaces of the respective
materials each multiplied byits surfacearea(fs1 and £2). The contact angle of the aurface is
assumedo be180° and thus the equati@(m. Eq. 6)1%:

Déd+g 2 DE4+ p p m. Eq.6

Figure 10 showsschematicallythe three wetting modelsentioned It must be emphasized
that a hydrophobic rough heterogeneous surface in contact with a liquid has air poaksis &4nd

Baxtermodel).For example, a heterogeneous rough surface has nanaoaiestructures overlying
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micrometerscale structureB®! 1071 They arethereforealso referred to ashierarchical surface

structuresFigurell).

Young Wenzel Cassie & Baxter

Figure 10. Schematic depiction of the three different mathematical wetting mddkised with permission
from Barati Darband, G. et al., 201&2, CC B¥NC-ND license [ittp://creativecommons.org/licensestig
nd/4.0j).

N
N

Figure 11. Schematic depiction of a hierarchical surface structure with a droplet exhibiting trappeockiets
((a) hydrophobig®: (b) hydrophilidt™).

In Figure 11 (a), hydrophobic hierarchical structurefiownane and micrometescaleair
entrapmentas describedby Nagayama and Zha#gl. In contrast the hydrophilic hierarchical
structure Figure 11 (b)) shows filled capillariesn nanometesscalestructures and partially filled
micrometerscale structues with a entrapped air pocketas describecby Bormashenko and
StaroV%®l. This helps to understand the wetting behavighefaqueous electrolyte afCL and GDL

in terms ofhierarchical structures.

In nature there areevencombinations of hydrophobic and hydrophisiorfacessuch aghe
leaf of the Salvinia plant which has a superhydrophobic surfacdigqure 12)11% This
superhydrophobic plant leaf exhibits a stablefiin under water due tthe hydrophilic tip of the
plant hais. The hydrophilic properties of the haips are showin Figure12 (b).

34


https://www.sciencedirect.com/science/article/pii/S1878535218300224?via%3Dihub
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

2 Literature

Figure 12. SEM image of Salvinia leaf and their hairs with a droplet of a walgrerol solution in (a)l mm
and (b) 500um range Barthlott et al., 2010Reproduced with permissioAll rights reserved®!.

Thiscombination otompletely differensurfacepropertiesnherentlyhelped the leaf to create
a large DPB surface area between- gasl liquidphase. A similacombinationapproach could be
appliedto the GDE to increase ttsirface area of thelectrolyte thin film.Sincetheelectrolyte thin
film on the CL as mentioneearlier,is the mainfactorfor the ORRona GDE.

In general the CL should be ingood contact with the electrolyte (wetted) for the
electrochemical reactionise., it should behydrophilic. The hydrophobic GDLrestrictsthe passage
of the electrolyte t@nsuregas transporfThe GDLs arenade ofcarbon(t®! (20 [68] [69] pTEERR4 or
metatbased!®¥ 110 111 Carbon materials coated wifiolytetrafluoroethylene (PTFEFigure 13
(a)) are mostcommonly used 471 51 1121 There are also othemdditivessuch agolyvinylidene
fluoride (PVDF- Figure13 (b)) and fluorinated ethylene propylene (FEPigure13 (c)) thatare
usedas hydrophobic additiwdor the GDL 3] Theirchemical structures are show Figure13.

There areseveramethods to apply the hydrophobic additive into theL.GDipping, spraying
or brushingwith dippingbeingthe mosttommonlyused methdéf’.

(a) (b)
FoF HOF
¢-¢ c-¢
F FJ H FJ
YOCEEY (FF
...... (I: — cl CI —_ (I:
F F F CF,

Figure 13. Chemical structures of (a) polytetrafluoroethylene (PTFE)p@tyvinylidene fluoride (PVDF) and
(c) fluorinated ethylene propylene (FEP).

The hydrophobicity is regulated by the applied mass of the hydrophobic ad@itiae and

Wand'® developech carbon paper with FEPmass fraction of 1@6 thatserved asi GDL. This
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displayed the highest current densities at different operstimperatures. It was mentioned that
higher FEP madsactiontends taclog thepores andhereforereducesreactantransport and product
removal. For ths reason the proper amount of hydrophobic additive is alswitical to the
electrochemical performancé a GDE

In general, the hydrophobicity in the GDE or GDL is controlled by the amount of PTFE
compared to theotal mass of the GDE and by its surface structure.
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2.1.4 Bifunctionality

Certain GDE applicationsiustbe electrochemichl capableof the backandforth reaction
such asODERandORRor HER and HORThese are bifunctional GDEs uséar examplein UR-
PEMFCs and MABdchapter2.1.]). Regenerative fuel cells, such as thR-PEMFC havetwo
different bifunctional GDEs tenablean electrolyzer working mode to produde (HER) and Q
(OER)and &uel cellworking mode to consume;KHOR) and Q (ORR)to produceelectricity. The
MAB has onlyabifunctional GDEhatchargsthe MAB throughOER and dischaesthroughORR.
This bifunctionality is achieved by theing bifunctional catalysts or combirg individualcatalysts
for each reactioin the CL The catalysts should [seiitable for theparticularenvironmentalkaline
or acidic)to enablethe reaction

The specific reactions of UREMFC in an acidic environmergquiremainly noble metals
such asPt, Ir, and Ru toachievehigh current densitié$!. This is becauséhese noble metalsare
thermodynamicallgtable in this environméett. However, therare several researapproacksfor
catalysts based amn-preciousmetalsfor UR-PEMFCs such asN-doped carbon (NBCE3)*'4 or
copper/manganese oxide (GMn1.s0,)**%. In generalPthas thenighestactivity for the ORR8lin
the FC modeHowever,it oxidizes andhis leads to stability problemsin the electrolyzer modfé.
Therefore, lsbased catalysts are used for the BERJespite theilow ORR activity**€l, On the
other electrode side, the HOR and HE&Re placewhich arealsosupportedy Pt and Ir withminor
mass transport limitatioA$’ 9. However,the stability of HER is limited by impuritiesin the
supplied water, chemical decompositiamd thermomechanical deformatidh A comparison of
thehydrogen and oxygen electrode sidhows thatthe bottleneclof UR-PEMFCis on theoxygen
side Attempts are being made tivercomethis bottleneckwith noble metals In general,noble
metak such aplatinum or iridium oxide oacarbon suppodrethemaost commomandcommercidly
used catalystfor acidc reaction environmestbecause they are thermodynamically st&blé°!
[121]_

As mentioneckarlier, the MAB has onlya bifunctional GDE for the OER and ®BRFor these
reactions in alkaline environmerthe same noble metals are ussdn URPEMFC.Thesenoble
metal catalystgPt, Ru or Ir)can bealloyed*?? ['%3l and hybridized?* [1251 with transition metals to
increase the bifunctional activitgnd stability andreduce thecost'”.. However, there are more
alternatives taoblemeal catalyss in alkaline mediahan in acidionedia Non-noblemetalssuch
asnickel, manganese, and cobeitd their oxideare thermodynamiclgl stable above the OER and
belowthe ORR electricapotentials at high p. With great éfort, the same methods (alloying and
hybridization with transition metals) aapplied to nomoble metal catalysts increase their activity
and durability Their lower costcompared tanoble metalsmakes them attractive Consequently
variousperovskites, spinels and oxidasd their combinationare usedsbifunctionalcatalystso

overcome the dependanon noble metdfg® 12711128] The differentypesof catalystsarecategorized
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into carborbased and nenoblemetatbasedcatalystd® 12! B 101 [128] These categories can alse

divided into several subcategori@hich areshown inFigure14.
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Figure 14. Overviewof bifunctional catalyst materials and the&umulativeoverpotentiad o Eat 10mA cnt?
for OER and 3nAcni?for ORR(cumulativeo v e r p ot e n tograan érr (B)UNDdeonttal;db): Single

metaloxides; (c): Perovskites; (d): Composite oxides; (e): carbon materials; (f): Metal oxides/carbon
composites; (g): Metal/metal oxides heteroatom degmtbon composites)Wu et al., 202{lightly

redesignedReproduced with permissioAll rights reserved?®!

In Figure 14, Wu et al % summarized bifunctional catalysts and theirmulative
overpotentiad (s u m & a ndlorr) dof composite oxideqd), carbon materialge), metal
oxides/carbon compositg$), and metal/metal oxides heteroatom dopmabon compositeg).
Thesecumulativeoverpotentiad are similarlylow or even lowethan theoverpotential®f the noble
metal categoryThus, there aremmanyalternativedo noblemetalcatalysts. Single metalxides and
perovskiteshave higher cumulativeoverpotentiad than noble metals. However, they overkapl
thereforat is possible to use single metatides angerovskiteghatcancompetewith noble metals

by usingmore nonAnoble metal catalyst mdds

Transition metalsuch asickel, manganese, irpnobalt and thecorrespondingxidesare
discussed in more detdielow. DrespandStrassef! have presented someon-noblemetal oxides
as bifunctional catalysts and compatkdmwith the commerciatatalysts(Pt and Ir). The results

are summarized iRigurel15.
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Figure 15. (a) Diagram of catalyst materials at mAcn? (ORR) and ImAcni? (OER). (b) Elemental metal
mass activities for different catalysts at 1\ s JOER) and 0.& (ORR) vs. RHE. (LDH: layered double
hydroxide) Dresp and Strasser, 201Reproduced with permissioAll rights reserved

Monometallic and bimetallic catalysts westeidiedand categorizedsORR- or OERfavored
at different workloads. In generahany characterizeatatalysts are OEfavored att 1 mA cm,
Some of thenonnoble metakatalystswere approxmately in the same overpotential range as the
noble metals at this galvanostatic worklodgigure 15 (a)). However, the elemental metal mass
activities show the superiority of Pt andfiqure15(b)). This can be compensated by higher masses
of nonnoble metal catalysts. NiQ) CoQ,, and FeQ tend to favorOER and MnQ tends to favor
ORR in the elemental metal mass acyivianalysis Figure 15(b)). These single metalor
monometallieoxides have a relatively logynthesieffort. Therefore these catalysts are a good way
to get a first lookat a novel GDE design by using these materials as catalysts. In general, the
following orders of single metaidxides show which of them talower overpotentials at OER and
ORR[28L;

OER: NiQ, > CoQ > FeQ, > MnOy

ORR: MnQ > CoQ > FeQ > NiOy

NiOx at OER and MnQat ORR are good complementary catalystsgncombined with each

other.

There areseveralapproacheso combire these materialsind severamethodsto apply a
catalyst(MnOx) to the surface of an electally conductive carbonfree suppor{nickel or nickel
alloy). For example, here is atmospheric plasma spraying (APZB) 130 sputteringf* “7],
hydrothermal synthedi8! 132 and electrochemical depositi§h{133! (1341 [12]

Electrachemicaldepositioris discussed in more detdéiélow. Electrochemical depositiazan

be used t@pply catalystoatings with different propertids varying variousfactors:
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electrial potentialcurrent
potentie/galvanatatid or potentie/galvanaynamic mode
deposition time

temperature

= =4 -4 -4 -

concentration of the depositiaziectrolyte

Chou et all**¥ electrochemically deposited thirilnis of starfruitlike (caramboldike)
2-MnO; nanoflakes witha thicknessof 20nm on nickel sheets. They combined potentiostatic and
cyclic voltametric electrodeposition techniques. Electrochemical measuremasetshown a high
potential plateau adboutl V vs. Zn in a primary Zn/Mn@cell at 500mA g* and a high specific
capacitance of 24B gt at 1mA cm?.

Cao et all** depositedhierarchical radial nickel phosphide (R) nanospheres on nickel
foam by potentiostatic electrodeposition. This bifunctionalMN foam electrode exhibited an
overpotential of 63nV at 10mA cm? in 1 M KOH. Moreover this electrodesxhibited ahigh
specific capacitance of 3827t at 2mA cm2.

Tsaiet all*? depositednesemacroporous structures of pyrolusite Mn@ nickel foam by
combinations of potentiostatic and potentiodynamictrodepositionechniquesin addition an
asymmetric supercapacitor was fabricated by combining ANi@amasthepositive electrode and
activated carbon abe negative electroddt provided7.7Whkg?! at 600W kg and exhibiteda
retention ratio of 9846 of the originalcapacity after 10,000 cycles.

Nget al® coatedvinO on stainless steel mebiicyclovoltammetryand calcined it at 48TC
in air for 10hours. This electrodexhibitedhigh oxygen reduction and water oxidation acyivit a
rotating dik electrodeassembly It also exhibited stable OER and ORR current densities for
100cycles.

These four examples of electrodeposited coatifigsv that they are suitabler MABs and
URFCs.lIt isalsopossible to control the applisdrface structure, thickness and maisthe catalyst
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2.1.5 Durability

One possible definition dhedurability of a GDE is the electrochemilgestable performance
over a certain time avvera certain number afycles, understood here as alternating sexpes of
OER and ORR. The electrochemigattable performance depends on #iectrochemicaklnd
chemicalstability of CL and GDL The mechanisms behind trstability lossesof CL and GDLare
describedelow.

There arechemical and physical changes of,@lhich reduce the electrochemical activity.
general, it is necessary to use catalyistg are stable in the electrolyte and the eleatnmtential
range in which it is used. The thermodynamliagramsof Pourbai*"*® show certain regions of
stability, passivation, angbrrosiorfor differentmaterialsNeverthelesghere are stikomenegative
mechanismshatreduce the electrocatalytic activity of QEigurel6).

1. Catalyst poisoning by adsorption of metallic impurities of the electi&i§ité! 1291,
This can be reverseoly areoxidationstepthatdesoris the adsorbed speci&d.

2. Pulverization of the catalyst laye¥ due to theincorporation ofhydrogen ito the
catalyst latticeleadng to catalyst fracture. This was shown\bW et ali*38],

3. Ostwald ripening leads to gglomeration of electrocatalygsby dissolution and
redeposition on largesatalyst particld¥! 139111401 1411 This|eads to aeductionin the
electroatalytically active surface areandergoto alower electrochemical activity of
the GDE

4. Chemical degradation of the catalyst bindeg(,Nafion®) due taanion attack on the
fluorinated structures caimg molecular changes. This lesith depolymerization or
alteration of thesidechairs resulting iloss of catalyst particl&% 142],

5. Detachment othecatalyst from thesubstrat€dGDL) due to changes in thpassivation
layerand/or corrosion of theatalyst orcarbonsubstrat@®! 240 [141]
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CL activity reduction mechanisms
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Figure 16. Schematic depiction @farious CL activity reduction mechanisms

In addition totheseproblemsof CL, there is the problem of GDL flooding caused thg
reduction of hydrophobicity. The result isdacrease iperformance due tthe reductionof gas
channelsGDL floodingcanresult fromseveral mechanissywhich are describeelow(Figurel?).

1. Electrowettingis controlled by the appliedlectricpotentialasit affectsthe surface
tension of the liquiesolid phas@!? 43 144 yang et al*'? pointed outthat
electrowetting in the carbemased GDLoccurred ai 0.68V and the flooding rate
actuallyincreased with increasing negative potentialo(83V vs. RHE). However,
no flooding occurred at 0.60V vs. RHE. Therefore they recommend the use of
highly active catalystthatexhibitlow ovempotentials.

2. Flooding is caused bglocalincreasén the concentration of OHluring ORF®! [144]
(1451 Hull et al ™49 haveshown thatthe ORR zonemovesor narrovs, respectively,
due to the local increage OH concentratiorthrough the electrode. Since these ions
mustbe hydrated by water molecujeghich result ina movement ofvater from the
electrolyte bulk toward the high ion concentration. Thiss¢aflooding of theGDE.

3. Precipitation of KCOs due to CQin the aift® B 1441 1461 First, the dissolution of
CQ; leads to a slowexchangeof OH with COs*, which causes a decreaseionic
conductivity. Then, KCO; particlesform in the pore structuréeading to a decrease
in hydrophobicity and the GDE is slowly floodetloreover thesesalt particles also
block thesurface ofCL, andther solubility is lowin CO:* saturated electrolyte.

4. Pressure difference betwedhe liquid and gas sid#® 143 471 |t s importantto

control the pressuren both sidesOtherwise the electrolytewill be forcedoutonthe
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gas side and theumber of gaghannelswill be reducedor the gasvill be forcedout
onthe electrolyte side and the gas bubhbliélsreduethecontact surface area between
CL and the electrolyte. Both scenariokkad to a reductionin electrochemical
performance.

5. Corrosion of carbon by peroxide. It slowly oxidizes the edges of exposed carbon to
C-O bonds and converthemto CQ; in thereduction reactionf GDE Thisleads to
hydrophilic surfaces due theoxygen bonds on the carbsuarface antbss ofcarbon
material due to corrosioi.herefore the flooding of carboiased GDLs is slowly
increasing.Moreover anodization of carbon to GQ@lso occurs at high electalc
potentials due to low OER electrochemical activiys a result anodization
intensifies tle flooding mechanism. There are several stutliasconclude thig®! 44
[51] [144] [146].

6. Chemicalalterationof PTFE by high electrochemical potentighapovalkt all48!
pointed outthat PTFE decomposesiaR V vs. SCE,Yanget all''? displayedthat
decomposition of PTFE can occur at less negative potertiicsilzeet ali**% and
Yanget all*'? described th@lecompositiormechanism of PTRBonded GDEs by
XPS measurements. TheRCbonds of PTFE break durirtiecomposition and C=C
and/or GO bonds are formeadvhich are hydrophilic. This mechanism contributes to
the flooding of the GDLbut only to a small eght. This is kecause other mechanisms

are faster (electrowetting) and more destructive (carbon cor)B8iBtr.

GDL flooding mechanisms

precipitation K,COs e f;. S

Pressure difference

Figure 17. Schematic depiction efarious GDL flooding mechanisms.
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All in all, some of the negative mechanisnaescribedare slower than othgand become
noticeableonly after acertainlong period ofoperation suchasthe chemical stability of PTFE and
Nafion®. In addition the materiallimits are known Therefore the operatng environmentcan be
kept within these limits by adjusting the electrolyte concentration and using highly active
electrocatalysts tachievelow electrial potentias.

Otherwiseptherelectrolytes omaterials are used to replabese that arbarmful orunstable
For example,he eplacement of carbon materialssubstrateor GDLs is hecessary frevent the
influence of carbororrosion.This eliminatestwo negative mechanisntat lead tdlooding and
loss of catalystdt is important to loolattheelectrode reactions of oxygén alkaline environmeat

to understand OER and ORR and why carbon corrosion is caused.
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2.2 Electrochemical Reactionsin the GasDiffusion Electrode
2.2.1 Alkaline OxygenEvolution and ReductionReaction

The oxygen evolution reaction (OER) ati@ oxygen reduction reaction (ORR) are the key
reactions for applicationsuch aselectrolyzersfuel cells or metahir batteriesFor example,in

metalair batteries Kigure 18), the charghg process is thevolution of oxygen (OER) and the
dischargng process is the consumption of oxygen (ORR).

MAB
4e” W 4e”
- _
Electrolyte
ORR
OH:
OER
40H @
=
2
7]
[ Metal Electrode | | GDE | u%
Separator

Figure 18. Schematic depiction ofraetatair battery and its reactions.

In OER the reactants ar©H in alkalineandH20 in acidic electrolytes The steps forthe

alkaline OERareshown inthe followinggenerakeactionpathway(Sis an activecatalyst site}®:

OH +St SOH+¢€ E13
SOH+0OH+t SO+HXO+¢€ E14
280t 0:+2S E15

However, here ardour otherpossible OER pathgachwith several intermediatgtepsn the
alkaline electrolytesummarized byatsumotcandSatd*>Y. Theindicatedreactionpathway(E 13
i E15) is assumedio havealso a hydrogen peroxide and a peroxide P&th The different
electrochemical pathsvere summarizedoy Giordano et all*®2, which are shown below in
dependence of the ptghvironmen{(Figure19).
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Alkaline

[5-OH] i 150V _HE o 16 0OH] =i [5-00]
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) e
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Figure 19. Schematic depiction of OER pathway for alkaline and acidic reghad@ed with permission from
Giordano et al., 2016852, Copyright © 2015 Elsevier B.\ll rights reserved

Figurel9showsschematicallghe complex OER pathwdlroughthe blue arrowfor alkaline
electrolytes whereeach intermediateepresentsn electronstep.lt begins with the adsorption of
wateratthe active site and continues withe-electron steps leath to a peroxidéon intermediate
in the third step. Peroxide is knowm be reactiveandcanattackthe carbonin the GDE, leading to
carbon corrosidfi 531, However, the peroxidasuallyreacts with a hydroxide icim the final step
to form water andnolecularoxygenatthe catalyst sitddowever the reaction path also depends on
the crystal structurand oxidation statef the catalystFor exampleRuQ; hastwo or four electron

pathswithoutthe intermediatstep ofperoxidé®,

ThePourbai¥**! diagran of oxygen isalculatedhermodynamicallyas a functiorof pH and
electric potentialKigure20).

This diagram shows that as pH increases, the electrical potential for oxygen evolution and
reductiondecreases. The alkaline regime is so attractive for OER and ORR systems because more
nortnoble metal catalysts are available that are stable in this alkaline regime and at these electrical
potentials (chapte2.1.4). The light blue aremarks an alkaline regime between a pH of 12 and 13.
The different colored bars within the long bar show the calculated equilibrium of all oxidation and
reduction reactions of oxygen. In general, the productiors @@ HO. or HO, should be avoided
due to their highly reactive properties.

This thermodynamically derivelourbai***® diagram is only an orientation for the particular
electrochemical setup, which helps to estimate the reaction product at a given electric potential and
pH. The electrochemical kinetics play an important role in the formation of products, which can be

controlled by the proper use of catalysts.
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Figure 20. PotentiatpH equilibrium diagranof the oxygein water system at 28C. Diagram slightly changed.
Added with permission froPourbaix***!. Rightsholder: AMPP GLOBAL CENTER, IN(! rights reserved

On the othehand there iste alkalineORR Thefour-electronor s o ¢ a lpatrevay A di r

is as follows:
0:+2HO0+4et 40H E 16
It is generallyassumed that the OER corresponds to the back reacttbhG@However, there

is an additional tweelectron reactioror indirect pathway respectively that runs parallel to the

four-electronreactiorf®!:

O:+HO+2et HOy + OH E17
HO; +H.O+2¢et 30H E 18
O, +2H0+2€et HO,+20H E 19

EquationE 17 shows the reduction of oxygen to a peroxide lbors further reducedtb three

hydroxide ionqdE 18). EquationE 19 is another compgive oxygen reduction reactioproducing
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hydragenperoxide The electric potentials atgiven pH for these reactions can be estimdteth

the Pourbaix!® diagran of oxygen Figure 20). It is well known thathe ORRand OER have a
sluggish fourelectron charge transfer kinéti¢?. Thisleads tchigh overpotentials anmbnsequently
large inefficienciesln general,liese reactiopathwaysccuron an electrochemidslactive surface
area of a catalystia variousadsorption mechanismadsorption at one end of the oxygen molecule

(Figure21 (a)) leads to théwo-eledron ORR pathway due tarelatively undiminished bond.

(a) (b)

0
/ |
o o—o | 0o—o
I N/ ./ N\
M M :M ™

Figure 21. Schematic depiction ¢&) one and (b) bothendadsorption mechanisms of oxygen on a catalyst

surfacd®l,

The bothend adsorption at one saadat two sites (bridgéorm) of a catalyst surfade shown
schematicallyin Figure 21 (b). In contrast to oneend adsorption,tireduceshe second bond and
enableghefour-electon ORR.

In general, the electrochemical catalyst shonde low overpotentials at high current
densities. This is possible if there are no parallel reactiodls athe twoelectron pathwaghown
which leads to higher overpotentialsis is becausall of theintermediate stepa thetwo-electron
pathway have a high¢otal energy consumption than the fegiectron pathwayn addition, these
intermediatestepggeneratdighly reactivespeciesuch agperoxideor hydroperoxidehatcan attack
thecomponents of the electradesulting in ashorter durabilit! of a GDE
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2.2.2 CarbonCorrosion

In carbonbased GDEscarbon corrosiomccurs,which istriggeredby the aforementioned
peroxide evolutior(two-electronORR pathway)and the subsequent purely chemical reactions as

well asthe electrochemicabxidation reaction of the carbon surfd&20).

C+2H.0Y CO,+4H*+4¢€ E 20

Carbon oxidationalso leads to hydrogen evolutioifhe standard potentialf this carbon

oxidation reactioras a function opH, is shown inFigure22 below.
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Figure 22. PotentiatpH equilibrium diagranof the carbori water system at 28 (considering carbon in
the form of graphite)Diagram slightly changedAdded with permission frofourbaix %3], Rightsholder:
AMPP GLOBAL CENTER, IN&Il rights reserved

In this diagramthe greencoloredareashows the electripotential as a function giH, at
whichcarbon is stable. Howevevhenthe electrode potential is higher than the family of li{3&g,
(36) and (37)carbon is oxidized to COH.CQOs, HCOy, and CG?%. In addition carbon is reduced

when the electric potential isower thanthe family of lines (41)resulting inthe formation of
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methane, methyl alcohand other organg These line$35, 36, 37, and 48re colored yellovand
indicatke thelimit at whichcarbon isoxidized and reduceas a functiorof pH and electric potential.

As mentioneckarlier, this diagram helps to estimate the stability of the material under certain
conditions PourbaiX'* statesthat these reactions of carbao not occurbelow 25°C &
atmospheric pressure. Howeveris known thatthe thermodynami®xidation of carboroccursat
0.207V vs. SHEin acidic environmerst!? [*54, Consequentlycarbon corrosiois inevitableat high
anodic potentialsThis is alsoevidentin Figure22. However,underexperimentatonditions carbon
oxidation starts above 0.207vs. SHE due tahe slow reaction kinetics and intrinsic properties of
theelectrode materials and electrolyte.

For this reason Yi et al*®¥ studied the electrochemical corrosion of glassy carbon in acidic,
neutral and alkaline media arnddicatedthatthe carbon begins to oxidize or corrode, respectively,
at 1.2V vs. SHE. Their linear sweep measurenasbindicated thatwhenthe electric potential of
OER is reachethbove 1.5/ vs. SHE) the carbon surfacendegoes gyreaterchangehan at 1.2/
vs. SHE.

Yi et all*> describedthat in alkaline mediacarbon oxidation istrongerthanin acidic or
neutral mediaThis is becausthe dissolution process of carbarcursonly in alkaline medighrough
the formation ohydroxideradicals The alkyl site chains at the edges of the graphitic domains are
attacked byheradicals. The layer become®re and more hydrophilic due tive formation ofC=0
bondsu nt i " intehaetion’between flakes and glassy carbon wesdedfinally dissolvesin
the electrolytB>4. After that, a raw carbon surface remains for the next attack.

Theyalsoobserved drown discoloration of the electrolyte during #nreriment in alkaline
media Their UV-vis measuremendf the electrolyteshowedpeaks at 22@00nm represeimg
polycyclic aromatic hydrocarbons. There atkecteda brownish substanceéhatturned out to be
small carbon nanoparticlegth an averageadiameter ofless than 1@m. This led to the conclusion

that exfoliation of carboalso occursluring OER.

The u of highly active catalysts can reduce the total cell vol(sgeFigure8, Figure 14,
andFigure15), andconsequentlygarbon corrosion is slowe8ut corrosioncannot be completely
avoidedin the longrun. This is showrby thereportsof carbonbased GDEs imetalair batteries,
electrolyzersand fuel cellghatare not stablat OER? [¢1 1111 [201 [120] [121] " Fyen withnoble metal
catalyss such asPt, carbon corrosiortakes placen a fuel cell as shown byMeier etal.['4%,
Nevertheless;atalyst development for OER and OR&htinuedo achieve low overpotentials with
earthabundaniand nonrnoble metals ormetalfree materialssuch ascarbon Thesecarbonrbased
catalysts exhibit higher corrosion resistance due to incorporated structural defecisr and
heteroatonid 19,

However, the carborbased GDLsdo not have protective structural defects #&nd
heteroatomsandthereforethe carbonbasedGDLs corrodeas mentioneearlier,
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Thisleads to

1. increasen hydrophilic surface area
decrease in conductivity
loss of electrochemidgl active surface area

detachment of catalyst particles from the support

o w0

eventualkollapse of thearbonrbasedGDE

Trogadaset al'® have summazed some specific criteriavherecarbon corrosion is very
pronouncedn GDEs They basethis on thePEMFC studyby Maasset all**®, wherecarbonbased
cathode substratorrosionhas been demonstratedthe acidic regime.

One of the criteria is that theorrosionrateis higherat varying electric potentials tharat
constant potentiallhis is becausehe duration otheapplied higkelectricpotentials is nosufficient
to produce irreversible oxide lay&fs Thereforethis criterionshould be appliedhenstudying the
electrochemical stability of novel GDEs.

In general, imustbe emphasizethat carbon corrosiois much more pronouncea alkaline
media than in acidic or neutral mediéoreover,carbon corrosioalsooccurs in acidic environment
despite the use of Pt ascatalyst.Therefore carbon corrosion in alkaline media is avoided by

replacingthe carbonwith other electrially conductive materials such awetals.

51



2 Literature

2.3 Electrochemical Deposition of MnOx on a M etal Substrate

In generalit is possible t@btainspecific electrochemiclgl active coatings with high specific
surface aredy certain electrodeposition settingdarting fromthe deposited metat is necessary
to know atwhat pH of theagueouslectrolyte andht whatelectric potential the specific coating is
depositedPourbai*"*® hassummarized large numbenf electrochemical equilibria of elements in
agueous solution®©neof theseis manganese arisishown in Figure23. Below are three examples

of the electrochemical depositiofimanganese oxide fgpecificsettings andurthertreatmeng.
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Figure 23. PotentialpH equilibrium diagram of the manganesater system at 25C with dotted lines at
054V and 084V vs. SHEand at a pHvalue of 6.0Diagram slightly changedAdded with permission from
Pourbaix*%!. Rightsholder: AMPP GLOBAL CENTER, ING rights reserved

Chou et all’® used an electrolyte of OM NaSQ: (sodium sulfate) and OM
Mn(CHsCOO) (manganese acegitandhad an electrolyte pH of 6. For electrodeposifitimey
appliedpotentiostatially 0.6V vs. SCE forl5 minutes to ppducea thin MnQ film. Then, a cyclic
voltametric methodvas appliedin the potential range of 0\3 and 0.6V vs. SCEat a rateof

250mV st for 30 secondsandthenthe potentiostatic methoslas usedt 0.6V for 1.5 minutes to
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synthesize Mn@nanoflakes. With this combinatioh h e y 0o bMn@.iinnstardruit tike form
(called carambola) on a nickel sheet. This coating exhibiladyespecific capacitance of 240g*
at 1mA cnm?, indicatng alargeelectrochemicdy active specific surfacarea.

Nget all® usedonly 0.1 M manganese acetate as electrolyte and electrodeposited at a potential
range of 000V and 0.® V vs. Ag/AgClwith a sweep rate of 2@V s* for 150 cycles. One cycle is
a complete sequence fromO0V to 0.8V andfrom 0.60V backto 0.00V vs. Ag/AgCl. The
stainlesssteelmesh coad withMnOy wasthencalcinedin air at 480°C for 10 hoursMn,Os; was
formedduring thistreatment. Thdn,Os; coatedstainlesssteel meslexhibitedstable OER and ORR
performance

In this last exampleTsal*? et al. used the same electrolyte@isouet al**3 (0.1 M Na;SQy
and 0.1IM Mn(CHsCOO})) and alsoappliedthe potentiostatic method at 0.¢ vs. SCE for 15
minutes.Theyadditionallyappliedapotentiodynamic method at a potential range dd %.300.60 V
vs. SCE with a scan rate of 8B/ s* for 800 cycles. After the coating was deposited on a nickel
foam substrate, it was annealiedair at 300°C for two hours.Structural analysisdisplayedthat
pyrolusite MnQ was obtained. This electrochemigadctive coating on nickel foam exhibitatiigh
specific surface area and watsdiedasanasymmetric supercapacitor.

Accordingly, in addition to theelectrolyte concentration and pHhe working mode
(potentiostatic, cyclic voltametric or potentiodynamic, respectivatglconditionssuch agotential
value, durationnumberof cycles and scan rate a@dsoimportant With these setting options it is
possible to obtain specific coating

Based on the settingsedby Chouet al*®¥ andTsaf'? et al and thePourbai*™*® diagram
of mangaese Figure 23), one canestimate which manganesaide specieswere depositedat
different potentiostatic and cyclovoltametrfor potentiodynamicmodes. The electricpotential of
these working groupsiustbe adjustedby the standard saturated calomel electrode (SCE) potential
lioo = 0.24V for compaison withthe PourbaiX!*! diagran. As a resultthe potentials 0GBV and
0.3V vs. SCEchangeto 0.84V and 0.54V vs. standard hydrogen electrodeHE). MnO, phases
formed in bottpotentiostatic mode at® V vs. SHEand potentiodynamic mode a potential range
of 0.54V and 0.84v vs. SHE However, the potentiodynamic mode was also in the region of
dissolved oxidesTherefore the resultspresentedoy them( -MnO. and pyrolusite Mn@) are

consistenbased orthe PourbaiX'*! diagram.
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3 Experimental

The materials, sample preparation, and characterization methods were selected based on the

literature presented.

3.1 Materiel List

3.2

1
1

Nickel foam (1500 m?) was purchased fromiNCOFOAM) Vale S.A.Brazil.
Stainlesssteel(alloy 1.4409 fleece(20 um pore size) was purchased fr&eichelt
Chemietechnik GmbH Co, Germany.

Potassium hydroxide was purchased fiderck KGaA Germany.

Hydrochloric acid was purchased frafiVR InternationglLLC, USA.

Manganese (Il) acetate tetra gtk and sodium sulfateere purchasettom Carl
Roth GmbH + Co. KGGermany.

Teflon™ PTFE DISP 30 water emulsion was purchased fronQuinTech
Brennstoffzellen Technologi&ermany.

Commercial GDE (product name: MO@ore size: 0.1i 6.0um) and half-cell
assembly FlexCell Higure 25) were purchased fromGaskatel Gesellschaft fiir
Gassysteme durch Katalyse und Elektrochemie,iG@timanyThe electrocatalyst of
the commercial GDE is MnQO

A hydrophilic Zirfon® membrangas supportably provided #gfaGevaert N.V.
Glass fiber fleecéPromaglavHTI| 1250 Papier 125 Ifm) was purchased fré&ex
Building Performance GmblGermany.

All reagents were of analytical grade and used as received without further purification.

SamplePreparation

Pretreatment

Samples of nickel foam and stainless steel fleece (24 mm diameter) were ultrasonically

cleaned in acetone for 30 minutes and airddrihe cleaned samples were etched in 2 M HCI for 45

minutes, washed in deionized water, and then dried again. Finally, the samples were annealed in air

at 350 °C for 20 minutes. Some nickel foam samples were pressed with pliers to reduce their
thicknessifom 1.95 mm to 0.74 mioefore etching

ElectrodepositiorProtocol

The electrodeposition protocol is based on Choul&PndTsal'? et al andwasextended

by my own specific adaptations. MpQvas electrodeposited onto a pretreated nickel foam or

stainless steel fleece, respectively. The composition of the aqueous deposition electrolyte was 0.1 M

manganese (ll) acetate tetrahydrate and 0.1 M sodium sulfate solution. The samples were
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ultrasonic#ed in the deposition electrolyte for 10 minutes to ensurehibeg werano air bubbles on

the metal surface before the electrochemical plating process began.

The deposition was carried out in a beaker at a temperature of 30 °C. Nickel fei@inless
steel fleece served as working electrode, a platinum electrode as the counter electrode, and an
Ag/AgCl (3 M NaCl) electrode as the reference electrode. The electrical contact of the working
electrode was established by clamping with a nicked simnected to the potentiostat via an alligator
clip. Therefore, the working electrode could be completely immersed in the electrolyte.

The reference electrode has a standard potential vali@0of 0.20 V. Consequently, the
potentials 0.60 V and 0.30 V vs. Ag/AgCI (3 M NaCl) change to 0.80 V and 0.50 V vs. standard
hydrogen electrode (SHEAccording to thePourbaixdiagram of mangane$®! (Figure 23) , the
electrochemical settings were adjusted to obtain Mm@ oxidation number gMnQOy).

The electrodeposition process consisted of two steps. Starting with potentiostatic deposition
at 0.60 Vfor 15 minutes, followed by potentiodynamic deposition between 0.30 V and 0.60 V at a
specific scan raterda) (25mV st or 50mV s?) for 500 or 800 cycles. A cycle is a complete
sequence 00.30V A 0.80V A 0.30V. The process is shown schematicallyFigure 24. After
electrodeposition, the samples were dried in a drying oven atCl20d then annealed in air at
300°C for two hours.

Potentiostatic Potentiodynamic
. A

~ ~ ™

/\ { \ / \ Scan Rate: (50%’) Hi
Cycles: (500) Few
—\/\/\/\/\/\/\ Scan Rate: (50 mTV} Hi
Cycles: (800) Mny
Scan Rate: (25 m—sv) Lo
Cycles: (500) Few
Scan Rate: (25 "'TV) Lo
Cycles: (800) Mny

Time

Voltage

Figure 24. Schematidepiction of the deposition proced$iFew: 50mVs? for 500 cycles; HiMny: 5V s?
for 800 cycles; LoFew: 2BVs?! for 500 cycles; LoMny: 2mVs? for 800 cycles)
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In Figure 24, all electrochemical setups used for electrochemical deposition are shown
schematically with their specific namesccording to the diagram d?ourbaiX!®®! for manganese,
theelectrodeposited Mnpecies is not affected by the variation of the electrodepositigar the
number of cycles. This is because the species is affected by the applied electric potential and pH. For
this reason, the electrodeposited MPecies istte same for each setting (HiFew, HiMny, LoFew,
and LoMny). Since the applied potential range for potentiodynamic deposition and the potential for

potentiostatic deposition is constant for each sample.

Hydrophobization

The coated samples were hydropheldiby dip coating. They were immersed in Teftbn
PTFE DISP 30 water emulsion for 10 seconds. Then they were rinsed in ethanol to remove the excess
emulsion and dried in a drying oven at P20to remove ethanol and water. They were then annealed

at 305°C for 30 minutes to remove the wetting agent.

Combination

Coated substrates (nickel foam (foam: Fo), pressed nickel foam (pressed foam: Fop), and
stainless steel fleece (fleece: Fle)) were layered on top of each other in different order to create
multiple macropore system gradients.

All samples were prepared in duplicate and their characteristitistadin Tablel, Table2
andTables.

56



3 Experimental

Tablel. Sample overviewf chapter4.1(nickel foam (foam))

Sample Name Electrode body Coating setup PTFEcoated
HiFew! Foam HiFew! No
HiMny?2 Foam HiMny?2 No
LoFew? Foam LoFew? No
LoMny* Foam LoMny* No

High scan rateFew cycles; High scan rateMany cycleg; Low scan rateFew cycles; Low scan rateM any cycles

Table2. Sample overviewf chapter4.2 (nickel foam Foam), pressed nickel foarRdp.) and stainlessteel
fleece Fleece) * hydrophobig.

Sample Name Electrode body Coating setup PTFEcoated
FOrew Foam HiFew! No

Fopeew pressed Foam HiFew! No

Fopvny pressed Foam HiMny?2 No

Flerew Fleece HiFew! No

Flevny Fleece HiMny?2 No

Flex Fleece HiMny?2 Yes

Fopt pressed Foam HiFew! Yes

High scan rateFew cycles; High scan ratéylany cycleg; Low scan ratef-ew cycles; Low scan rateM any cycles

Table3. Sample overviewf chapter4.3 (L: Foam with largesized pores; M: Pressegoam with medium
sized pores; S: Fleecewithsmalli zed por es; I  non hnicketfaam foant),ipressed y
nickel foam pressed~o0.) and stainlessteel fleeceRleece).

Sample Name Electrode body Coating setup PTFEcoated
LT| MT | Sy Foampressed FiFleece HiFew!|HiFew!HiMny? S

LT | My | S Foampressed FiFleece HiFew!|HiFew!|HiMny? Mand S

MT | My | S pressed Fpressed FiFleece HiFew!|HiFew!|HiMny? Mand S

MI$1 Sy  pressed FiFleecdFleece HiFew!HiMny?HiMny? S
ST | My | S Fleecdpressed FiFleece HiMny?|HiFew!|HiMny? Mand S

High scan rateFew cycles; High scan ratéylany cycleg; Low scan ratefFew cycles; Low scan ratelM any cycles

57



3 Experimental

3.3 Characterization
3.3.1 Material CharacterizatiotMethods

Scanningklectron Microscopy

Field emission scanning electron microscopy (FESEM) ULTRA PLUS f@ar Zeiss
Microscopy GmbHvas used to investigate the morphology of the electrodes. An extradlighe
(EHT) beamof 10.0kV (100 um 7 1 um) and2.0 kV (1 um1 200nm), a gunto-sampledistanceof
3 to 4mm, and Signal A=SE2 (10Qum T 10um), =InLens (Lum i 200nm), and =AsB
(100um T 1 um) wereused for the measurements.

PTFEcoated samples wereoated with carbon (vapor deposition)to increase the e
conductivity of PTFE. For ik reasonthe structureof PTFE can beneasurd with SEM by using

Signal A = angle selective backscatter (AsB).

X-Ray Diffraction

X-ray diffraction (XRD) analysis waserformed usin@ D8 Advance Bruker and a &
radiation from Bruker Corporation Based on the electrodeposition protocol, Mn@as
electrochemically deposited on a nickel plate afcaof 12.5 mVs? to obtain as much mass as
possible and then scraped off the nickel surfaibés MnQ, was measurefiom 5° to 90A  2t@
rateof 0.01° per 57.6 seconds.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) waerformed usinga JeolJEM2100Plus at a
highvoltageof 200kV. The MnOx samples were prepared in the same way as described for the XRD
samples. The synthesized samples were ground in ethanol for two minutes using a mortar. After 10
minutes of segregation, a dropas placed on a carbon TEM gritihe httice constants dr
interplanar distance, despectively were calculateflomtheme asur ed XRD pattern

usingBragg slaw, which ispresented below

€ _ ¢Qi QO m. Eq.7

In m.Eq.7, € is a positive integer and is the wavelength of the incident wave (Kw

radiation).
X-Ray Tomography

X-ray tomography measurements wpegformed using thEEISS Xradia Versa 620 3D-x

ray microscop from Carl Zeiss Microscopy GmhH
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The electrodepositatickel foamsamplewvasanalyzed in the-axis direction with an optical
magnification of %, at 50kV, 89.93uA, an exposertime of 12.0s, a sourcesampledistance of
- 7.160mm, a detectorsampledistance of 19.6¥mm, and asource filter: LE5.

The electrodeposited pressed nickel foam sample was analyzed #axtsedirection with
an optical magnification a&fx, at40kV, 74.95uA, anexposetimeof 6.0s,asourcesampladistance
of - 7.008mm, detectossampledistance of1.545mm, and asource filter: LE5.

The electrodeposited stainlesteel sample was analyzed in thexts direction with an
optical magnification ofix, at40kV, 75.04pA, anexposetime of 27.68s, sourcesampledistance
of 1 10.385mm, detectossampledistance of 59.88m, and asource filter: LE3.

Contact Angle

To determine the hydrophobicity of samplesntact angle measuremenmtsre performed
using theContact Angle System OCAH200 frobataPhysics Instrunmré GmbH Droplets of 5 pl
of deionized water were placed on the sample surface and after 3 to 5 seconds a camera of the Contact
Angle System OCAH200 took a digital photo. This procedure was performed on three different
locations of the same sample. The-im&talled program of the Contact Angle System OCAH200
(SCA20 version 2) analyzed the formed contact angle of the droplet.

Nitrogen Sorption (BrunaueEmmetTeller- BET)

The specific surface arestudy was determined by the nitrogen sorption methodher
BrunauerEmmetTeller (BET) measurement, respectively, using the ASAP2020 from Micromeritics
GmbH. The adsorption or desorption of nitrogen was initiated by the steady increase or decrease of
nitrogen pressure. Meanwhile, the amount of adsorbed orlaabmitrogen was measured. The
BrunauerEmmetTeller model was used to calculate the specific surface area from the measured

adsorption and desorption data.
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3.3.2 ElectrochemicaCharacterization Methods
A potentiostat SR240 from Bio-Logic Science Instrumé&nand a hakcell assembly from
Gaskatel Gesellschaft fir Gassysteme durch Katalyse und ElektrochemiewarbHised to

characterize the electrodéich is show in Figure25.

Potentiostat

Working
Electrode
Counter

0,

1

Headspace,

Cover Plate Test Cell Body

Figure 25. (a) the assembly of the individual parts (1. Ziffenembran; 2o-ring space holder; 3glasfiber-
fleece soaked in KOH andworkingelectrode/GDE samp), (b)depiction othe connected Gaskatel FlexCell
and (c) its schematic depiction of the cresstion.

For all measurements, the respective GDE sample served as the vebekingde, a coiled
platinum wire was used as the counter electrode, and a Hg/HgO (1 M NaOH) electrode was used as
the reference electrode. The electrolyte was 0.1 M KOH (pH: 12.6), resulting i @iGtandard
potential (i0) of 0.37 V vs. Hg/HgO 1 M BOH (i0 = 0.49 V vs. SHE).

An oxygen supply of ~ 1 NI mihwas connected to the haléll during all electrochemical
measurements.

The GDE samples (working electrode) were prepared for measurement as sikoguren
25 (a). The hydrophilic Zirfon® membrane (1.) is in direct contact with the electrolyteethees
the electrolyte pressure on the GDE samples. The-dilass fleece (3.) was soaked in KOH before
assembly andt also reduced the electrolyte pressure on the GDE in thedialiThe Oring (2.)
ensured that the Zirfon® membrane and the ¢fiiags-fleece could be separated again after the
measurement. The uncoated nickel foam (4.) represented the GDE samples, which were electrically
connected by a nickel mesh. Then, all electrodes (working, counter and refeleniced® were
connected to # potentiostat SF240 as shown ifrigure 25 (b). The schematic depictiorrigure
25(c)) shows that the reference electrode was in close contact with the working electrode through

theHaberLuggin capillary.
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The measurements of the combined electrode bdftiegxample:L T | MY (T&3))
wereassembledh the same way as shownhigure25 (a). Note that he first electrode body of the
combination(L] | My ) vagin contact with theslectrolyte sideand the laselectrode body of the
combination L T | Mf Wasin contact with their side.

The electrochemical behavior wasudied bya galvanostatic methodglectrochemical
impedance spectroscopyda potentiostatienethod

GalvanostatidMeasurement

Thegalvanostatienethodwasperformedat different current densities 6 andt 10 mA cmy
2) for at leastthreecycles each cycle lastg 1 minute. A cycle isdefined here aa completed
sequence of OER and ORRhese results were averaged and subtrawitbdio=0.37V vs. Hg/HgO
1M NaOH to obtain the werpotentialfor the ORR and OER.HhE following schematic diagram
illustratesthecalculation of the@verpotentialFigure26 shows the relationship between the potential
responselio and the overpotential of an ORR and OER galvanostatic measurement.

j/ mA cm?
) ORR OER
[Norrl + Noer
|
[ 1
Norr Noer
| A
jOER ' ' /

vs. RE

_—

Jorr /‘p m Poer

ORR

Figure 26. Schematic depiction of@rrent density electric potentiacurvefor ORR and (ER.

In generaltheindividualo v e r p 0 t @r@ th id&)Idescribedhe electrochemical activity
for ORR and OER. Small overpotentials are prefelrechuséhis indicates high electrochemical
activity. Consequentlythe sum of the overpotentiads the cumulative overpotentiél bre] o),
respectivelypresatsan overview of the GDE activity.

Moreover these overpotentia{sskr @ N @er) dre the sum of alhdividual overpotentials
such agharge passagieansfer diffusion,reaction (inhibition by chemical reactig@nd adsorption

(adsorptiordesorption ofthe active speciest the active site).These individualoverpotentials
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3 Experimental

interact with each other in the environment of an electrochemical cell, resulting in a high degree of
complexity.However, it is possible to quantitativelistinguish some of thiedividual contributions
to inhibition, such aghe chargepassagétransfer and diffusionoverpotential by electrochemical

impedance spectroscopy.

Electrochemicalmpedance Spectroscopy

e

Electrochemicalmpedance spectroscopy wasasured from 10kHz to 100mH z &=t
0.37V vs. Hg/HgO 1M NaOH. Analysis was performedusing EC-Lab software fromBio-Logic
Science Instrument® determinecharge passagéfansfer resistanceor polarization resistance,

respectivelyWarbrugdiffusion coefficient and double layer capacitance

The impedance spectroscopy Z° results were shifted ilNylagistplots for visualization
purposedy the following equatioliZ inerse¢ X-axisintersection; Z:: Z" values; €1, :2Constant =
1, 2, 3, 4 or 5¢

W O @ s ™I hp m. Eq.8

The first graph was set tgsecion=0.50Y , t h e  Suéekir=rl.fA0Ytarmdcortinuing

in 0.5Y stepsuntil the last graphunless otherwise stated

For the impedance measurement, the entire cell was analyzed, consisting of current
collectors, alkaline electrolyte, a Zirfon® membrane, glfibsr- fleece (gff) and the sample under
investigation(Figure25). The measured ohmic resistance includes the individual resistances of the
individual cellcomponents. Since the Zirfon® membrane was reused several times for the impedance
spectroscopy measurements, slight changes during cleaning resulted in different ohmic cell
resistances.

Therefore, the specific ohmic resistanceeaEhGDE was not determed. This requires
conductivity measurements through the DC plane, which were not performed.

However, the ohmic resistance is independent of the electrocatalytic activity of the MnO
coated CFGDEs. Thus, the characteristic impedance shape of each saagptet affected by the

membrane.
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3 Experimental

In general, thd\yquistplot of porous electrodes structured by three regimég:
1. A45°line in the high frequency rangerrespondingo ion migration and electron
transport.
2. A semicircle in the nd-frequency rangecorrespondingto the charge transfer
reaction andhedouble layer capacitanegthe electrodeslectrolyte interface.
3. A diffusion regime in the low frequency rangerrespondingo electrolyte and/or
solid-phase diffusion. Depending on tekectrochemicalystemunder study
These three regimes agremplfied in Figure27 below. All three regimes are influenced by
the pore shap@oresize,and porosity.
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Figure 27. Nyquist plot of gorous electrode and its three frequency regimes (nickel foam coated with MnO
(HiFew)).

The followingequivalent circui{Figure28) was usedor the regression analysi$all Nyquist

plots.

CPE

\\
"

=
—I Ry I_IWI_

Figure 28. Depiction of the equivalent circuit for the potentiostatic electrochemical impedmectroscopy
measurements ¢R. ohmic resistance; Rpolarization resistance; W: Warburg element; CPE: constant phase
element).

Some CFGDEs show for low frequencies the finite spsi¢arburgdiffusion*>” indicated by
an asymptotidine courseo a 90° ling(Figure27). For mediumlow frequencies or in the transition

range of the asymptotic course, respectiviglg, classical Warburg diffusion (straight 45° line) can
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3 Experimental

be observed. In order to obtain consistesults and to compare all samples with the same boundary
conditions, the diffusion part was modeled by the classical Warburg diffusion. This classical
Warburg diffusion only serves the purpose of comparing the samples with each otheatl@nce
complex models are required for a more realistic approximation of the diffusion impedance in porous
electrode®® this is beyond the scope of this work. Due to the porous surface structure and the
complex composition dfInOx and carbon (GD&)*5° 1601 1611 5 constant phase element was used.
Ronm quantifies the electrolyte resistandbe Zirffon® membrane used, and the KOH
impregnated glass fiber fleecB, stands forthe charge transfer resistance or charge passage
resistance, respectively. The charge passage current désjtgan be calculated by the Butler

Volmer-equation:

N QQbHh—— Qon —-— m. Eq.9

For small charge passage quatentiab — ) the following principle applies:

Qo p m. Eq.10

Thus, theButler-Volmer-equation can be written as:

T Qp — p —- m. Eq.11

By further calculation it is possible to get the charge passage resistance (

Y _ — m. Eqg.12

This'Y is represented by theharge transfer or polarization resistance, respectively=(R

Rp), which is determined by impedance spectroscopy. Howeveristbidy valid for small charge
passagiransferovempotentiab or excitatiorpotentials Thereforethe G/OH'st andar do pot ent i al
=0.37V vs. Hg/HgO 1M NaOHwas chosen

In addition diffusive mass transport is described by\tfarburgelement. It is quantified by

theWarburgdiffusion coefficient { ). TheWarburgimpedance is written as folloW#/?:

W Y — ., m. Eq.13
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" can be calculated by the constants of the experi(Aentgeometric surface arpa

" o= m. Eq.14
Further simplification shows the following relationship pf and the diffusion
coefficientO:
— 0 0 m. Eq.15
g rgosr] Tt k.
It can be seen that is quadratic indirect proportional 1. The diffusion flux () of
an electrochemical system is described byHibk sfirst law:
0 ©O— m. Eq.16
All in all, it can be said tha® becomes smalleat high ,, , which leads taa lower
diffusion flux or slower mass transport, respectiv€lpnsequentlysmall,, are preferred

becausaéliffusive mass transport ihenfast.

The constant phase element (CPE) is used for electrochemical systermhaitiogeneous
physical propertiesuch as varyindayer thicknesss'®?, rough topograpt¥® and/or varying
reaction raté®!. The CPE quantifies the influence of the physical properties by theexponent

with the following mathematical equation:

® —'Q m. Eq.17

When| p, the CPE behaves like the equivalent circuit of a capacitor and its phase angle
is 90°. Howeverwhenthe influence of the mentioned physical propertiéarge the value of
decreaseand the phase angle is less tharf.9ased orthe SEM imagesHigure 31) the CPE is

used for all impedance spectroscopy measurements.
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The double Iger capacitanced( ) is calculatedisingthe following equatioi®® (6 : double
layer capacitance [mF]Qo: CPE value (constant phase element) §F9); R,: polarization
Resistanc¢ VY [t CPE exponet

0 ——ZPpTWMMT m. Eq.18

Longterm StabilityMeasurement

Long-term electrochemical stability was measuregatentiostatic mode at 0% (OER)
and- 0.75V (ORR) vs. Hg/HgO 1M NaOH for 2100 cyclesEachselectecelectric potential was
constant forR0 secondsanda cycle is a completed sequence of OER and ORI measurement
setup simulates rapid agingthe electrode due the relatively high OER electric potential athwe
relatively rapid change of thevorking mode between OER and ORR for a langeber ofcycles.
Based orthe results o¥i et ali*>*, the OER potential of 1BV induces moderate carbon corrosion.
A program waslsowrittenin Pythonprogramming language to evaluate the resiilte codecan
be foundin theappendix(Appendix1).

The performance dE~GDEswas evaluated bgomparingootential ratios. It was calculated
by thefollowing equation(q: r a t icoret dveipptentiadofGDEs[ V ]chepe: dverpotential of
CFGDEs|[V]):

n —— P ZPpTWT m. Eq.19

The results of the electrochemical stability measurement were calculated by the following
equation(j:: current densityf the first cycle lnA cm?]; jx: current densityf thesubsequentycles
[MA cm ?)):

0 — m. Eqg.20
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4.1 Determination of the Electrodeposition Settings

4 Results andiscussion

As mentioneckarlier, the aim of this work iso develop a carbefiee (CF) gas diffusion

electrode (GDE) for alkaline energy convest&ince carbon based GDEs are not stable in alkaline

media due to carbon corrosion. The-GBEsconsistof a porous metal substrate coated with an

electrocatalyst.

Therefore, an electrochemical deposition method vatimblesettingparameterss
determinedn chapte.1to establista bifunctionalMnOy thatcan be applietb different
substrates a standardizethanner

In chapterd.2 different substratesuch asiickel foam(Fo), pressed nickel foaiffrop),and
stainlesssteelfleece(Fle) arecoated with the bifunctional catalyst and PTFEeif different pore
sizes hydrophobic PTFE coatingnd influence otheelectrochemical activitare investigated

In chapter.3, individual hydrophilic and hydrophobi€F~GDEs from chapte4.2are
combined talesignlayered bifunctional CESDEs with different porosity gradient$herefore, it is
necessary to analyze the hydrophilic/hydrophobic porosity gradient and its influeoxyggem

evolution and oxygen reduction reaction activity.

4.1 Determination of th&lectrodepositiorBettings

Electrodeposition of catalysts is a relatively simple metaond can be easily applied the
metal sistrateor electrode bodyTherefore, different electrodeposition parameteese used to
determinethe mostsuitablesetup.Four different electrodeposition settinfgee chapte8.2) were
used HiFew (rscas 50mV st and 500 cyclesHiMny (rscas 50mV st and 800 cycles).oFew(rscan
25mV st and 500 cycles)and LoMny (rscas 25mV st and 800 cycles)Based onthe surface
characteristis and electrocatalytic propertiest will be shown which electrodepositiorsettings
exhibitthe preferred electrochemical activities and surface propdrtiaddition long-term stability
measurementwill be performedto analyze any degradatiaf the electrodeposited MrOAII
CFGDE resultswill be compared with theommercialcarbonbased GDE (GDk). Furthermore,

only nickel foam was used as electrode bodihis first approach

4.1.1 MaterialCharacterization
X-Ray Diffraction

The XRD patterns of electrodeposited Mpid unannealed (a) and annedl(300°C) form
(b) areshownin Figure29. The XRD pattern ofheunannealed Mn¢can be assigned tbe Mn,Os-
bixbyite-c (JCPDS#00-041-1442). It exhibitsthe followingreflections 2 d = °, 3330?, 38.3°,

45.3°, 49.3°, 55.2°, and 65.8 8, Similar XRD patterns foannealedVin,O; were shown by
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4.1 Determination of the Electrodeposition Settings

Pudukudyet al*%4 andMenezest al*®®. In generalthere are still two small refitionsassociated
with other structuresuchas sodium manganese sulfate hydrate {W&(SQy). HO, JCPDS #00
020-1127) Notethat only the large diffraction reflectio® d = ° @hd29.%) of theunannealed
MnOyx can be assignedlue to the large background nois€éhe second main peak of
NaMn(SQy), HOlieswi t hi n t he background noi Souldnétbewever, th
properly assigneddue tothe background noiséndicating a large amount of Xray amorphous
substancesThese results were published in a pestiewed papét!.

Annealing at 300C convertedMn,Os to pyrolusite MnQ (Figure 29 (b), JCPDS#00-004
0779). Its refletionsare approx. a2 d = °, 3711?, 82.3°, 56.2°, 58.3°, and 65.8. A similar
XRD pattern for pyrolusite Mn©was alsabtainedby Tsaiet ali*? who used similar potentiostatic
and potentiodynamic deposition settings. Howevers#taumberof cycles andthe dynamicscan
rate (rscan differed. Neverthelessalmostidentical XRD diffraction peaks were obtainesihcethe

same potentiavindow and annealing treatmeméreused

(a) (b)

il (arb. u.)
il(arb. u.)

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
201(°) 261(°)

Figure 29. XRD-patterns of electrodeposited Mp(@a): nonannealed Mn@(Mn,Os-bixbyitedc, JCPDS#00
041-1442 Reprinted with permission frorBekisch et al. 20!, All rights reservedCC BY License
https://creativecommons.org/licenses/by/4.0/degd.@ie) annealed Mn@ at 300°C (pyrolusite MnQ,
JCPDS#00-004-0779)).

The XRD-patterns Figure29) showthat the annealing treatmewesulted irtheconversiorof
Mn2Os to pyrolusite MnQ. It is assumed that the pH increadedally during electrodepositign
leading tothe parial formation ofMn.Os. The annealing process oxidized these structures b Mn
However, both exhibit strong background noise indicating dominant amount of Xray
amorphousness. Thiould be due tostrong phase heterogeneity, a larger number of defercts
simply thatthe crystallitesarein the nmrange(compare MnQparticle inFigure30). The increase
in the noiseto-signal ratio of the annealed samplesociatedvith the phase change indicates an
increase in defects or materiaéterogeneitywhile the oxidation number dhe manganesés

increased (Mff A Mn*"). Since pyrolusite Mn@has beewuletectedThis pyrolusite MnQis known
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4.1 Determination of the Electrodeposition Settings

to be higy OER/ORR bifunctiondy activeé'®®! and electrochemicigl stable for high cycle

number§?2! [166],

Transmission Electron Microscopy

In addition, TEM images of thanannealed MnQ(Figure29 (a)) weretakento examinethe
electrodeposited coatinip more detail.For this purposethe lattice plane and refidons were
analyzedusingthe fastFourier transformation (FFT). This is shown Figure 30. These images
showdifferent morphologies and high polycrystallinity due to the differently oriemtitide planes
on the right sile of Figure 30, which is in good agreement with the XRD resultfie FFT shows
only weak refletions, which further emphasizethe amorphousatureof the unannealed MnQ
However, the specific lattice comasits or interplanar distances, respectively daterminedoy the
FFT of the respective TEM images.

These values can be compared wiftie distancescalculatedfrom the XRD. Briefly, the
reflections at 2 & 33°, 49.3°/50.2°and 55.2°showthe highestigreementwhich is shown in the
appendix of the peeeviewed papéf!. The determination ahe reflex signifiers a2 & 49.3° and
50.2°wasinconclusivedue to theirsmallinterplanar distances. It is also possible that these reflex
signals are only one sign8lased onthese resultshe electrodeposited material is largely amorphous

MnQy, except for minodomainsof measurable crystallinity (Mfs in Figure29 (a)). These results

were published in the same peeviewed piblicatior®® as mentioned above.

Figure 30. TEM images oflectrodeposited ncannealed MnQpatrticles at different orders of magnitude and
fast Fouriertransformation EFT). Reprinted with permission frolekisch et al. 208!, All rights resverd
CC BY Licensehttps://creativecommons.org/licenses/by/4.0/deed.de
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4.1 Determination of the Electrodeposition Settings

Scanning Electron Microscopy

Figure 31 showsthe CFGDEs with different electrodeposition setups (HiFew, HiMny,
LoFew, and LoMny)andthe correspondingnicrostructure at two different magnificationslt is
difficult to see anylifference between treampleshown However, a slight deviation of the starfruit
structurecan be seesomparedo Chouet all**3, It canbe taken into account thathe dynamic
depositionscan ratergcay), which acs asthe electrodepositiomate affects the surface structure and
its appearance due to the potenti@hdow and the time required for one cy¢kgure 24). In
generala higherrscanleads to a fastercompleton of a cycleand thus tesmaller structured-or this

reasonahigher specific surface areatbiactive sitess obtainedandvice versa

Figure 31. SEM images of carbeinee samples in fim and 20thm (HiFew: 50mVs?! & 500 cyclesHiMny:
50mVs?! & 800 cycles; LoFew: 2BnVs! & 500 cycles; LoMny: 25nVs?! & 800 cycles).

The SEM images of the depositstiuctures Figure 31) showno difference between the
electrodeposition settinggpplied They all have a starfruitike shape similar to the deposited
structureof Chouet al*®l. The surface structures indicate a large number of active sitesr@nd
therefore beneficidbr electrochemical activity.

Nitrogen Sorption & Deposited Mn®ass

The specific surface ar€8ser) (a) andelectrodeposited MnQnass (b) results are shown
Figure 32. The BET resultsshow a large difference between thEF~GDEs coatedat 25mV st
(LoFew and LoMny) and 5V st (HiFew and HiMny).At high dynamic depositiorscan rates
(rsca), twice theSser (200m? gt) is obtained compared tow rscan(about100m? gt). This isdue to
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4.1 Determination of the Electrodepositioeténgs

the faster deposition of MnQasthe higherscancovess the potential difference between 02 and
0.80 V faster than the lowekcan(Figure24).

The results of the SEM imagéds not show mucHifference inthesurface structure between
the CFGDEs. Therefore, theffectof rscanonthe surfaces not obsered,indicaing thatthe irtemal
porosityof thedeposited Mn@coatingsmustbe differentBased orthis assumption, there must be
moreporesin thesamplesKliFew and HiMny with higher dynamic depositiaRcan Theformation
of morepores is possibly caused byliatortedayerformation with each electrodepositttin layer
per cycle due téhe high dynamic depositioncan Moreover the effectof cycle number o1ser is
small However, theSser increass slightly at high cycle numbers. In generdéger is mainly
increased by higldynamic electrodepositioncanrather tharby cyclenumber Thereason foithe
high Sser (230m? s?) of the commercial GDEs is the use of porous carb@s an electrically
conductive support for the catalyst
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Figure 32. (a) Specific surface area of the samples measured with the BruBawaet{Teller (BET) method.
(b) MnQ, mass of carboifree GDEs and GDg&. (HiFew: 50mVs?! & 500 cycles; HiMny: 5GnVs?! & 800
cycles; LoFew: 25nVs?! & 500 cycles; LoMny: 285nVs?! & 800 cycles).

Figure32 (b) showsthe electrodeposited Mrnass of CFGDEsand the used MnOmass
in GDEer. A strong influence ofscanand cycle number on the deposited niasst observed but
only aslighttendency thamnore MnQ massis depositedat high cycle numberHiFewvs. HiMny)
or low rscan(LOFew vs.HiFew).However, it was expected thifie different setupwould result ina
more pronounced mass differen@éis expectationdiscrepancycould be due tohie experimental
setup. The electrad connection to the nickel foam during electrodeposivas realized by nickel
wire clampedo the nickel foam. Thigesults n a variation of sufficient conductivity thaffectsthe
degree of mass loading observedhe currentime diagram Appendix2 and Appendix3) during
electrodepositionThesevariationsin electri@l contactare thdimitations of theexperimental setup
used for electrodeposition.Nevertheless, a sufficient mass @bout 0.04g of MnOy is

electrodepositedt eachselected setting to fulfithe purposef electrocatalysis.
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4.1 Determination of the Electrodeposition Settings

Contact Angle

Figure 33 shows the contact angle (CA) for eatteatmentstepappliedto the nickel foam.
These treatment steps are described in ch3ger

The vertical dashed line separates the coated (annealed aadmeaied) fronthe uncoated
samples. After cleaning in acetotige electrode body (nickel foarns)still hydrophobicEtching in
HCI leads to a slightincrease othe contact angleHowever, temperature treatment (3&0for

20 minutes) changsthe surface property from hydrophobic to hydrophilic.

160 T T T T T
140

120 E E

"o &

|
|
|
|
|
!
|
60 |- |
[
[
|
|
|

CA/ ()
coated samples

40

20 -

oL 1 1
cleaned etched temp. non-aneal. aneal.

Figure 33. Individual contact angle of each treatment step.

This hydrophilic propertyis retainedafter electrodeposition of MnQOand an annealing
treatmentln aqueous electrodepositidgihis advantageous use a hydrophilic surface to obtain a
samplethatis completelyin contact with the deposition electrolyte.this way, an uncoated surface

can be avoidé#!.
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4.1 Determination of the Electrodeposition Settings

4.1.2 ElectrochemicalCharacterization

The electrodepogtt MnQ coatings were further investigatedising electrochemical
impedance spectroscopy determinewhich parameterare affectedy dynamic electrodeposition
rscanand cycle numbeParametersuch amhmic resistanceRonm), specificdouble layer capacitance
(6 ), charge transferesistanceor polarization resistance, respectivelg: (= R,) and Warburg
diffusion coefficient [ ) quantitatively descrile the electrochemical processes and
properties. Thisallows CF-GDEsto be compare with each other angvith commercial GDE
(GDE«), representinghe state of the artn this way the influence ofdifferent electrodeposition

parametergsan be understood

Electrochemicalmpedancepectroscopy

An impedance measurement at th#GQM standard potential (0.37 vs. Hg/HgO in 1M
NaOH) was performedto show the behavior of the electrochemical system and to deteRyine
" , and6 at small charge passageempotentias. The Nyquistplots andcorresponding
frequencies of all samples are showrFigure 34. The Z Gmeasurement results were shiftied
visualizationpurposes usingquationm. Eq. 8 (seechapter3.3.2.

The individual CFGDEscan beclearly identifed by their characteristic half circle shape
and straight line upard which can be interpreted as polarizatiorcbargetransfer, respectively,
and diffusion Figure34). All CF-GDEs coated with different settinghowa 45° line in the high
frequency rangeindicaing porous electrode behavidf®. However, the CFGDEs showlittle
different half circlesin the medium frequency rangearge half circle sizes indicate reduced
diffusion of O, %8, This suggests differencein MnOyx depositionbecause the substrate of these

CF-GDEs is the same nickel foam.

Z.1(©)

Figure 34. Nyquist plots of alhickel foansamplesand GDEes at a frequency range of approxkBizi 0.1Hz
(I ast pPv0.37YVs.Hg/tlgOd NaOH. The remaining measurements are attppendix4.
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4.1 Determiration of the Electrodeposition Settings

The GDEes hasas porous electrode 45° line in the high frequency rangie the medium
frequency rangeht line transitions to a smaller degree indigaa small half circle After that, the
course of the line towardkelow frequency rangkasthe 45° agan anddecreaseagain angemains
below 45° in the low frequency rangelhe low visibility of the half circle oits small size,
respectively,jndicates ahigh reactantconductivity. ThusGDE.s exhibits high ion migration and
high diffusion ofO, [1561 [158],

At low frequencies the line of CFGDEs hasa larger slope than 45, which lools like a
capacitor elemenbut is interpreted as finite spadéarburgdiffusion*¢”1 168l |n general, the finite
spaceWarburg diffusion meansthat an electrochemidgl active reactantis transport limited
(depleton near the catalys9r the transpdrof this activereactantis too slow?t® 12701 [171] [172]
Moreover the line also approaches 9@t low frequencies whethe pore end iblocked'®’]. In the
case of CFGDEs, it is assumed that the lQ000nm electrolyte thin filmis the finite space and the

pores of MnQ are Hocking pores. This ishownschematically ifFigure35.
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Figure 35. Schematic depiction abatednickel foam pore with electrolyte meniscus which forms a thin film
on MnQ coating @. c.signal: alternative current signahduced by impedanceeasuremeint

DissolvedO. hasalower concentration than Olih the electrolyte thin filmBoth act mainly
as active reactanis this electrochemical systedue to the applied equilibrium potential (0\37%s.
Hg/HgO in 1M NaOH). Consequentlythe active reactantdissolvedO,, diffusesfrom the thin
electrolyte film to the catalysthis leads to a kind of depletion ditsolvedO; in the thin electrolyte
film due to the lower concentratiomherefore the resistancéimits of dissolution of gaseous,
(transport limitation)are approachednd the finite spac@/arburgdiffusion is formed Moreover
the a. c. signal approacheshe blocking MnQ pores which alsocontributes to this asymptotic
progressiortoward90°. The comparison of GDk and CFGDEsshowsthat GDEer has a larger
electrolyte thin film surface area than-GPEs Thereforea largeramount of dissolved oxyges
available for the catalytic reaction. SING®E.s does not exhibifinite spacéVarburgdiffusion.
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4.1 Determination of the Electrodeposition Settings

Regression Analysis

The results of the regression analysfsimpedance spectroscopy at 0M#/s. Hg/HgO
1 M NaOH (Figure 34) are shown irFigure36. T dpevalugsof the constant phase elemean
be foundin Appendix5.
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Figure 36. Image of polarization resistance ((a),)RVarburg diffusion {§) ,warndk) and specific double layer
capacitance @) Ca) at 0.37V vs. Hg/HgO ™M NaOH. Determined by the equivalent circuit fitting (HiFew:
50mVs? & 500 cycles; HiMny: 5anVs! & 800 cycles; LoFew: 2mVs?! & 500 cycles; LoMny: 25nVs?

& 800 cycles).

Polarization Resistance

It is obviousthat GDE.s hasthe lowest valueshencomparing thdR, resultsin Figure36 (a).
All CF-GDEsare approximatelyn the sameR, value rangeof 37 4Y based ortheir deviation.
However the CF-GDEswith lower cycle number (LoFew and HiFew) tencdb&B Y and the others
with higher cycle number (LoMny and HiMngnd to be & .This difference irR, s or half circle
sizes, respectively, indicates an influence of the applied cycle number on thepbheGstructure.
As the MnQ deposition time increases with increasing eyalimber Figure24), pores of different

sizes form. Accordingly, the LoFew and HiFew settings formed more pores of favorable size than
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4.1 Determination of the Electrodeposition Settings

LoMny and HiMny for the electrochemical system used. Since no clear difeecam be seen in the
SEM imagesKigure31).

Cooper et all’®”l investigated different pore shapes and sizes and presented impedance
spectroscopy results of narrowing pores that exhibited the largest impedance half circles (see
Appendix6 and Appendix7). Therefore, LoFew and HiFew are assumed to form less constricting
pore structures than LoMny and HiMny, which are formed at higher cycle number. This leads to that
LoFew and HiFew have smaller impedance half circles or sniaJeespectively, than thether
two deposition settings.

Moreover, these results also show the electrocatalytic activity of the efesofCF)GDEs.

Thus, GDE exhibits the smallest half circle or the highest electrochemical activity, respectively.

Warburg Diffusion

The Warkurg diffusion evaluation Eigure36 (b)) shows thathe,, of all CFGDEs
was significantly lowethanthat of GDE«¢ (5.50Y s%?). Moreover all MnOx-coated sampleshow
the same, of about 1.00¢ s¥2 without much variation The GDEs is a stateof-the-art
hydrophobic porous electrodEigure2 (b)). It has a GDL covered with catalyst particles which are
bound with the hydrophobic PTFE. For this reason, the @ BHot flooded. Only the outer surface
of the GDExis in contact wih the electrolyte and forms an electrolyte thin fikigUre7). Ergo, O,
must diffuse through the GDL to the other side where the thin film has f8¢hfeldThe Q diffusion
is more hindered than that of the Mp€bated nickel foam (pore size: 50600um), since the pore
size of GDEs ranges from 0.1 to aboutén. In addition, the diffusion distance of GRks also
large than that of CKGDESs because it does not have a hydrophobic GDL like & DBus, Q can
immediately diffuse unhindered near the electrolyte film of@IBPE and dissolves there. It then
diffuses further into the vicinity of CL. This is the reason for inech smaller, of the
CF-GDEs. In other words, the diffusion resistance of the GDL has been eliminated, and therefore the
i of the CFGDEs is lower than that of the GRE

In addition, diffusion of OH and dissolvedO;, (acive reactanty affects the, in
impedance measuremeniowever, the diffusion oD; into the thin electrolyte filnand theronto
the electrochemicallyactivesiteis much more restrictive than the diffusion of iGA&* 51 231 Ag
a result, the @diffusion resistance dominates the impedance results in the low frequency range.
Since the ion diffusion resistance is much smaller than theiffdsion resistance ncreasg the
electrochemicallyactive surface area afod decreasinghe electrolyte film thicknessould decrease
the, value forbothreactiondirection®* and thus increase the diffusion flux (Eg. 14 and

m. Eq. 15).
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4.1 Determination of the Electrodeposition Settings

Foecific Double Layer Capacitance

Thed of all GDEsis shown inFigure36 (c). It providesa rough estimate of the contributed
electrochemical surface area during the impedance measurdimebmparison ad shows that
CF-GDEswith high cycle number (HiMny and LoMny) hawelarge deviation and tend twave
lower® thanCFGDEswith low cycle numberHiFew showsthe highesth of about0.25F gt
and accordingly has thelargest electrochemic#y active surface arealn general, GDEes and
CFGDEdiffer in electrolyte wetting, flooded surface afeamation electrolytethin film meniscus
formation andmass transfer pathwagsie to their different designEgigure2 (b) andFigure3 (d)).

Based onthe CA measurementgigure 33), it mustbe considered that the GFDEs are
hydrophilic Consequentlyall electrodeposited MnQOis potentially wetted with electrolyteThe
thickness of thelectrolyte film issmalleston the air side and increadesvardthe electrolyte bulk
sidelike ameniscus on a flat surfaceigure5 left, Figure35). It is assumed thahé oxygenflux of
~ 1 NI min ! reducs the film thickness on thair side of the CFGDEsto an unknownextentby

pushing the electrolyte to the electrolyte bulk sitt@s isillustratedin Figure37 below.
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Figure 37. Schematic depiction @RR high current density (HGpzoneformation in CFGDE (1. Zirfon®;
2. ORing; 3. glasdiber-fleece (gff); 4CF-GDE;, HCD-Zone: high current density zone

It is assumed that thafluence ofthe O, influx change the electrolytefilm thicknessnside
the CFGDE, contribuing to thevariations in theresults It starts with a higher thickness the
electrolyte bulk side andecreases towasdhe gas bulk sidé¢Figure 35). The variationin film
thicknessis indicated by the dashed lines ahd different colored areasithin the CF-GDE. The
red area is thdigh current densityHCD) ORR zone This zonetheoretically formswithin the
CFGDE, if the electrolyte film thickness is nottthick or too thin The ORR zone has an electrolyte

thickness of abotgeveral nanometers to one micromeédrout 41 1000nm™),
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4.1 Determination of the Electrodeposition Settings

Thed can only bedeterminedvhenthe electrochemichi active surface is in contact with
the electrolyte. The largeariationof the CFGDEs with high cycle number (HiMny and LoMny)
indicates that the contact between electrolyte and active surfastéess constarthanfor the other
GDEs The high cycle number of the€¥~GDEs (HiMny and LoMny)suggestghat the inemal
porosityof the MnQ coatingtendsto beless in contact with thelectrolyte than the GEDEs with
lower cycle numbefHiFew and LoFew)However, this was nabvestigatedurther.

Moreover GDEe.ris wettedonly onthe outer surface where it is in contact with the electrolyte
soaked glasfiber-fleece (gff). Therefore only thHs wetted electroactiveurfacewasdeterminedin
addition, Oz influx has no effect othe film-thicknessof GDEes due to thehick GDL region

It is noteworthythatthe qualitativecomparison othe BET andd results(Figure32 (a) and
Figure 36 (c)) shows a slight similarity between thédiFew and LoFewCFGDE resultsHowever,
the BET andd results of GDE differ from each otherThis is becausé is determined byhe
chemical interaction betweetectrode and electrolyterhich isaffectedby hydrophobic effects and
oxygen pressure or volumetric flow rate, respectivBET, however, is not affected by dbe
propertesand circumstance Consequetly, BET measurgthetotal GDEer, including the inactive
porous carbon GDIHowever,0 describes the outer surfaaeeaof GDEes thatis in contact with
the electrolyte.In general,the electrochemichl active surface area described &y is more
significant than the BET results for GRE

However, the CFGDESs are hydrophilic, and thedntiresurface is electrochemidalactive.
For this reasortheBET andd resultsfor CF-GDEsare potentially similabecauséoth potentially
describe theentire electrode.Therefore, their electrolyteoatact is onlyaffectedby oxygenand
electrolyte pressure which can lead to incomplete wetting of {@DEs and thus incomplete

characterization. Thisan be seen in the variations Figure36 (c)).

Galvanostatic Measurement

The galvanostatic measuremefigure 38) is performedby applying a constant current
densityto the halfcell system describesbovein chapter3.3.2(Figure25). The potential response
is further calculated tobtainthe overpotential ékra n @rg) dThese overpotentials are compared
with each other and with GQ¥z From Figure 38, it is possible to distinguish and compare the
performance of OER (a) and ORR (b).

DifferenceBe t w eogrB N Grr d
ForallGDEs t he el ectrical overpotential (d) for
I'n general, al | GoERE & acarhDdemotha desidn ofG@E4,e¢he GIOL and
thusthe diffusion of oxygen through it causek i g hvetr h @ber Sithicethe electrolyteergothe
hydroxide ions are already in contagth the catalyst sitedheycan diffuse directly to it during OER
(see chapte?.1.2 Figure?).
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Figure 38. Galvanostatic measurement at different current densities (j ém, theirovep ot ent i al
response at OER (a) and ORR (b) without ohmic resistance and the corresponding peiadtal (c) of
carbonfree sample and GDEs (raw data is shown il\ppendix8, Appendix10, Appendixl1, Appendix12,
Appendix3).

On the other hand,oeré hérradCHGDESHSs®aseden the differert e n
electrochemically active surface area. As showhigure35 andFigure 37, it is assumed that the
contact area between the electrolyte #he catalyst of the GEDE is much larger than the surface
area of the gabquid interface (electrolyte thin film meniscus) in the-GBE due to its hydrophilic
properties [Figure33). Consequently, the ORR exhibits much larger overpotentials than the OER in

CFGDEs due to its electrochemical dependence on the surface area of the thin electrd§te film
[80] [81] [82] [95]

In addition, water activity or hydration of ions, respectively, also contributeedifference
betweerdorra N @er. th generalahigh current density mearshigh supplypressuref reactants
or products that need be hydratedTherefore the hydrated productontribute to the increase of
the overpotentials due tbe higher diffuson resistancé€” °Y, While OER OH is already hydrated
and during ORRO:; needs tde hydrated to dissolv€®, requires may morewater molecules to
dissolve than OHformed during ORF. This slower diffusivity of oxygen contributes to the

79

(d

d



































































































































































































































































































