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Abstract

Proton exchange membrane fuel cells (PEMFCs) play an essential role in a sustainable
energy supply and haawide application range from stationary to mobile powergene

ation However, higher lifetimes are mandatory to enhance their competitiveness with
conventional systems. A great challenge is the catalyst degradation regarding instability of
Pt nanoparticles and corrosion of carbon support. This necessitates a catalyst develop-
ment towards enhanced durability. Strategy of this study is the depo#ition afte-

native supports. Nanocomposites combine the carbon support with corrosion-resistant
metal oxides. In this study, reduced graphene oxide (rGO) presents the basis-for precip
tation of two different metal oxide particles: tin-doped indium (lll) oxide (ITO) and
fluorine-doped tin (1V) oxide (FTOBeyond these two composites, various caidnen

tested for comparisoMulti-walled carbon nanotubes (MWCNTs3ommon carbon

black (C)a newy developed carbon from hydrothermal carbonization of coconut shells
(HTC-C) and rGO. Each catalyst studied by several physical and electrochemical
techniquesStress testing (0.8547 \knye) induces degradation and provides thesasses

ment of these materials towards their durability.

Reduced graphene oxideV - VI\QWKHVL]JHG ITURP QDWXUDO JUDSKL
Exfoliation of layers is achieved with specific surface area enlarged by factor of 36 and
with increased defective structure by more thar230omparison to the other rca

bons reveals highly different morpholagM®¥/CNTs with rolled-up graphene layers
possessing the lowest specific surface area dfd1amd HTC-C with highest ame
phousness and greatest specific surface area 6&B4ethe most contrary materials.
Common Pt/C and especially Pt/HTC-show much stronger carbon corrosion than
Pt/MWCNTs and Pt/rGO caused by low degrees of graphitiz&iostabilityis com-

parable on rGO, MWCNTs and C. Enforced Pt degradation on HTC-C showing the
lowest carbon stability is shown in the form of loss of the electrochemical surface area
and activitiy for oxygen the reduction reaction.

The nanocomposites are characterized by highly covered rGO with ITO and FTO pa
ticles, respectivelin case of FT@GO, Pt nanoparticles are preferentially deposited on
FTO thanrGO, whereas the contrary behavior is proven for 413&D. Thus,avarying

Pt distribution is revealed suggesting difféte@upport interaction. A positive effect of
incorporated metal oxides is evidenced during CO stripping voltammetry in terms of
enhanced CO tolerance. Regarding the durability, Pt aging on the composites is in



similar range to Pt/rGO. Comparable Pt degradation paths like agglomeratiom-are pro
en by identical location transmission electron microscopy (IL-TEM). However, the
support aging highly deviates. TEM and electrochemical measurements demonstrate
for Pt/ITO dGO strongly changed and partially disappeared ITO particles as well as ca
bon corrosion. On one hand ITO dissolution uncovers the carbon surface without any
protection against corrosion anymore, and on other hand preferred Pt deposition on
rGO than on ITO can further enforce carbon corrosion. In contrast, supportategrad
tion of Pt/FTOGGO is insignificant. FTO aggregates are unchanged in size, shape and
position onto rGO. Formation of surface oxides on rG@i®lectrochemically detec

ed The double layer capacitance is completely constant.

In conclusion, FTO is not only more stable but persistently pro@&otérom corio-

sion, whereas IT@GO suffers from ITO degradation and carbon corrosion. Thes, t
choice of metal oxide is crucial fé&rD W DdOrakiNy o Rt/FTOGGO is a promising
candidate for application in especially high temperature PEMFCs, which exposes the
catalyst to harsher conditions than low temperature PEMFCs and hence requires a hig
ly stable catalyst supp@tibstitution of ITO by FTO is furthermore very useful against
the background of fuel cell catalyst costs.



Zusammenfassung

Protonenaustauschmembran-Brennstoffzellen (PEMFCs) leisten in einer nachnachhalt
gen Energieversorgung einen zentralen Beitrag und besitzen ein breites Anwendungsg
biet von stationarer bis mobiler Stromerzeugung. Fir die Wettbewerbsfahigkeit mit
konventionellen Systemen sind jedoch hdhere Lebensdauern notviesioikgondere

die Degradation des Katalysatormaterials hinsichtlich der Instabilitdt von Pt Nanopart
keln sowie der Korrosion des Kohlenstofftragers erfordert eine Katalysatorentwicklung
mit dem Ziel hoherer Stabilitat. Ansatz dieser Arbeit ist die Platinabscheidung auf alte
nativen Tragern in Form von Nanokompositen, welche den Kohlenstofftragerrmit ko
rosionsbestandigeren Metalloxiden vereinen. Reduziertes Graphenoxid (rGO) stellt die
Basis fur die Abscheidung zweier verschiedener Metalloxidpartikel dar: Zinndotiertes
Indium(ll)-oxid (ITO) sowie fluordotiertes Zinn(IV)-oxid (FTO). Zusatzlich werden
zum Vergleich unterschiedliche Kohlenstoffmaterialien untersucht: Mehrwandige Ko
lenstoffnanoréhrchen (MWCNTS), konventionelles Carbon Black (C), ein new entw
ckelter Kohlenstoff aus hydrothermaler Karbonisierung von Kokosnussschalen (HTC-C)
sowie rGO. Neben physikalischen und elektrochemischen Analysetechniken werden die
Katalysatoren mittels eines Stresstests{(@l054ne) untersucht, welcher Degradation
induziert und die Bewertung elektrochemischer Stabilitdt ermaoglicht.

Die Synthese des reduzierten Graphenoxids erfolgt ausgehend von nattrlichem Graphit
PLWKLOIH GHU + X RirdHhid Yur EXfoldClRGder Graphenschichten. Die
spezifische Oberflache wird um den Faktor 36 sowie das Mal3 an Strukturdefekten um
mehr als 250 % erhoht. Im Vergleich weisen die weiteren Kohlenstoffmaterialen deu
lich unterschiedliche Morphologien auf. MWCNTs mit rohrenformigergohen-
schichten und der niedrigsten spezifischen Oberflache von?® ii1sowie HTC-C

mit der amorphesten Struktur und der gréRten spezifischen Oberflache vadng546 m
stellen hier die gegensétzlichsten MaterialielBddmgt durch den niedrigen Grad an
Graphitisierung weisen konventionelles Pt/C und insbesondere PTHINGseg®-

wart des Stresstests eine starkere Kohlenstoffdegradation hinsichtlich der Bildung von
elektrochemisch aktiven Oberflachenoxide und zunehmender Doppelschichtkapazitat
als PtMWCNTs und Pt/rGO auf. Neben einer vergleichbaren Platinstabilitat auf den
Tragern rGO, MWCNTs und C findet eine verstarkte Platindegradation in Form von
Verlusten der elektrochemisch aktiven Flache sowie der Aktivitat fir die Saererstoffr
duktionsreaktion auf HTC-C als instabilstes Kohlenstoffmaterial statt.



Zur Herstellung der Nanokomposite werden ITO beziehungsweise FTO Partikel auf
rGO gefallt und anschlieBend Pt Nanopartikel abgeschieden. Im Falle d@&®TO

kann eine bevorzugte Platinabscheidung auf FTO anstatt auf rGO gezeigt werden, w
hingegen ein gegenséatzliches Verhalten furd®O und somit eine abweichende Pl
tinpartikelverteilung besteht. Fir beide Katalysatoren mit Anwesenheit von Metallox
den kann mittels der Stripping Voltammetrie eine verbesserte CO Toleranz nachgewi
sen werden. Wéahrend des Stresstests findet eine zu Pt/rGO vergleichbare Petindegrad
tion statt. Transmissionselektronenmikroskopie mit identischer Position (IL-TEM) vor
und nach dem Stresstest zeigt zusatzlich vergleichbare Degradationspfadeawie der Pl
tinagglomeration. Die Alterung der Tragermaterialien hingegen weicht stark meneina
der ab Elektrochemische Messungen in Kombination mitTEM offenbaren fir

Pt/ITO GO neben verandertem und teilweise nicht mehr vorhandenem ITO eine im
Vergleich zu P/FT@GO erhdhte Kohlenstoffkorrosion. Zum einen fuhrt eine éwufl

sung von ITO Partikeln zu verringertem Korrosionsschutz des rGO. Zum anderen kann
die praferierte Pt Abscheidung auf rGO anstelle des ITO zu verstarkter katalysierter
Kohlenstoffkorrosion fiihren. Die Tragerdegradation von Pt/BGO hingegen ist
vernachlassigbar. FTO Partikel sind in Gré3e, Form und Position unverandert. Auch die
Bildung von Oberflachenoxiden auf rGO sowie eine verdnderte Doppelschichtkapazitat
sind elektrochemisch nicht detektiert.

Somit ist FTO nicht nur stabiler als ITO, sondern schitzt aufferdem rGO vor-Korros
on. Im Gegensatz dazu leidet IBGO wahrend des Stresstests unter Degradation der
ITO Partikel sowie des Kohlenstoffs, sodass die Wahl des Metalloxids fur die Katalys
torstabilitat entscheidend ist. Insgesamt ist PtF3QO ein vielversprechender Kand

dat fur die Anwendung vor allem in Hochtemperatur-PEMFCs, wo der Katalysator
korrosiveren Bedingungen als in der Niedrigtemperatur-PEMFC ausgesetzt und somit
ein hochstabiler Katalysatortrager erforderlicBistSubstitution von ITO durch FTO

ist weiterhin hinsichtlich der Brennstoffzellenherstellungskosten sinnvoll.
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1 Motivation

1 Motivation

Restructuringof the primary energy supply preseMisR Gdpeah ¥hallengeeb

cause of limited fossil resources on one and climate cmatige other hand.

Since the relation between emission of greenhouse gases and rise of ghobal air te
perature has already been started to be investigated in th€ 3, 80®snthrop-

genic impact on global warming is widely accepted nowadays, on annual

UN Climate Change Conferences important milestones lik&kfado Protocol
including firm commitments to reduce gas emission have already been .a&hieved
newer convention from the 2Tonference is th@aris Agreememihich contains

the two degree go#l. This describes that the increase of global air temperatur
compared to pre-industrial times may not exceed the limit°Gf Eigure h)

shows the increased temperature and by regression analysis its exponeastial progre
sion over time. Indeed, an increase of 1 °C is already exceeded, whereas in 2016
the highest global air temperature has been reached sin¢® E8&Bermore,

Figure 1b) depicts the increase of the worldwide carbon dioxide emission in the
period from1850to 2014. Regression analysis reveals the exponential growth of
annual CQ emission since 1850.
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Figure 1 Global air temperature against the year, adapted fayrand global
emission of carbon dioxide against the year, adaptéd m



3.1 PEM Fuel Cells
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Plan 2050ncluding greenhouse gas neutrality until 2058or achieving this

goal, the use of renewable energies and thus a new way of providing energy is
mandatory. Conventional centralized power plants are expected to be replaced by

a decentralized power generation based on e.g. solar and wind®*embigym-

plies infrastructural challenges but also the issue of required energy storage through
batteries, capacitors and especially hydrogen to ensure a continuous supply of ene

gy through compensation of its irregularly availability and fluctuating consump-

tion. Overall, using renewable sources complementaritydrogen and fuel cell
technology, a sustainable energy supply is feasible.

2 Objective

Fuel cells can provide an important contribution in such a scenario of energy sup-
ply. Timed power production is enabled through direct conversion of chemical
energy in the form of hydrogen into electrical energy. In view of sustainability, fuel
cells in operation only release water and thermal energy and thus support the aim
of greenhouse gas neutrality. Regarding the thermal energy further utilization in
terms of heating is possible to obtain increased energy efficiencies. Especially, high
temperature proton exchange membrane fuel cells (HT-PEMFCs) are characte
ized by a simplified cell design and possible utilization of reformate, being attractive
for combined heat and power syst€m$.However, the difficulty in widespread
implementation of fuel cell technologies is uncompetitive durability in comparison
to the incumbent stationary and transport power sySteiftsus, enhancement of
lifetime is importanto achieve competitiveness of fuel cell systems and to relativize
the costsn production The U.S. Department of EnerdfpOE) specifies targets

for this purpose. Fuel cells ought to demonstrate 5,066 20200r ultimately

8,000h in mobile as well as 60,000 h until 2020 in stationary applications with less
than10% performance lo$%: *®! At European level, thue/ Cells and Hydrogen

Joint UndertakingFCH JU) drafted lifetime targets of 6,000 h for passenger cars
and 13 years for combined heat and power systems (CHP) up to 5 kW until
202014



2 Objective

Up to now, cell components still show degradation leading to limited fuekeell lif
times, although meanwhile the literature provides comprehensive studies on fuel
cell aging mechanist? Particularly the commonly used platinum based cat

lyst causes performance losses through corrosion of the carboft’stibasmvell

as instability of the platinum nanoparti¢he&® ¥ The exposure to automotive
conditions in terms of load-cycled conditions with temporarily high cell potentials
presents an enforced stressor for catéySt<Consequentlythe modification of
catalystsowards enhanced durability may contribiotéonger fuel cell lifetimes.

One possible strategy to increase catalyst stabilities is the application of platinum on
alternative support materials. On one hand graphitic carbons with altered
nanostructures armh the other hand metal oxides are candidates and couid subst
tute the commonly used carbon blaGkaphene-based catalysts have shown e
hanced electrochemical stability due to their two-dimensional ch&aetbere-

as stability under cathodic potentials of fuel cells is also expected for several metal
oxides due to their corrosion resistdfic&® To obtain sufficient electrical rco

ductivity, especially doped metal oxides like tin-doped indluinoxide (ITO)

and fluorine-doped tin (IV) oxide (FTO) might be useful as fuel cell catphlyst
ports!?’

In this work, the advantages of graphene-based carbons and doped metal oxides are
combined in nanocomposites to investigate their suitability as durable Pt support
for the reduction of oxygen. Two composites are in focus comprising redaced gr
phene oxide (rGO) as well as ITO nanoparticles on one side and FTO manopart
cles on the other. Besides these 6&D and FTOdGO nanocomposites, rfu

ther supports are consideredcommon carbon black (C), multi-walled carbon
nanotubes (MWCNTS) and a new sustainable carbon derived from hydrothermal
carbonization of coconut shells (HTC-€) enabling a comparative assessment of
support durabilities. Platinum nanoparticles are deposited on each support to ob-
tain the final electrocatalysts and to study their electrochemical stability.



3.1 PEM Fuel Cells

Firsty, support materials and final Pt catalysts are synthesized, studied-and co
pared by physical and electrochemical characterization techniques. Pt catalysts are
analyzed in an electrochemical cell towards electrochemical surface areas (ECSA)
and activity for oxygen reduction using the rotating disk electrode (RDE) tec
nique. Experiments are performed in aqueous perchloric acid at room temperature
ensuring the necessary conditions to get assess to ORR Ki&tiGupport
characteristics are analyzed in terms of double layer capacitances and redox activity
of functional groups. Secdndaccelerated stress testing (@5 \kue) is used

to induce harsh electrochemically cycled conditions and hence to study platinum
and support degradation. Outline of this work is provided in the following:

1. Synthesis and Physical Analysis
I. Synthesis of Reduced Graphene Oxide in Two Steps,(8.1)2
ii. Physical Comparison of the Carbon Supports (5.1.2)
iii. Precipitation of Doped Metal Oxide NanopartictedTO and FTO e
on Reduced Graphene Oxide (4.1521.3)
iv. Pt Nanoparticle Synthesis and Deposition on Supports, & 2).1

2. Evaluation of Electrochemical Durability
I. Accelerated Stress Testing of Carbon-based Pt Catalysts and
Comparison to a Commercial Catalyst (5.3.1)
ii. Investigation of a Pt Catalyst with Sustainable Support from HTC (5.3.2)
lii. Accelerated stress testing of Pt Catalysts based on the Nanocomposites
of Reduced Graphene Oxide with Doped Metal Oxides (5.3.3)



3 Fundamentals

3 Fundamentals

Redox reactions in galvanic cells are spatially separated into reductionaand oxid
tion. Fuel cells are classified as special galvanic cells due to continuousdeed of rea
tants and thus continuous conversion of chemical into electrical energy. Based on
this principle, types of fuel cells are differentiated bydperation temperature,

the ion condudtr, pH value or by the utilized fu&dome fuel cell types are already
commercially availédband satisfy different application fields, while other types are

in state of research and development.

Starting with distinction by pH value, anion exchange membrane fuel cells
(AEMFCs) facilitate the use of cheaper non-precious metal catalysts like cobalt or
iron owing to their stability in alkaline environm&Rt? The operatig tempea-

ture of AEMFCs is usually below 1> %@ |n the similar temperature range

but atlower pH values, low temperature PEMFCs (LT-PEMFCs) consist of a pr

ton exchange membrane and platinum-containing catalystg exhibitcom-

mercial applications from stationary power generation in CHPs to application in
the transport sector for transit buses and passen§ér’@dfsrther applications

are portable power units and backup power syStérfbe high temperature
PEMFC uses polybenzimidazol as proton exchange membrane with phosphoric
acid as electrolyte and operates at enhanced temperature betw@eh°CHy

being attractive in CHP systelh§? These two PEMFC types are highlighted in

the following sectionAt higher operation temperature between @Q000°C

molten carbonate (MCFCs) and solid oxide fuel cells (SOFCs) supply the market
for stationary application with utilization of natural®a@ther fuel cell types
operate with e.g. methanol as fifebr use microorganisms as part of the electrode

to produce energy from organic compoufitis.



3.1 PEM Fuel Cells

3.1 PEM Fuel Cells

PEM fuel cells are described towards their assembly and the principle of operation.
Section 3.1.1 introduces the membrane electrode assembly with single components
and layers by example of high temperature PEM fuel cells and elucidates in detail
the catalyst layer. Section 3.1.2 then introduces and compatds-EteV with

the LT-PEM fuel cell system.

3.1.1 Assembly and Operating Principle of PEMFCs

Figure 2 illustrates a schematic PEM fuel cell assembly exemplifi¢dil by a
PEMFC and allows an enlarged view into the catalyst layer. The left side shows the
membrane electrode assembly (MEA) consisting of the centered proton conducting
membrane and the gas diffusion electrodes (GDE) on both sides of the membrane
The MEA is framed by mostly graphitic bipolar plates with gas in- and owtlets. B
polar plates serve for mass and heat transport as well as electron conduction. |
coming reaction gases are distributed through channels among the MEA. The
GDE includes usually the gas diffusion layer (GDL) being in contact withothe bip

lar polar plates, the micro porous layer (MPL) and the catalyst layer which is in
contact with the membrane. The GDL ensures further distribution of the reactants
coming from the bipolar plates by means of woven or randomly pressed carbon
fibers, whereas the MPL consists of porous carbon particles for further reactant di
tribution. Finally, the oxidation of hydrogen in Equation [1] and the reduction of
oxygen in Equation [2] occur inside the anodic and the cathodic catalyst layers
respectively*?

H, : 2H'+ 2 [1]
150, + 2H + 2é : H,0O [2]

Furthermore, right part of Figure 2 shows a schematic representation af the ¢
thodic catalyst layer on the basis of common platinum on carbon black (Pt/C) from
macroscopic to microscopic scale. The catalyst layer has a thickness of around
25um and consists of carbon aggregates loaded with Pt nanoparticles. Biese aggr
gates result from van der Waals interaction of single spherical carbon black particles
with a diameter of about 3Mn. An ionomer surrounds the aggregates to ensure
proton transfer inside the catalyst layer. Coming to smaller scales, platinum particles

6



3 Fundamentals

with a size of around 2 nm are deposited on the support surface. Morphology and
particle size of platinum and of the carbon determine the Pt distribution and its
electronic structure being significant for catalytic activity and st&biffty.

Finally, Figure 2 illustrates a triple phase boundary area leading to a catalytic active
site and the reduction of oxygatthe PEMFC cathode. The pores enableidiff

sion of reactants and products, the ionomer provides proton transport aral the cat
lyst particle itself catalyzes the reaction and ensures electron transfer. In the image,
the oxygen reduction is separated into single steps and labeled with numbers. First,
O, diffuses through the gas phase into the porous catalyst layer and further through
the ionomer reaching the cataly%t? Electrons migrate through the carbgn a
gregates, whereas protons migrate through the membrane and ionomer (1). Se
ond, oxygen adsorbs onto platinum, is dissociated and can migrate on the surface
Charge transfer with molecular recombination results in the formation of water (2).
Desorption of the water molecule followed by its diffusion through the peres pr
sents the last step (3).

«02 Carbon

N

lonomer

Cathode

I
BH,0

©)
%05
H,0

Carbon Aggregate
A

Figure 2 Schematic depiction of a PEM fuel cell with microscopic image of a
membrane electrode assembly (left) and schematic enlarged view into the catalyst
layer with microscopic image of Pt on carbon black (right), adaptéd from



3.1 PEM Fuel Cells

3.1.2High Temperature PEM Fuel Cells

Both PEMFC types are contrasted in Tabl@He deviation of temperature has
various consequences for the fuel cell components and management of operation.
Basically, the idea of increasing the temperature from arod®d°€5in LT-
PEMFCs to usually 12080°C in HT-PEMFCs is the simplification of cek-d

sign and operatiomn terms of the MEA the biggest difference presents the ele
trolyte. LT-PEMFCs usually comprise Naffowhich isa sulfonic tetrafluorot
ylene-based membrane incorporating liquid water as proton conducting medium.
At temperatures above 10D, Nafiorn® becomes unsuitable due to insufficient
stability®*? Therefore, in HT-PEM fuel cells polybenzimidazole (PBI) has been
established and guarantees the proton transport with the aid of phosphorit acid. O
one side absence of liquid water elingsa system unit for water management

and allows the operation with dry gases, and on the other side the heat rejection is
easier at enhanced temperatures. Thereby, HT-PEMFCs enable a more simplified
cell design against the background of saving system space aftf weight.

Although both PEMFC types typically use platinum or platinum-alloy catalysts
based on carbon black, an increased temperature generally has a positive impact on
the reaction kinetics being described in Section 3.2.1 and has the effect of lowered
carbon monoxide sorption on the catdfi’stRegarding simplified operation,
greater catalyst tolerances towards fuel impurities like CO cease cost-intensive fuel
purification in terms dfiT-PEMFC applicatiod*® ** °¥ Despite these advantages,

loss of phosphoric acid and catalyst degradation in HT-PEMFCs are frequently
reported in literatur€: ** 19 Stronger carbon corrosion as well as strengthened Pt
nanoparticle agglomeration are consequences of catalyst exposure to enhanced
temperature§?
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Table 1 Comparison of PEMFC typ&d.

Aspect LT-PEMFC HT -PEMFC
Operation . i
25 690°C 120 6180°C
Temperature
Sulfonic tetrafluoroethylene- Polybenzimidazole-based
based polymer / JO: polymer / HPO,;
Electrolyte OW ) P KJ,}_@%
HS%%OLFLF SEE%DHF HSD—>P=D Hao—\/P:o_
H” TH " wot HO RN o Hﬁl_ HO
H Ho—p=0 Hz;P=D Holp:DHzD/P_D HO—P=0
Catalyst | Pt orPt-alloys on carbon blac| Pt or Pt-alloys on carbon blac
CO
<50 ppm <30,000 ppm
Tolerance

3.2 Pt Catalysts

Catalysis in PEM fuel cells is affected by several steps of diffusion, sorption, dissoc
ative and recombinant processes as already outlined in Figure 2. Pt catalysts are
used to increase the kinetics of hydrogen oxidation reaction (HOR) and oxygen
reduction reaction (ORR), while the rate of ORR is much slower than the rate of
HOR. ¥ This section begins with the PEMFC thermodynamics and kinetics and
further describes the mechanism and requirements of ORR. Degradation of Pt
catalysts on common carbon is then focused and against this background alternative
support materials for Pt are introduced and discussed.



3.2 Pt Catalysts

3.2.1 Thermodynamics and Kinetics

In thermodynamic perspective the overall PEMFC reaction is equal to hydrogen
combustion with a reaction enthalp# of -286kJ mot* and thus equal to the
standard enthalpy of,8.5% Disregarding the released thermal energy through
exothermic reaction, the Gibbs free ener@y at standard conditions amounts to
-237kJ mot'. Dependency of the Gibbs free energyon temperaturd” and

partial pressurgsof educts and products is described by the Nernst Equation [3]
including the gas constaft Assuming' G is completely released in form otele

trical energy leads to Equation [4] containing the number of transfewed ele
tronsn, the Faraday constafand the reversible potent&lHence, insertion of

the Gibbs free energy under standard conditiéfisvould result into the stand-

ard potential® of 1.23V.*¥ The Nernst Equation [&hen describes the depend-
ene of £ on temperature and partial pressures, so that the open circuit voltage
(OCV) under real PEMFC conditions is usually lower than\1..23

.S, 5
T *s 57MORG 3]
T -Q)( [4]
( (s i@jﬁoé‘;%e 5]

Further electrochemical processes inside the cell occurring in parallel to HOR and
ORR are short circuit currents or the formation of a mixed cathodic potentials
resulting from reactions like Pt oxidation above &% oxidation of crossed,H

trough the membraf@ °@ and can result in lowered OCV. Besides the OCV
conditions, polarization of PEM fuel cells leads to further voltage losses outlined in
Figure 3 Operation at low current (below 0&cm®) leads to losses due to HOR

and mainly ORR kinetics. On the contrary, the operation at muchehiglrrent

requires higher amount of reactants at catalytic active sites and can consequently
result in mass transport limitation.

10
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286|— -
| Thermal Energy
237 1.234
I Short Circuit & Parallel Reactions
S I ORR & HOR Kinetics
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| Mass Transport
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Figure 3 Schematic PEMFC polarization curve; indicatibhG and subscription
of voltagel losses as a function of the curfeadapted frof.

In electrochemical reactions, the current depsstaccording to Equation [6]irel

ant on the transferred charg€and the reaction ratemeaning the speed ofele

tron consumption or release. Since the reaction at electrodes includes forward and
backward reactiomn, consistef the forward and backward rate constgras well
asproduct and educt concentratiansThe rate constar in turn is calculated by

the Arrhenius Equation [7] and is a function of the standard rate cégstaat
activation energys, and 7. This relation demonstrates the possilafityigher e-

action rates through decreast@r increasing the temperature for instance by use
of HT-PEMFCs. If the activation energy is adapted to electrochemical reactions,
E,becomes a function of the transfer coefficigtite number of transferred ele
tronsn during the determining step and overpotenifaiccording to Ecpr

tion [7].

MQ U Q) VR MKEA [6]
N NHZ N HZ [7]

For the evaluation of kinetics, the Butler-Volmer Equatipng8isedThe ex-

change current densjfydescribes the equilibrium of forward and backwaod rea

tion with a current densityof zero. The first exponential term is attributed to the
forward and the second term to the backward reaction. ORR in PEMFCs with
neglecting the backward reaction leads to the Tafel Equation [9], which presents
the linear relation between overpotentt&nd In ).
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-=Q K @=AQK
MMFHS7 - Hs7 G [8]
57 57 .
K o OKM- .—Q)OQV/ [9]

3.2.2 0Oxygen Reduction Reaction

In the following, the mechanism of Pt catalyzed electrochemical oxygen reduction
is deliberated. Basically, catalysts lower the activation energy through adsorption of
reactants and thereby enable energetically favorable transition states during rea
tion. Adsorbed intermediates in the form gf O, OH, O,H and HO, are ds-

cussed to appear during ORI.The mechanism of oxygen reduction strongly
depends on the degree of catalyst interaction with oxygen, which in turn depends
on F D W Dhaudre @ha Mrther external influences as discussed below. Critical steps
during ORR are diffusion, adsorption and dissociation,ppf@ton and electron
transfers and binding of intermediates, whereas each step of catalysisagxhibits

ing energy states. Currently,i®the most active metal for ORR as expressed by
the Volcano plot in Figure 4, considering the ORR activity of metals as function
of the oxygen binding engy. If oxygen binding is too weakp catalysis orae

talysis of only two-electron-reduction forming,®, instead of LD occurs. If

oxygen binding is too strong the catalyst surface is blocked with oxygen resulting
in suppressionf the reactio®® Studies on Pt alloys likegRit nanoparticles
showed a further positive impact on ORR activity through affecting the binding

of oxygen intermediat&¥!

BE gygen | €V

Figure 4 Volcano plot showing ORR activity in the form of kinetic currenm-de
sty jin plotted against oxygen binding eneBfy,qen adapted froff.
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Concentrating on catalysis through platinum, two simplified mechanismg-are pr
posed in literature, the dissociative and the associative medhaBmeme 1.
The difference between both mechanisms arises from the wayads@ption
and therefore the probability of immediate dissociation. The dissociative path
starts with strong platinuroxygen-interaction in terms of bridge bonding on two
Pt atoms. The O-O bond is stretched and weakened so jlihs<dciasin ene-
getically preferred atomic oxygen. Then, further reaction of O and OH intermed
ates via proton and electron transfers to fig@ltekes place. The bottom path in
Scheme 1 illustrates the associative mechanism. Due tdPto®eiinteraction
endon adsorption and formation of the hydrogenperoxo intermediate oaturs. |
presence of platinum, OOH and.®, species awmstable. Therefore, the folle

ing steps are OOH dissociation and charge transfers leadjmy!t6 %

+2H* +2e +2H" +2e"

ke * ﬁ,

+H +e +H" +e +2H" +2e

k K, ks ks
Rl = "OH £ *O+*OH += 2"OH #= 2H,0

Scheme 1Dissociative (upper path) and associative (bottom path) ORRiimech
nism, adapted froffl. The symbol * stands for an active surface site of platinum.

The mechanism of Pt catalyzed ORR depends on the electrode patential
denced in theoretical and experimental studies, which is obviously caused by Pt
surface oxidation above ®6%? Considering the Tafel relation in Equation [9]
experimental studies reported a slope of\é@ec' above around 0.89\e and

120mV dec' below around 0.8 ¥,=%* %2 Furthermore, intermediate stabilities in
dependence on the electrode potential using density functional theory (DFT) were
calculated and resulted in dissociative mechanism occurring at high eleetrode p
tentiasand associative mechanism occuathmver electrode potentidfé.
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Although the mechanism of oxygen reductiomeal FC environmeris still not
completely decodef? several impact factors &0 D W hcefivityar ORR have
frequently been reported. Next to conditions of cell operation like electoede p
tential and temperature, the electrolyte can influence the catalytic activity of Pt
On one hand, the electrolyte must provide the proton transfer during. ORR
However on the other hand, competing adsorbates originating from the electrolyte
can reduce the ORR activit§? In HT-PEM fuel cells, phosphate anions are
known to adsorb on P! Furthermore, the possible presence of contaminants also
leads to blocked Pt sites and a reduced affivity.

Beside external impactise ORR activity strongly depends on the nature of-plat
num. Hammer and NerskB9 introduced thetband model to describe theael

tion between the electronic band structure of Pt and its catalytic activity. Figure 5
illustrates electronic structures during the chemisorption of oxygen omtonplati

After interaction of oxygen with platinugpstatescovalent bonding and ant
bonding are formed due to interaction with thdand of platinum. Thysaffet-

ing the electronic band structure of platinum can downshifottbend state

which enhances the antibonding state. Thereby the binding strength of oxygen is
lowered and in consequence the activity for ORR is enhdf{c&d.

Coupling of
State of oxygen oxygen 2p state Coupling
A atom invacuum g to Pt sp states A toPtdstates 4 Ptdstates

Density of States

e-e: / eV
A
1
1

Figure 5 Change in electronic structure by O atom adsorption on Pt (111) surface
with energy statesand the Fermi energy and the formation of covalent bond-
ing and antibonding states, adaptedffbm
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The electronic structure of Pt is dictated by several impact factors. First-the ele
tronic structure depends dmetmorphology of Pt providing different surface facets

for oxygen reduction. For example, Pt (111) surface was shown to be more active
than (100) surface in the presence of H@lectrolyté’? Second, the size of pla

inum particles can influence the atomic lattice through geometric éffattisd,
interaction of platinum and support particles can additionally impact the electronic
structure of P¢" *? Electrical contact between platinum and support particles with
electrical conductance is furthermore necessary for ORR steps including transfer of
electrons. Stromg anchoedand distributed Pt particles onto a support sunface e
able a high ECSA being important to acheehigh ORR activity. Therefore, the
support requires a high surface area with defect sites explained in Section 3.2.4 in
more detail.

3.2.3 Catalyst Degradation

After discussing the catalyst activity for QRBre stability issues are fedu

PEM fuel cell cathodes, Pt/C catalysts are exposed to a corrosive environment due
to high and changing potentials depending on cell operation, low pH valses, pre

ence of water and {and enhanced temperatures in view of HT-PEMFCs. The

ECSA loss of catalysts decreases fuel cell performances and makes the degradation
of Pt/C a great challenge in research. Here, the degradation mechanisras of Pt n
nopatrticles are introduced first, followed by the view on carbon corrosion.

3.2.3.1 Pt Degradation

Figure 6 schematically presents paths of Pt aging occurring in a PEM fuel cell. Each
picture includes the carbon support (grey), parts of ionomer (light grey) and the Pt
particles (black), which underdifferent changes. Flystdissolution due to Pt
oxidation is depicted (1) with three possibilities of further degradation inside the
PEMFC. Dissolved Pt ions can diffuse into the ionomer and membrane with re-
precipitation due to chemical reduction by @1a). Furthermore, Pt ions can be
discharged through the product water (1b) or Ostwald-Ripening leads dge Pt a
glomeration 1¢). Seconty, detachment of Pt particles is shown (2) Thiret
migration on the support surface is illustrated (3), which can lead to partisie coale
cence 9. These degradation processes shown in Figure 6 can occur in parallel and
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3.2 Pt Catalysts

are influenced by effects of operation conditions, by particle size and morphology
of platinum™ Furthermore, especially the detachment of Pt particles is induced
by support corrosion. But dissolution and migration can also be strengthened due
to insufficient anchoring and hence insufficient stabilization of platinum through
the substrate. Support instabilities are concretized in Section 3.2.3.2.

0) Original

7 1N

1) Dissolution 2) Detachment 3) Surface Migration

l

1a) Reprecipitation 1b) Discharge 1c) Agglomeration 3a) Coalescence

t\Ptz*' Hy t\pt2+"/
Figure 6 Schematically presented paths of Pt degradation occurring in a PEM fuel
cell, adapted frofft *" 74,

v

pte ¥2H*

The Pt dissolution is depicted in Equation [10] and thermodynamically reliant on
the electrode potential and temperature foligwhe Nernst principle [5]. Exge

ing platinum to high potential and enhanced temperature exponentially enforces
the dissolution, which is evidenced by several experimental studies and shown in
Figure 77273
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104+ at 206 °C
at 196 °C
- at 80 °C
1 1061
©
E at 23°C
V.
&

07 08 09 10 11 12
E/Vsue
Figure 7 P£* concentration in dependence of electrode potential and temperature
Theoretical data from Pourb&fkin grey lines (solid 25 °C, dashed®®0and
dotted 196 °C) and experimental data in black lines (filled dot$’Hamjuares
Bindrd’®, unfilled dots Ferreifd and stars Walig), adapted frof?.

Pourbaix further specified the thermodynamic behavior of Pt dissoluticd-and
culated the solubility of Pt in water under consideration of pH. Equatioprétl

sents the electrooxidation to PtO, which can chemically\dishobugh reaction

with protons as depicted in Equat[@8]. At increased potential PtS oxidized

to PtO, as shown in Equati¢h3]. Overall, Pourbaix suggested that platinem e
posed to an environment with pH O starts to dissolve around a potential of
0.85 \kpe.["®®

Pt : P+ 2¢, E°=1.188 \&ye + 0.029 log[B{]1E? [10]
Pt+HO : PtO +2H + 2¢, E°=0.980Vsye 60.591pH? [11]
PtO + 2H : PE"+ H,0 [12]
PtO + HO  PtO, + 2H + 26, E° = 1.045 Ve 60.591pH [13]

The principle ofPt surface oxidation presents the key to understandiiy diee

solutbn mechanism. Angerstein-Kozlowska €t*aperformed cyclic voltamen

try (CV) on bulk Pt in 0.5 mol't H,SO, at 25°C and proposed the basics of the
mechanism in Scheme 2 for the first tifif@s Pt dissolution mechanism has been
refined over time by several studies. The formation of hydroxy species starts at
around 0.6V due to water adsorption and is followed by oxide form&flon.
Meanwhile, platinums chemically dissolved with enforced solubility at lower pH

as experimentally shoWf. At further increased potentials a place exchange of Pt
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3.2 Pt Catalysts

surface atoms and oxygen occurs. Finally, the surface passivation via formation of a
complete oxide layer takes place. Wang!&t edported an increase in Pt solubil

ty between 0.85 and 1.0Q:¢ and the achievement of a plateau above kQ9 V

which goes well with numerical modelling of Darling and MéSfef&heir kinetic

model showed Pt solubility in similar potential range and reaching of a plateau at
1.10 Vg4e. Furthermore, the place exchange of Pt atoms with O atoms in atomic
lattice was evidenced to ocatraround 1.2 ¥ye, When the platinum surface is
partially passivated through an oxide 4%&#. The passivating oxide layeris e
pected to be completed at around 1:32*"2 A recent study of Lopes et®al.
confirmed this dissolution route via Pt oxide using a combination of electrochem
cal experiments and mass spectrometry with inductive coupled plasma (ICP-MS).

+H,0 +H,0 +yO
P PL, e Ptbulk‘PtxOH(x-y) e Ptbmk'Ptxo(x-y) - Ptbmk'o(x-y)Ptx — P,
+H*l—HQO +H*l-H20

Scheme 2Mechanism of Pt dissolution at PEMFC cathodes. Increasing electrode
potential from left to righ”

Exceeding the dependency of Pt dissolution on the electrode potential, dynamic
load profiles with respective voltage changes during PEMFC operation present
special circumstances for platinum degraddtmmthe first time studied byi-K
noshita et al®¥ strong dissolution and particle growth of platinum in an @lectr
chemical cell was observed during potential cycling between 0.05 angnt.25 V
This is according to enforced Pt dissolution and theoretically explained by repea
ing Pt oxidation and reduction events during potential cy&in Enhanced

cycle frequené§® as well as an increased upper potentiadffirhitther intensify

the solubility of Pt. Recently, Sendergaard & adpplied square-wave cycled
potentials between 0.6 and 1.84¥ to HT-PEMFC cathodesé on one hand

with dry and on the other hand with humidified nitrogen flow. Pt degradation was
strongly enforced in case of humidification. The authors concluded that dynamic
potentials lead to strong Pt dissolution and re-precipitation events only in presence
of water.
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Moreover,Pt dissolution is impacted by the surface structure and surfaceoenergy
the particles, because this degradation path of dissolution arises from oxidizing and
dissolving of surface atoms. First, morphology effects destab& surface sites

like step edges or grain boundaries which dissolve with higher probability than
more stable facétd. Komanicky et df reported the stability of Pt surface facets

at 0.95 Ve in the decreasing order of (111), (100) and (110). To emphasize again,
SRWHQWLDO F\FOLQJ L vausdd byWgeRebatnghWadd Bighay VW DELC
ergy Pt surface sité%.Second, particle size effects are theoretically described by
the Gibbs-Thomson principle. The chemical energy state of particles depends on
the ratio of surface and volume so that in consequence Pt nanopatrticles e.g. exhibit
higher instability than bulk Pt.

As depicted in Figure 6, three degradation paths are possible after platinum dissol
tion (1). The first path shows the discharge from the cell verified by detection of Pt
ions inside the product water Y% °@ The second path illustrates diffusion of
dissolvedPf* into the ionomer of the catalyst layer and further into the membrane
and the reaction with J1g. By use of scanning electron microscopy a metallic Pt
band inside the membrane was observed if®*#-*¥ and HT-PEM fuel cell&®

%% The third path includes ion diffusion and electron transfer followed @y dep
sition on another platinum particle leading to Pt agglomerdimpnrfie driving

force & Ostwald-Ripening, which tends$o lower the surface energf.®" @

Smaller particles with higher surface energy and thus higher instability shrink and
finally disappear, whereas larger particles grow due to precipitation’ ot

cally, Pt agglomeration depends on similar factors like the Pt dissolution because it
presents the prerequisite. During constant FC operation, agglomeration was shown
to be strong within the first hours and strives to a more stabilized system with less
agglomeration during further operating hdtffs.High and cyclic FC voltage

would dramatize the Pt agglomeration as discussed before.

Figure 6 further images Pt detachment (2) due to support corrosion. Pt particles
exhibiting complete electronically isolation take no catalytic active part in ORR
anymore. In previous steps before the final detachment, a destabilization of plat
num anchoring can intensify dissolution and the further downstream degradation
paths Moreover, surface migration of incomplgtanchored Pt particles (3) can

be strengthened resulting in the coalescence of paHidies. last Pt aging péss

bility is the surface migration of particles already mentioned as possible subsequent
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degradation of support corrosion. The principle of two-dimensional Pt particle
motion on the support surface was firstly suggested by BéftetTale evidence

of moved and coalesced Pt particles on carbon was then provided usingt transmi
sion electron microscopy?1%4

In sum, platinum degradation becomes problematic at enhanced temperature like
in HT-PEM fuel cells and at enhanced electrode potentials occurring aththe cat
ode and under special operation conditions like cycled current réqté®ds,

ocV, ™7 start-stop operation and fuel starvatt8f'?. Although Pt alloys may
exhibit improved catalytic activity towards ORR, they suffer from further

strengthened instability due to thermodynamic leaching in acidic enviroAfents.
113

3.2.3.2Cabon Corrosion

The previous section discussed Pt degradation and indicated consequences of sup-
port instabilityfor the Pt nanoparticles. This section discusses support degradation
concerning the corrosion of graphitic carbon, since carbon blacksfezqub#g-

ly used support candidatesfuel cells. Carbon corrosion can lead to the loss of
platinum ECSA caused by enforced Pt degradation as described in Section 3.2.3.1
Beyond affecting platinum, corroded carban show an increased porosity first

and then lead tacollapse of the catalyst I&y&r*> with the consequenas in-

hibited mass transpért* !9 Electrical resistance as well as hydrophilicity of the
catalyst layer increase after carbon corrosion, which can further negatively impact
the FC performancé? 1181171

The electrooxidation mechanism of graphitic carbon is elucidated in Scheme 3 and
starts with partial oxidation of carbon surface atoms. Intermediates in the form of
carbonyl, carbox or hydroxyl types and moreover hydroquinone and quinone
(HQ/Q) similar species showing redox activity at around {6 Vre
generated®*'*! These carbon sites are further oxidized to finally form carbon
dioxide.

. +H,0 +H,0
Couk-C & = Coui-C (8) o e Cou-CO () oHr e Cbulk+CO2(g)

Scheme 3Electrooxidation mechanism of carign?> *#°!
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Carbon corrosion is thermodynamically possible at a potential of @MUV
exhibits slow kinetids? However, the oxidatiomf carbon is present at PEMFC
cathodesespecially during critical operation conditions in terms of startystop d
namics and occurrence of fuel starvation. Such conditions with cell voltages of
around 1.4 %1 cause significant carbon corrosion and catalyst layer damaging,
which was highlighted in several theoretical and experimental oIk 124

128 Next to electrode potential, further operation conditions affecting the carbon
stability are cell temperature and cell humidity. Stevens'®t @eémonstrated
strengthened carbon corrosion through increased cell humidification, while
Scheme 3 already emphasizes the necessary role of water during the progress of
carbon oxidation. Oh et 82 compared a typical LT-PEMFC operation under
humidi &d conditions to &T-PEMFC operation without humidification. CO
generation was lower in case of LT-PEMFC operation so that the authers co
cluded more critical carbon degradation in HT-PEMFCs.

Besides the impact of operation conditidhs, catalytic effect of attacheddat

the carbon surface was proven in diverse sttfdiz&*” 1> The presence of piat

num can enhance the reaction kinetics and thus deteriorate carbon corrosion star
ing at around 0.6 Me.?? In addition, the degree of carbon corrosion seems to be
related to the Pt loadin. " However, Ball et dt*? suggested that the type of
carbon is more crucial rather than the presence of platinum. Different stabilities of
different carbon typdsve frequently been reported identifying two main reasons
for carbon instability, a high specific surfacédraad a low degree of graphit
zatior?> 3% 131, Types of carbon supports are introduced in Section 3.2.4.1.
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3.2.4 Support Materials

Table 2 lists the criteria for Pt support materials in PEM fuel cells and the challenge
of corrosion. This section reviews on the one hand frequently used substrates in
form of graphitic carbons and metal oxide particlesratite other hand nan
composites of carbon and metal oxides against the background of durability.

Table 2 Requirements on Pt supports in PEMA¢E® 132133

Properties Task in PEMFC

Providing pores for reactant mass trans
and area for Pigkibution

Electron transfer inside catalyst layer
to active Pt sites

1) Surface area

2) Electrical conductivity

Pt anchoring for distribution, stabilizatio

3) Defect sites .
and electrical contact

Assurance of stable FC performance

Corrosion resistance .
through stable propertiessl

3.2.4.1 Carbons

Figure 8 summarizes the consequences of carbon properties for durabdiy and a
tivity regarding ORR. Pt particles can catalyze and hence exacerbate the carbon
corrosion, whereas the extent of corrosion has been suggested to stronger depend
on the type of carbo®?? In turn carbon corrosion consequences platinem d
tachment and aging. To leave this degradation circle, efforts to modify oarbon t
wards stability during PEMFC application were taken in the pastyeirs®
Balancing between improvement of ORR activity through high surface area ca
bon containing many defect sites on one fgrathd the assurance of carben st

bility through a low surface area and less defect sites on the other handas mandat
ry (i). But in contradiction, a maximized surface area with many defect sites of
carbon promotes the interaction withand thus anchors and stabilizes the plat
num nanoparticles (jiif® 9

22



3 Fundamentals

ORR Activity
Surface Area t
(i) L Defect Sites t

(iii)

Surface Area ¢ Surface Area \
Defect Sites t Defect Sites

Pt Carbon
Stability Stability

Figure 8 lllustration of the carbon impact on stability and activity for DRR
summarized from Sections 3.2.2 and 3.2.3. Arrows up means higher and arrows
down means lower number of appropriate carbon property reffdfted.

Elemental carbon exists in various modifications, whereas two base allotropes are
differentiated. Diamond consists of sp3-hybridized atoms coordinated to electrical
insulating cubic crystals, whereas graphite consists of sp2-hybridized atoms leading
to a two-dimensional hexagonal atomic lattice via strofipnds. These layers
contain delocalized electrons originated fr@minding, which cause electrical
conductivity and a three-dimensional stacking of layers due to van der Waals force.
Based on this graphite allotrope, different modifications arise from layeracoordin
tion. Hexagonal or rhombohedral interlayer coordination, schematically depicted

in Figure 9a, means an enhanced density and electrical conductivity, wheereas rot
tionally faulted layers show enhanced porosity along with electronic
decouplind®*® According to the requirements on catalyst supports described in
Table 2, hexagonal or rhombohedral coordinated graphite is elgctacal.c-

tive but has a lack of surface area and defect sites. Natural graphite for instance has a
specific surface area of around®ghi**? This causes insufficient electrode p

rosity and Pt particle distribution and in consequence a hindered transpart of rea
tants and a reduced number of active centers inside the catalyt ¥3yer.
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Rotationally faulted modifications are much more suitable for fuel cell application
and are distinguished by the 2D layer width, extent of defects in form of edges,
vacancies and functional groups, the 3D layer arrangement and the degree of
graphitizatiod™¥ Someof the rotationally faulted modifications became relevant

as Pt supports for FCs in recent y&af8 %233 The most commonly used eat

lyst support in fuel ceiscarbon black like Vulc&nwhich is schematically drawn

in Figure 9d. Telayers are rotationally faulted to form spherical particles with less
graphitizabn and more defect sites compared to hexagonal or rhombolwedral ¢
ordinated graphit€?® Vulcar? particles have diameters of aro8@dm and are
arrangedo aggregates with sizes in um-range due to van der Waals interaction.
Pores from particle interspaces and inside the particle itself result intesgpecific
face areas around 240 gt.?> **¥ Other carbon blacks can have larger particles
with less aggregation, so that their contact surface for electron transport decreases
and the size of pores increaBeshe large-scale productionatural gas is B

busted first to generate the required atmosphere and temperature withia the fu
nace. Then, liquid hydrocarbons from fossil sources are injected, partally co
bused and pyrolyzed at temperatures of 1@XDO°C to form carbon black
Further reaction of carbon black is stopped through water inj€éfion.

3.2.4.1.1 Carbons from HTC of Biomass

Next to fossil resources, graphitic carbon can further be obtained from renewable
resources via two processEse first process describes the carbonization of dry
biomasses via pyrolysis at temperatures ab@%e.3* **4 The second process of
hydrothermal carbonization allows the usage of lower temperaturesE018D

and wet biomassg&&''*9 Both processes lead to the carbonization of biomass,
whereas the pyrolysis produces a black coal with higher coalification and HTC
produces a black-brownish coal with lower coalification. Reaction temperature
and time, type of biomass and presence of salts during HTC impact the final
coal™? Aim is to maximize the degree of aromatic structures with simultaneous
increase of the surface area making the material suitable for instance as adsorption
agent*? or supercapacitd®. Conversion of lignin and cellulose are known to

be catalyzed especially by zinc chidtidé?® >
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For the application in catalysis like as catalyst support in fuel cells, a subsequent a
tivation of coal further enhances its surface area and enforces the graphitization.
Such activation can physically be achieved by water steam treatment at around
500°C or chemically achieved by similar treatment with additional use of acids or
bases like potassium hydroXide*? Moreover, thermal annealing at 8@or

higher is known for graphitizatiéti” 144 14¢!

To date, only few studies apply graphitic carbon obtained from HTC with the aim
of oxygen reduction reactidif® **3 Taleb et a**3 used D-glucose for hyalr

thermal carbonization instead of biomass, which has a more complex chemical
composition. D-glucose was hydrothermally carbonized at 260 °C for 24 h and
further thermal treated between &00 °C in different atmospheres. They finally
obtained an activated carbon in the form of spherical particles with diameters of
about 1.1 pm and a specific surface area of 119 frhis carbon was used as
support for Pt nanoparticles in acidic environment. An electrochemical surface area
of 23 n?gp{l and an ORR current density of 0.thA cm? at 0.9 4z were
achieved, which are in order of conmfael cell catalysfs.**d

3.2.4.1.2 Graphene-based Carbons

Another large part of FC catalyst supports coroes graphene-based carbons
Basically, graphemedefined as single layer of hexagonally arranged sp2?-hybridized
carbon atoms and, with respect to FC application, the graphene layer is defined as
structural unit of 3D porous materfaf8. The morphology of graphene-based ca

bons strongly depends on the synthesis. Geim and Novoseld exalerime-

tally discovered graphene in 2004 and mechanically exfoliated graphene from
graphite through adhesive tape. Since then, bottom-up and top-down methods are
entrenched to synthesize graphene. During chemical vapor deposition (¢VD), h
drocarbons like methane are pyrolyzed at around 900 °C followed by deposition of
graphene on Cu or Ni foit®™ The achieved graphene can have a width of several
cm without significant defedt8® During exfoliation of graphite, organic rael

cules likeV-methyl-pyrrolidone intercalate between graphene layers and weaken
their interaction. By use of sonication single graphene sheets are Bbtdifed.

%8 These fabrication methods generate graphene with negligible defects, so that
high electron mobility for electronic applications regarding sensors or transistors is
ensured>?
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With the aim of FC application, chemical oxidation of graphite followed by simu
taneous reduction and layer exfoliation is establéhé#f.*>® % First, graphite

reacts in an oxidative aqueous smufi containing HSO,, NaNO; and KMnQ,

0 to graphene oxide, which has several different oxygen groups and thus exhibits
layer exfoliation via interaction with watéf.*®? This synthesis is widely-known

as Hummers methB& and allows large-scale productf$f®? If graphene x

ide suspended in water is dried, layers are arranged to graphite oxide, which has
widened layer distances due to the functional groups and is drawn in Fijire 9b.

161 Next to solvotherm&f® 9 and wet-chemical reduction using e.g.
hydrazin€’?, the thermal reduction to reduced graphene oxide stands for a simple
and fast syntheS®: 1% Sudden exposure to temperatwearound 1000°C in

inert atmosphere enables suddé€®, release and simultaneous layer
exfoliation[*®* 8 271 OptainedrGO is shown in Figure 9c and has a shrunken
layer widthof around 500 nntt®® residual oxygen grodfd and a partiallyed

stroyed aromatic structut®”. Regarding FC application, the wrinkled andarot
tionally faulted rGO layers with dangling defect sites for Pt anchoring and-distrib
tion account fora randomly arranged porous structite>® 1" Specific surface

areas are in range of common Vilaanhigher and vary from around 207 gil

to 456 nf g*.*% 13 The synthesis details will be experimentally descrilSa-in

tion 4.1.

Another graphene-based carbon comprises rolled-up graphene in form of a closed
cylinder called carbon nanotube and is depicted in Figufl&se tubes differ in
diameter 10 &0 nm) and lengthl0 &0 pm) and in number of graphene lay/érs.
Single-walled carbon nanotubes (SWCNTS) consist of a single graphene layer and
have a higher specific surface area and less defétt sitemared to multi-walled
carbon nanotubes consistiofyseveral concentric graphene layessylinder.
MWCNTs can have edge-plane defect sites to anchor Pt nanopsiticled

show specific surface areas of@®@m? g*.?% 1% = byring CVD as established

but cost-intensive synthe&® hydrocarbons like methane or ethylene are-pyr

lyzed at 50@,200°C in inert atmospherfé’™ "3 Gaseous carbon is then passed
over metal clusters (e.g. Ni or Co) and catalyzed to form cydirdomatic strct

tures growing to tubé&’3
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3.2.4.1.3 Carbon Supports in PEMFCs

Figure 9 summarizes the carbon materials discussed above. Each presented carbon
material can be tuned towards the requirements for PEM fuel cell application listed

in Table 2 and illustrated in Figure 8. Thermal treatment under inert gas can r
move functional groups, amorphous carbon and impurities, which reduce defects
and surface area and enforces graphitiZafiofi” On the contrary, oxidative
treatment through e.g. boiling in HN{attacks the carbon surface and forms ox

gen groups, which can create defects and an enhanced surface area and leads to a
lower degree of graphitizati®ii? An increase of defects and surface arearean fu

ther be achieved, if heteroatoms like nitrogen are already incorporated into the
graphitic network during synthe&i.** Pt anchoring to heteroatom-containing

sites was shown to enhance the ORR activity because of greater electron
density78 177

~45 pm ~10 um ~500 nm ~30 nm +~10-50 nm
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Figure 9 Scheme of layer arrangement in graphitic carbons with exemplary part of
the chemical structure: Hexagonal coordinated graphite (a), graphite oxide (b),

reduced graphene oxide (c), carbon black particle (d) and single-walled carbon
nanotube (elf33 162 166l

Speder et &'? compared the durability of Pt on two common carbon blacks,
Vulcar XC72R with 235 nf g* and KetjenblaékEC-300 with 795 nf g, by

use of potential cycling (105 Vkye, 500mV s, 27000cycles). Double layer
capacitance and HQ/Q redox activities significantly increased in the same extent,
so that oxidation of both carbons seemed comparable. However, Pt particles were
more instable on Vulcan than on Ketjenblack. Difference in Pt stabilization might
be caused by the difference in carbon surface areas according to Figure 8. A larger
carbon black surface implies the higher number of defect sites and higher energetic
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surface states, so that in consequence stronger van der Waals interaction with Pt
nanoparticles occudther studies demonstrated the influence of graphitization on
Pt/C catalyst stabili}/®! Ye et al**¥ showed during potential holding (125
followed by 1.40 V) in LT-PEMFCs lower carbon as well as lower Pt degradation

in case of graphitized carbon. Cleemann & abserved similar trends in case of
HT-PEMFCs using potential steps (0.9 and 1.2 V for 500 h). Thermal treatment of
Vulcar’ XC72R at 2,800C decreased the specific surface area from 208 to
66m? g* but resulted in a more stable FC performance and Pt particle size. A re
son for enhanced stability might be the reduced carbon instability and subsequently
less Pt degradation.

With respect to Pt/CNT catalysts, Asgari ét’&lcompared SWCNTs against
MWCNTs with regard to durability under cycled potentials @O Virue,
600cycles). SWCNTs showed a higher corrosion resistineeECSA of plat

num supported on SWCNTs was signifibaiawer than on MWCNTSs already at

the beginning followed by a stronger loss after potential cycling. Additionally, the
amount of dissolved Pt was higher, so that platinum is obviously less anchored and
stabilized on SWCNTs. Other studies compared Pt/MWCNTs with common
Pt/C and found higher stability of MWCNTSs in combination with more stable Pt
partices caused by the departing modification from carbon Bf4cK? 180182

Various other graphene-based carbons were tested towards cathodic PEMFC ap-
plication. Partially exfoliated graphite with higher graphitic degree than carbon
black and MWCNTSs resulted in stabilized™#.**3 Kou et af**¥ compared

Pt/rGO with common Pt/C after aging through cycled potentialsd(d.6/zne,

50mV st 5,000cycles) and showed more durable ECSA and ORR in case of
Pt/rGO. Further studies reported at least equal performance of Pt/rGO compared
to Pt/C during other stress tests or LT-PEMFC oper&fiéré3

In conclusion, high efforts in FC research have been made for obtainingrstable ca
bon materials to this day. This demonstrates the difficulty to modify camon in
proper way due to complex behavior according to Figure 8. To sum up the liter
ture, the carbon support requires a maximized surface area with defect sites to
achieve a high number of catalytic active centers by distributing the Pt ranopart
cles and ensuring mass transport of reactants. Furthermore, the carbon support
needs electrochemical stahilitictated by the quality of aromatic structure and the
layer arrangement.
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3.2.4.2 Metal Oxides

With respect to stability under cathodic PEMFC conditions some metal oxides are
attractive as Pt suppdPotential-pH diagrams from Pourbd&ixshow thermoy-

namic equilibria of metals in presence of water with regions of immusity, pa
sivation or corrosion. If regions of passivation and cathodic PEMFC operation
overlap, metal oxides are expected to be stable due to a corrosion-resistant state
Figure 10 illustrates the suitability ohtflV) oxide for the cathode in PEMFCs,
whereas in case of cobalt oxide solubility would pHEGaf’

2p
1
= 2
w
>0
—
N1
-1 sn LU I I
0 7 14
pH
\ Corrosion yielding soluble products
-2k Corrosion yielding gaseous products
0 7 14 (5 =<1 Passivation by a film of oxide or hydroxide
pH T Immunity

Figure 10 Potential-pH diagram of tin (cobalt as example to show the
opposite)&d

Next to corrosion resistance of the substrate, the stability of platinum on the sub-
strate is crucial. Tin (IV) oxide has ability to anchor and distribute Pt particles on its
surfacé™* 18819 Basically, the degree of van der Waals interaction between sub-
strate and Pt particles depends on their electronic band structures and furthermore
on functional groups and defect sites onto the sud@tectronical interaction
between Sn@and P£? and the presence of hydroxyl surface groups from diss
ciative HO adsorption on Sndf”? causes stronger Pt nanoparticle adsorption
compared to Pt/&? This strengthened interaction was further suggestedito stab
lize the Pt particles by affecting the electronic structure of platthiaio et

all**¥ revealed a higher lattice strain of 2 nm Pt particles ontlsarOPt particles

on graphitic carbon. Lattices were directly visualized by scanning transmission
electron microscopy and further simulated using. BEifthermore, Sn@ability

to dissociate water and adsorb OH can impact the Pt charactéfsficsing

29
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ORR, repulsion of OH groups on tin (IV) oxide and oxygen on Pt seems to
weaken oxygen binding and enhance ORR act/fty>? Both 6 electronic and
repulsion impact of tin (IV) oxidé are described as synergistic effects on the
ORR activity in literaturé*® These effects are further suggested to weaken CO
binding on platinum, which increase the CO tolerance of the cat&lystr-
thermore, in direct alcohol fuel cells enhanced catalytic activity of Pt for the met
anol oxidation was obser/&t!

In several studies, Syi0O, and WO, are described to meet the criteria for
PEMFC catalyst support best and have been prepared in various nanostructures and
composition&> '3 However, in view of Table 2, metal oxides need an opimiz
tion for the application in FC electrodes in terms of surface area and eleatrical co
ductivity *3 % An increase of the surface area might be achieved by use-of mes
porous metal oxides or metal oxide nanoparticles. Specific surfackenazeap-

rous structures a#&0m? g* with pore sizes of roughly around 4 nm for Fit9

or 205m? g* with pore size distribution centered at 13 nm for SO Nano-
particles shoed specific surface areas@fm® g* in case of SnOparticles with

3 nm diametelS? or 100m? g* in case of Sb-doped SpParticles with sizes of
around snmf**%,

Furthermore, most metal oxides are insulators and hence needs furthes-modific
tion.®3 Qub-stoichiometric metal oxides like ;0; have oxygen vacancies and
show thus electrical conductivity? But these materials are not suitable for FC
application, because on the one hand oxidation during cell operation couild elim
nate the sub-stoichiometry and on the other hand their high temperature synthesis
leads to limited surface aré¥sMetal oxide doping is a more suitable waynef e
hancing the electrical conductivity. Atoms with similar radii but deviating number
of valence electrons are incorporated into the metal oxide lattice, generate charge
carriers and promote electrical conductivity. Transparent conductive oxides
(TCOs) are well-known from solar cells and optoelectr&ic®” For example

ITO consists of 13053 incorporatingSn Each tin atom provides an additional
fourth valence electron, which is free and able to move from the valence into the
conduction band. Other TCOs are ATO (Sp@ith Sri™* replacement through

SB") or FTO (SnQ with O* replacement through } Electrical resistances-d

pend on the doping level. Ba et?3.investigated ITO nanoparticles with doping
levels of 388at% Sn in relation to I§O5; and found electrical conductance of each
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material with a maximum in case28fat% Snn,0z; Wu et al*®? investigated
FTO nanoparticles with doping levels aB&t% F in relation to Sp@nd found
comparable electrical conductivities of the materials.

In addition, metal oxide doping has frequently been reported to influence ORR
activity positively in comparison to non-doped oxtde&" 2°4 2%!|n the follaw-

ing, research on stability of metal oxides used as Pt support for ORR is reviewed.
Takabatake et 8P3 compared the durability of Ma©SnO,, Nb,Os, TaOs,

TiO, and WGQ; under harsh cathodic conditions (cycled potentials betweén 1.0
1.5 Vkue) and reported the most stable performance in case of Pt anT8aO
Pt/SnG catalyst®” 2°° and doping variants using for example 2 at% Nb or 4 at%
SB'#8 209 exceeded the limited stability of standard Pt/C. ITO nanoparticles have
also been frequently tested on durability towards Pt supporting. Lig®et%4l.
demonstrated significantly higher Pt stability on 5 at% doped ITO than on carbon
black. After 1000potential cycles between @M Vi the ECSA of PY/ITO

was still constant, whereas ECSA of Pt/C decreased by 35 %. The ORRamnvestig
tion showed an insignificant curve shift in case of Pt/ITO. Despite the stable Pt
characteristics, microscopic images revealed disappeared parts of ITO after AST.
The same authors compared Pt on 5%tPdoped InO; and Pt on 5 at%n-

doped SnQ@in a further study using the same stress test and found higher stability
of Pt/ITO.?°8 Schmies et &? recently investigated Pt/ITO stability via cycling

in two different potential ranges: 0®®5 ke and 1.04.5 Vkye. The catalyst
performed more stable within the high potential window due to the ITO stability.

In the lower potential window, ITO partially dissolved aggrecipitated fom-

ing larger particles. TEM images in Figlta show some larger ITO particlés a

ter their test. HAADF-STEM in Figurgélb demonstrates the merging of two ITO
particles forming one particle and furthermore the recovery of indium within the
Pt particle.

31



3.2 Pt Catalysts

Before After

Figure 11 TEM images (a) and HAADF-STEM images with Pt depicted in blue,
In in green and Sn in red (b) before and after stressing Pt/ITO by potential cycling
between 0.6@.95 W21

Very recently, Geiger et & evaluated comprehensively TCOs in terms of their
suitability as catalyst supportE@and electrolyzer application. For this, digsol

tion rates of ATO, ITO and FTO during cyclic voltammetry between -@.60
3.2 Vrue In HoSO, electrolyte have been determined via ICP-MS. ATO is-obv
ously unsuitable for fuel cells, because enhanced electrochemical Sb dissolution was
measured at around 0.3.¥, which is indeed confired by thermodynamic Sb
solubility’® and the findingsf other studies on AT®" 222214 Eyrthermore,

ITO seems to suffer from continuous chemical dissolution in the whole tested p
tential range, which confirms the studd&Schmies et &°? and Liu et df%3.

Lastly, FTO exhibited much lower dissolution rates than the othgds and

ShO; dissolved stronger than Sn@/ith respect to tin in each material, Sn in
ATO and ITO was more instable than Sn in FTO, which might be triggered by Sb
and In unsteadiness sum, they suggested the consideration of FTO as candidate
for catalyst supporting in fuel celldereby current FC research on FTO is very
limited up to now*> %14
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3.2.4.3 Nanocomposites of Carbon and Metal Oxide

The concept of nanocomposites containing carbon and metal oxides as Pt catalyst
support for PEMFCs combines the carbon with metal oxide properties.adith r
spect to metal oxide challenges of surface area and electrical conductivity, graphitic
carbons can provide sufficient surface areas and support the electron transfer
through a networlof aromatic structures as discussed above. Regarding-the gr
phitic carbon challenges, corrosion-resistant metal oxide nanoparticles may protect
carbon from corrosion and hinder the restacking of two-dimensional graphene-
types like rGd**" 24 Figure12 depicts the carbon support with fixed metal oxide
particles and anchored Pt nanoparticles at the interfaces. Studies on suth nanoco
posites as Pt support for ORR are reviewed below.

Metal

Carbon

Figure 12 Schematic view on a carbon section (grey) with a fixed metal axide pa
ticle (green) and a Pt nanopatrticle anchored at the carétah oxide interface
(red), adapted frdff.

Ruiz-Camacho et dt*¥ contrasted Pt on carbon black nanocomposites containing
TiO,, SnG, and ZnO, respectively. Stress testing0@Bsycles, 0.08..2 Virye)

resulted in ECSA loss of about 20 %, 40 % and 80 %, whereas Pt/C in comparison
also lost 80 % of ECSA. Lv et?8).deposited a protecting ZsGhell on Pt/C
causing an increased stability during potential cycling betwa®r? 0/g,=. With

regard to tin oxide, Kinumoto et 4f? analyzed Pt/SndC in varying oxide co-
centrations and investigated the relation between increase of the oxide content and
improved ECSA stability (potential steps betweeid @6k, 10,000 cycles).

Zhang et af*? compared Pt/SnGiC with standard Pt/C using 8,000 cycles b

tween 0.64..1 Vrne. The presence of tin oxide led to higher remaining ECSA and
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ORR activity. Physical characterization revealed OH on,&md higher electron
density in Pt, which was discussed to cause this performance difference of Pt/C
with and without tin oxide. Furthermore, Pt/Sp@& was tested in a HT-PEM

fuel cell(H,/O,, 200 h, 180 °C) and showed a higher voltage than common Pt/C

at 0.2 Acm2.[?4t

Leaving the studies on carbon black, Kou &t%ainvestigated ITO particles on
reduced graphene oxide as Pt support for ORR. The prestid@ resulted ina

more stable ECSA and ORR activity than only Pt/rGO after 22 h potential
switching between 0.8%.40 \kne. Considering only the substrates, corrosion
currents at potentials greater than k:\Wvere four times higher in case af u
protected rGO than in case of IT&0O. Finally, DFT calculations showed rthe
modynamic Pt stabilization at the interface between ITO and rGO through van
der Waals interaction, which supports their experimental findings and opens new
aspects of research on nanocomposites as Pt support in PEMFCs.
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4 Experimental Methods

First, catalyst syntheses were elucidated starting with Pt nanoparticles followed by
the substrates meaning reduced graphene oxide aatbdsmposites containing
Sndoped indium (Ill) oxide and F-doped tin (IV) oxide, respectively. Afterwards,

the synthesized catalysts were characterized via series of physical and electrochem
cal methods.

4.1 Catalyst Synthesis

Scheme 4 provides an overviefunvestigated catalysts and their synthesis routes
and introduces the abbreviations for each caf@lys.used to produce fitGIO

and finally rGO. Originating from rGO, two types of doped metal oxide nenopa
ticles are utilized to achieve the nanocompositessl3O and FTOGGO. Fur-

ther materials are C, MWCNTSs as well as HTC-C. Each material is used as sup-
port for Pt nanoparticles to achieve the final catalysts. Syntheses are described in
the following paragraphs using the numbe¥§ from Scheme 4.

rGO C MWCNT HTC-C
(|||)I (IV)I

ITO-rGO FTO-rGO (V) (V) (V) V)

(vi (V)l

P/ITO-rGO  PYFTO-rGO Pt/rGO Pt/C  PUYMWCNT Pt/HTC-C

Scheme 40verview of the tested catalysts and their synthesis routes.

35



4.1 Catalyst Synthesis

Basically, nanomaterials of all sorts can be obtained through top-down or bottom-

up method$?*? Ball milling as example for top-down mechanically produses n
noparticles with large variation in size and shape and the risk of introduaing imp
rities caused by abrasion. Bottom-up methods are used more frequently, because
physicochemical self-organization of atoms and molecules leads to nanomaterials
controllable in size and shape. This includes on one hand gas phase reactions like
CVD, which was already named in the context of graphene and carlmen nan
tubes?’* "3 and on other hand liquid phase reactions including the precipitation

of nanoparticlefReduction of metal saliscommonly used to obtain metallia-n
noparticles, whereas sol-gel processes with possible assistance of solvothermal or

hydrothermal treatment are commonly used to produce ceramic nanop&ticles.
223

4.1.1 Pt Nanoparticles

Platinum presents the standard catalyst in fuel cells. In literature, the nanoparticles
are mainly synthesized through precipitation, whereas the polyol method has been
established in recent ydai.?" 224220 gajts like hexachloroplatinic acid are
chemically reduced through polyolghich are polyvalent alcohols like the often
used ethylene glycol. First, ethylene glycol serves for dissolving the salt followed by
reducing the platinum ions to metallic Pt at enhanced temperatures betwéen 120
170°C.1#2% 221 pyring this redox reaction in Equation [14], ethylene glycol is
chemically oxidized to glycolic acid, which gets deprotonated in alkaline solution.
Glycolate anions then stabilize the formed platinum nanoparticles. Incidentally, the
reaction of ethylene glycol to carbon monoxide becomes possible in the presence
of pt[**d

0]

Nucleation and growth of nanoparticles during precipitation reaction is illustrated
using the model by LaMer et'&® in Figure13 which divides the monomer
concentration as function of time into four parts. Begin of reastzmincrease in
monomer concentration due to formatiohmetallicPt atoms exceeding theisat

ration threshold and reaching supersatur@biomhe starting nucleation changes

the homogeneous liquid into a heterogeneous dispersion. The concentration of
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monomers reaches a maximum and then decreases due to simultaneous nucleation
and growth i{). The monomer concentration then falls below the nucleation
threshold, so that no nucleation but still particle growth occurs with continuing
monomer consumption (iiifinally, further growth until reaching the saturation
threshold takes place (f#}.222

>
>

(i)

(ii)

(iii) (iv)

— 1" “iicisation Theseholl

Monomer Concentration

e

Saturation Threshold

v

Time
Figure 13 LaMer model, adapted fréi?.

Scheme 4 outlines the synthesis routes including platinum deposition on supports
as final step (V). Pt nanoparticles in this work were received using the polyol
method described befor&25mg of chloroplatinic acid hexahydrate was dissolved

in 88 mL ethylene glycol. 12 mL of 2 mé! NaOH in ethylene glycol was added
adjusting the pH to 12. The reduction to métgllatinum was carried out under
stirring at 140 °C for 4 h. The obtained platinum suspension was stored being
ready for deposition on supports. To prepare Pt catalysts, 1.6 mL of previously
synthesized Pt suspension was centrifuged with 1 mieydrochloric acid three

times followed by washing with deionized water. The platinum nanoparticles and
16 mg of support were given in acetone followed by sonication, until the solvent
was evaporated. The catalyst was washed with deionized water and dri€d at 60
under vacuum for 48. During an analogous approach, the support was added into
the reaction mixture and sonicated for 5 min before stirring 4C1#0 4h.*"

230 231 Optained Pt nanoparticles are checked on their size, shape and distribution
on supports latePlatinum particle sizes are listed in TaloieS&ction 5.2 and are
highly comparable, which is expected if nanoparticles are well-stored assstable su
pension in ethylene glycét®? For verification of customized catalysts, comme

cial platinum on VulcghXC72 (Sigma Aldrich Corporation, USA) was used as
delivered and is listed in Table 9 as féf4 233
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4.1.2 Support Materials

Scheme 4 includes the synthesis of reduced graphene oxide in two steps (I and 1)
The first step was a modified Hummers method in terms of chemical oxidation of
natural graphite (Graphit Kropfmiihl GmbH, Germany) to graphite 8%%de.

1.0 g of graphite was sonicated forid 25 mL concentrated sulfuric acid (Carl
Roth GmbH und Co. KG, Germany). 3@ of potassium permanganate (Carl
Roth GmbH und Co. KG, Germany) and 1gOof sodium nitrate (Carl Roth
GmbH und Co. KG, Germany) were slowly added in small portions under stirring
at 0°C. The mixture was stirred for 18 h3°C oxidizing the graphite and then
guenched through putting the flask into an ice bath and fillingrnrL&3 deion-

ized water. For decomposition of residual KMn@mL of hydrogen peroxide

(30 wt%, VWR International GmbH, Germany) was added. The obtained brown
suspension was washed and centrifuged a few timeR)Wottydrochloric acid

and deionized water followed by rest water removal using a rotary evapbrator
nally, the brown solid was dried at°@under vacuum for 48 h. In the second
step, graphite oxide was thermally reduced to get reduced graphene oxide. The
brown solid was put into a capped crucible filled with argon, which was placed
into an oven with air atmosphere a®30°C for 30 $'°% *"¥ The crucible was
removed from the oven and stored until reaching room tempetatiieally

gather rGO in the form of black powder.

Next to rGO, further carbon materials were tested. The carbon black %ulcan
XC72R was purchased from Cabot Corporation (Malaysia). MWCNTSs were ob-
tained from lonic Liquids Technologies GmbH (Germany). Both commeiaial m
terials were used as delivered. Furthernaatark brown coal obtained by hpdr
thermal carbonization was provided by collaboration with the working group of
Chemical Technology 1 from the Carl von Ossietzky University Oldenburg.
There, HTC of coconut shell powder was carried out in 60 wt% aqueous zinc
chloride solution at 180 °C for 12 h. The obtained coal was ground and stirred in
1L of water overnight. Afterwards, the coal was washed with water, vacuum
dtrated and dried overnight at 1U5. Finally, the powder was ground again and
sieved through a 0.63 mm mé¥A.To modify the coal pyrolysis at 1,100 °C for

2 h in an argon atmosphere with 5 vol% of hydrogen (split tube furnace HZS from
Carbolite Gero GmbH & Co. KG, Germany) was carried out followed by ball
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milling for 1 min at 250 rpm (PM100 from Retsch GmbH, Germany) to finally
obtain HTC-C.

Analogous to Scheme 4, two types of doped metal oxide particles were tprecipita
ed with mass fractions of 75 wato the surface afGO, respectively. The first
nanocomposite contains ITO particlBsiring solvothermal induced sol-gebpr
cesq(lll), the metal alkoxides underlie thermal polycondensation to inorganic-
organic intermediates first and crystallization to ITO particles second.i-By son
cation for 1 h50mg of rGO was dispersed in 10 mL benzyl alcohol (Carl Roth
GmbH und Co. KG, Germany) to provide 25 wt@O for ITO deposition At

the same time, 40.9 mgf tin tert-butoxide (Sigma-Aldrich Chemie GmbH,
Germany) and 4 mg of indium acetylacetonate (Sigma-Aldrich Chemie GmbH,
Germany) were dissolved in 20 mL benzyl alc&wth solutions were united and
stirred for 24 under nitrogen. After that, the mixture was stored in an autoclave
at 200°C for 24h to precipitate and crystallize ITO particles. Finally, the product
was washed with ethanol first followed by chloroform, vacdtrated and dried

at 60°C under vacuum for 48217230 234

The second nanocomposite consists of FTO patrticles. During sol-gel process (1V)
a metal halide is hydroxylated in alkaline environment followed by polycandens
tion and crystallization to FTO particles during hydrothermal treatb{®mig of

rGO and 348ng of tin (IV) chloride hydrate (Alfa Aesar GmbH & Co KGr-Ge
many) were dispersedd mL deionized water to provide 25 wt% rGO for FTO
deposition. Ammonium hydroxide (28 % NIh H,O, Alfa Aesar GmbH & Co

KG, Germany) was slowly added until the mixture reagpkldof 8. The suspe

sion was washed with deionized water using vacdtuation andre-dispersed in

40 mL water. 73.6 mg of ammonium fluoride (Alfa Aesar GmbH & Co K@, Ge
many) was added to dope with fluorine. The mixture was hydrothermally treated
for 72h in an autoclave at 180 °C to precipitate and crystallize FTO particles on
rGO. Finally, the product was washed with deionized water, vacuum filtrated and

dried at 60C under vacuum for 48 623" 2%
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4.2 Physical Characterization

Morphology and composition of the catalysts are characterized by use of physical
techniques. Next to the Pt nanoparticles, especially the support materials-are phys
cally analyzed to assess their suitability for application as catalyst supports in fuel
cells. Table 3 lists the applied methedsvhich are explained in the following
paragraphs and introduces threabbreviations.

Table 3 Applied methods to physically analyze Pt nanoparticle and support prop-
erties.

Method Abbreviation Information

Scanning and transmissi¢ SEM, TEM Morphology;

electron microscopy Particle size and shape
Enegy-dispersive X-ray | EDS Elemental composition;
spectroscopy Distribution of elements
Raman spectroscopy Raman Structural graphitic defects
Infrared spectroscopy IR Identification of

functional groups
X-ray photoelectron XPS Identification of
spectroscopy functional groups;

Elemental composition;
Chemical states

X-ray diffraction XRD Crystallinity; Graphitic degree
Thermogravimetric TGA Quantification of
analysis functional groups;

Thermal stability

N, adsorption with BET Specific surface area
Brunauer-Emmett-Teller
(BET) evaluation

Mass spectrometry with [ ICP-MS Pt mass fraction on supports
inductively coupled plasm
Four-point probe method | 4-point Electrical conductivity

40



4 Experimental Methods

4.2.1 Microscopy

Electron microscopy is widely used to image nanomaterials. During SEM, the
electron beam scans solid surfaces in high vacuum with simultaneous detection of
backscattered and secondary electrons. Image contrasting arises from-surface t
pography and elemental composition. During TEM, electrons transmitted through
nanoparticles or thin films are detectédntrasts result from elemental compos

tion and thicknessf samples and additionally from diffraction in cry€#her

triggered processes during electron beam interaction with solid states are emission
of X-ray photonsor Auger electronslherefore, the opportunity of further &na

yses like EDB provided in the course of SEM and TE#f.>"

For SEM investigation, samples were fixed on holders (Plano GmbH, Germany)
with carbonaceous adhesive. NE@BIEsB CrossBeam (Carl Zeiss AG, Germ

ny) device was used, which consists of a field emission electron gun applying a
acceleration voltage 80kV and secondary and backscattered electron detector
combined with photomultiplier an@CD camera for imaging and is operated by
Smart SEMoftware. The range of magnificatioh2€900,000x.

Sample preparation for TEM was done by suspending samples in ethanol and pla
ing a drop on a polyvinyl formal coated copper grid with 200 meshes (Plano
GmbH, Germany). After evaporation of ethanol, the coated grids were ready for
microscopy. EM 902A (Carl Zeiss AG, Germany) system was used, which consists
of an electron gun with tungsten wire amhccelerabin voltage of 80 kV as well
asaCCD sensor. The device is operated by/Tit8V/ Five software. Imaging with
magnification between 14240,000x is possible. JEM2100F (JEOL USA Inc,
USA) device served for high resolution microscopy with the range of naagnific
tion between50d.,500000x. The system is equipped with a field emission ele

tron source at 200 k\A CCD camera and th@atan Digital Micrograpgoftware.

TEM images were evaluated towards nanoparticle sizes and atomic lattiees. Diam
ters of 300 particles were determined and averaged by distance measuring tools in
the software/mageJwhereas distances in atomic lattices were measured with
Gwyddionsoftware.

The transmission electron microscopy was additionally used to image Rt degrad
tion after accelerated stress testing explained in Section 4.3.4. For performance of

41



4.2 Physical Characterization

this identical location TEM (IL-TEM), a carbon film coated Au grid with
400meshes (H7, Plano GmbH, Germany) was prepared by putting a dr@p of cat
lystavater@uspension on a glass plate and placing the grid on the droplet. After
drying in air, the grid was fixed onto the working electrode of glassy carbon using a
Teflon' cap. The working electrode with catalyst coated TEM grid was then
transferred into the electrochemical setup described in Section 4.3.1 and exposed
to electrochemical stre$snally, identical Pt particles can be imaged before and
after testing under the microscope.

4.2.2 Spectroscopy

EDS was used in combination with SEM or TEM. The interaatibimcident
electrorswith surfaces leads to emission of secondary ele€trereby, an ura-

vorable state occurs inside the solid followed by filling energetically lower vaca
cies with energetically higher electrons. As a result, X-ray photons are emitted and
allow qualitative element-specific anak¥sHere, the sample preparation was
done in the context of microscopy described in previous Section 4.2.1. The SEM
device is expanded by Xd#xsilicon drift detector (Oxford Instruments plc, UK),
whereas the high resolution TEM contains a X-Max80 silicon drift de{€xter

ford Instruments plc, UK). In both cases, spectra evaluation was done using the
INCA software.

Raman spectroscopy exploits inelastic reflected scatfdiyg at solid statelSor
example, phonon excitation leads to emitted light with lower edfgkgyq in
contrasto the incident light energ.ciqentacording to Equation [15]. Difference

in emitted and incident light energy is equal to difference in the product of Planck
constant? and the frequency Bands in Raman spectra provide qualitative-info
mation about the material in terms of the frequethifty ' 1.1>* With respect to
graphitic carbonintact aromatic structures are excited differently compared to d
fect sites, which enables quantitative analysis of the defect density. FomRaman i
vestigation, the sample was mixed with 2-propanol and sonicated until achieving
highly viscous suspension. The mixture was dropped onto a glass substrate and
dried in air. The used SENTARRA (Bruker Corporation, USA) device is
equipped with three different excitation sources (785, 633 and 488 nm), a light
microscope BX51 (Olympus K.K., Japan) with magnification betwé€@x the
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spectrometer itself amdCCD sensor. The system is operated byQRé/S sof-
ware Measurements were carried out usirtdeaNe laser with a wavelength of
633nm, a power of ZnW, an integration time of 60 s and averaging of two scans.

“( (hpLwwliorLonEW@® YA - K'Y [15]

IR spectroscopy can be used for excitation of covalent bond vibration in solids
through absorption of infrared radiatidine detected radiation exhibits absorp-

tion bands at defined frequencies. This allows qualitative analysis of chernical stru
tures by identification of functional grolf3¥.The FT-IR system Spectrum 100
Optica (Perkin EImer Corporation, USA) wi#tZnSe crystal for ATR was used
operated bySpectrumsoftware After determining the background for spectrum
correction, the sample was fixed onto the crystal and measured with averaging ten
scanin aresolution of £m™.

XPS relies on irradiation of solid states with a beam of X-rays. Photoelectrons with

a defined kinetic enerdy,, are emitted from the solid. Under consideration of
incident beam energycicent and the spectrometer work functibi element

syecific binding energieB£ are calculated from Equation [16]. Energy amd-nu

ber of emitted photoelectrons allow the quantitative determination of elemental
surface composition of solids and moreover qualitative conclusions on chemical
and electronic staté8? Samples for XPS were prepared in terms of pattingp

of highly viscous suspension with 2-proponal @ndicon wafer and drying in

air. Spectra were recorded using a ESCALAB 250Xi (Thermo Fisher, UK) system
with Al K=X-ray source hemispherical 180° analyzer and channeltron detector.
Survey scans were done with a pass energy e¥,120 ms dwell time, 1 e\he

ergy step sizes and averaging of 5 scans. High resolution scans were measured by
applyingapass energy of 8¥, 0.02 eV energy step sizes at 50 ms dwell time and
averaging of 5 scans. Ten scans were recorded in case of doping atoms in metal
oxides to collect spectra with better signal to noise. Igpiestrum evaluation was

carried out using the softwafeantagewith Smart background correction and

peak fitting with Gauss-Lorentz line shapes.

%( (LoFLoHono [16]
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4.2 Physical Characterization

4.2.3 Further Methods

Next to microscopic and spectroscopic analyses, further methods were applied.
The principle of XRD is based on reflection of X-rays at solid states, which exhibit
crystallinity and thus act as diffraction gralihg Bragg law in Equatida7] de-

fines the constructive interference of X-rays sedtégratomic lattices. The pos

tive integer of the radiation wavelengthdepends on interplanar atomis-di
tanced and angle of reflectiod XRD patterns show the intensity of radiation in
dependence on the reflection angle and enable crystallinity analysis of solid
state&*2

@ GA/ LI [17]

Samples for XRD were prepared similarly to the preparation for Ramansspectro

copy. ;63HUW 3UR 03" 3%$1DO\WLFDO %EMPYREAN 1HWKHU
Series 2 (PANalytical B.V., The Netherlands) with Cud(liation andataCd-

lector software in each case were utilizédnio scans were recorded using 2

steps of 0.01°. Pattern evaluation was carried ottighScorePlusoftware and
comparison with the inorganic crystal structure database ICSD (FE Karl

ruhe GmbH, Germany). Next to calculation of interplanar atomic disi@nsesy

BragloV ODZ L Q17 tkelcwystaRil® sizeis estimated ush 6 FKHUUHU 6V OL
in Equation18] containing a form facté¢ of 0.89 and the fully peak width at half
maximumF~WHM corrected by=WHM of graphite showing high crystallinity. In

case of the metal oxides, the three reflections with highest intensity were consid-

ered to get an averaged crystallite size.

B Yo)
):+0 AFREY

/ [18]

During thermogravimetric analysis, materials are weighed ducogtrolled
heding at defined rates and in defined atmospMaiss losses are recorded and
assigned to the temperature. Valuation of thermal stability and furthermore the
quantitative analysis of material composition and decomposition is Efiabled.
TGA 4000 (Perkin Elmer Corporation, USA) consists of the furnace containing
the balance with AD; crucible, a temperature sensor as well as heating &nd coo
ing elements. For data recording, #gisinstrument software is used. Before
starting TGA, the furnace was purged withwith 40mL min™ for 30 min and

the crucible was baked out. Here, TGA was performed atiNosphere using the
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following temperature program: Holding 3 min at 30 °C, heating from 30 °C to
100°C at 10°C min™, holding 10 min at 100 °C, heating from 100 °C to 900
at 10°C min* and finally holding 1 min at 90G.

The next method is used to analyze surface area and porosity of solids by adsorp-
tion isotherms, which describes the sorption equilibrium of an adsorbate onto an
adsorbent at constant temperature. The formalism of Langmuir describes the ad-
sorbent coverage by an adsorbate in terms of a monolayer. The model rfeglects di
ferences in the adsorbent surface and furthermore interactions between the adsorb-
ates itself and is only applicébtes.g. the chemisorption of CO on platinum. The

BET (Brunauer-Emmett-Teller) formalism is used for more complex processes and
considers multilayer coverage during physisorption. Dthnimgnethod, nitrogen

is delivered to solids at a constant temperature but variable pressures.sburing sy
tematically pressure enhancement to below the saturation vapor pressure of nitr
gen N, physisorption onto the solid surface occurs and fills the porous network
Adsorption as well as desorption isotherms can be detected. In these dependencies
of adsorbed amount of,Mn its partial pressure, the porosity becomes visible and
the specific surface area can be deterfiffe8amples for BET analysis were
weighed into a glass tube, which was baked out to get ready for measurement using
TriStar 11 3020 (Micromeritics GmbH, Germany) wiicroActive softwarelso-

therms were evaluated towards the specific surface area using the relative pressure
of 0.3.
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4.2 Physical Characterization

ICP-MS is a method for quantification of elements in aqueous solution, which is
injectedinto argon plasma leading to desolvation, evaporation, atomization and
finally ionization. The single positively charged ions are focused by ion optics and
enter a quadrupole. During the mass spectrometric measurement, ions &re separa
ed sequentially by their ratio of mass to ch&ry2.0 mg of each platinum sample

was digested in 1.2 mL HNQvith 1.6 mL hydrochloric acid overnight. The-s

lutions were filtered, diluted to 250 mL and further diluted by factor of 5.a&alibr

tion solutions for platinum were prepanedoncentrations of 100, 200, 400, 600

and 800 ugt by use of an ICP standard solution with a concentration of
1,000mgL* (Carl Roth GmbH & Co. KG, Germany). Each solution contained
Lutetium as internal standard in a concentrationnog lI*. XSeries2 (Thermo

Fisher Scientific GmbH, Germany) system served for analysis of Pt contents. Du
ing the measurement, the three platinum isotbiies *°Pt and**Pt were @-

tectedto average the final Pt concentration. All calibrations showed a correlation
coefficient of at least 0.999 and a recovery of Pt sample for validation of at least
95%.

Electrical resistaes were determined by thi@ur-point probe method. Figur&4
illustrates its principle and shows the four probes with equal distances in contact
with a thin film of solid. A current flows through the outer probes, whereas the
voltage is recorded using the inner probes. Thereby, the electrical resistance of
sheets is determinB¢! Before the measurement, a sample suspension analogous
to electrode coating in Section 4.3 was prepared. Spray coating onto a glass sub-
strate using devilbissspray gun (Carlisle Fluid Technologies Germany GmbH,
Germany) operated with a nitrogen gas flaweg thin film of sample. Finally,

five sample positions on each thin film were measured and averaged by used of
RM3-AR (Jandel Engineering Ltd, UK).

(n)

%

Figure 14 Functional principle of the four-point probe method.
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4.3 Electrochemical Characterization

Methods applied to investigate the electrochemical durability of the catalysts are
introduced. Scheme 5 shows the progress in characterization, which starts with
catalyst activation by potential sweeping (0). Voltammetry experimentonvere

ducted in terms of cyclic and CO stripping voltammetry (I) to determineoelectr
chemical surface areas and support characteristics. RDE experiment was then pe
formed getting access to ORR kinetics (Il). After that, catalysts were exposed to
accelerated stress testing (AST) to trigger degradation. Finally, aged catalysts were
characterized again (IV and V).

(0) (1) (I (1) (V) V)

Catalyst Voltammetry RDE Accelerated Voltammetry RDE
Activation Experiments Experiment Stress Testing Experiments Experiment
(Section4.3.1) (Section 4.3.2) (Section 4.3.3) (Section 4.3.4) (Section 4.3.2) (Section 4.3.3)

Scheme 5Sequence of electrochemical characterization.

4.3.1 Setup

The setup for electrochemical measurements is depicted inlfEgline rotating

disk electrode (RDE) coated with a thin film of catalyst was used as wotking ele
trode and is fixed into the rotator (1). The RDE consists of glassy carbon jacketed
with PTFE and has a geometric area of (ct§Pine Research Instrumentation

Inc, USA) or 0.Zn¥ (in-house production, University of Tartu, Estoni@he
reference electrode was a saturated calomel electrode (SCE, KCl-gansiakson

a glass element separated with salt bridge and Luggin capillary (2). A wound Pt
wire served as counter electrode (3). The three electrodes were introduced into the
glass cell (4) with gas supply (5) and were conmedceoipotentiostat (Autolab
PGSTAT128N or PGSTAT132N, Metrohm Autolab, The Netherlands) operated

by the softwarédVova Measurements were carried out at room temperatuce. Re
orded potentials were converted from SCE to reversible hydrogen electrode
(RHE) by use of Equatida9].

(s+( (sa B+ (sa( (sa( A 9 (6a( 9[19]
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4.3 Electrochemical Characterization

Figure 15 Setup consisting of rotator with rotating disk electrode (RDE) as
working electrode (1), reference electrode with salt bridge and Luggin capillary (2),
counter electrode (3), glass cell filled with electrolyte (4) and gas inlet (5).

Before measurement, the cell was filled with aqueous 0.1'nperthloric acid

(70 wt%, Sigma-Aldrich Corporation, USA) as common electrolyte for RBE e
perimentd?®3* 211 The preparation of RDEs started with electrode polishing for

5 min each using 1.0 and 0®30 um alumina paste (Buehler, USA). Electrodes
were then cleaned via sonication in 2-propanol for 5 min followed by deionized
water for 5 min and were then ready for catalyst coating. Parameters far prepar
tion of RDEs are listed in Table 4. First, the catalyst inks were prepareanink co
positions were adapted to the catalyst material to achieve later a unique catalyst film
onto the electrode. They are defined by the caialysjsand the Nafiofi con-
centrationGyafione and by the 2-propanol4® ratio. After sonicatn for 1 h, the

inks were dropped onto a polished and cleaned RDE and dried under rotation.
The drop castings defined by the ink volume,,, depending on the geometric
area of the used RDE, and the rotation sp&ddring drop casting. The proceed-

ing of RDE preparatiofor supports was analogous to the related Pt catalyst.
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Table 4 RDE preparation in dependence on the catalyst being used.

PUC, PUC- | PUIGO, | et 6| pumTC-
Catalysts commercial, | PY/ITO 6 GO c
Pt/MWCNT rGO
Q:atalyst/ g El 1 1 2 2
CalzallySt Guatone | 1g L 0.6 0.6 1.2 1.2
2-propanol/H0O 1/3 1/2 1/2 1/3
Catalyst | Wk /ML 300r29.5 [300r29.5 14.7 14.7
Film Zl rpm 700 300 300 700

After assembling the setup, filling the glass cell with electrolyte and connecting a
freshly prepared RDE as well as counter and reference electrode to thei-bipotent
ostat, measurements were started. Before actual characterization and stress testing
of the catalyst, 100 potential cycles between®.4b\gye at a scan rate of

500mV s' were performed to activate the catalyst in terms of Pt surface cleaning
and Pt particle arrangement on the carbon surface (see Appendixg4rigore

purities like residual organic compounds from synthesis are oxidized and removed
during activatio?*"?*%! Pt features of the cycles grow and finally reach & max

mum after 100 cycles so that a maximized electrochemical surface area is arisen
being determined in subsequent catalyst characterization.

4.3.2 Cyclic and CO Stripping Voltammetry

Cyclic and CO stripping voltammetry experiments (see Scheme 5, | and V) are on
one hand used for getting access to the electrochemical surface area of platinum
and on the other hand for analysis of the support. To distinguish between analysis
of platinum and analysis of the support within the figBtefeatures are marked

green whereas support features are marked red.
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4.3 Electrochemical Characterization

First, both established methodshydrogen underpotential deposition (HUPD)

via cyclic voltammetry and CO stripping voltammetry (GOare applied in this

work to obtain the ECSA of platinum. Therefore, a chemisorbed monolayer of
redox active species on Pt and the released charge during their desorption was
used The electrochemical surface area depends direcly marticle conditions

like particle size, anchoring and distribution on the substrate and the possible pre
ence of competing adsorbates. ECSA depends indineellgctrical conductivity,

surface area and functional surface groups of the support as weHsapoort-
interaction.

For the first method HUPD, a typical CV curve for Pt/C is shown in Fifisre
Data were recorded from 0.05 to 1.0Q,¥with 50mV s' in N,-saturated ete
trolyte. Next to support characteristics discussed later (marked red), typaeal Pt fe
tures are visible (marked gredn)the potential region of approximately 6.0
0.4 ke reductive hydrogen adsorptigi) and oxidative desorption (ii) takes
place, whereas above approximately Q.8 Water adsorption and an oxidation
reaction to form oxygen species (iii) occurs. After that, desorption of oxggen sp
cies during a reduction reaction (iv) takes ploe ECSA determination via
HUPD, previously adsorbed hydrogen desorbs from the Pt surface thradgh ele
trochemical oxidation during anodic sweep of The hydrogen oxidation signal

is green crosshatched and used for evaluation as explained below.

For the second method CO, a typical CO stripping ctové®t/C is depicted in
Figurel@b. The stripping experiment started with CO bubbling through tlee ele
trolyte for 1 min at 0.15Q/e. to adsorb carbon monoxide on platinum. Second,

N, was bubbled for another 20 min through the electrolyte to remove residual
CO. Third, CV curve between 0.08.30 \kye with 50mV s! was recorded for
assurance of complete CO coverage on platinum. This curve is marked in Figure
16b by a red arrow and used for analysis of support characteristics later (see Figure
17a). Last, the actual CO stripping was performed by starting the anodic scan from
0.15 kne (v) and scanning up to 1.1Q.¥ with 50mV s!. For ECSA deterin

nation via CQO, this curve contains the signal of electrochemical CO oxidation (vi)
being crosshatched and used for evaluation as explained below.
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4 Experimental Methods

The released charge amo@gt during oxidation of hydrogen or CO is es
hatched in Figurd6, respectively, and serves for ECSA calculation usirsg Equ
tion [20]. Qg is divided by the scan rat¢the Pt loadingre; onto the electrode
and the charge densitypeing 2.1 C rg in case of hydrogen and 4.2 @ fin
case of CO. The hydrogen atom adsorbs on one Pt atom, whereas CO oxidation
mechanism supposes two involved Pt atoms. The linear bonded CO atom on one
Pt atom is oxidized by means of an oxygen species on another B4tdm.

(&68 v R

XA B3\
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Figure 16 Exemplary CV curve (a) and CO stripping curve (b) of commercial
Pt/C in 0.1 mol [* HCIO,. lllustration of typical electrochemical Pt signals with
crosshatched signals for ECSA determination via HUPD and CO (green marks).
lllustration of support characteristics (red marks).

Second, cyclic and CO stripping voltammetry were used for support analysis in
terms of two parameters. The first parameter is obtained from redox reaction of
HQ/Q similar groups during CV experiment in Figdréa. Regime of HQ/Q

redox activity is marked red (i, ii). Hydroquinone oxidation is detected at around
0.6 Vkne and is more or less visible, depending on the amount of funstipnal

port surface groupBigurel7a depicts an enlarged CV curve in the range af 0.4
0.8 Vrue With visible hydroquinone oxidation (i) and quinone reduction (ii). The
released charge amopio during oxidation of hydroquinone to quinone is ob-
tained by integration of this sighaf.
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a) 0.4 b) 0.02 (iii)Anodic current /,
N Qug
e 0.2 ,”,,,WM < 00
(&)
< 0.0- (i) Hydroquinone Oxidation E 0.001
E (ii) Quinone Reduction =
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Figure 17 Exemplary CV curve with suppressed faradaic currents (a) and CV
curve with enlarged HQ/Q region (b) of commercial Pt/C in 0.1 MdHCIO,.

The second parameter is the double layer capaadifgnoghich relies on surface
area and functional surface grolups of the material. During CO stripping exper
ment in Figurel6b, Pt reactions were suppressed via adsorbed CO to record the
capacitive current density. Cyclic voltammetry in presence of adsorbed CO is
marked red (iii, iv) Figure 17a depicts the enlarged CV curve betwedb @.

0.30 \kue.®® 8 To calculate the double layer capacitance, the anodic chrrent
(iif) and the cathodic current(iv) at potentials of 0.16, 0.21 and 0.2@\vere

usedn Equation 21]. An averaged double layer capacitance was obtained from the
currents at these potentials.

@ A
& — =

4.3.3RDE Experiments

Another electrochemical analysis is the ORR investigation (see Scheme 5, Il and
V) by RDE technique. Rotation of the electrode was used to achieve a eentroll
ble and defined mass transport pfr@lecules during ORR. The rotation speeds
were 400, 900, 1,200, 1,600, 2,000 and 2,500 rpm each for recording ORR
curves from 0.16 to 1.05Me with 5mV st in O,-saturated electrolyte.
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Figurel8a depicts a typical curve of Pt/C during electrode rotation atrpy&00

In the high potential window of 1d.1 Vkne the current densityof oxygen e-

duction counts zero because of kinetic inhibition. Then, the current density arises
due to the onset of ORHi) at around 1.0 M. To determine the onset {en-

tial B nsetOf O, reduction reaction, the first deviation of this curve was used to see
the potential value with strong change in current density different to zero.

At a potential of around 0.%XM: / depends on limitation through ORR kinetics
on one side and oxygen diffusion on other side. In this mixed limited regime (ii)
is the sum of current density limited by kingti¢gnd the diffusion-limited cu

rent density;, as shown in Equati¢@2].

- — — [22]
M M oMLp

In the low potential range below approximately G;4eVORR is mainly limited

by reactant diffusion (iii), so that the current densigpends on speed ofeele
trode rotation. This dependency is described by Koutecky-Levich (K-La- Equ
tion [19] contains electrode rotation speédthe Faraday constaft
(96,485 C mof), the kinematic viscosity of electrolyte (0.0&m?s™)!*83 the
diffusion coefficient of oxygePo, (1.93x1® cn? sY)*8Y O, concentration in
solutioncto, (1.26x1% mol L)Y, The last parameter is the number ofstran
ferred electrons during the reduction of one fmolecule and was determined
from the slope in linear K-L relation according to Equdi8h

_ — A [23]
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Figure 18 Exemplary ORR curve of commercial Pt/C in 0.1 mdIHCIO, at
1,600 rpm (a) and the associated Tafel Plot (b).

From Figurel8a furthermore the activity for oxygen reduction was accessible.
Therefore the current densjtyt the potential value of 0.\ was considered

and the diffusion-limited current density below approximately 0.7RMz was
averaged and considered as wgllwas then accessible through Equd#ah

The specific activitypA correlates the kinetic current density with the ECSA,
while the mass activildA normalizes the kinetic current density by the mass of
platinum.

Further investigation of ORR kinetics was done via the Tafel relation [9] using a
rotation speed of 1,600 rpm. Figut&b illustrates that plotting the potential
against natural logarithm gf, results in two distinguishable Tafel slopes of
m =60mV dec¢' and m, =120mV de¢’, which are characteristic for Ptazat

lystg™ %3
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4.3.4 Accelerated Stress Testing

Last, accelerated stress testing (see Schéheséryved for inducing degradation

of catalysts and to study their durability. Section 3.2.3 pointed out the irapact fa
tors on catalyst degradation from literature. Criteria to induce great stress on plat
num catalysts are the fast change of potential, a high potential limit up&o 1.40
1.50 ke as well as the presence of oxyfeh.?? Figure19 shows the potential
cycling applied to catalysts in thigrkwto induce significant degradatidfigure

19 depicts the total number of 1,000 cycles betweerd0405\kye performed

in oxygen-saturated electrolyte. To see single triangle-waved cycles with a scan
rate of BOmMV s*, Figure1% shows the first seconds of stress test. This test allows
on one hand catalyst degradat@respecially in the upper potential rarigand

on the other handn-s/fu detection of Pt features due to the chosen lower potential
limit of 0.05 \knEe.

2.0
a)
1.5
210
>
w 0.5
0.0
1 Cycle
-05 T T T = .5 T T T
0 2000 4000 6000 0 8 10 15 20
t/'s t/'s

Figure 19 Accelerated stress test in oxygen-saturated 0.I'nClO ,. Poten-
tial against the time for the whole AST (a) and for a part of AST with one labeled
cycle (b).

Table 5 specifies all technical parameters used during electrochemical @aracteriz
tion and lists the parameters that have been determined. To sum up, CV and CO
stripping experiments (see Scheme 5, | and V) resuE@&&,,pp and Qo as

well asECSAo and Cp,. The RDE experiment (see Scheme 5, Il and V) gives
access to the ORR parametéfsses MA, SA n, m, m. The accelerated stses

test directly showgr-s/tv potential cycles and indirectly gives information about
nature and extent of catalyst aging through all other parameters from catalyst cha
acterization before and after AST.
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Table 5 Summary of technical parameters for electrochemical investigation.

Parameter Activation CVv CO RDE AST
Stripping

Start potential / 0.05 0.05 0.05 0.16 0.05

VRHE

End potential / 1.47 1.00 1.10 1.05 1.47

VRHE

Scan rate / 500 50 50 5 500

mV st

No. of potential 100 3 3 3 1,000

cycles

Electrolyte N, N, N, 0O, 0O,

saturation

Parameters - ECSAupp, | ECSA0, Eonset n-situ

determined Cho CoL MA, potential
SA n, cycles
m, m
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5 Results and Discussion

Sections 5.1 and 5.2 present and discuss physical analyses using the meethods in T
ble 3of (i) each support material gnpleach Pt catalyst. The physical charaateriz

tion within the first two sections is then basis to discuss the electrochemizal chara
terization of each catalyst in Section 5.3, which focusses on assessment of stability
after accelerated stress testing.

5.1 Physical Characterization of Graphene-Based
Supports

Reduced graphene oxide and progress in its synthesis is first physically evaluated in
Section 5.1.1 and second physically compared to further carbon matSeals in

tion 5.1.2 The carbon black Vulc&XC72R « commonly used as catalyst sup-
port in fuel cellss and multi-walled carbon nanotubesnext to rGO a further
alternative support are considered. The fourth material is a new sustaimable ca
bon originated from hydrothermal carbonization of coconut shells, which was
modified for fuel cell application and is a resudollaboration with the Chemical
Technology 1 of the Carl von Ossietzky University Oldenburg. Finady,

tion 5.1.3 is about structure and morphology of the two nanocomposites based on
rGO with first Sn-doped indium (lIl) oxide and second F-doped tin (IV) oxide
nanoparticles.

5.1.1 Reduced Graphene Oxide

Reduced graphene oxide has been obtained in two steps, chemical oxidation of
graphite and subsequent thermal reduction of graphite oxide. To monitao-the pr
gress in preparation, the matetiase been characterized and compared to each
other. First, microscopic investigation is depicted in FigQrim terms of SEM.
Graphite flakes as starting material and rGO as final product are comipigred in

ure 20ad using the same magnification. In contrast to graphite rGO consists of
smaller flakes with lower brightness under the microscope, which indicates the
enhanced porous morphology. SEM images with higher magnification of rGO in
Figure20c @ show highly wrinkled and aggregated sheets with 3D arrangement
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which is based on their van der Waals interaction. In other parts, unfolded sheets
are visible illustrating the 2D character of rGO (marked area in Zigurén ad-

dition to the imaged morphology under SEM, physisorption of nitrogen was used
to determine specific surface areas via BET formalism (see Appendig3rigure
Reduced graphene oxide has a specific surface area dfgZd6mwhereas
graphite has a by factor of 36 lower specific surface area @t.8Tfis demao-

strates the porous structure of wrinkled and rotationally faulted rGO in contrast to
graphite.

Figure 20 SEM images d@r (a) in contrast tdsO (b) with images of rGO in
higher magnification (c, d).

TEM in Figure21 shows further differences in the materials. The lateralf size
flakes seems to decrease in each step of synthesis. McAlliSf8r feturadl the

same trend in flake diameters taking the similar synthesis route. They reported GO
diameters foapproximatelylOpum and rGO diameters of approximated@nm
independent of the graphite diametdoreover, the transparency of the materials
seems to increase in each step of synthesis indicating the exfoliation of layers.
However, TEM only gives small microscopic insight into the bulk so that further
analysis by XRD, Raman, TGA and IR was performed.
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500 nm 500 nm 500 nm

Figure 21 TEM images of graphite (a), graphite oxide (b) and reduced graphene
oxide (c).

XRD analysis is shown in Figue@ and serves for comparison of crystallinity.
Graphite exhibits by far the highest crystallinity, followed by graphite oxide and
last reduced graphene oxide. Because rGO shows much lower crystallinity than
graphite,no re-organization of graphene layers to an ordered gaptriicture

has taken place during the reduction of GO. Hence, the success of layer exfoliation
is verified™®® If Gr as precursor in Figu?€a is compared 6O as final product

in Figure22c, the (002) reflections appear at similar diffraction anfgésout

26 @7°. In contrast, graphite oxide as intermediate product in F2ghrbasa

much lower (002) reflection angle of around 12 °. This demasstraighern-

terlayer space in GO caused by the functional surface groups and intercalation of
water molecule’$®® 3 Table 6 lists the parameters obtained from XRD analysis.
Interlayer distancebof Gr, GO and rGO are calculated from the diffraction a

gle 270f (002) reflection and differ among each other. GO has a (002) aiftance
0.740 nm, much higher than the layer distances of the other two materials. The
functionalization of graphene layers through oxygen groups during GO synthesis
leads to an expansion of GO layer distances. On the contrary, graphite and rGO
obviously possess no higher amount of functional groups so that interlayer distances
are much lower. However, rGO has a slightly larger value of 0.341 nm compared
to 0.335 nm in case of graphite. Possible reason is a rotationally faultecbmorphol
gy with widened layer distance for rGO in contrast to highly arranged layers in
graphite. Moreover, residual oxygen content of rGO layers originated from the
GO precursor is another rea$gn %8
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Figure 22 XRD of graphite, graphite oxide and reduced graphene oxide (a) with
zoomed XRD of GO (b) and of rGO sample (c).

Furthermore, the crystallite siZeare calculated by Equation [18] on basis of the
FWHM and are in the descending order of Gr>GO>rGO. Hence, XRD ig-n a
cordance with SEM and TEM images and confirms the highest crystatinity
graphite with a size of 52.1 nm. GO has a crystallite size of 9.5 nm. Last; rGO e
hibits a size of 5fim 6 a factor of 10 lower than the graphite starting cemp
nent. Overall, XRD showsGO in rotationally faulted modification with rarely
graphitization. This is according to the previously supposed layer arrangement in
rGO illustrated in Figure 9 of Section 3.2.4.1.2.

Table 6 Parameters from XRD and Raman analyses for graphite, GO and
rGO.»

Method Parameter Gr GO rGO
24]° 26.6 12.0 26.1
dl nm 0.335| 0.740( 0.341
XRD
FWHM | ° 0.2 0.8 1.6
L/ nm 52.1 9.5 5.0
G Position / cnt 1578 1599 1598
Raman
Il /s 0.37 1.28 0.96
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Figure23 presents the Raman spectra, whereas the Table 6 lists the associated R
man data. Each material shows the typical bands resulting from light scattering at
graphitic carbons. Regarding shape and width of bands, Gr bands are more defined
than GO and rGG*? which indicates a highly ordered structure of graphite in
accordance with high crystallinity observed by XRD. Basically, the G ba&d corr
spondsd E,q vibrational mode of &ydridized carbon bonds in aromatic stru

tures and is located at aroun8d&m™. The D band is due to thefvibrational
breathing modef sg-hydridized carbon bonds only possible in aromatic rings
adjacent tosp-hydridized defect sites and is located at around 1300
Therefore, the degree of structural defects is estimated by the ratio of D band i
tensity to G band intensity//s and is in ascending order of Gr<rGO<GO.

Oxidation of Gr to GO introduces many functional oxygen groups and possibly
some destroyed aromatic structures due tope¥6lution. Therefore, GO posses

es thehighest/p//s ratio of 1.28, which is 3.5 times higher than 0.37 in case of
graphite, and thus the highest number of structural déffbetsatio above one
shows that $ghydridized carbon predominates. Further reaction of GGG

leads to lower structural defects, which is caused by the removal of functional
groups and thus removal of interfering impact on the vibrational mode of aromatic
rings /g//p of final rGO is 0.96. Literature values are 8%70.90*"2 or even

above 1.06°4 depending on the synthesis parameters.

Furthermore, G band position indicates exfoliation of graphene layers through a
positive shifting. The Raman shift in case of rGO is @%98and thu20cm*

higher than in case of graphite. If the number of graphene layers would be higher
than 10, the G band position would get similar to that of grapfite.
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Figure 23 Raman spectra of graphigeaphite oxide and reduced graphene oxide
(a) with zoomed and lapped range of D- and G-band (b).

TGA and IR spectroscopy are used to quantify the oxygen content and to qualify
the functional oxygen groups in GO, respectivBhe results for rGO are depic

ed as well and clarify the change in material during the synthesis step of thermal
reduction. In Figur4a, thermogravimetric curves of GO and rGO and their first
derivation are shown. The first derivative allows better recognition of steps in mass
loss.GO exhibits a significant total loss of mass ofW&%9during heating from

30°C to 900°C. The first step in mass loss of 7.2 wt% is &Claad caused by

water removal. Water was present in the hydrogi{icsample due to interaction

with functional oxygen groups. Second, the large mass losswt%1aB8 around

200°C is assigned to the removal of oxygen gréugge mass fraction of water is
subtracted from the total mass of sample, only graphite oxide is then considered.
The oxygen content in graphite oxide then countsv®b, which results inta

C/O ratio of 2.2. Schniepp et!&l? reported a ratio of.@ after similar synthesis,
whereas basically GO is assumed to have a ratio between two &ftl Tower.
thermogravimetric curve of GO in this regimiearound 200 °C consists of two
inflection points at 220.0 °C and 269.8 °C as pointed out by the first derivation.
This mass loss at slightly shifted temperatures around 200 °C suggests the removal
of different functional groups. The further mass loss during heating up’@i800

21.4 wt%. This loss does not exhibit a step but a continuous progression without
inflection point and can result from amorphous thermally instable parts inside the
aromatic structure being left after the removal of oxygen dt&lps.

rGO in Figure24a is thermally stable bel®®0°C. Steps of mass loss at 100 °C
and 200°C are absent. This proves eliminated water and eliminated oxygen groups
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5 Results and Discussion

in therGO sampleFurther heating to 900 °C results into a loss of 29.5 wt% but
does not give a visible step or inflection point. This also indicates thermally instable

amorphous carbon being left after the thermal reductiG®aio rGO described
in Section 4.1.2.
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Figure 24 TGA of GO and rGO from 3@00°C using N atmosphere and
10 min holding at 100 °C (a) and IR spectra of GO and rGO (b).

By means of the IR spectra in Fig@db, functional oxygen groups within the

two materials are identified. Beside the broad IR absorption band resulting from
O-H stretching mode between 268600cm™, carbonyl groups in terms of C=0
stretching are detected at 1¢84". The C=C stretching mode in aromatic stru

tures occurs at 16&6". IR absorption bands of C-O stretching are visible in the
range of 1226.036¢cm™. In contrast to graphite oxide, rGO apparently possesses
lower surface functionalities. TGA already revealed the absent mass loss at around
200°C due to eliminated oxygen groups. IR spectroscopy shows that treermal r
duction of GO removes next to intercalated water also any further hydroxyl
groups, which would be visible between 2&BD0cmi. But C=0 stretching at
1724cm™* and C-O stretching @220cm™ isstill present in rGO.

Basically, thermal annealing of GO at temperatures betweah2@00C is

known to completely remove hydroxyl and carboxyl gré§psowever, epoxy,

ether, ester and carbonyl groups need a thermal treatment of at least 1,200 °C to be
removed?!®! Especially carbonyl groups are known to require higher temperatures
of 1,730 °C for elimination from rGB8 In this work, thermal annealing was
conducted using an oven temperature of 1;@50in conclusion, the C=0
stretching at 172¢m” is suggested to originate from carbonyl groups, whereas C-

O stretching at 1226m* can result from epoxy, ether and ester groups.dviore
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5.1 Physical Characterization of Graphene-Based Supports

ver, the thermal stability of functional oxygen groups depends not only on the
group itself, but also on the binding site to the carbon surface in terms of basal
planes or edg&§?

5.1.2 Comparison of Carbons

Focus of this study is to use reduced grapheneaskig&ic material for nanage

posite formation later. The previous section detailed the progress in sghthesis
rGO. In this section, its structure and composition are compared to other types of
graphitic carbons. Therefore, two materi@lgarbon black and multi-walledrea

bon nanotube®® were chosen as they are investigated more frequentlyan liter
ture!® 134 173 Beyond these common materials, a newly synthesized graphitic
carbon from biomasgas employed considering the issue of sustainabilityo-Hydr
thermal carbonization of coconut shells with further pyrolysis is described in Se
tion 4.1.2 and provides the material HTC-

Figure 25 shows TEM imagesf rGO, C, MWCNTs and HTC-C. Coherent
units of each material based on van der Waals interaction are illustrated. Due to
different sizes of unit€M images are in different magnifications. rGO in Figure
25a has wrinkled sheets with diamet#raround 1.5 umCarbon black in Figure
250 consists of spherical particles of ar80man in diameter. These particles are
aggregated to longish and ramified chains aitbngth of around 700nm.
MWCNTSs in Figure25c have highly differing diameters and lengths andrare ra
domly intertwined to form a bundle in the order of approximately 1 um. Accord-
ing to manufacturer specification diameters are in rad@3ifnm and lengths

in the range of BL5um. The large and round aggregate of HC@ Figure25d

has a diameter of ab@&80nm and an undefined carbonized network with visible
porous structure,
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5 Results and Discussion

Figure 25 TEM images of rGO (a), carbon black (b) MWCNTSs (c) and HO'C-

(d).

To further distinguish the porosities of each carbmure26 compareshie N,
adsorption and desorption isotherms. The adsorption isotherms result ime€ompar
ble curve shapes and correspond toltyplel UPAC classificatiols*? This means

that, first,astrong increass relative pressures belgim=005 takes place due to

first N, physisorption and the filling of micropores. Second, a linear regiree is pr
sent in the relative pressure range of approxinta@&g.75, which showsur-

ther N, sorption and the coverage of larger pores. The slope in this pressure range
depends on the extent of, Multilayer formatio#* Here, rGO has by far the
highest slope of 118n° g, whereas the other three carbons have slopes between
36&6¢cm gt. Last, the curvesave a sharp increase again because of filling the
macropores at high relative pressures aipgye0.75. Overall, the curves reveal
the predominance of micropores for C, MWCNTs and HOOgiven by porosity

of the primary particles of carbon bjabk carbon nanotubes and the carbaon pa
ticles of HTC-C. A higher number of larger pores is proven for rGO due to the
much higher slopef isotherm.
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5.1 Physical Characterization of Graphene-Based Supports

Desorption isotherms mostly overlap with the adsorption isotherms for the curves
in Figure26. However, forrGO adsorption and desorption exhibit a very- pr
nounced hysteresis caused by capillary condensationimgidé the porés’?

This hysteresis demonstrates the additional presence of mesopores with diameters
between 250nm.**¥ HTC-C also suggests hysteresis, however, in much lower
extent compared tdGO. If TEM images in Figur25 are considered, they allow
conjecturing of mesopores within the bulks of rGO and HTC-C. That means a
wrinkled sheet afGO depicted in Figur@5a could possess mesopores inside bulk
aggregates of sheets. In literature, mesopores are found to be characteristic for rGO
and arise from sheet kinks and wrinkl8s4TC- C in Figure25d allows the @-

sumption of mesopores in the form of voids between primary patrticles if scaling of
the TEM image is consideredowever, the microscopy in Figugs can only

suggest pore sizes within the carbon frameworks, whereas the isotherms from n
trogen sorption in Figur2é reveal micro-, mesoar macropores more signifitan

ly.

The specific surface areas from BET formalism are contrasted in Table €. HTC-
has by far the highest specific surface area of 546180 hasa lower specific

surface area of 286 gt followed by common carbon black with 218g.

Last, MWCNTSs possess a specific surface area of g1,1which is almost half of
commonly used carbon black. Thus, the calculated values are in descending order
of HTC-C>rGO>C>MWCNTSs.

In general, porosity of the catalyst support dominates the porous network inside
the catalyst layer of PEM fuel cells. The support surface area defines the Pt particle
distribution generating catalytic active centers for HOR and ORR, whdreas t
pores of support define the reactant mass transport to these centers. Figure 2 a
ready clarified the scale of transport and reaction processes within the PEMFC
catalyst layer. This is explained on basis of common and well-studied carbon black,
which was introduced in Section 3.2.4.1. Vuftamows particles with a size
around 30 nm and with micropores (<2 nm). Van der Waals interaction between
particles leads to aggregates with a size &500n*? and with mesopores ¢2
20nm).”* Pt nanoparticles of ~2 nm in diameter are incorporated here. Reactants
diffuse inside these pores and reach platinum. The aggregates are further arranged
and form meso- and macropores (>20 KM)The ionomer is mainly incoop

rated here.
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5 Results and Discussion

If these scales of catalytic transport and reaction processes in Figure 2 are compared
to results of Figur6, micropores and macropores much larger than 20 nm do not
contribute to an increased number of catalytic active sites. Although HTE-C po
sesses the largest specific surface area, it contains micropores to much larger extent
than the other carbons. On the contrary, rGO with the second largest specific su

face area shows strongest occurrence of meso- and macropores.
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Figure 26 BET isotherms of rGO, carbon black, MWCNTs and HTC-C.

Figure27 contrasts the four carbon materials towards degree of graphitization by
XRD as well as the degree of defects in the aromatic stelmptuRaman spe
troscopy. X-ray diffraction at the interlayer (002) plane is depicted in Efgure
occurring at varying angles deperiden the material. Reflections of rGO and
MWCNTs appear at higih comparable angles of 26.1 ° and 26whereby the
comparison of both signals indicates a small shoulder at lower angles in case of
rGO. Because XRD is mainly dominated by the crystalline parts in materials, this
small shoulder suggests more crystalline and more amorphous a@@ysCn
shows a wide reflection centered at 24.6 °, while in case of HHalSe a wide
reflection is detected at 23.6 °. This indicates more amorphous parts in C and
HTC-C than in rGO and MWCNTSs.
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5.1 Physical Characterization of Graphene-Based Supports

Table 7 contains the interlayer distamt@s well as the crystallite sizasing the
(002) reflectionsf Figure27a In accordance with the diffraction angleSthe
interlayer distancebof rGO and of MWCNTSs are 0.341 nm and 0.3#0 and

thus higly comparableA greater layer distano€0.362 nm is present in carbon
black followed by HTCE counting 0.377 nm. In consequendbe interlayer
distances rise in the ascending order of rGO and MWCNTs with compasable di
tances followed by C and last HTC-C. Regarding the crystallinity, rGO and
MWCNTSs have crystallite sizet5.0 nm and 5.5 nm, whereas carbon black has a
size of 1.4 nm and HTC-C of 1.0 nm. Both parametéaadL evince the sigmif

cant lower degree of graphitization in case of carbon black and carbon derived
from HTC compared to rGO and MWCNTSs, which is according to moreramo
phous structuré®? Carbon black is known for its problematic corrosion in FC
application due to the amorphousri¥g€s® MWCNTs for example with larger
crystallinity were shown to have higher electrochemical std8fity? which is
consistent to XRD findings here.
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Figure 27 XRD (a) and Raman (b) of rGO, C, MWCNTs and HTC-

Raman spectra are depicted in Fi@dike whereby Table 7 refers to G band-pos
tions as well ds//;. The Raman bands for MWCNTSs are the narrowest and most
defined compared to the other materials. This spectrum is most similareto the r
sults of graphite in Figu&3, which could be ascribed to highly concentric o
dered cylindrial graphene layers in MWCNTBurthermore, the D band intensity

of MWCNTSs is much higher than the G band intensity, so that carbon nanotubes
show the highesh//s ratio of 1.40 compared to the other carbénsther /p/ /s

are in descending order of 1.21 for HTC-C, followed by 1.15 for C and last 0.96
in case ofGO. It should be noted thap//s for MWCNTS is one third higher
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than that for rGO, although both materials have similar interlayer distances and
crystallite size as revealed by XRD. Hence, interlayer arrangement of rGO and
MWCNTSs is comparable, whereas the basal layers have different defect densities of
aromatic structures. Regarding the other carbons C and HTiig6é compaa-

bility of graphitization from XRD andf structural defects from Raman is evinced.

So, C and HTC-C have the most comparable interlayer and intralayer properties.

The G band position of rGO counts 1598* and thus occurs at the highest R

man shift in comparison with the other materials. G band positions ammt593

for HTC-C, 1584cm™ for C and 1588m™ in case of MWCNTSs. These diffe

ences illustrate the most exfoliated graphene faye@O in contrast to C and
MWCNTSs leading to its two-dimensional sheets. HTC-C shows a G bamd pos
tion very clegeto rGO, so that graphene layers in HTC-C are apparently more
uncoupled than layers in C and MWCNTSs. Uncoupling of layers might hinder the
interlayer transfer of electrons and thus the electrical conductivity of materials. But
it might strengthen the support interaction with Pt nanoparticles, since electron-
rich carbon sites onto basal planes can cause electronic interaction with platinum.

Table 7 Summarized physical parameters for rGO, C, MWCNTs and HTC-
c.[=d

Method Parameter rGO C MWCNTSs HTC-C
Spec. Surface Are{ 286 218 111 546
BET 1
m-g
24/° 26.1 24.6 26.2 23.6
YRD dl nm 0.341 0.362 0.340 0.377
FWHM | ° 1.6 5.8 1.5 8.3
L/ nm 5.0 1.4 55 1.0
G Position / cni 1598 1584 1583 1593
Raman
Iol I 0.96 1.15 1.40 1.21
_ Sheet Resistance [ 16+2 10+2 2+1 22+2
4-point
m:/
XPS C/O Ratio 10 24 24 49
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5.1 Physical Characterization of Graphene-Based Supports

Moreover, the electrical conductivity is an important issue for Pt supports in fuel
cell application. Table 7 shows the sheet resistances measured by four-point probe
method and reveals that electrical conductivities of the carbons are in the reversed
order of their specific surface areas from BET. This highlights the contrary effect of
electron conductance and surface area as described in Ii{étdtlit®asically,

the transfer of electrons in carbon supports is affected by intraparticle &ansfer b
tween graphene layers as well as by interparticle transfer through the aggerates. In
this work, XRD and Raman served for investigation of intraparticle properties
whereas interparticle properties are evaluated by TEM images and BET.

The lowest sheet resistance of 2+1 mwas measured for MWCNTSs, which is
consistent with the highest graphitic degree and the lowest surface area allowing
electron transfer through densely arranged graphene layers and tubes. Carbon black
possesses the second lowest resisfali@e? m:/ , although XRD and Raman
revealed its amorphous structure with low graphitization of particles. However,
their high aggregation seen by TEM leads to a high contact surface and small pores
revealed by BET, which promotes the electron transfer. The resistance of rGO
countsl6+x2m:/ and is a result of large sheets decoupled from the others proven
by Raman and TEM with the largtgores in comparison revealed by BET, so that
intersheet barriers for electron transfeght play a role. HTC-C possesses the
highest resistance of 22+2/m XRD and Raman revealed its amorphouscstru

ture with low graphitization and higher decoupling of layers than MWCNTs and

C. Furthermore, the interparticle properties are given by an undefined carbonized
network under TEM with largest surface area and larger pores than MWCNTSs and

C as shown by BET. Thus, combination of intra- and interparticle properties is the
reason for the lowest electrical conductance in case of HTC-C.
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5 Results and Discussion

Characteristics of defect sites in terms of functional surface groups are investigated
by TGA and XPSThermogravimetric curves are displayed in Fig&reGO and
MWCNTSs present very similar thermal properties and are stable to a temperature
of at least 4080C. After that, mass losses of aroundt80 are detected during the
temperature increase to 9@ in both case< and HTC-C show the onsets

mass loss at aroud@0 °C. Carbon black lost 3.2 wt% and HTC{ost 9.9wt%,

so that higher thermal stabilities are obtained for C and HTC-C compared to rGO
and MWCNTSs. The difference in thermal stability can be explained by synthesis
conditions. HTC-C and rGO are self-synthesized as described in Section 4.1.2
whereby detailed manufacturing of purchased MWCNTs and C are unknown.
Carbon black exhibits the lowest mass loss in EA§anmed is usually produced at
temperatures of 1,4@,700°C."*? HTC-C was synthesized and annealed at
lower temperature of 1,10C for 2h and shows the second lowest mass loss.
Higher losses are observed for rGO and MWCNTSs, whereas rGO was synthesized
at 1,05C¢°C for only 30 s. MWCNTSs are usually produced at a temperagdre b
tween500d.,200°C."*"* 1% Furthermore, mass lesat around 200 °C are absent

for the four carbons, so that any larger hydroxy and carboxylic groufms like
graphite oxide in Figur@daare excluded.
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Figure 28 TGA of rGO, C, MWCNTs and HTC-C from 30®00°C using
N, atmosphere and 10 min holding at 100
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5.1 Physical Characterization of Graphene-Based Supports

X-ray photoelectron survey spectra are depicted in FRfushowing the main
elemental composition of the different carbon materials, which is carboryand ox
gen. XPS reveals small sodium traces in case of rGO as wellnas\drdathum

traces in case of MWCNTSs, suggested to originate from the syntheses. To clarify
differences in the carbon materials, C1s and O1s signals from survey sa&ns are int
grated and divided. Table 7 lists the C/O ratios for each material. rGO has a C/O
ratio of 10 and hence exhib#s oxygen content of 10 at%, which is comparable

to 9.3 at% obtained by Schniepp ét°3IThermal reduction of GO in otherti

erature gave a C/O ratio of 11 after treatment at 1,000 °C in‘Affgamda C/O

ratio of 12 after treatment at 1,000 °C in vaclfitn.Carbon black and
MWCNTs have a ratio of 24, respectively. By far the lowest oxygen content was
measured for HTC-C with a highest C/O ratio of 49. This is supposed tebe a r
sult of pyrolyzing the HTC coal in an Ardtmosphere.
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Figure 29 XP survey spectra of rGO, C, MWCNTs and HTC-C.

Figure 30a displays the analysis of Cls spectra. The materials Ginbached

carbon atoms embedded in the aromatic structures at a binding energy of
284.4+0.2 eV andtbonded carbon in terms of C-C or C-H at a binding eerg

of 284.8+0.1 eV. Carbon which is sp3-hybridized usually occurs at 284.8 eV,
whereas sp?-carbon is expected at slight lower binding energies: 284.4 eV for N-
doped rGO and 284.3 eV for rGO and CNTSs, respecti®@y*? So, literature

values are comparable to binding energies in F3§areThe sg-signals show

much higher intensity than the’>ssignals in all cases, so that electrical conductiv

ty of each material was measured as discussed before. XPS qualitatively evinces the
presence of defective aromatic structures in each of these graphitic carbons, which
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is compliant with Raman spectra in Figire. D bands in Raman spectra arise on
one hand from $garbon and on other hand from further distortion of aromatic
sp-rings due to defective rings or functional groups, so/ghatratios are not
directy related to amounts of’spand sp-carbon'®*3 At much higher binding
energie®f 2903+0.1 eV a broad and low intensity signal occurs in RHares

electron shake-up relaxation after emission of photoelectrons leads to ddtection o
this satellite peak for graphitic and graphene-based cd&¥btls.

Moreover, carbon-oxygen bonds are detected in FigdaeFirst, C-O with \/
bonding is located at 285.9+6M including epoxy, ether, ester or hydroxyl
groups®® Second, C=0 withShonding leads to a peak at 287.9+0.2 eV origina

ed from carbonyl groupt! Because TGA curves did not contaimass loss at
200°C in Figure28, the presence of hydroxy and carboxyl groups is not expected
inside the carbons. Hence, C-O and C=0 signals in XPS must come from epoxy,
ether, esteor carbonyl group$®? C1s of C, MWCNTs and HTCE showssig-
nificanty lower carbon-oxygen intensities than the spectrum of rGO, whose C1s
signal exhibits a more distinct shoulder at lower binding energi@sard-C=0
functionalities in rGO have already been visible in IR spectroscopy in Zgure
Jung et df°? compared rGO and C in XPS and also reported lower C-O and
C=0 contributions to C1s for carbon black compared to rGO. C=0 groups bond-
ed to aromatic carbons can have a quinone-similar structure, which would show
HQ/Q redox activity during voltammetry experiments in Section\&/i8h re-

spect to stability issues, these oxygen groups present intermediates in progress of
carbon corrosion and can further be electrochemically oxidized to fognelG-O
cidated in Section 3.2.3.2.
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Figure 30 XP spectra of rGO, C, MWCNTs and HTC-C. C1s high resolution
spectra (a) and O1s high resolution spectra (b).

O1s spectra are shown in Fig@k. C-O bonds are detected at 531.0+0.4 eV
with lower intensity than C=0 bonds detected at 532.9+0.5 eV. This demonstrates
that carbonylic C=0 groups are more present on the carbon surfaces@han C-
groups in the form of epoxy, ether or ester. With respect to rGO, a further broad
signal appears at 536.1 eV due to Auger electrons from sodiufi®fatesso-

ver, the carbon-oxygen signals are more defined and separated in rGO than the
signals with lower intensities in C, MWCNTs and HTC-

Overall, carbonyl and C-O functionalities in terms of epoxy, ether or ester groups
are expected to be retained in rGO with a C/O ratio 0F6f0whereas C,
MWCNTs and HTC-C contain much lower surface functionalities.
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To summarize the physical characterization of carbon supports, their morphologies
are different as proven by TEM and consist of 2D sheets, spherical nanoparticles,
tubes or a porous aggregate with an undefined carbon network in case of rGO, C,
MWCNTs and HTC-C, respectively. The surface area was the highest for HTC-

C and the lowest for MWCNTSs. On the contrary, the degree of graphitization and
electrical conductivity was the lowest for HTC-C and the highest for MWCNTSs.
With respect to defect sites, Raman showed the highest degree of defects in case of
MWCNTs and the lowest degréer rGO. XPS evidenced the largest surtage

gen content in case of rGO with a C/O ratio of 10. These functional oxygen
groups of rGO benefib the metal oxide and Pt nanoparticle anchoring later. In
conclusion the most contrary materials in structure and composition are
MWCNTs with highly ordered and rolled-up graphene layers on one hand and
HTC-C with the most amorphous structure on other hand. Carbon structures are
finally summarized by drawing:

~1,500 nm
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Figure 31 Scheme of the proposed carbon structures:
Reduced graphene oxide (a), carbon black (b), MWCNT (c) and HTC-C (d).
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5.1.3 Nanocomposites of Reduced Graphene Oxide with
Doped Metal Oxides

Section 5.1.2 showed structure and composition of the carbon materials, whereas
this section concentrates on investigation of the composite materatgpes of

doped metal oxides, Sn-doped indium (lll) oxide (ITO) nanoparticles and F-
doped tin (IV) oxide (FTO) nanoparticles were precipitated on rGO.

First, SEM and TEM are used to analyze their morphology and microstructure.
SEM in Figure82a reveals that the porous microstructure of 63D is still gi-

en by the aggregated rGO sheets, if the image of rGO in Elduisecompared
Additionally, SEM illustrates particles incorporated into the porous structure of
rGO. These particles being visible under SEM are further investigated by TEM in
Figure32b. In some parts of ITO@GO larger crystals are located at the aafges

rGO sheets and must arise from the solvothermal crystallization. These crystals are
identified as ITO, since high resolution TEM evidences an atomic lattice distance
of 0.28 nm. This distance correlates to the (222) pfandium (l1l) oxide with

bixbyite crystal structure (ICSD, 00-00929.

Beside the larger ITO crystals, Figd@e @ show the distribution of smaller ITO
nanoparticles @a the rGO surface in two different magnifications. In some areas
the ITO nanopatrticles exist as separate single particles anchored on thersurface (ci
cle in Figure82c marked withl), and in other parts the nanoparticles are present in
the form of aggregates (circle in Fige marked witl2). The ITO particle size
distribution is depicted in FiguB2e. A Gaussian size distribution showavan

age ITO size of 7.01.9 nm!**? By use of HR-TEM in Figure2f, atomic lattice

of these nanoparticles become visible. A measured distance of 0.29 nm corresponds
to the distance measured for the larger crystals and illustrates the (222nhplane of i
dium (lll) oxide Further analysis of crystallinity is done below by means of
XRD. #%
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Figure 32 Electron microscopy of IT@GO: SEM image (a), TEM and HR-

TEM of larger ITO crystals at rGO edges (b), TEM images of distributedaFTO n
noparticles on rGO (c, d), ITO nanoparticle size distribution (e) and atomic lattice
distances of ITO at rGO suface (f).

Electron microscopic analysis of the other nanocomposite¥&TDis depicted

in Figure33. First, the SEM image in FiguB&a shows FTO particles incayp

rated into porous structure given by rGO. TEM images in F&ffra& evince the

absence of larger crystals and instead distribution of FTO nanoparticles on reduced
graphene oxide in two different TEM magnifications. Similar to §GD this

composite also contains metal oxide particles appearing as aggregates in some parts
of the rGO surface. Size analysis in Fi§8deshows smaller particles in case of

FTO compared to ITO, while the Gaussian curve gives a FTO size of
2.8r0.9nm.”*¥ The FTO particles are seen to form aggregates onto the carbon
surface, which was observed for FTO after similar synthesis in other works as
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5.1 Physical Characterization of Graphene-Based Supports

well 2*% 233 Additionally atomic lattices are observed via FIEM in Figure33e.

The marked distances are determined to be 0.35 nm, which is associated with the
(110) plane in tin (IV) oxide (ICSD, 98-0@1:63) Further analysis of crystallinity

is carried out below using XRB*?

Figure 33 Electron microscopy offlo ¢GO: SEM image (a), TEM images of
distributed FTO nanoparticles on rGO (b, c), FTO nanoparticle size distribution
(d) and atomic lattice distances of FTYO (e

Specific surface areas fromadsorption (BET formalism) are determined to fu

ther investigate the nanocomposite morphologies. Table 8 répontsy” for

ITO 6GO and 110 rhg* for FTO 6GO. Because the initial arear@&O was

286m° g, the deposition of metal oxides leads to reduction of the surface area for
both compositedNanoparticles of metal oxides often show lower specific surface
areas in contrast to carbon blacks or graphene-based materials due to larger dens
ty.[19% 284 Eyrthermore, since nanoparticles are known to precipitate at defect sites
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of carbon&’? pores of rGO might be blocked by metal oxides. Koul&!aire-

pared ITO particles with a size of approximately 10 nm and deposited them in di
ferent amounts on reduced graphene oxide. They observed a shrinking specifi
surface area by increasing the ITO content.

Figure 34 shows the XRD pattern of the composites. IFGO in Figue 34a

shows high agreement with the typical pattern of indiliijnoxide having the
structure of the bixbyite mineral (ICSD, 00-00229. The (222) plane at 30.9 °

gives the reflection with highest intensity and was also visible undéEMR-

before. The FTQFGO pattern in Figwe 34b is referred to tin (IV) oxide showing

the crystal structure of cassiterite mineral (ICSmMO9M163). The (110) plane

with strongest reflection at 26.2vas observed using HR-TEM before. A closer

view on the position of reflections in both graphs indicates slight shifts to bwer 2
values compared to the references. This negative shift was also reported in other
studies for ITE% 265281 and FTO nanoparticlé! and is attributed to slighat-

tice expansion caused by the metal oxide doping. Although the ionic radii of the
doping atoms are smaller than the substituted atoffisrg@iacedn®" inside

In,03; F replaces ® inside Sn@), the lattice is distorted to form slightly enlarged
atomic distances. This is ascribed to repulsive forces between the atoms due to their
different chargd&? 4

Reflections of ITOGGO are mordntense than reflections of FIaBO, so that

larger ITO than FTO crystallites are expected from XRRble 8 lists the
FWHM and the crystallite sizédhe high incidence of reflections for both metal
oxides allows the calculation of values through considering the three reflections
with highest intensityd (222), (400) and (440) for IT&s0 and (110), (011) and

(121) for FTO6GO. The ITO particles show a size of 22.5xmE*?, whereas

FTO particles have a siae5.1+0.40m.[**¥ XRD analysis gives for both metal
oxides larger sizes than the values obtainEEMyas seen in Table Bhe Sche

rer Equatior{18] includes assumptions e.g. the form factor, while TEM is limited
to the degree of contrast and to the two-dimensional depiction of materials. In
consequence, both methods of particle size determination are considered in this
study because of these uncertainties.
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Figure 34 XRD of ITO ¢GO with ICSD reference pattern QB1- 0929(a) and
FTO GO with ICSD reference pattern 98-0@163(b) 234 21

Table 8 further includes the electrical conductivilefore metal oxide preciait

tion, rGO had a sheet resistancel@f?2m:/ . The resistance of IT®GO is
23+x2m:/ and of FTOdGO 18+3m:/ , so that electrical resistances e i
creased due to incorporation of metal oxide nanoparticles into the rGO structure.
While the electrical conductance of graphitic carbons is given by delo&lized
electrons, conductivity of metal oxides is restticd delocalized electrons from
doping with foreign atoms as previously discussed in Section 3.2.4.2. Therefore
nanostructured metal oxides often show lower conductivity than graphitic ca
bons!?®? Moreover, the mobility of electrons depends on the particle size. Smaller
particles can have more charge transfer barriers so that metal oxides in the form of
nanopatrticles in this work can affect the electrical condu&fi¥ity.

Table 8 Summarized physical parameters for §GID and FTO§GO. 230231

Method Parameter ITO 6GO | FTO ¢GO
TEM | Nanoparticle Size / nm 7.1r1.9 2.810.9
BET | Spec. Surface Area ? gt 69 110
YRD FWHM [ ° 0.4+£0.04 1.6+0.10

L/nm 22.5%£1.5 5.1+0.4
4-point | Sheet Resistance /:th 2312 18+3
XPS | Doping Level / at% 32 8
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Last, XPS is carried out to measure the elemental composition of the two materials
and to determine the doping levels of metal oxides. Rga® show the spe
troscopic scans for IT@GO. The survey scan in Figuséa verifies the presence

of C, O, In and Sn atoms. In3d and SnZdsm Figure85h @ assess the chemical
states of indium and tin, respectivdgcause the In3d doublet is located at
445.2 eV for In3¢g, and at 452.8 eV for Ingg the presence of indium in a &iv

lent oxidaton state is proven. The Sn3d doublet occurs at 487.1 eV fay,Sm8d

at 495.6 eV for Sn3gd so that tin is shown to be in a tetravalent oxidation state.
These values for ITO nanoparticles are in good agreement with literatl@® data.
209 264 The doping level of ITO is calculated by the substance amount fraction of
Sn in relation to O3 and counts 32 at%. The XRD in Figu34 proved the

In,O5 crystallinity, so that Sn is completely incorporasacdopant into the b5

lattice.

Figure35d § depicts the X-ray photoelectron spectra of Fi@D in the same

way. The survey scan evinces the presence of C, O, Sn and F atoms. The doping
level is determined by the substance amount fraction of F related t@arshO
counts 8 at%XRD in Figure 34 shows Sn@crystallinity, so that F atoms are i
corporated into the Sn{hanoparticles. In FiguBse the Sn3d doublet appears at

a binding energy of 48%7eV for Sn3g, and at 495.8 eV for Snggdwhich is a-

signed to the oxidation state IV and is in accordance with literature values for
FTO.[?93 289 The comparison of Sn3d scans in Figdoefor ITO 6GO and in
Figure35e for FTOGGO revealsaslight shift to higher binding energies for FTO

06 0.3eV for Sn3g, and 0.2V for Sn3d,. This can be related to the partial
bonding of Sn to the most electronegative fluorine, which is incorporated into the
SnO, crystals. Wang et '&? also reported a shift to higher binding energies in
FTO compared to the undoped material. The positive shift in case of 30 at% and
50at% doped FTO was much higher than the shift of 8 at% FTO here, respectiv

ly. However, the shift for 10 at% doped FTO nanoparticles was of around 0.3 eV
and thus most similar to the FTO here due to the most comparable doping level.
Figure35f shows the F1s scan with the centered peak ate384lBe peak pas

tion at this binding energy verifies the F bonding to metals, which means the
bonding to tin atoms in this case. FTO nanoparticles in literature showed F1s at a
comparable binding energy of 684.8'%Y.
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Figure 35 XPS of ITO4GO and FTOGGO nanocompositeSurvey scan (a),

In3d (b) and Sn3d (c) scans of IFGO; Survey scan (d), Sn3d (e) and F1s (f) scans
of FTO 6GO; C1s (g) and O1s (h) spectra of both nanocomposites (solid lines) and
of pristine rGO (dashed lin&SY.
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Cls as well as Ols scans are analyzed inF=iggrevell and are compared tari

tine rGO in dashed lines. Cls spectra of 6T&D and FTOGGO in Figure35g
evidence the high comparability to the spectrum of pristine rGO in peak shape and
position. This shows that the carbon in the nanocomposites is originated from
rGO. The Cls peak contributions of C=C, C-C/C-H, C-O, C=0 and alSo
electron satellite are closely related to rGO in FRfubefore. By set of sama-p
rameters for XPS measurement, the Cls ofdBGO and FTOGGO have much

lower intensity than that of rGO. This shows that the metal oxide particles are d
posited onto the surface of rGO, so that the detected surface fraction of carbon in
case of the nanocomposites is lower compared to pure rGO.

Ols analysis contrasted in Figurd5h. Differences towards the peak shape of
pristine rGO and the shapes of the composite materials are visible. This is due to
strong overlap of C-O and C=0 contributions with the metal-oxygen centrib
tions for the composites, which consequences a complex Ol1s evaluation. C-O is
located at 531.1+£0.1 eV with lower intensity than C=0 located at 533.1+£0.1 eV in
the spectra for ITO and FTO composite. These peak locations are highb- comp
rable to Ols of the carbons in Fig@f However, main Ols contribution in

ITO ¢GO originates fronin-O at 530.5 eV and In-OH at 5326V as related to
literature?’? Also deficient oxygen as part of ITO and caused by doping with fo
eign Sn atoms might shift towards higher binding energies due to elecaen don
tion to the vacancié€?

The main contributions to Ol1s in FT®@O are positioned at 531e¥ for Sn-O

and 532.3V for Sn-OH. Although binding energies of Sn-O and In-O should be
comparabl&’™ the Sn-0 is shifted by 0.7 eV to higher values. This is due to SnO
doping with electronegative fluorine as studied by Wandf&t flr various FTO
doping levels. For FTO nanoparticles in literatGreQ is reported at 5306V

and Sn-OH at 532.0 e\#*3
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If the C-O and C=0 contributions in FiguBsh are related to the metal-oxygen
contributions within both materials, C-O and C=0 in FBGO are negligible
compared to Sn-O and Sn-OH. This demonstrates that the larger part ofnthe co
posite surface is given by FTO, which is in accordanceWwigmly covered ca

bon surface by FTO particles being visible via TEM in F@Rirelowever, the

O1s peak of ITGYGO has a much more pronounced left shoulder, which is due
to the C=0 bonding originated from rGO. In consequeht® ¢GO has a more
vacant carbon surface. A direct explanation is given by ITO microcrystals located
at edges of rGO sheets, which were illustrated in F3ghrePresence of these
larger ITO particles next to the nanoparticles causes a lower ITO surface and in
consequence a less covered carbon surface.

To sum up the physical analy@i© exists as nano- and microparticles on the su

face off GO and shows bixbyite crystallinityln§O3; with Sn as dopant. Furthe

more, FTO exists as nanoparticles smaller than the ITO particles and consist of
SnO, with cassiterite crystallinity and F atoms as dopant. Both metal oxides contain
surface oxides and hydroxideast, FTO leads to a higher coverage of@@

surface than ITO.

5.2 Physical Characterization of Platinum on Sup-
ports

After investigation of the support materials on their morphology and composition,
Pt nanoparticles were deposited on each material. Size, structure and content of Pt
on the supports are analyzed via TEM, XRD and I@8-and presented in &e

tion 5.2.1. Next to six self-prepared catalysts, a commercial Pt/C is investigated in
the same way. With respectiidO dGO and FTOGdGO, the location of Pt part

cles on the composités further thoroughly examined in Section 5.23b-
nanometer interfaces between Pt, metal oxide and rGO are discusddR with

TEM. Elemental distribution of Pt on the composites is studied using EDS.
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5.2.1 Analysis of Pt Nanoparticles

First, TEM serves for the visualization of Pt nanoparticle size and distribution on
supports. Figur86 compares the TEM imageEplatinumon carbon materials.

The images show well-distributed platinum in the form of spherical particles for
each case. Pt/rGO in FiguB6a contains distributed Pt particles anchored on basal
plane and edged rGO. Especially at the wrinkles of rGO (marked with arrow)
platinum is deposited in higher concentrations. Pt/C in Faflaralso contains Pt
particles uniformly distributed on the support surface. In small areas some patrticles
are coalescent (marked with arrow). Same observation is done for Pt/MWCNT in
Figure36c. Platinum is distributed onto the whole tubes, though less uniformly
distributed in some parts due to the formafiggmall aggregates (marked with
square and arrow). Pt/HTC-C and Pt/C-commercial also show the distribution of
Pt particles on support surfaces.

In addition Figure36 compares the Pt size distribution on each carbon support
after evaluation of 300 nanoparticle sizes and highlights a Gaussian distribution in
all cases. Pt/rGO, Pt/C, PMWCNT and Pt/HTC-C have Pt particle diameters of
1.6r0.4 nm, 1.740.6 nm, 1.70.5nm and 1.80.5nm, respectively. Pt/C-
commercial has a Pt particle diameter ofQl6nm. The averaging of Pt sizes on

all carbon supports gives 1.7£0.1 nm. Thus, self-prepared Pt on carbons are highly
comparable with each other and with the commercial catalyst in view of Pt particle
size and distributioonto the supports.

TEM images of the nanocomposite catalysts P@GO and Pt/FTOGGO are
shown in Figure7. The rGO is highly covered by Pt particles and metal oxide
particles. In some areas platinum is solely present on rGO (marked with arrows),
while in other areas Pt and metal ogate overlaidh the TEM images. Bothm-

ages in Figurg7 show that Pt particles are well-distributed on the basal planes and
edges of rGO. Hence?tdGO interaction is suggested to occur equivalent to
Pt/rGO in Figure36a. Because of overlaying Pt and metal oxide particles on rGO,
TEM study of Pt particle distribution on the composite supports is latex-suppl
mented by HR-TEM with EDS. Then, imaging of interfaces between single Pt
and metal oxide particles as well as EDS mapping of Pt distribution on the comp
sites is carried out.
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Figure 36 TEM images with Pt particle size distribution of Pt/rGO (a), Pt/C (b),
Pt/MWCNT (c), Pt/HTC-C (d) and Pt/C-commercial (e).
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The evaluation ot particle sizes in Figus& leads to 1.40.4 nm platinum pairt

cles on ITOGGO and 1.60.4 nm platinum particles on FT&@50O. The size d-

tributions are received from 300 nanoparticle sizes in both cases and highlights a
Gaussian curve shape. In sum, sizes of Pt nanoparticles on seven different substrates
are highly equivalent and show an averageafsiz6+0.1 nm. This provides a

catalyst degradation study later allowing neglecting Pt particle size effects discussed
in Section 3.2.3.1.

Figure 37 TEM images with Pt particle size distribution of platinum onéTO
rGO (a) and FTGFGO supports (b).

Figure38 contrasts the Pt catalysts by use of X-ray diffraction. Pt reflections appear
at 40.0 ° and 46.5 ° and are originated from (111) and (200) planes of platinum
(ICSD, 00-001-1194). First, for the carbon-based catalysts Pt/rGO, Pt/C,
PUMWCNT, Pt/HTC-C and Pt/C-commercial broad and low intensity Pt refle

tions are seen, so that both reflections overlap. This is due to the nanosized spher
cal particles observed under TEM in FiggBeXRD further characterizes these
particles to consist of (111) and (200) atomic l&ttft&econd, the same Rt r
flections appedor PY/ITO GO and Pt/FTO4GGO, but the interference with
reflections coming from ITO and FTO impede their observation, respeckoely
instance, the FTO reflectioa$38.0 ° and 39.0 ° overlap with the Pt reflectain

40.0°.
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In total, XRD shows the same platinum crystallinity with (111) and (200) planes
for the different catalysts, which is caused by identical Pt particle syathesis d
scribed in Section 4.1.1. Pt/C-commercial also shows the same Pt crystallinity.
However, the platinum reflections for the composites overlap with reflections
originated from metal oxides due to the use of nanopatrticles in this work. For this
reason, Pt particle sizes are not calculated from XRD, although the very broad and
low-intensity reflections indicate the low size of platinum measured by*TEM.

Figure 38 XRD of Pt catalysts in comparison with ICSD reference patterns: 00-
001-1194 for Pt, 00-001-0929 for bD; and 98000-9163 for SnQ.**3 2%

Next to platinum size and crystallinity, the Pt contents on the seven substrates are
determined. Catalysts were dissolved in aqua regia and then analyzed with ICP
mass spectrometry. The Pt content values are listed in Table 9 and vary from
8.3 wt% to 23.1 wt%. On one hand tResynthesis itself was shown by TEM and
XRD to give high comparable Pt size and crystallinity among the catalysts. On the
other hand the degree of Pt interaction with different supports during sample prep-
aration might influence thet deposition and in consequence the Pt conteht wit

in the catalysts. During the later electrochemical analysis in Section 5.3 Pt mass
fractions of Table 9 serve for the normalization of electrochemical data in terms of
ECSA and activity for ORR and guarantee their comparability.

88



5 Results and Discussion

Table 9 Overview of Pt particle diameters from TEM and Pt contents on the sup-
ports materials from ICP-M&?2 %1

TEM ICP- MS
Catalyst . .
Pt Particle Diameter / nif Pt Content / wt%
Pt/rGO 16r0.4 16.9r0.03
Pt/C 1.7r0.6 14.4r0.04
Pt/MWCNT 1.7r05 15.0r0.18
Pt/HTC-C 1.8r0.5 8.3r0.02
Pt/C-commercial 1.5r0.4 19.1r0.11
PYITO-rGO 1.4r0.4 23.1r0.07
PY/FTO-rGO 1.6r0.4 21.8r0.04

5.2.2 Location of Platinunon the Nanocomposites

Pt/ITO 6GO and Pt/FTOGO are further investigated using HR-TEM with
EDS. Figure39 displaydHR -TEM images of PY/ITOFGO with two different
magnifications. In Figurg9a, a sheetof reduced graphene oxide with kinks and
with Pt and ITO particles on it is depicted. The marked area is further enlarged in
Figure3% &, while both images show the same part of Pt6BO with same
magnification but different focus. A change of focus enables the visualization of
atomic lattices in different heights under the microscope. In the mid image the
atomic lattice of ITO is visible, whereas in the right image atomic lattices of Pt are
visualized. The visible ITO lattice has an atomic distance of 0.29 nm correlating
with the (222) plane (ICSD, 0081-0929), whereas the visible Pt lattices have an
atomic distance of 0.22 nm coming from the (111) plane (ICSD, 00-001-1194).

Pt particles are deposited on rGO (1)@ntlrO (2) as imaged in Figud®d. The

kinks of the rGO sheet are shown to anchor Pt particles in a row (4). This coi
cides with the observation for Pt/rGO in FigB6a. Thus, the unevenness of rGO
sheets in terms of kinks and wrinkles is evidenced to provide preferred anchoring
sites for Pt particles, which has also been discussed in Iifé'ranmreover, the
interfaces between rGO and ITO are revealed to embed Pt particles as well (3)
Kou et al?*? observed very similar #TO GO interfaces using TEM and-r

ported stabilized Pt nanoparticles there by use of DFT calculations.
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Figure 39 HR - TEM images of Pt/ITGrGO with visualized atomic latticeseli
tances of ITO and Pt.

Figure40 shows theHR -TEM images of Pt/FTGyGO in the same way. Both

particle type2 platinum and FTOe are distributed on rGBecause the FTO
particles are smaller than the ITO parti@desirther magnification is depicted in
Figure40c. Here, platinum and FTO are identified by use of visualized atomic
lattice distances. Distances of 0.33 nm and 0.26 nm are caused by (110) and (011)
planes of FTO (ICSD, 98009163), whereas the measured distance of 0.22 nm
verifies the (111) plaoéplatinum (ICSD, 00001-1194) Also interfaces between

Pt, FTO and rGO are seen in an analogous way to the other composite. Hence,
the Pt particle deposition at FT&BO interfaces is demonstratéd.

Figure 40HR -TEM images of Pt/FTArGO with visualized atomic latticesdi
tances of FTO and B¢!
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High resolution TEM in Figur89 and FiguretO served for sub-nanometer gnal

sis of atomic lattices and interfaces of single particles within the nanocomposites.
However, the assessment of Pt particle distribution on the composites is limited by
the contrastsef TEM images, because next to rGO metal oxide and Pt particles are
presentEDS in Figuredl is used to evaluate the location of Pt particles on the
composite supports. Therefore, next to the microscopic image the related element
distributionis shown. Figuretla confronts the distribution of Pt, Sn and In in
Pt/ITO 6GO. Inside the first circled area more Sn and In are el&{&¥tAn in-

creased detection of Pt particles compared to other imaged regions is not observed
here Inside the second circled area Pt is detected in larger extent (2). However,
the detection of Sn und In decreased in the second area (2) compared to the first
area (1).

In comparison, EDS mapping of P/FBGO with elemental distribution of Pt,

Sn and F is shown in Figut#b. Both circles contain enhanced detection of Sn
and F due to the presence of FTO aggregates (1, 2). The detection of fluorine is
only possible in traces because of its low amount in the mhtsidal these two
circled areas platinuma also visible in higher extent compared to other imaged
regions. In conclusion, EDS reveafsreferred deposition of Pt nanopartides

FTO instead ofGO. The ability of Sn@to strongly interact with Pt nanoparticles
was also reported by Daio et'#l, who investigated lattice strains of Pt particles
on tin oxide via scanning transmission electron microscopy and DFT simulations.
The good distributiorof Pt particles on Snubstrates demonstrated in lots of
literaturel*** 181%9 |5 case of the other nanocomposite with ITO, a preferred
deposition of Pt particles on ITO is not sdariterature, good Pt distribution is
reported on ITO suppottd® %4 as well asn reduced graphene oxitfé 227,
However, theinvestigation of Pt distribution on IT@GO is very limited. Kou et
al’**? compared HR-TEM of Pt nanoparticles on IT&@50 to DFT calculations

on the interaction oPt; cluster with ITO, rGO and with ITQFGO interfaces.
Their results showed the preferred generation 6T®tdGO junctions, which
were also observed in Figud@ of this study. Moreover, they reported the-pr
ferred Pt deposition on rGO than on ITO in direct comparison. This is according
to EDS in Figuretla of this work. So, EDS mapping here points out the-diffe
ence between ITGGO and FTOGGO as platinum catalyst suppott.
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Figure 41 EDS mapping of Pt/IT@GO with elemental distribution of Sn, In
and Pt (a) and of Pt/FT@GO with elemental distribution of Sn, F and®{**"

In summary, Pt nanoparticles on the seven different supports exhibit vesy comp
rable diameters and crystallinity, which are synthesized via the same method.
Hence, possible impact of differences in Pt structure andtsizeeocatalyst de

radation during electrochemical stress testing later is supposed to be negligible. The
Pt mass fractions on the different supports deviate by about 5 wt% which has to be
considered during electrochemical analysis. ECSA and ORR activities later are
normalized towards the real content of platinum in the following section.

With respect to Pt particle distribution, particles on the carbon supports are well-
distributed in each case. For platinum on G@&0 and FTOGGO nanocomp-

sites, particles are distributed on rGO as well as on the metal oxides. ©n FTO
rGO, preferred Pt deposition on FTO instead of rGO takes place, which is not
observed for the other IT®GO composite. Pt particle anchoring at metal o&ide
rGO interfaces occurs in both nanocomposites.
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5.3 Electrochemical Characterization of Pt Catalysts

The materials are investigated on their suitability and durability for ORR. The
carbon-based Pt catalysts are discussed in Section 5.3.1 and have furtleer been pr
sentedn Publications Il and INSection 5.3.2 focuses on carbon derived frpm h
drothermal carbonization being tested as Pt support for ORR the first time. This
part of research was a collaboration with the working group of Chemical [Fechno
ogy 1 from the Carl von Ossietzky University Oldenburg and includes contents of
Publication I. Finally, Section 5.3.3 compares the nanocomposite catalysts.
Pt/ITO GO was presented within Publicatidh and Pt/FTOdGO was focused

in Publicationdl andlll.

5.3.1 Carbon-Based Pt Catalysts

In this chapter, Pt/rGO and Pt/MWCNT are discussed as alternative catalysts for
ORR and compared to Pt on common carbon black, which was self-synthesized
on the one hand (Pt/C) and purchased on the other hand (Pt/C-commeiieial). In
tial cyclic and CO stripping voltammetry as well as ORR anaysissented in
Section 5.3.1.1Degradation of catalysts after electrochemical stress is studied in
Section 5.3.1.2.

5.3.1.1 Initial Characterization of Carbon-Based Pt Catalysts

Cyclic and CO stripping voltammetry experiments are shown in Fgu@V in
Figure42a shows for each catalyst the Pt-related signals. They are located in the
potential range between G4 Vkye for hydrogen and above 0.4.¢ for oxy-

gen. Highly similar curves for the catalysts Pt/C, PYMWCNT and Pt/C-
commercial are seeffhe intensity of Pt signals is slightly larger for Pt/C-
commercial compared to Pt/C and PtYMWCNT due to higher Pt loading.

Cyclic voltammetry of Pt/rGO is different and shawtonger capacitive current
density between approximately @3% Viye than voltammetry of the others. The
double layer capacitance is analyzed later in Biguidso HQ/Q redox activity

at around 0.6 M is clearly visible for Pt/rG@hich is different to the othertea
alysts. TabldO0 lists the released charges during oxidation of HQ species. The
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charge for Pt/rGO counts 217 jg8i?, while values for the others are at least one
order of magnitude lower. Similar observation was done in other CV studies du
ing the comparison of Pt/rGO and P& ?"* 2”2l The explanation of enhanced
capacitive current density and HQ/Q redox activity is the higher specific surface
area and the higher amount of oxygen surface gmusO compared to C and
MWCNTSs as illustrated in Table &.higher oxygen content of rGO compared to

C was also reported in literat{ffé.

Further differences between the catalysts become apparent by CO stripping vol
ammetry in Figurd2b. CO oxidation peaks for Pt/rGO and Pt/C are very @amp

rable in position and shape. They center at 0:88 With an asymmetric shoulder

at lower potential side. Taylor ef?4? studied Pt loadings from 20 wt% to 80 wt%

on same VulcghXC72 and found this shoulder with rising intensity throusth ri

ing Pt loading. Particles started to aggregate onto the support by increasing the
loading. CO oxidation on Pt aggregates was concluded to be facilitated compared
to CO oxidation on isolated Pt particles on the supfdrtHere, Pt/rGO and

Pt/C have Pt mass fractions of 16.9 wt% and 14.4 wt%, respectively. Their CO
experiments are highly similar to CO oxidation on28evt% catalyst tested by
Taylor et af*™

Pt/C-commercial shows a similar CO stripping curve to Pt/rGO and Pt/@-Asy
metry due to the shoulder on lower potential side is also visible butoless pr
nounced. However, CO stripping voltammetlyPt/MWCNT is different to the

other carbon-based catalysts. Oxidation of CO appears at lower potentials with
two overlapped signals at 0.7 and 0.83 ¥ue. A first reason could be the
nanostructure of platinum, since the CO adsorption has different enardies

ferent Pt surface facBt8.2"*2"3 But in this work Pt characteristics are excluded to
impact CO stripping, since Pt particles are comparable in view of diameters, sphe
ical shapes and crystallinity as described in Section 5.2. Aeatbercould be

the impact of previously discussed Pt particle aggregates. TEM imaged in Figure
36c some uneven distributed Pt on MWCNTSs, however with only nanometer
scaling information. Also the Pt-support interaction might cause this different CO
oxidation behavior. Recently, Novikova et UZf investigated various
Pt/MWCNT catalysts and suggested the impact of carbon nanotube characteristics
like the diameter on CO oxidation.
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Figure 42 Cyclic voltammetry (a) and CO stripping voltammetry (b) of carbon-
based Pt catalysts in comparison.

ECSA values from absorbed hydrogen in FigBaeand absorbed CO in Figure

42b are listed in TablE0. The values from both methods deviate from each other,
because assumptions in ECSA calculation are done, respectively. HUPD assumes a
monolayer of one H atom bonded to one Pt atom, whereas the CO adsorption is
suggested to involve two Pt atoms. The mechanism includes one CO molecule on
one Pt atom being oxidized by one oxygen species on one P4t@ecause
spherical and polycrystalline Pt particles are used, Pt interaction with adsorbates is
complex and differs between surface §ifeherefore both methods are consid-

ered here.

Averaged ECSA values from both methods are?&jg;hfor Pt/C,75m? ge;* for

Pt/rGO, 69 nf ge* for Pt/C-commercial and 687gs* for PYMWCNT and

deviate by only 9 frgei* among each other. Hence, the electrochemical surface
areas are very close to each other as a result of similar Pt particle morphology on
the carbon supports. This was proven during the physical analysis in Section 5.2.1
But still, the slight ECSA differences might be due to the diffappurts. Ca

bon morphologies are contrasted in FiggikeThe morphology can impact the
interaction with Pt particles, thus the electronic linking and finally the BESA.
Comparing rGO, C and MWCNT the specific surface area of MWCNT was only
half of the areas of the other two carbons in TabMoreover, platinum on
MWCNTSs showed uneven distribution in Figuséc for small arrays. This might
lower the ECSA of PMWCNT compared to Pt/C and Pt/rGO. Howevhg t
carbon morphologies do not affect the ECSAs to a greater extent.
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5.3 Electrochemical Characterization of Pt Catalysts

Double layer capacitances are determinedyadsorption on platinum tep-

press faradaic currents and simultaneously record the capacitive EiguesdS
compares the CV curvesCO blocked Pt catalystshd@greatest double layea-c
pacitance of 8 mFcm? is calculated for Pt/rGO followed by the other catalysts
between 0.7..2mFcm®. Impacts onCp, are electrode porosity, surface bydr
philicities as well as electrolyte and scan rate duriff @Because the two last
parameters are constant during all measurements, the 8ighesPt/rGO is a
consequence of support surface area and functional groups. Comparing Pt/rGO,
Pt/C and Pt/MWCNT the rGO support exhibited the largest specific surface area
and the highest amount of functional oxygen groups in Table 7.

Figure 43 Cyclic voltammetry of carbon-based Pt catalysts after CO sorption.

Figure44 compares ORR for Pt on the alternative carbons rGO and MWCNT
with Pt/C and Pt/C-commercial. Oxygen reduction is limited by diffusion in the
potential range below 0.&M:, so that we see the dependency of current density
on the rotation spee€urrent densities at potentials0.3, 0.4 and 0.5 M are
used for Koutecky-Levich analysisLKslots in Figuret4 show high linearity for
each catalysthe transferred electronger O, molecule during ORR were ¢ta
culated according to Equatif##8]. Transferred electrons for the carbon-based Pt
catalysts are contrasted in Tdlleand count 3.8, 4.8, 4.3 and 4.4 for Pt/rGO,
Pt/C, PMWCNT and Pt/C-commercial, respectivelyhe 4e pathway of oyx-

gen reduction is indicated, which is known for Pt cat&{%Beviation ofn va-

ues from the theoretical value of four is caused by the RDE experiment. On one
side parametes -, D, ¢ and Zfrom Equatiorj23] are unchanged in eack-e
periment. On the other side the current densidgpend®n the coverage of the
electrode with catalyst materiBifferent support morphologies discussed before
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can lead ta difference in coverage. In consequence, the real electrode area can
deviate from the geometric af¥aFurthermore, electrical conductivities a® di
cussed to impact RDE experiméifsand were shown in this study to be diffe

ent. Indeed, rGO possesses a lower electrical conductivity in Table 7 compared to
the others, while Pt/rGO results into lower diffusion-limited current densities in
Figure44 compared to the others.

ORR data are further analyzed towards Tafel relations, which are depketgd in
ure44. From literature, two linear regions are recognized for platinum at potentials
of 0.95d.00 \kye Which is region | and of 0.90.95 \kye Which is region Il. In

the first region, the Tafel slope is presumed to result from ORR catalyzed by Pt
containing surface oxidsand is 60mV dec™.!** ®? The slopes for the ca-

lysts Pt/rGO, Pt/C, PYMWCNT and Pt/C-commercial courl+3mV dec’

and thus are very close to the expected siop@0mV dec™. In the seconder

gion, ORR on metallic Pt with a Tafel slope A20mV dec? is reported in lite

ature®® The slopen, is11%4mV dec? for the catalysts here and thus very close
to the expected slope df20mV dec™.
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5.3 Electrochemical Characterization of Pt Catalysts

Figure 44 ORR data of carbon-based Pt catalysts. Cathodic scans at didferent r
tation speeds with K-L and Tafel plots for Pt/rGO (a), Pt/C (b), PUMWCNT (c)
and Pt/C-commercial (d).
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ORR activities are compared in view of the onset potential, the mass activity and
the specific activity listed in Taldle. Onset potentials range 0901 mV and

are thus highly comparable, whereas mass and specific activities deviate among the
catalysts. Both values demonstrate the largest ORR activity in case of self-prepared
Pt/C with 88.0 A g* and 0.103nA cm?. Second largest ORR activities are
shown for the alternative catalysts Pt/rGO and Pt/MWCNT. Mass activities are
56.4Ag" and 54.9 Ag' and specific activities exhibit the same value of
0.076mA cm” for both materials. Last, Pt/C-commercial exhibits the lowest a

tivity with 38.3 A g* and 0.059nA cm?.

While physical characterization showed comparable Pt particle morphologies and
sizes of the catalysts on one hand, electrochemical characterization gives different
ORR activities in TablelO on the other handPt-support interaction plays a role

in terms of electron transfer during OFR.That means, the activity for ORR
depends ora proper anchorage of Pt partictesthe carbon, which guarantees
electronic linking. In consequence, ORR activity of the catalysts here depends on
their ECSAs and indeed shows similar trends to ECSA. \&difgsrepared Pt/C

gives the highest activity, whereas Pt/C-commercial gives the lowest astivity a
cording to their ECSAs. Comparisohself-prepared catalysts gives lower ORR
activities for Pt/rGO and Pt/MWCNT than for Pt/C according to ECSA values.

In conclusion, the use of alternative carbon supports has no boosting efféct on pla
LOQXPOV FDWDO\WLF DFWLYLW\altiuwph2MBCHNTIRRIEKDUHG W
rGO provide defect sites and larger specific surface areas than C. But considering
their coherent units in the form of tubes, sheets and particles, C possesses by far the
smallest units in nm-range compared to tubes and sheets with lengths end diam
ters in pum-range. These small C particles have significant higher amorphousness
than MWCNTs andrGO. This can cause higher surface energies. Considering
interaction of these units among each other, TEM demonstrated large aggregation
of C particles to reduce surface energies but no comparable aggregation of tubes
and sheetss MWCNTs and rGO. Further interaction of the most amorphous C
nanoparticles with Pt nanoparticles can further reduce surface energies and might
cause strong Pt anchoring with enhanced ECSA and ORR activity compared to
MWCNTs and rGO with alternative carbon structures. However, amorphousness

of carbon black can consequence corrosion in presence of cathodic potentials in
fuel cells as discussed below in Section 5.3.1.2.
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5.3 Electrochemical Characterization of Pt Catalysts

Comparison of ORR activity with other studies is limited due to varying Pt sizes
and nanostructures or varying experimental details. Some examples of Pt/C tested
in comparable RDE experiments are 10.6A gnd 0020mA cm? using a-

thodic scaf€? or 150.0 A g* and 0.29InA cm? using anodic scal¥! Self-
prepared and commercial Pt/C from this work show activities in the range of li
erature values.

Table 10 Electrochemical parameters of carbon-based Pt c&talydts.

Method Parameter Pt/rGO | Pt/C | PUMWCNT Puc- _
commercial
ECSAupp | NP gort 75| 84 71 65
v Qo | uCem® 217 7 18 2
o ECSAo | m’ ot 74| 90 64 73
Co. | mFcm? 8.9| 0.7 0.7 1.2
Eonsetl V 1.01| 1.00 0.99 1.00
MA | A gt 56.4| 88.0 54.9 38.3
ORR SAI mA cmp(? 0.076{ 0.103 0.076 0.059
m | mV dec -60| -64 -58 -60
my | mV dec -117| -124 -120 -115
n 38| 438 4.3 4.4

5.3.1.2 Degradation of Carbon-Based Pt Catalysts

After analysis of initial electrochemical parameters, carbon-based Pt catalysts were
exposed to accelerated stress testing. Bigsh®ws the change of current dens
ties/n-situfor selected numbers of potential cycles. Electrochemical reacdions cat
lyzed by platinum are locatatl0.0®.4 ke for hydrogen and above 0.4,¥

for oxygen. These signals decrease with the number of cycles and indicate degrad
tion of the four catalysts.

The insets show the development of ECSA with progress in stress testing. ECSA
losses seem to be stronger in the initial part than in the final part of pgtential ¢
cling. Some degradation paths from Figure 6 in Section 3.2.3.1 are assumed to o
cur in higher extent during the first potential egdror example, smaller particles

have higher surface energies than larger ones, so that Pt dissolution is enforced for
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smaller particle§his consequences more pronounced Pt agglomeration due to
Ostwald-Ripening during the first than during the final period of cy&fnt.

The loss of ECSA during the first cycles is less pronounced for the catalysts Pt/C
and Pt/C-commercial with Vulc&rsupport compared to the other two alternative
catalysts. A reason might be an enhanced Pt stabilization during the first potential
cycles due to smaller and more amorpl@gpsrticles in contrast to MWCNTSs

and rGO as discussed before. Furthermore, a possible catalyst stabilgypeue to
port corrosion should play a minor role at the beginning of stress test.

Next to Pt degradation, Figudb gives indication on support degradation due to

the change in oxidation currents around (v Pt/rGO and Pt/C in Figure

45ad are observed to have increasing current densities here, which is related to a
change of support properties triggered by potential c{/¢fng? In the following
paragraphs, Pt and support degradation are analyzed in detail.

Figure 45 Selected potential cycles during AST with inset of ECSA change for
Pt/rGO (a), Pt/C (b), PUMWCNT (c) and Pt/C-commercial (d).
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Figure46 compares initial cyclic and CO stripping voltammetry curves with final
curves after stress testing. Signal intensity of hydrogen reactions between 0.0
0.4 Vkye as well as oxygen reactions betweed @Ak are lowered, which
demonstrates Pt degradation within each catalyst. With respect to CO oxidation
the signals are changed as well. For Pt/rGO and Pt/C the peak maxima-are neg
tively shifted byd0 mV and 10mV after AST This indicates a reduced adsorption
strength of CO on aged platinum particles. Maillard®@f dbund that aincrease

of Pt particle sizes from 1.9 nm to 3.1 nm can result into negative potential shifting
of CO oxidation. Next to potential shift, the stress testing on Pt/rGO and Pt/C
leads to narrowed CO oxidation signals with a less pronounced shouldeRtso that
is believed to appear in a higher ordered nanostructures after AST.

Furthermore, CO stripping on Pt/MWCNT is strongly changed after exposure to
potential cycling. The signal at 0.74,¥ remains, whereas the signal at 083V
almost disappeared. Hence, the interaction of Pt/MWCNT with CO is sigtifican

ly different after provoked degradation. In contrast to the self-synthesized, catalysts
Pt/C-commercial shows no negative potential shift and no change in signal shape
or width of CO desorption. Reduction of signal intensity only reports Pt degrad

tion here.

ECSA losses due to accelerated stress testing are determined by HUPD and CO
and are listed in Tabld. Averaging the losses giv8& %, -29 %, -26% and -

19 % for Pt/C-commercial, P/MWCNT, Pt/rGO and Pt/C. Hence, the changes

in ECSA are comparable for the carbon-based Pt catalysts. This is a consequence of
comparable initial Pt particles regarding their size, shape and crystalliaity as an
lyzed in Section 5.2.1.
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Figure 46 Comparison of cyclic and CO stripping voltammetry curves before and
after AST with insets of HQ/Q redox activitie$/rGO (a), Pt/C (b), PUMWCNT
(c) and Pt/C-commercial (d).

Insets in Figurd6 enlarge the curve segment, where HQ/Q redox activity is |

caed. In dependence on the catalyst the current densities in this range are changed
after stress testing. Next to a change in the double layer capacitance determined
later, the change of HQ/Q redox activity occurs after the test. Percentage changes
are listed in Tablel for each catalyst. The largest growth in charge amount of HQ
oxidation is identified for Pt/C-commercial by factor of 25, followed by similar
values for Pt/C and Pt/MWCNT of +137 % and +130 %. Pt/rGO already contained
the most significant HQ/Q redox activity before stress testing compared to the
other catalysts as illustrated in TaBld he percentage change after AST is% 36

and is thus indeed the smallest change compared to the other catalysts. Basically,
formation of HQ/Q similar species evinces the partial oxidation of carbon atoms as
preliminary statéo carbon corrosion generati®0,.** *? To sum up, he
strongest carbon oxidation during potential cycling was observed for thercomme
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5.3 Electrochemical Characterization of Pt Catalysts

cial catalyst Pt/C-commercial. Pt/rGO was shown to have highest HQ/Q amount
in original state, however, the lowest carbon corrosion during potential cycling.

Figure47 contrasts CV curves showing the capacitive current densities before and
after stress testing. Relative change&$inare compared in Tablel. Although
Pt/C-commercial in Figurded had the strongest growth of HQ/Q species on its
surface, the capacitive current density in Figjtaes almost unchanged. It has to

be mentioned that the detection of HQ/Q redox activity gives only partial info
mation about carbon corrosion and cannot be directly related to change of catalyst
surface area and amount of functional surface groups, which in turn impact the
double layer capacitari®®. The other three catalysts have increased double layer
capacitances after potential cycligile the absolute § increase is stronger for
Pt/rGO in Figured47a than PtYMWCNT in Figuret7c, their relative changes are
comparable and count +12 % and +18 %, respectively.

Larger difference is recorded for Pt/C in Figdte Its DL capacitance is enlarged

to more than twicasthe initial value. HQ/Q redox activity was shown to be e
forced by potential cycling. However, electrochemically detected charge amounts
of HQ oxidation cannot be directly linked to the amount of capacitive current.
Rather a more complex impact of electrode porosity and hydrophilicity originated
from a variety of functional groups on carbon surfaces contributes to the overall
double layer capacitarié€.?®? In conclusion, the durability test leads to thia-hig
estCp. changen Pt/C as sign of the highest chamgelectrode porosity or fan
tionalities.
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Figure 47 Comparison of CV curves after CO sorption before and after AST
Pt/rGO (a), Pt/C (b), PtMWCNT (c) and Pt/C-commercial (d).

Figure48 compares ORR curves before and after potential cycling. Oxggen r
duction is negatively shifted to lower potentials after the stress test, which shows
increased overpotentials for this reaction due to catalyst degradatiorilTable
shows that activity losses are in increasing order of PtMWCNT, Pt/C, Pt/rGO
and Pt/C-commercial for mass as well as for specific acfihgesass activity
losses of the three self-prepared materials are in similar range bet@&6 34
whereas the commercial catalyst lost 63 % of mass activity.

If changes in mass activity are compared to changes in specific activity, differences
are visible. Specific activities already consider the change of ECSA due @e degrad
tion. Against this background, much lower specific activity losses than mass activity
losses for Pt/rGO and PtYMWCNT in Talléd can be seehis shows that the

loss of catalytic activity is mainly caused by decreased. EDSAs contrary,

losses in specific activity are higher for Pt/C and Pt/C-commercial, so that their
activity loss is not dominated by the change in ECSA to that extent.
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Insets of Tafel plots in Figut8 show that slopes are the same after stress testing.
The reaction mechanism of, @duction on each materialthus unaffected,tal
hough catalyst aging has taken place.

Figure 48 Comparison of cathodic ORR scans at 1,600 rpm before and after AST
with insets of Tafel plots. Pt/rGO (a), Pt/C (b), PUMWCNT (c) and Pt/C-
commercial (d).
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Figure 8 illustrated the carbon impact on catalyst activity and stability for ORR.
Against this background the self-synthesized Pt catalysts are concluded towards
their suitability. Initial electrochemical surface area and ORR activity were slightly
higher for Pt/C compared to Pt/rGO and Pt/MWCNT. Carbon black was évalua
edin Section 5.1.2 to combine the lowest graphitic degree with a defmotive

matic structure shown by Raman and oxygen surface groups shown by XPS.
These properties can enhance the interaction with Pt nanoparticles and can thereby
enhance ECSA and activity for ORR. The alternative support mat&faland
MWCNTSs have defect sites as well but strongly different morphologies waith hig

er ordered graphene layers, which was pointed out in Bfyuf@is can contrib-

uteto the lower ECSA and lower activity for ORR compared to Pt/C.

Regarding stability issues, results from changed HQ/Q amounts and &langed
capacitances reveal higher instability of carbon black than rGO and MWCNT as
consequence of its most amorphous and rotationally faulted morphology. In view
of Pt particle stabilitieECSA and mass activity losses appeared to similar extents.
Last, the Pt/C-commercial catalyst performed worst in comparison to self-prepared
materials. On one hand initial ECSA and ORR activity were the lowest, and on
other hand the loss of ECSA and ORR activity were the highest.

Table 11 Change of electrochemical parameters during stress testing on carbon-
based Pt catalySt8.24

Method | Parameter |PtrGO |PYC | PUMWCNT Pt/c'_
commercial
o ' ECSAwpp | % 26| -15 -26 -27
' Ouo | % +36| +137 +130 12426
cO ' ECSAo | % 25| -23 -31 -34
Stripping | 'CoL /% +12| +158 +18 -4
' Eysetd %0 2] a 1 4
ORR | 'MAI% -38| -37 -34 -63
' SAl % -16| -28 -11 -49
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5.3.2 Pt Catalyst based on Activated Carbon from HTC

Coconut shells were uséat hydrothermal carbonization to foraxdark brown

coal™*? Pyrolysis resulted into an activated carbon, which was physically chara
terized in Section 5.1.2. This activated carbon is used the first time as support for
Pt particles and tested on its electrochemical suitability and stability foifdRR

tial cyclic and CO stripping voltammetry and the ORR analysis are presented in
Section 5.3.2.1. Degradation after exposure to electrochemical stress is discussed in
Section 5.3.2.2.

5.3.2.1 Initial Characterization of Pt Catalyst based on Activated Ca
bon from HTC

To better understand the newly developed HTC-C, the Pt/HTC-C catalyst and
the HTC-C support are electrochemically investigated in the same way. A similar
electrochemical characterization for a carbon obtained from HTC of D-glucose
was done by Taleb et and serves for comparison to this work. Their synthesis
and material properties is described in Section 3.2.4.1.1.

Cyclic and CO stripping experiments are depicted in FafareFor Pt/HTC-C
hydrogen reactions take place in the potential range @ Xk, while above

0.4 ke the oxygen reactions take place. The CO oxidation is located at
0.86 \kxe, however, a shoulder at the lower potential side analogous to the others
in Figure42 does not appear. Rather one symmetric signal is detected. The Pt pa
ticle nanostructure ¢o the substrates was shown to be companabfe-

tion 5.2.1 and is excluded as impact on the CO stripping. Absence of a shoulder at
lower potential due to the lower Pt loading of 8.3 wt% compared to614.4
23.1 wt% is more reasonable. Literature reported a lowered onset potential of CO
oxidation on Pt particle aggregates instead of isolated single Patacié¥ At a

lower Pt loading the possibility that Pt nanoparticles meet each other onto the sup-
port is more improbable.
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ECSA values of Pt/HTG: are determined by use of HUPD and CO counting
54m’ ge;t and 83 ige;’, respectively. The average of 69gai* is in the same
rangeof the other carbon-based catalysts of this work. Talel'& ased the
HUPD method and found the electrochemical surface area of their HTC derived
Pt catalyst to be only 23 mp*. This can be the consequence of the untypical
high Pt loading of 74 wt% they used. High amounts of Pt nanoparticles on a sub-
strate are known to decrease the ECSA due to high coetéSdeim comparison

the Pt loading within Pt/HTC-C here is 8.3 wt%.

Analysis of the double layer capacitance was carried out using the curves with ad-
sorbed CO in Figurel%. Pt/HTC-C possesses a capacitance ofmEgam?,

which is larger than the values betweend0ZimFcm? for previously tested
Pt/MWCNT, Pt/C or Pt/C-commercial. However, the DL capacitance isaby
factor of 5 smaller compared to Pt/rGO. Two characteristics from Tablen¥-can i
pact the double layer capacitance. HC@ossesses the largest specific surface area
of 546 nf g+, which enhances the double layer capacifdffic@n contrary,

HTC-C possesses the lowest amount of oxygen groups onto its surface, which can
reduce the double layer capacitdffdeReduced graphene oxide in comparison

has only half of the specific HTC-C surface area, but has a five times higher
amount of oxygen groups. Next to comparison of carbon characteristics in terms of
the surface area and oxygen content, the deposition of Pt nanoparticles onto the
carbons here can further imp#gj, of HTC-C and rGO, respectively. This is
discussed in the next paragraph.

Furthermore, the support is investigate#igure49 as well. HTC-C exhibit$o
electrochemical adsorption/desorption of hydrogen and oxygen speadson
monoxide in Figuré9aand thus no ECSA. This is expected here for carlaen m
terials, because no chemisorption of hydrogen and oxygen species orecO mol
cules takes place. However, HQ/Q redox reaction is indicated at aroungf.6 V
This is characteristior carbons from a HTC procé$8 While PYHTC-C had a
double layer capacitance of hcm? in Figure4%, HTC-C gives a four times
higher value of 6.iF cmi®. This demonstrates that incorporation of Pt naniepart
cles into the porous HTC-C network goes along with a reduced capacitance. The
platinum particles possibly close pores, which would cause a reduced porosity and
hence a reducedp, . A same trend was found in the study of Taleb®8 ahe
capacitance of their HTC derived carbon decreas&® %y due to the platinum
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deposition. They argued a lower carbon mass fraction in the Pt catalyst compared
to the support only.

Figure 49 Cyclic and CO stripping voltammetry of Pt/HTC-C catalyst and
HTC-C support in comparison (a). CV of Pt/HTC-C catalyst and HTC-C sup-
port after CO sorption (b).

ORR analysis is done in Figus@. In the potential range below approximately

0.6 ke, the diffusion-limited current density depends on the applied rotation
speed of the RDE. The K-L plot shows linear dependency and gives access to the
number of transferred electrons in ORR. The number of electrons counts 3.8 for
Pt/HTC-C and is related to the ORR mechanism involving four electrons. This is
typical for Pt catalysts and comparable to the previously tested catalgsts of Se
tion 5.3.1.1.

The catalytic activity for ORR is analyzed by use of the curves in BQure
HTC-C showsanegligible catalytic activity, whereas Pt/HTC-C shows an activity
but with deviation to previous catalysts from Section 5.3Mhile the onset @

tentials for the others in Taldlé were between 0.94.01 mV, the onset potential

for Pt/HTC-C is with 0.94 \kne significary lower. Other HTC based catalyst
from literature exhibited the ORR onset in the same range betweerd 0.90
0.95 Vkue.*d Mass activity and specific activity of Pt/HOChave negligible
values of 2.0 A% and 0.004nA cmi?. Although the ECSA of PY/HTGE is in

the same level as the others, the catalytic activity is much lower. Since the exper
mental details and the Pt particle characteristics areisittiarwork, the effect
should be related to the support material. Indeed, HTC-C possesses the lowest
degree of graphitization as well as the lowest electrical conductivity in this study
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which is pointed out by the physical parameters of carbons in Table 7. This might
hinder the charge transfers during ORrand enlarge rate-determining steps.

Figure 50 ORR data of Pt/HTC-C catalyst and HTC-C support. Cathodic scans
at different rotation speeds with K-L and Tafel plots for Pt/HTC-C and at
1,600 rpm for HTCC.

Last, the Tafel plot is shown in Figh@and shows a curve progress similar to
previous catalysts in Figudd. Two slopes are identified. A slopge of
-123mV dec’ is calculated within the second region, which is very close to slopes
in Tablel10 of the other carbon-based catalysts before. However, the firstislope

is -78mV dec¢' and differs from the others by approximately 30 %. Basically, the
reduction reaction mechanism of @epends on the electrode potential as di
cussed in Section 3.2.2 and hence on the degree of Pt surface dXidatiBe-

cause ORR starts in this case at a lower potential of .84 Mafel analysis is
carried out in a lower potential region of 0B®5 \kye with less surface oxides

on platinum, so thati increases.

The HTC based catalyst of Taleb €f“dl.had the onset potential for ORR in
same range between 0®®5 \kne. Their Tafel analysis was carried out within
the potential range of 0.4D00 \kwe and gave a higher slompe of
-102mV dec' within this region. This larger slope indicates a lower reaction rate
for O, reduction of their HTC based catalyst compared to Pt/HTC-C from this
study.
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5.3.2.2 Degradation of Pt Catalyst based on Activated Carbon from
HTC

After initial characterization, the focus is on the verification of the catalyst stability.
Selected potential cycles during AST of Pt/HTC-C in Figure 51a are compared to
analogous cycles of HTC-@ Figure 51b. Both materials underlie enormous
changes of the carbon. First, capacitive current densities at approximately 0.3
0.4 \kue increase during stress testing, and second, the amount of HQ/Q redox
reaction at around 0.63\k rises.

The /n-situ ECSA change is depicted as imsdtigure 51a. Two particularities
become apparent. First, the loss of electrochemical surface area here is twice as high
as the loss for the other materials in Fifur8econd, the catalyst degrades-exp
nentialy, starting with higher ECSA loss at beginning and lower ECSA loss at the
end. This exponential behavior in ECSA is observed for all carbon-based catalysts
in this work and explained by stronger instability of the small initial Pt particles
compared to the larger aged parti¢lesn the following paragraphs initial and

final Pt/HTC-C characterization before and after AST is contrasted to assess the
degradation in detail.

Figure 51 Selected potential cycles during AST with inset of ECSA change for
Pt/HTC-C catalyst (a) and HTC-C support (b).
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Figure 52 shows double layer capacitances for the Pt/EBTE&atalyst and for

HTC-C support before and after exposure to stidss support exhibits am-i

crease of48 %, wherea®t/HTC-C catalyst shows an increase of +208 %. Two
effects of platinum might cause the enhanced raise in double layer capacitance for
Pt/HTC-C. First, degradation of platinum in terms of dissolution, detachment or
migration according to Figure 6 migktopen pores of the support and enhances

the electrode porosity again. Or second, the Pt nanoparticles catalyze and enforce
the degradation of HTC-C support as reported in liter&fuf® and further ills-

trated in Figure 8. Overall, the capacitance change ofa#08t/HTC-C pre-

sents the largest increase among all tested carbon-based Pt catalysts.

Figure 52 Cyclic voltammetry of Pt/HTC-C catalyst and HTC-C support after
CO sorption. Comparison of curves before and after AST.

Figure53a illustrates cyclic and CO stripping voltammetry on Pt/HO Gefore

and after stress testing and shows insets enlarging the HQ/Q redox activity. Redox
activity of HQ/Q is more pronounced after the potential cycliing signal ird-

gration of HQ oxidation before and after AST gives an increased charge by factor
of 17. In comparison, the support without Pt nanoparticles on its surface shows an
increase by a factof 9, which is much lower. This corresponds to previous ob-
servations regarding the double layer capacitance and evidences the platinum infl
ence on the HTC-C corrosion. In sum, two reinforcing factors for suppora-degr
dation come together. Next to the mentioned catalyzed carbon corrosion through
platinum*® ¥ the type of carbon is crucial for the electrochemical stability. High
surface area and rare graphitization impose carbon indt&bifity**® HTC- C

was physically identified in Table 7 to be a high amorphous and defective carbon
with the largest specific surface area in this study.
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Figure53a additionally shows the signal change of hydrogen, oxygen and carbon
monoxide reactions on platinum due to the catalyst degradation. Lowered signals
in the hydrogen range and a lowered oxidation signal of ptgwaossrbed CO

are detected. One peak resulting from CO oxidation is centered atz]86eV

fore stress testing, however, peak position and peak shape changed after stress tes
ing. That means that the signal is positively shifted to Q,88avid exhibits a sh

tinct asymmetry due to an arisen shoulder at lower potential side. So, cgtalyst de
radation is visible here as reduced signal intensity and an altered sig6&léshape.

of ECSA is lost calculated by HUPD, and 68 % of ECSA is lost determined by CO
sorption. This is more than twice as high as the losses of the other catalysts between
1981 %. This enforced Pt degradation is believed to be the aksighificant
electrochemical HTC-C support instability.

Figure53b depicts the ORR curves with Tafel plots. The onset potential & neg
tively shifted by 1@from 0.94 to 0.85 W4e. The other onset potentials in Table

11 were negatively shifted by only@®1%, so that the oxygen reduction on
Pt/HTC-C is more affected caused by its enforced degradation. The Tafel plot
illustrates the increased overpotential for ORR due to a curve downshift to lower
potential values. The slopes in region | and luacbanged. This demonstrates
the same ORR mechanism catalyzed by Pt/HTC-C before and after exposure to
stress.

Figure 53 Comparison of cyclic and CO stripping voltammetry curves before and
after AST with insets of HQ/Q redox activities for Pt/HTC-C (a) and comparison
of cathodic ORR scans at 1,600 rpm before and after AST with insets of Tafel
plots for Pt/HTC-C (b).
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5 Results and Discussion

In summary, two support characteristics of HTC-C are noticeably different to
common carbon black and alternative rGO and MWCNTSs. First, the |gweest

phitic degree plays an important role for stability here. This was reportet for Vu
carf’ XC72R, which was exposed to thermal annealing at 286 reduce the

carbon corrosiol? Furthermore, Pt particles on the thefynéeated and thus

more graphitized sample showed less Pt agglomeration than particlesnen the u
treated sample. That means that less carbon corrosion leads to less Pt
degradatioff® **¥ Second, HTC-C possesses by far the largest specific surface a
ea which causes a larger area for electrochemical attacks and in consequence larger
support degradation followed by larger Pt degrad&idi® In accordance to the
scheme of Figure 8, which summarizes the recent state of degradation research, it
has to be noticed that the mutual influences of Pt and carbon degradatidn are hig

ly complex and need more research. Also, HTC-C might be optimized as Pt sup-
port in PEMFCs. Studies on thermal post-treatments to tune the electrochemical
characteristics can be useful.

5.3.3 Pt Catalysts based on Nanocomposites

Physical characterization of the composite-based materials #8Cand
Pt/FTO 6GO was presented in Section 5.1.3 with focus on the support structure
and in Section 5.2.2 with focus on Pt nanoparticle distributitsntbe comp-

sites. This chapter discusses initial electrochemical charadetisicemposites

in Section 5.3.3.1 and their degradation after electrochemical str8gs in

tion 5.3.3.2. Finally, identical location TEM in Section 5.3.3.3 gives insight into
the degradation of complex dttetal oxidezarbon structures.

5.3.3.1 Initial Characterization of Pt Catalysts based on Nano-
composites

Figure54a demonstrates cyclic and CO stripping voltammetry for PGIGO
catalyst and IT@GO support, whereas Figusdb shows appropriate curves for
Pt/FTO 6GO catalyst and FT@GO support. While CV curves of both coop
site catalysts are very similar, CO stripping deviates from each other. I184aigure
oxidation of previously adsorbed CO on Pt/[8GO starts already at around
0.4 ke and rest into an asymmetric peak with a maximum at O/{¢V
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Thus, the peak is located at lower potentials compared to previous carbon-based
materials in Figuré2 Especially the comparison to similar Pt/rGO without the
metal oxide reveals a ghiffpeak maximum by40mV. The Pt particle®f

Pt/rGO and Pt/ITOGGO showed their comparability in TEM and XRD analysis

of Section 5.2.1. Hence, the presenc8miloped InO3 as only difference iafl

ences the CO stripping experiment. The negative potential shift demonstrates a
weaker CO adsorption on Pt and thus an improved tolerance against catbon mo
oxide for Pt/ITOGGO in contrast to PtGO.

CO strippingon the other composite Pt/FT@GO is depicted in Figurgdb and

leads to two individual signals with similar intensities at 0.76 andzQ:8d e

peak at 0.86 Me is similarly located to the peak of Pt/rGO at 0.8% Vh Figure

42. CO oxidation on Pt being in contact with rGO is believed to occur here. The
peak at 0.76 M;e is suggested to arise from CO oxidation on Pt being in contact
with FTO. Ruiz Camacho et &% investigated Pt catalysts based on composites
with carbon black and metal oxides by CO stripping voltammetrynasitd/ IR
absorption spectroscopy. They also observed lowered potentials for CO stripping
when metal oxides were incorporated into the catalysts. Increased sthetehing
guencies of CO on Pt/Sn@C than on Pt/C are reported. They suggested the
electronic ifluence of metal oxides like SnGn platinum, which causes & r
duced electron donation from Pt to CO and in turn a lowered adsorption energy
for carbon monoxide on PThe weaker CO sorption causes a negative CO peak
shift in voltammetry experiments. Next to electronic influeat880, on Pt, the
presence of hydroxy groups is believed to impact the CO oxiffafi@asically,

CO oxidation mechanism is described to involve Pt surface oxygen'§fiéctes,
which appears at a potential higbér Vrye.?? However, OH groups on metal
oxides can promote CO oxidation alreadyailower potential rang€é? XPS in
Figure35revealed hydroxy surface species on ITO and FTO nanoparticles.
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5 Results and Discussion

Figure 54 Cyclic voltammetry and CO stripping voltammetry for Pt/IFGO
catalyst and IT@GO support (a) and for Pt/FT&O catalyst and FT@GO
support (b) in comparison.

ECSAs from Tabld2 are averaged and count 51ggi* for P/ITO 6GO and

46 m? ge;* for PUFTOGGO. Thus, the surface areas of composite-based materials
are lower than the areas of carbon-based materials. Direct comparison to Pt/rGO
showing75 m? ge(* clarifies the ECSA decrease by 32 % and 39 %, so that the i
corporated metal oxide particles affect the electrochemical surface areacsf Pt. Ele
trical conductivity and specific surface area are impact factors on th&€B@SA.
paring Table 7 with Table 8, both parameters are lower for the comsihasitéor

rGoO.

Furthermore, HUPD and CO stripping give a higher ECSA for Pt/4TG&D in-
cluding Sn-doped D3 particles than f®FTO ¢GO including F-doped Sn®
particles. During EDS mapping in FigddePt on ITO GO seemadto have the
preferred interaan with rGO instead of ITO. In contrast, Pt on FT&50 had

the preferred interaction with FTO. Based on the higher ECSA of Pt/rGO, it is
suggested that the stronger Pt locatitia the carbon in case of IT®@GO bere-

fits to the enhanced ECSA compared to Pt/BGD, which showed a preferred

Pt location on FTO instead of the carbon. In comparisond@® and FTOO6

rGO without platinum were tested analogously and show no electrochemical su
face during CV and CO stripping measuremerfeggures4.
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A further observation is that the known HQ/Q redox activity of rGO at around
0.6 Vkue is not visible to that extent in Figusé as the HQ/Q redox activity of
Pt/rGO in Figure42 This proves that metal oxide particles are anchored to the
oxygen groups of rGOReleased charges during oxidation of HQ species are
217uC cm? for Pt/rGO and in comparis@® uC cm? for Pt/ITO 6GO. In case

of Pt/FTOGGO the HQ/Q redox reaction is absent. During the TEM and the
XPS analysis of Section 5.1.3 the FTO particles were shown to highly cover rGO
and to constitute the main part of the composite surface. ITO particles were shown
to cover rGO as well, however, leaving behind a more vacant carbon surface.

Figure55 highlights the curves recorded during CO sorption. The capacitive cu

rent densities are highly similar for the supportsd@®O and FTOGGO. Cur-

rent densities of the related Pt catalysts are larger, whereas a larger cursent is mea
ured for Pt/FTOGGO than for Pt/ITOdGO. Double layer capacitances in Table

12 are 5.ImFcm? for PYFTOGGO and 3.7mFcm? for Pt/ITO §GO, which is

by factors of 1.8 and 2.4 lower than ®Bcm? in case of Pt/rGO without the

metal oxides. This observation is well in line with reduced specific surface areas for
the composites compared to rGO as discussed in Section 5.1.3. It is caused by the
precipitation of metal oxides, which usually have less porosity than graphitic ca
bonst!?

Figure 55 Cyclic voltammetry of Pt/IT@GO catalyst and IT@GO support as
well as Pt/FTAFGO catalyst and FT@GO support after CO sorption.
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The RDE experiments are contrasted in Figi&elhe current density of oxygen
reduction below approximately 0.&\¢ is seen to depend on the rotation speed

of the electrode. On this basis, K-L plots at 0.3, 0.4 andgQ5show linearity

for both composites and result in transferred electrons per reguoedteCule of

3.7 and 3.8, respectively. Hence, these nanocomposite-based catalysts are proven
to involve four electrons during ORR as stated fdf BfThis confirms to the Ze
pathway of ORR shown for all catalysts under steidyire56 further depicts the

Tafel relations. Linear fitting in potential ranges of about@@®®\k and
0.90®.95 ke gives the slopes in Tali2 which are very close to slopes of the
carbon-based catalysts in Talfdeand very close to reference slopes fronaditer
ture®® PY/ITO 6GO has slopes of63mV de¢! and 119mV dec*, while

Pt/FTO 6GO has slopes 060mV de¢* and 121mV de¢'. So, the same miec

anism of ORR catalysis for composite-based and for carbon-based catalysts is
evinced by Tafel evaluation.

Figure 56 ORR data of Pt catalysts based on nanocomposites. Cathodic scans at
different rotation speeds with K-L and Tafel plots for Pt/6T&D and at
1,600 rpm for ITOGGO (a) and scans for Pt/FBGO and FTOGGO (b).
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In terms of the catalytic activity fopr @duction, Tablel2 provides the values of
onset potentials, mass activities and specific activities. While onsets foreexygen r
duction are highly comparable between 001 \kye, the kinetic current de

sities at 0.9 Mg and thus the normalized mass and specific activity valuds are di
ferent between the composites. Both values are higher for the FTO-containing
material showing 49.9 A4 and 0.093nA cm? than for the ITO-containing
material showing 34.6 Ad and 0.059nA cm?.

If the preferred interaction of Pt particles with FTO patrticles from EDS is consid-
ered, influences of this interaction on ORR activity is supposed. Kinumoto et
al®3 tested Sngcarbon supports in different ratios. The highest ORR activity is
reported in case of the largest Sa@ount. Zhang et & observed a boosting
effect of Sn@on the ORR catalysis as well. In this work higher mass and specific
activity for Pt/FTOGGO containing F-Sn@ compared to Pt/ITGFGO contan-

ing Snin,03 is found, so that the type of metal oxide plays a crucial roleafor cat
lytic activity. Although Sn@supports without any doping were already shown to
positively impact the ORR activity as reviewed in Section 3.2.4.2, fluorine-
doping was shown to be useful for enhancing the electrical conductivity of the
support?® Overall, ORR activities of the nanocomposites here are in same range
as carbon-based catalysts from Section 5.3.1, so that a large effect on ORR due to
the utilization of metal oxides is not observed.

Table 12 Electrochemical parameters of Pt catalysts based on nanocofiposites.
23]

Method Parameter Pt/ITO-rGO Pt/FTO-rGO

.y ECSAupp | MF goi* 58 53
Qo / uCemi® 32 0

CcO ECSAo | M gor™ 43 38
Stripping | CoL / mFem? 3.7 5.1
Egnsetl V 1.00 1.01

MA | A g 34.6 49.9

SAl mAcmep? 0.059 0.095

ORR _

m | mV dec' -63 -60

my | mV deé -119 -121

n 3.7 3.8
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5.3.3.2 Degradation of Pt Catalysts based on Nanocomposites

After initial characterization, the catalysts were stressed by 1,000 potential cycles.
Figure57 shows selected cycles during the stress testing. To better understand the
degradation of self-developed composites the stress test was carried out-on comp
sites with and without deposited platinum.

First, Pt/ITOGGO in Figure57a and Pt/FTGsGO in Figure57c show a po-

nounced decrease of Pt-related signals, which is observed for all catalysts of this
work and indicas Pt aging. The insets depict the ECSA development during
stress testing. For carbon-based catalysts in #gérencluding Pt/rGO as the

same material without the incorporation of metal oxidlestronger losses were
visualized during the first cycles than during the progressing cycles. The same trend
is observed for Pt/IT@GO in Figure57a. On the contrary, Pt/FT@GO in
Figure57c shows a more stable ECSA during the first potential cycles, so that e
forced Pt degradation starts after approximately four hundred cycles.

Furthermore, HQ/Q redox activity around 0.§)¢ is changedotdifferent &-
tents. Pt/ITOGGO in Figure57aand Pt/rGO in Figurd5ahave a slight increa

ing HQ oxidation during increasing number of potential cycles, whereas R/FTO
rGO in Figure57c is remarkably constant in this range. Capacitive current dens
ties of the composites in Figd#a and ¢ at approximately 0.4,V are indicated

to slightly decrease, whereas capacitive current density of Pt/rGO indbigare
indicated to slightly increase. The right graphs of Figurempare the change of
ITO GO and FTOGGO without deposited Pt on them. Here, current density
change®f FTO ¢GO in Figure57d are much smaller than the changes ofdTO
rGO in Figure57b. Analysis of Pt and support degradation is detailed in the next
paragraphs.

121



5.3 Electrochemical Characterization of Pt Catalysts

Figure 57 Selected potential cycles during AST with inset of ECSA change for
Pt/ITO ¢GO (a) and ITOGGO (b) and for P/FT@GO (c) and FTGFGO (d).

Figure 58 contrasts cyclic and CO stripping voltammetry of Pt and

Pt/FTO 6GO after potential cycling. CV curves show decre@seglated signals

in both materials after stress testing. CO stripping experiments show decreased and
altered signalsef the carbon monoxide oxidatiokVhile CO oxidation does not
exhilit a notable change in shape and potential for PBGO in Figure58a, the

CO oxidationon Pt/FTO ¢GO in Figure58b changed dramatically. The peak at
0.86 \kye almost disappeared due to stress testing. The other peak at,0i86 V

still present after testing, however, in narrower shape and with less intensity. |
stead, CO oxidation now partially appears in a lower potential range. This means
that a distinct asymmetry of the signal at Og/g dh the lower potential shas

arisen andfurther very broad low intensity peak starts already agg:4 V

This illustrates that degradation of platinum on BGD strongly weakens the
CO adsorption. Especially the signal at 08 Was assigned to CO interaction
with platinumon rGO and is not present anymore after stress testing. Amaexplan
tion could be that CQadsorption/desorption is stronger influenced by the FTO
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particles after AST. To remember, an enhanced CO tolerance was assigned to
SnO, containing catalyst8? It is postulated that known Pt degradation like-diss

lution and re-precipitation eveHfs’? occur during the potential cycling and that

FTO competes with rGO during these Pt degradation events. This might influence
the Pt degradation and re-precipitatidmvestigation by ILFEM in Se-

tion 5.3.3.3 later gives microscopic insights into the catalyst degradation. But still
we have to consider for interpretation of CO stripping experiments, that various
impact factors play a role. Next to impact of the support, Pt surface sites are i
portant as well for CO adsorption/desorptidh?’! Pt/ITO GO in Figure58a

was also subjected to degradation, because the intensity of CO oxidation signal
decreased after exposing to 1,000 potential cycles. However, degradatias: obviou
ly took place with less change of interactions between Pt andGDCOdue to
comparable peak shape of CO oxidation in Fig8axe

ECSA losses are listed in Tdl8ePt/ITO GO has a 20 % lowered ECSA using
HUPD and a 34 % lowered ECSA using CO sorption. Pt/BBD has a 2%
reduced ECSA using HUPD and a 30 % reduced ECSA using CO stripnisg

an average loss of exactly@$ given for both composites and is highly compar

ble with Pt/rGO, which los26 % of ECSA. Although electrochemical surfage ar

as of P/ITOGGO and Pt/FTOGGO during their initial characterization were
approximately one third lower than the area of Pt/rGO, differences towards the
ECSA stability between Pt/rGO, Pt/IT®@GO and Pt/FTOGGO are not dist-
guishable.

Figure 58 Comparison of cyclic and CO stripping voltammetry curves with insets
of HQ/Q redox activities before and after ABTITO ¢GO (a) and P/FT@
rGO (b).
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Figure58 further shows insets with a zoomed potential range in CV curves, where
HQ/Q redox activity is visible. For both composites HQ/Q signals are negligible
before exposure to electrochemical stress (dashed line). Ford@&OTi@ Figure
58aHQ/Q redox activity is arisen after AST (solid line). This indicates pxirtial

dation of the carbon surface in Pt/ HG0O. On the contrary, P/FT@GGO in
Figure58b still shows the absence of such a signal after AST (solid line), so that no
redox active oxygen spedefrmed during potential cycling.

Basically, HQ/Q redox activity is known for r&@ and was shown for this study

in Figure46. And metal oxides were shown to suppress HQ/Q redox activity of
rGO in Figure54, where fresh PU/IT@GO and fresh PY/FT@GO were ds-
cussed. This behavior stays unchanged for P@&but changed for P/IT@

rGO during potential cycling caused by two possible reasons. First, EDS demo
strated that platinum does not prefer the deposition on ITO particles. & cons
guence, Pt must be deposited in higher extent on rGO and is known to catalyze
carbon corrosioH® *? Second, Liu et &° reported disappeared parts of ITO
after very similar potential cycling. Schmies €%furthermore localized 1TO
dissolution and re-precipitatiat potentials below 1.0pye. Thus, oxygen su

face groups of rGO may anchor less ITO particles so that HQ/Q redox activity
becomes visible again. IL-TEM gives insights into the catalyst aging later.

Furthermore, Geiger et ! directly compared ITO and FTO dissolution in the
fuel cell relevant potential window and reported higher stability of FTO. Indeed
FTO reliably protects rGO from corrosion here, because HQ/Q redox reaction is
still absent in Figur®B even after harsh potential cycling. As a remiRieGO
without incorporated metal oxides had highly visible HQ/Q redox activity and an
additional increase ofQ due to stress testing.
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Table 13 Change of electrochemical parameters due to stress testing on Pt catalysts

based on nanocomposit&s *

Method Parameter PUITO:- PUFTO-
rGoO rGO

cv "ECSAiupp | % -20 -24
"Quo ! % +568 ro
CO "ECSAo I % -34 -30
Stripping | "Co /% -10 -8
" Eonset! %0 -1 -2
ORR "MA | % -25 -57
'SAl % -7 -43

Figure59 in combination with Tabled3 shows the change DL capacitances.
They are slightly reduced b$3-% and -8 % for Pt/IT@GO and Pt/FTO4GO,
whereas the capacitance of Pt/rGO in Tablas increased by +12 %. These op-
poste trends must be traced back to the presence of ITO and FTO, respectively.
Furthermore, if the higher capacitarafeuntested PtGO with 8.9mFcm? is
compared to untested composites withf3=tm? and 5.ImFcm?, the absolute

Co. change of Pt/rGO is more pronounced than changes of R#BE® and
Pt/FTO 6GO. So, incorporation of metal oxides leads to a more constant double
layer capacitance. For Pt/rGO, an increaSlgcan be caused by carbon gorr

sion known for enhancing porosity and oxygen surface groups. For BGIDO

and Pt/FTO4GO, the very slight decreasirg, might be caused by platinum
particleor metal oxide particle aging. Larger particles due to degradation have of
course lower surface areas.
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Figure 59 Comparison of CV curves after CO sorption before and after AST.
Pt/ITO ¢GO (a) and Pt/FT@GO (b).

Last, Figur&0 compares the ORR data. Both materials contain increase@-overp
tentials for @reduction due to the stress test, which is visible through the negative
curve shift to lower potentials. The insets show Tafel plots containing this potential
shift. Tafel slopes are unchanged so that ORR mechanisms for both catalysts are
not affected by the stress test. Changes in onset potential, mass activity and specific
activity are listed in Table. On the one hand, the fresh FTO-containing catalyst
showed a more thaB0% higher specific activity for ORR than fresh ITO-
containing catalyst in Tabl® On the other hand, activity losses in T&l8e

caused by degradation are more pronounced for P& despite comparable

ECSA losses. PYIT@®GO lost 25 % of mass activity and 7 % of specific activity,
while P/FTOGGO lost 57 % of mass activity and 43 % of specific activity.

The very low change of specific activity ébfor Pt/ITO GO demonstrates the
decreased ECSA as main cause for the activity loss. However, this is not the case
for activity loss of Pt/FT@GO, whose specific activity changed much stronger by
43%. Next toachange in ECSA, additional degradation effects must be relevant.
For instance, CO stripping experiments in Figi#showed remarkably changed
CO sorption, which indicates changed electronic statesdiT @tdGO interac-

tion. Basicallygtelectronical interaction appears between Sartd Pt nanopart

cles® #71 which can change the electronic band structure of platinum ard infl
ence the chemisorption of,@r CO molecules. For ORR, downshifting th#

band state of platinum is reported to enhance the catalytic &tVityere, de-
radation of platinum takes place during the stress test. The paths illudtigted in
ure 6 could appear due to potential cycling and include Pt dissolutioe-und
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precipitation or the migration of Pt particles. Thereby, Pt anchoring to other sites
of the support is assumed, sd dspeciallydtelectronical interaction between

FTO substrate and Pt catalyst can be changed. This might affect the activity for
ORR. Moreover, surface sites of FTO and Pt particles can alter provoked by p
tential cycling, which might cause a different catalyisstrate interaction. Change

of Pt and FTO particles regarding their location on rGO after the test is ivestiga
ed by IL-TEM in the next section.

Figure 60 Comparison of cathodic ORR scans at 1,600 rpm with insets of Tafe
plots before and after AST. PY/ITE&EO (a) and P/FT@GO (b).

5.3.3.3 ldentical Location TEM of Pt Catalysts based on Nanagomp
sites

IL-TEM was carried out to confirm electrochemical results. The same accelerated
stress tesif Figure19 was performed using a TEM grid onto the working-ele

trode instead of the RDE. Figuéd contrasts the same part of catalyst before and
after 1,000 potentials cycles for Pt/rGO, PY/IFGO and Pt/FTOGGO. The

images are going to be discussed on degradation phenomena but not on changes in
Pt particle sizes. Gold originating from TEM grid may dissolve and precipitate
elsewhere during the exposure to cycling up to 1¢.M his hampers the dva

uation of Pt particle siZé%" %3

Figure6la depicts Pt/rGO before and after electrochemical stress. Before the test,
Pt particles on rGO are highly distributed. After the test, platinum appears in large
agglomerates. Inside the marked area (1) the Pt particles were well-dispersed before
AST. After AST, the Pt nanoparticles merged togeffieese degradation gr
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cesses are assigned to loss of ECSA during electrochemical analystsrbefore.
thermore, Pt disappearance due to particle dissolution, detachment or migration is
evidenced within the marked area (2). Zana 'E¥astudied Pt aging on carbon
black using IL-TEM and reported square-wave potential steps betweén 0.6
1.0 Vkue in frequency of 3 s to provoke Pt migration and Ostwald-Ripening and
triangle-wave cycling in higher potential range betweed 50/ to provoke

Pt detachment. Based on their study, cyclinglarger potential range between
0.05d..47 ke Within this work is expected to include particle detachment as
well as dissolution with OstldeRipening.

Figure 61b depicts P/FT@GO before and after exposure to stress. Before the
test, Pt particles are well-distributed on FFGO. After the testlL-TEM reveals

large Pt agglomerates (1) and Pt disappearance due to dissolution, detachment or
migration (2). These phenomena have also been visualized for Pt/rGO in Figure
61a without incorporated metal oxides before. Beyond the Pt degradation, Figure
61b further depicts the FTO particles (3). Especially the left circle illustrated the
unchanged aggregate of metal oxide particles in size, shape and positiom-on the ca
bon surface. The right circle shows darker contrast due to FTO and Pt presence.
After the test, FTO stayed unchanged and Pt occurs in larger particles. This
demonstrates the stability of F-doped Sim(presence of harsh potentials between
0.05d..47 \kqe. IL-TEM verifies the stability, which was electrochemically ob-
served through negligible changes of the double layer capacitance and the absent
formation of HQ/Q-like species. Furthermore, the marked area (1) before the
stress testing suggests the presence of FTO aggregates and Pt particles as well due to
enhanced contrast TEM. After electrochemical stress large Pt agglomerates are
identified on FTO (1)This supports the assumption based on electrochesnical r

sults of Section 5.3.3.2 that the FTO particles have an enhanced interaction with
platinum during the degradation.

Figure61c shows Pt/ITGYGO before and after electrochemical stress. Before the
test, Pt particles are well-distributed on reduced graphene oxide. After,the test
same aging paths of platinum in terms of agglomeration (1) and disappearance due
to dissolution, detachment or migration (2) are visible and lead to loss of ECSA.
Next to Pt particles the ITO particles, which are larger in size, are imaged before
stress testing (3). After the test, ITO is strongly changed and obviously disappeared
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to some extent. IL-TEM verifies the previous assumption of instable ITO during
the discussion of electrochemical results in Section 5.3.3.2.

In summary, Pt degradation is very similar on these substrates and goes along with
the similar ECSA losses. Activity losses of ORR were different and passibly d
pend on Pt-support interaction.

Figure 61IL-TEM images of Pt/rGO (a), Pt/FT@GO (b) and Pt/ ITGFGO (c)
before and after AST. Pt agglomeration marked with 1, Pt dissolutioht detac
ment/ migration marked with 2 and metal oxide particles marked with 3.
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6 Summary and Conclusions

6.1 Comparison of Carbon Supports

This work uses the approach of combining graphene-based carbon in the form of
reduced graphene oxide with metal oxide particles to nhanocomposites and provides
the assessment of their suitability as durable Pt support for ORR. rGO presenting
the basis for nanocompositesynthesized in two steps with verification of pr

gress in synthesis. In contrast to natural graphite as starting material, r&O demo
strates exfoliated graphene layers with lateral sizes of around 1.5 pnmand an i
creased degree of structural defects by mor&@50&n. Layer exfoliation serves

for enlargement of the specific surface area by factor of 36 and makes the material
suitable for application as FC catalyst support (Section 5.1.1).

Next to rGO other carbon supports with highly different morphologiesstare

ied. Besides utilization of Vul®aXC72R and MWCNTs as common materials, a

new carbonis developed under the important aspect of sustainabyidyother-

mal carbonization of biomass provialesck-brownish cof? being activated by
thermal annealing and called HTC-MWCNTSs with highly ordered and rolled-

up graphene layers and HTC-C with the greatest amorphous structure are the
most contrary carbon materials in this work. Based on physical analysis, carbon
structures are concluded by drawing in Fi@iteln the following the carbon
characteristics (Section 5.1.2) are summarized:

i. The specific surface aredsthe highest for HTC-C counting 546 1g*
and the lowest for MWCNTs counting 117 gi*. Micropores predoin
nate each carbon, though reduced graphene oxide also possesses larger
pores.

ii. Electrical conductivity and degree of graphitization is the lowest for
HTC-C and the highest for MWCNTSs pointing out the opposite trend to
the surface area. Rarely graphitization of HTC-C can patrticularly be a
drawback for electrochemical stability.

iii.  Raman shows the highestgree of siructural defectsin MWCNTSs and
the lowest degree in rGO. Reduced graphene oxide originates frdm grap
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ite with pronounced aromatic structure, whereas aromatic structures of the
other carbons are at first formed during synthesis.

iv. Largest amount afxygen surface groupsisrevealed for rGO and by far
the lowest for HTC-C. Reduced graphene oxideobtained via graphite
oxide so that some functional oxygen groups ref@aicontrary, HTC-C
is thermally annealed in Agldtmosphere so that organic compounds but
also functional oxygen groups are removed.

These carbon characteristics have consequenttes catalyst stability. The ele
trochemical analysis (Sections 5.3.1 and 5.3.2) is summed up below:

I.  With respect tonitial carbon characteristics, double layer capacitance
and redox active carbon oxides are most pronounce@d@caused by its
high surface area and surface oxygen content in combination.

ii. Electrochemical surface areasare comparable between B8 m? Opc
so that a significant impact of the carbon support on EE28Aseen.

iii. Catalytic activities for ORR are comparable as well, however, much
worse activityis detected for Pt/HTC-C with an onset potential of
0.94 \kye instead of 0.94..01 ke

iv.  With respect tacarbon stability, PIHTC- C hasastrongly increased do
ble layer capacitance and redox active carbon oxides followed by Pt/C as
consequence of most amorphous and rotationally faulted morphologies of
HTC-C and carbon black.

v. With respect tqu/atinum stability , loss of ECSA and loss of activity for
ORR occur in similar extents for platinum 060, C and MWCNTSs.
However, platinum on HTC-Cnot only shows highest ECSA loss but also
largest loss of catalytic activity. Low carbon stability causes enforged Pt de
radation.

To conclude, modification of carbon morphology in terms of 2D simeetduced
graphene oxide or intertwined carbon nanotubes as opposite to spherical particles
of carbon black affect the catalyst durability to an insignificant extent. Rather the
expansion of aromatic arrays and proper graphitic arrangement determiiae the cat
lyst durability as proven for HTC-
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6.2 Suitability of Nanocomposite Supports

Nanocomposites are obtained by precipitation of ITO and FTO nanoparticles on
rGO and studied on their durability in application as Pt support for ORR- Su
marized physical analysis (Sections 5.1.3 and 5.2.2) is given below:

I.  Morphology on microscalés still given by reduced graphene oxide. ITO
is incorporated as 7.1 nm nanoparticles and microparsiclefiowing
bixbyite crystallinity of hO5 containingSri* as dopant. On the contrary,
FTO isincorporated as 2.8 nm nanoparticlefaving the cassiterite sry
tallinity of SnQ containing Fas dopant.

ii. Both metal oxide types exhibit nextdar/ace oxidesalsohydroxides.

li.  Surface of rGQs highly covered with ITO or FTO, whereas the conop
site using ITO possesses a more uncovered carbon surface.

Iv. Incorporation of metal oxide particles not only ineedae e/ectrical re-
sistancebut also reduce thewecific surface aredoy at least a factor of 2.

v. Single Pt particles are located via HR-TEM at interfaces between rGO and
metal oxidein both composites. However, using FoGO preferred
deposition of Pt on FTO than on the carbon is revealed. On contrary,
ITO 6GO exhibitsno preference of ITO during Pt deposition .

In conclusion, stronger interaction of platinum with FTO particles than ®dth r

duced graphene oxide evidenced, whicls not seen for ITO and reducedagr

phene oxide. Consequence of contrary Pt distribsfoorcatalyst stabilitg prov-

en by accelerated stress testing. The electrochemical analysis (Section 5.3.3) is
summed up below:

I.  Electrochemical surface areasare reduced by approximately one third
compared to Pt/rGO due to incorporation of metal oxides. Nanocomposites
suffer from lowered specific surface area and electrical conductivity affecting
the ECSA.

ii. Catalyfic activities for ORR are in range of carbon-based catalysts, with
exception of Pt/HTC-C with lower activity. Activity using FT{S higher
than using ITOasconsequence of deviating Pt interaction between FTO
and ITO.
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6 Summary and Conclusions

iii.  During CO stripping experiments, the presence of metal oxides ensure CO
desorption at significant lower potential compared to Pt/rGO and ie-cons
guence a higher CO tolerancenhanced CO toleranceis an important
benefit for FC operation.

iv. With respect to platinum stability, loss of electrochemical surface area
highly comparable for both composite catalysts and for PtsG@ar
ECSA Josscorresponds teimilar Pt degradation paths proven by ide-
tical location TEM. Agglomeration and disappearance due to dissolution,
detachment or migration appear during AST.

v. Activity losses for ORR of composite-based catalysts are in range-of ca
bon-based catalysts, with exception of Pt/HTCPlatinum on FTOQ§GO
suffers more from activity loss than platinum on #GD. This suggests
FTO impact on Pt degradation. CO sorption in combination with IL-TEM
reveals significantlgironger interaction of platinum and FTO after
AST « whichisnot seen for the ITO composite.

vi. With respect to support stability, identical location TEM highlights
changed FTO aggregatesin size, shape and position onto rG&or-
mation of redox active carbon oxidesompletely absent and double layer
capacitances highly stableluring AST.

vii. In contrast/70 particles strongly change in size, shape and position and
partially disappeadQ/Q similar species ont&O remarkably increase by
factor of7. Two promoting factors are believed enforced Pt deposition
on reduced graphene oxide instead of ITO catalyzing carbon corrosion and
ITO dissolution re-activating HQ/Q redox activity of rGO.

To conclude, FTOis not only more stable than ITO but additionally protects pe
sistentlyrGO from carbon corrosion. However, Pt degradation occurs on both
composites. The choice of metal oxide is crucial for the durability of eleestrocat
lysts. Based on combining our findings with other recent sfldi€d, degrad-

tion mechanisms for the nanocomposite-based catalysts are proposed in following
scheme:
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Figure 62 Scheme of proposed degradation mechanisms for FGTD(a) and
Pt/FTO ¢GO (b).

With respect to original catalyst states, this scheme illustrates the assumption that
more Pt nanopatrticles are on reduced graphene oxide farGTD and more Pt
nanoparticles are on F-doped tin oxide for FAIGO. With respect to catalyst

aging, P/ITOGGO in Figure62a is assumed to suffer from various degradation
paths. Support degradation occurs in two respects: Chemical dissolution of ITO at
low pH?* and corrosion of reduced graphene oxide. Pt degradation appears in the
form of agglomeration, while dissolution, detachment or migration aresalso a
sumed but not clearly identified in this work. Support degradation of POFTO

rGO in Figure62b is insignificant. However, same Pt degradation pathsrwith e
forcing interaction between Pt and FTO are assumed.

Although some studies in the past showed stable ECSA and ORR performance for
ITO-based platinum cataly$t& 2% suitability of Pt/ITO6GO for long term FC
operation is not confirmed. Based on the knowledge about Pt degrédaitien,
stability of ITOGGO support must impact the fuel cell performance duriog pr
ceeded time of operation. Moreover, against the background of production costs
and sustainability it is reasonable to substitute ITO containing the rare element i
dium by another material like FTO.
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The assessment of nanocomposites combi@@gand metal oxides in this work

shows the importance of adequate modification to achieve stability under-FC co
ditions. FTO onrGO not only addresses the challenge of production costs through
substitution of ITO, but also addresses the challenge of catalyst durability through
protecting carbon from corrosion in a stable and constant way. This provides the
basis for future research. First, the tuning of fluorine-doping can reach enhanced
electrical conductance. The use of carbon as basis is still useful to further reduce
electrical resistances and to enlarge the surface area. Both paramakénszed
electrical conductivity and surface arewould positively affect the ECSA.

Seond, due to the important aspect of sustainability carbons from renewable r
sources might be applied and testetheir protection against corrosion through

the deposition of FTO particles. Such a carbon from biomass was already intr
duced in this work, however, necessitates further optimization of activitya-and st
bility for ORR. Thermal annealing with elevated temperature and duration can
further graphitize the carbon, and using inert gas without hydrogen can remain
more oxygen surface groups. Thereby, a balance between graphitizatioa-and ele
trical conductivity on one hand and surface area and functional groups on other
hand is expedient.

Expensive ITO was already substituted by FTO in a successful way. Further deve
opment of composites could be the implementation of other metal oxides. Titan
um dioxide for instance is more assessable #aanomnSnG leading to reduced

FC production costs. A drawback is the negligible electrical conductivity, so that
the strategy must be an adapted doping of fii€ and distribution on a carbon
substrate second. Thereby, the competing interaction of Pt with carbon on one
hand and TiQ on other hand must be carefully investigated similar to this study.
Pt-support interaction is crucial for stability issuésel cdks
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Last, the application of nanocomposite-based catalysts in HT-PEMF®s is pr
posedwhich exposes the catalyst to harsher conditions than for instance the LT-
PEM fuel cell and hence requires a more stable catalyst support than carbon black.
Next to cathodic application, the nanocomposite-based catalysts might be tested
for anodicHT -PEMFC operation, because their enhanced CO tolerance could be

an important benefit and is relevant for operation with refoffffaeyond the
oxidation of CO, these catalysts might also promote the electrooxidatiom of alc
hols like methanol or ethanol and could be useful in direct alcohol fué&tells.

Since the ITOGGO and FTOdGO nanocomposites are porous materials showing
electrical conductivity, further applications are conceivable. Anode materials in
lithium ion batteries require electrical conductivity and the ability to reversibly
incorporateLi” inside porous structures. Regarding charging/dischargirlg and
insertion/extraction, the electrode further requires high capacity and strustural st
bility. For this, Sn@ nanoparticles were shown to have a lithium storage capacity
twice as high as common graee” 28 Suitability of FTO in combination with

rGO as such anode material was already proven in litérStusdere SnQ

stored lithium the fluorine-dopingncreased the electrical conductivity and rGO
provided a stable porous network. F§GO from this study has dispersed FTO
particles on rGO and thus good preconditions for the anodic Li ion battery appl
cation as well. Therefore, this nanocomposite could be further investigated on the
effect of FTO particle sizes for an optimizedirisertion/extraction and on the
fluorine-doping to maximize the electrical conductivity. Moreover, composites
with FTO and porous carbons from renewable resources instead of rGO could be
investigated on their suitability. This would consider sustainable aspects during
manufacturing of anodes for Li ion batteries.

Another application field of such composites is given by optoelectronic devices and
solar cells in terms of transparent conducting electrodes. The use of large-area gr
phene produced by CVD as a transparent conducting electrode provides-mechan
cal flexibility and stability of devi¢E8. To enhance lighin-coupling these ete

trodes can be optimiz&8? Deposition of nanostructured transparent conducting
ITO or FTO onto flexible graphene enables a large field of possible eleatrode su
face textures and roughness for better light trapping.
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Appendix

Figure 63 BET isotherms of reduced graphene oxide in comparison to the precursor

material graphite.

Figure 64 Activation of Pt/C. Cyclic voltammetry with 100 cycles between ®.05
1.47 ke at 500mV s in Np-sat. 0.1 mol I* HCIO; increasing Pt signals in the h
drogen range (i, ii) and in the oxygen range (iii, iv); at high potentials abowge1(0) V
shrinking oxidative currents (a). IL-TEM images before and after CV (b).
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Charge amount of hydroquinone oxidation
Charge amount

Gas constant

Reaction rate

Specific activity of oxygen reduction reaction
Temperature

Time

Frequency

Volume of adsorbed species

Volume

Spectrometer work function

Positive integer of a rad@tiwavelength
Transfer coefficient

Radiation wavelength

Charge density

Gibbs free energy

Standard Gibbs free energy

Reaction enthalpy

152



Figures

Figure 1 Global air temperature against the year, adaptt(&pand global emission of
carbon dioxide against the year, adapted rimL.............c.ccooeveeveveeceecceeee e, 1
Figure 2 Schematic depiction of a PEM fuel cell with microscopic image of a membrane
electrode assembly (left) and schematic enlarged view into the catalyst layer with

microscopic image of Pt on carbon black (right), adapteGdrom............c.ccooveevvevveevinnn. 7
Figure 3 Schematic PEMFC polarization curve; indicatidrGand subscription of

voltageU losses as a function of the curfeadapted froff. ..............cccoveveeeveveeeeeeeene 11
Figure 4 Volcano plot showing ORR activity in the form of kinetic current defsity

plotted against oxygen binding eneBffyygen adapted frofh.............cccoeveerriririienene, 12

Figure 5 Change in electronic structure by O atom adsorption on Pt (111) surface with
energy statesand the Fermi energy and the formation of covalent bonding and

antibonding states, adapted FPOM. ...........ocooi oot 14
Figure 6 Schematically presented paths of Pt degradation occurring in a PEM fuel cell,
adapted frORT 7 T et 16

Figure 7 Pt concentration in dependence of electrode potential and temperature.

Theoretical data from Pourb@fkin grey lines (solid 25 °C, dashed 80 °C and dotted

196°C) and experimental data in black lines (filled dots!Hosjjuares Bindf4,

unfilled dots Ferreifd and stars Walit)), adapted frofT............cooovoeiiiioiieeeee, 17
Figure 8 lllustration of the carbon impact on stability and activity for ORR, summarized

from Sections 3.2.2 and 3.2.3. Arrows up means higher and arrows down means

lower number of appropriate carbon property reqUF8d.............cccooveveveeeeeeeeeerene 23
Figure 9 Scheme of layer arrangement in graphitic carbons with exemplary part of the

chemical structure: Hexagonal coordinated graphite (a), graphite oxide (b), reduced

graphene oxide (c), carbon black particle (d) and single-walled carbon

NANOTUDE (B33 02 100 et 27
Figure 10 Potential-pH diagram of tin (cobalt as example to show the opp8site)................... 29
Figure 11 TEM images (a) and HAADF-STEM images with Pt depicted in blue, In in green

and Sn in red (b) before and after stressing Pt/ITO by potential cycling between

0.60.95 VRHe 2.ttt 32
Figure 12 Schematic view on a carbon section (grey) with a fixed metal oxide particle

(green) and a Pt nanoparticle anchored at the canbtad oxide interface (red),

Y0 =Y o1 1=e 11011 OO 33
Figure 13 LaMer model, adapted fFBM............ooeieeeeeeeeeeee e, 37
Figure 14 Functional principle of the four-point probe method.................ccccoiiiiiiiiiiiiiiiiiinns 46

Figure 15 Setup consisting of rotator with rotating disk electrode (RDE) as working
electrode (1), reference electrode with salt bridge and Luggin capillary (2), counter
electrode (3), glass cell filled with electrolyte (4) and gas inlet.(5).........cccccceeeiieeereeennns 48
Figure 16 Exemplary CV curve (a) and CO stripping curve (b) of commercial Pt/C in
0.1mol L™ HCIO.,. lllustration of typical electrochemical Pt signals with

153



crosshatched signals for ECSA determination via HUPD and CO (green marks).

lllustration of support characteristics (red Marks)...........ooviiiiiiiiieiiiiec e, 51
Figure 17 Exemplary CV curve with suppressed faradaic currents (a) and CV curve with

enlarged HQ/Q region (b) of commercial Pt/C in 0.1 MOHCIO 4.....c.veovvivvieeeieceeeeene 52
Figure 18 Exemplary ORR curve of commercial Pt/C inrfdl L™ HCIO, at 1,600 rpm

(a) and the associated Tafel PIOLt.(R).............oeiiiiiiiie e 54
Figure 19 Accelerated stress test in oxygen-saturatedl @1 HCIO,. Potential against

the time for the whole AST (a) and for a part of AST with one labeled cycle.(h)........... 55
Figure 20 SEM images of Gr (a) in contrast to rGO (b) with images of rGO in higher

g FoTo 1] 10> 1o o TN (oo ) PSS 58

Figure 21 TEM images of graphite (a), graphite oxide (b) and reduced graphene.oxide. (c).. 59
Figure 22 XRD of graphite, graphite oxide and reduced graphene oxide (a) with zoomed

XRD of GO (b) and of rGO SAMPIE (C)-...uuuuuuunnniiiiiiiiiiiiiiiiiiiiiie e 60
Figure 23 Raman spectra of graphite, graphite oxide and reduced graphene oxide (a) with

zoomed and lapped range of D- and G-band.(D).............ccccooiiiiiiiiiiiiis 62
Figure 24 TGA of GO and rGO from 300°C using N atmosphere and 10 min holding

at 100 °C (a) and IR spectra of GO and rGO..(R)........cceieieeiiiieiiiiiei e ee e 63
Figure 25 TEM images of rGO (a), carbon black (b) MWCNTSs (c) and HTC-C.(d)................ 65
Figure 26 BET isotherms of rGO, carbon black, MWCNTs and HIC-........cccccooevieeevvviiinnnnnnn. 67
Figure 27 XRD (a) and Raman (b) of rGO, C, MWCNTs and HTC-............ccoiieeeii e, 68
Figure 28 TGA of rGO, C, MWCNTs and HTC-C from 3®00°C using N atmosphere

and 10 min holding at 100 °C........coiiiiieiiee e e e e e et e e e e aeaanes 71
Figure 29 XP survey spectra of rGO, C, MWCNTs and HTC:........ccoooeeeiiiiiiiiiiien e, 72
Figure 30 XP spectra of rGO, C, MWCNTs and HTC-C. C1s high resolution spectra (a)

and O1s high resolution SPeCtra .fh).........cceeiieiiiiiiiiiieie e e 74
Figure 31 Scheme of the proposed carbon structures: Reduced graphene oxide (a), carbon

black (b), MWCNT (€) and HTC-C (d)......couuriiiiiiieeiieeeiee et 75

Figure 32 Electron microscopy of IT®@0: SEM image (a), TEM and HR-TEM of larger

ITO crystals at rGO edges (b), TEM images of distributed ITO nanoparticles on rGO

(c, d), ITO nanoparticle size distribution (e) and atomic lattice distances of ITO at

TGO SUFACE (F)eiiiieiiiie e e e e e e e e e e 77
Figure 33 Electron microscopy of FiGO: SEM image (a), TEM images of distributed

FTO nanoparticles on rGO (b, c), FTO nanoparticle size distribution (d) and atomic

[attiCe dIStANCES OF FTO (£)...ruuuuuruuuuuuurtnuuiinutiiittieeeieteaeetaeeeeeeeeeeeeebeesaeseebbbbbeeeeeeeesnnnnnnnes 78
Figure 34 XRD of ITO6GO with ICSD reference pattern (310929 (a) and FT@GO
with ICSD reference pattern IB0-9163 (b)2% 221 e 80

Figure 35 XPS of IT@GO and FTOdGO nanocomposites. Survey scan (a), In3d (b) and
Sn3d (c) scans of IT&@50; Survey scan (d), Sn3d (e) and F1s (f) scans ¢FT,0
C1s (g) and O1s (h) spectra of both nanocomposites (solid lines) and of pristine rGO

(dashed INEETM...... ...ttt 82
Figure 36 TEM images with Pt particle size distribution of Pt/rGO (a), Pt/C (b),
Pt/MWCNT (c), Pt/HTC-C (d) and Pt/C-commercial (€)u......ceevveeerireeiiiiiinieeeeeeeeiniinnnnn. 86

154



Figure 37 TEM images with Pt particle size distribution of platinum oGO (a) and

O e 1@ =1V o] o Lo ¢ ¢ (o) S 87
Figure 38 XRD of Pt catalysts in comparison with ICSD reference patteGti-0094

for Pt, 00001-0929 for IO and 98000:9163 for SNQ.P** 23 i 88
Figure 39 HR-TEM images of Pt/IT@GO with visualized atomic lattice distances of ITO

=TT N 90
Figure 40 HR-TEM images of Pt/FT@GO with visualized atomic lattice distances of FTO

Y000 [ = o 90
Figure 41 EDS mapping of PY/IT@O with elemental distribution of Sn, In and Pt (a) and

of Pt/FTO 6GO with elemental distribution of Sn, F and PE).........cccoovveieeceee 92
Figure 42 Cyclic voltammetry (a) and CO stripping voltammetry (b) of carbon-based Pt

o7z 1ez 1) VS] S It 0] ] o= 1T ) PO SRR 95
Figure 43 Cyclic voltammetry of carbon-based Pt catalysts after CO sarption...................... 96

Figure 44 ORR data of carbon-based Pt catalysts. Cathodic scans at different rotation speeds
with K-L and Tafel plots for Pt/rGO (a), Pt/C (b), PUMWCNT (c) and

[ VL @ToTo] 4ol s 1T ol =TI (o | TSP 98
Figure 45 Selected potential cycles during AST with inset of ECSA change for Pt/rGO (a),
Pt/C (b), P/MWCNT (c) and Pt/C-commercial (d)..........ccceeeeiiieeeiiieiiiieee e, 101

Figure 46 Comparison of cyclic and CO stripping voltammetry curves before and after AST
with insets of HQ/Q redox activities. Pt/rGO (a), Pt/C (b), PUMWCNT (c) and

PUC-COMMETCIAL (). eieeiiiiiiiiiiiiiiiiie e 103
Figure 47 Comparison of CV curves after CO sorption before and after AST. Pt/rGO (a),

Pt/C (b), P/MWCNT (c) and Pt/C-commercial (d)..........ccieeeiiieeeiiiiiiiie e, 105
Figure 48 Comparison of cathodic ORR scans at 1,600 rpm before and after AST with insets

of Tafel plots. Pt/rGO (a), Pt/C (b), PUMWCNT (c) and Pt/C-commercial.(d).............. 106

Figure 49 Cyclic and CO stripping voltammetry of Pt/HTC-C catalyst and ETC-
support in comparison (a). CV of Pt/HTC-C catalyst and HTC-C support after CO
SOTPTION (D) 110
Figure 50 ORR data of Pt/HTC-C catalyst and HTC-C support. Cathodic scans at
different rotation speeds with K-L and Tafel plots for Pt/HTC-C and at 1,600 rpm

10T I 1 U SUOUUPRPRSRR 111
Figure 51 Selected potential cycles during AST with inset of ECSA change for BY/HTC-

catalyst (a) and HTC-C support (0)...........ueeeiiieiiiiiiee e 112
Figure 52 Cyclic voltammetry of Pt/HTC-C catalyst and HTC-C support after CO sorption.

Comparison of curves before and after AST.........oooiiiii e, 113

Figure 53 Comparison of cyclic and CO stripping voltammetry curves before and after AST
with insets of HQ/Q redox activities for Pt/HTC-C (a) and comparison of cathodic
ORR scans at 1,600 rpm before and after AST with insets of Tafel plots for
7 8 I O @ { o) TP 114
Figure 54 Cyclic voltammetry and CO stripping voltammetry for Pt4BD catalyst and
ITO GO support (a) and for Pt/FT&O catalyst and FT@GO support (b) in
COIMIPATTSON. ...t 117

155



Figure 55 Cyclic voltammetry of PY/IT®&GO catalyst and IT@GO support as well as
Pt/FTO GO catalyst and FT@GO support after CO sorption..........ccccceeeeeeervvveennnnnnnn. 118
Figure 56 ORR data of Pt catalysts based on nanocomposites. Cathodic scans at different
rotation speeds with K-L and Tafel plots for Pt/IFGO and at 1,600 rpm for

ITO 6GO (a) and scans for P/FBGO and FTOGGO (D).......covviuvvireiiiieeeeiiiiiiiieeeeenn 119
Figure 57 Selected potential cycles during AST with inset of ECSA change for

Pt/ITO ¢GO (a) and ITOIGO (b) and for P/FT@GO (c) and FTQIGO (d).........eee...... 122
Figure 58 Comparison of cyclic and CO stripping voltammetry curves with insets of HQ/Q

redox activities before and after AST. Pt/IFGO (a) and PYFT@GO (b)........ccceevuvnneee. 123
Figure 59 Comparison of CV curves after CO sorption before and after AST. #8000

G I Lo I = V) o I (@ I () T 126
Figure 60 Comparison of cathodic ORR scans at 1,600 rpm with insets of Tafel plots before

and after AST. Pt/IT@GO (a) and PYFT@GO (D)......uuurrrunriniiiniiiiinnnninnnnenennnnnnnnnnnnnnns 127

Figure 61 IL-TEM images of Pt/rGO (a), Pt/FBHGO (b) and Pt/ ITGFGO (c) before and
after AST. Pt agglomeration marked with 1, Pt dissolution/ detachment/ migration

marked with 2 and metal oxide particles marked with.3............cccccoeei i, 129
Figure 62 Scheme of proposed degradation mechanisms for &0 () and

7] 1@ ¢ 1@ I (o) PSPPSR 134
Figure 63 BET isotherms of reduced graphene oxide in comparison to the precursor

Material Graphite..... ... oo e 148

Figure 64 Activation of Pt/C. Cyclic voltammetry with 100 cycles betweed 0405k e
at 500 mV$in N-sat. 0.1mol L'* HCIO4; increasing Pt signals in the hydrogen
range (i, ii) and in the oxygen range (iii, iv); at high potentials abovg,d NV
shrinking oxidative currents (a). IL-TEM images before and after CV.(D)................... 148

156



Tables

Table 1 CompariSon 0f PEMEC tyPB5.........cvitieeeeeeeeeeee et eeeee et ee e eeeeeaee e e eea e e e e, 9
Table 2 Requirements on Pt supports in PEMBECSE. 32 133 e, 22
Table 3 Applied methods to physically analyze Pt nanoparticle and support properties........ 40
Table 4 RDE preparation in dependence on the catalyst being.used............ccccccceieiiiiennnenns 49
Table 5 Summary of technical parameters for electrochemical investigation......................... 56
Table 6 Parameters from XRD and Raman analyses for graphite, GO dAtfrGQ................... 60
Table 7 Summarized physical parameters for rGO, C, MWCNTs and&1FEL......................... 69
Table 8 Summarized physical parameters foGGO and FTOGGO.P% %Y ..., 80
Table 9 Overview of Pt particle diameters from TEM and Pt contents on the supports
materials from ICP-ME20 M e 89
Table 10 Electrochemical parameters of carbon-based Pt ¢afaff8ts. ...........coooeeeevevvieeeean 100
Table 11 Change of electrochemical parameters during stress testing on carbon-based Pt
CaLAIYSEE B e, 107
Table 12 Electrochemical parameters of Pt catalysts based on nanocBfigdiites................ 120
Table 13 Change of electrochemical parameters due to stress testing on Pt catalysts based
0N NANOCOMPOSIESY 23] et 125

157



Publication List

Journal Publications

D. Schonvogel, H. Multhaupt, M. Nowotny, T. Woriescheck, P. Wagner, A. Dyck,
C. Agert, M. Wark,ChemSusCher2018 in preparation.

D. Schonvogel, J. Hilstede, P. Wagner, A. Dyck, C. Agert, M. WarE/ectrochem.
So0c.2018 165 F3373-F3382.

D. Schonvogel, J. Hilstede, P. Wagner, A. Dyck, C. Agert, M. WatlS Trans.
2017, 80 879-895.

D. Schonvogel, J. Hilstede, P. Wagner, I. Kruusenberg, K. Tammeveski, A. Dyck, C.
Agert, M. Wark,J. Electrochem. So2017, 164 F995-F1004.

Conference Contributions

V.

VI.

VII.

VIII.

D. Schonvogel, P. Wagner, A. Dyck, C. Agert, M. Wark, EMN Meetidignergy
Materials and Nanotechnology, Berlin, Germ20%8 Graphene-Based Platinum
Catalysts for PEM Fuel Cell ApplicatiGmal Presentation (Invited).

D. Schonvogel, J. Hillstede, P. Wagner, A. Dyck, C. Agert, M. Wark?E2S
Meeting, National Harbor, USR017, /nvestigation of Reduced Graphene Oxide with
F-Doped SnQ@ as Catalyst Support in Fuel C&ifal Presentation.

D. Schonvogel, J. Hulstede, M. Wark, P. Wagner, A. Dyck, C. Agert, 50. Jahrestreffen
Deutscher Katalytiker, Weimar, Germ&®o47, A Comparison Study to Pt
Nanoparticles on Carbon Supports as Electrocatalyst in Fyé?aséb.

D. Schonvogel, P. Wagner, A. Dyck, C. Agert, M. Wark, TNdlTrends in
Nanotechnology, Fribourg, SwitzerlaBdl1G Hybrids of Reduced Graphene Oxide
and Metal Oxides as Catalyst Support in Fue| OgdsPresentation.

D. Schonvogel, P. Wagner, A. Dyck, C. Agert, M. Wark, Graphene 2016, Genova,
Italy 2016 Graphene-Based Nanocomposites as Catalyst Support in High Temperature
PEM Fuel Cel[sPoster.



Publications and Contributions beyond PhD Work

X. M. Rastedt, V. Tullius, J. Busselmann, D. Schonvogel, P. Wagner, A. Bg&K,
Trans2017, 80 3-17.

XI. M. Rastedt, V. Tullius, J. Busselmann, D. Schonvogel, P. Wagner, A. DyekFza2
Meeting, National Harbor, USR017, Evaluation of HT-PEM Fuel Cells via Load
Cycling at High Current Densitieg@ral Presentation.

XIl. M. Rastedt, V. Tullius, J. Blsselmann, D. Schonvogel, P. Wagner, A. DyB%EZﬂ
Meeting, National Harbor, USR017, Evaluation of HT-PEM Fuel Cells via Start-
Stop CyclingOral Presentation.

XIII. D. Schonvogel, M. Rastedt, P. Wagner, M. Wark, A. DyEke/ Cel/2016 16 480-
489.

XIV.  D. SchonvogelM. Rastedf P. Wagner, M. Wark, A. Dyck, sEuropean PEFC & H
Forum, Lucerne, SwitzerlaD15 /mpact of Accelerated Stress Tests on High
Temperature PEMFC Degradati@bral Presentation.

XV. M. Rastedt, D. Schonvogel, P. Wagn&iC'S 7rans2014 64 741-753.

XVI.  C.Harms, D. Schonvogel, W. Germé!" Int. Conference on Polymer Batteries and
Fuel Cells, Ulm, Germar013 T7race Analysis of Metals in Process Waters of Fuel
Cells by ICPMS, Poster.



Danksagung

Im Nachfolgenden mdochte ich all denjenigen danken, die zu dieser Dissertation durch
Mitwirkung und Unterstiitzung beigetragen haben. Zu allererst danke ich Profi-Dr. M
chael Wark, der neben dem Erstellen des Erstgutachtens die wissenschaftliche Betreuung
der Arbeit Ubernahm. Fir regelmafige, fachliche Diskussionen nahm er sich stets Zeit
und hat diese Arbeit auch bei organisatorischen Fragen immer auf unkomplizierte Art
betreut. Ich danke auch Prof. Dr. Carsten Agert, der ebenfalls betreuend an dieser Arbeit
mitwirkte und immer Interesse an fachlicher Diskussion zeigte. Herrn Prof. Dr. Andreas

Friedrich danke ich fur die Ubernahme der Zweitbegutachtung.

Mein besonderer Dank gilt Peter Wagner fur die Begleitung dieser Arbeit in Form des
stetigen, fachlichen Austauschs sowie Julia Hilstede fir ihre grol3artige Unterstitzung
im Labor. Auch méchte ich allen Kollegen beim DLR-Institut fir Vernetzte Energi
systeme (ehemals NEXT ENERGY) fur die hilfsbereite und freundschaftliche-Zusa
menarbeit danken. Fur die Unterstlitzung auf verschiedenste Art und Weise méchte ich
mich insbesondere bei Dr. Fang Liu, Khrystyna Yezerska, Dr. Maren Rastedt, Dr.

Lidiya Komsiyska und Dr. Dereje Taffa bedanken.

Weiterhin danke ich der Arbeitsgruppe Tammeveski von der Universitat Tartu fur die
sehr gute Kooperation im Rahmen meines Forschungsaufenthalts in Estland. Fir die
Moglichkeit der Geratenutzungen mochte ich den Arbeitsgruppen Wark, Qzaslan
Wittstock undAl-Shamery danken. AuRerdem danke ich dem Bundesministerium fir
Wirtschaft und Energie sowie dem Bundesministerium fur Bildung und Forschung fir
die Forderung dieser Arbeit innerhalb der Projekte QUALIFIX (O3ET6046A) &Ad N
Tonia (01DS16011A

AbschlieRend gilt das allergrof3te Dankeschon meinem Mann Christian fir den bedi
gungslosen Ruckhalt wahrend der gesamten Zeit sowie meiner Familie und meinen

Freunden fir ihre Unterstitzung in jeglicher Art.



Erklarung

Hiermit erklare ich, Dana Schonvogel, geb. 13.05.1987 in Varel, dass ich dieibissertat
on selbstdndig verfasst und nur die angegebenen Hilfsmittel benutzt habe.ebie vorli
gende Arbeit wurde in Teilen bereits veroffentlicht. Eine Publikationsliste ist der Disse
tation beigefugt. Ich erklare, dass die Dissertation weder in ihrer Gesamtheit noch in
Teilen einer anderen wissenschaftlichen Hochschule zur Begutachtung in enem Pr
motionsverfahren vorliegt bzw. vorlag. Hiermit erklare ich, dass mir die Leitlinien guter
wissenschatftlicher Praxis der Carl von Ossietzky Universitat Oldenburg bekannt sind
und von mir befolgt wurden. Weiterhin erklare ich, dass im Zusammenhang mit dem
Promotionsvorhaben keine kommerzielle Vermittlungs- oder Beratungsdienste-(Prom

tionsberatung) in Anspruch genommen worden sind.

Oldenburg, den

(Dana Schonvogel)



