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Abstract

The transition in energy matrix, from fossil to renewable energy sources, will require the
utilization of grid levelling alternatives to cope with the intermittent characteristic of renewable en-
ergy. Advanced electrochemical energy conversion and storage devices, ranging from batteries to
fuel cells, play a crucial role in that process. Many of these electrochemical devices are based on the
oxidation and reduction reactions of oxygen and water respectively, compounds that can conveniently
be taken from air/moisturized air and released to the environment. However, the sluggish kinetics of
the oxygen reactions at current electrode materials require the synthesis and study of more efficient

and stable electrocatalysts and catalyst layers made thereof.

This thesis focuses on combined drop-on-demand inkjet printing coupled with pulsed
light sintering for the fabrication of catalyst layers containing advanced electrocatalyst materials.
Inkjet printing allowed the precise control of the material loading inside the catalyst layers and the
pulsed light-induced post-processing enabled rapid drying and even material functionalization, such
as changing the oxidation state of the metal oxide-based catalyst for improved electrochemical per-
formance. The electrocatalysts were in particular studied for their activity and stability towards the

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER).

First, an ink with an advanced non-precious metal-based catalyst, nitrogen-doped re-
duced graphene oxide supported cobalt oxide nanoparticles (i.e., Co304/N-rGO), was prepared and
inkjet printed in form of a catalyst layer on large glassy carbon electrodes. The application of the
flash lamp reduced in a rapid, non-equilibrium thermal process, the oxidation state of cobalt within a

short high intensity light pulse and modified the catalytic properties for the ORR. The electrocatalyst



Abstract

properties are discussed in detail in Chapter III and compared with catalyst layers that were prepared

by using equilibrium thermal processing in a furnace.

In Chapter IV, the application of inkjet printing and flash light processing for the syn-
thesis of nanoparticles from printed dissolved metal precursors is presented. This concept was re-
cently introduced as "Print-Light-Synthesis" and was herein applied to fabricate Pt nanostructures on
glassy carbon substrates. The process is based on the light-induced thermal decomposition of the Pt
precursor. It represents a promising, low material consumption process and highly controllable alter-

native to standard wet chemical synthesis of nanoparticles in reactors.

Based on Print-Light-Synthesis, Chapter V describes the development of mixed NiFe
nano-composites with well-defined material ratios and loadings in the corresponding inks. Catalyst
layers of the composites were fabricated as OER electrocatalysts. A support layer of carbon-nano-
tubes was used as "light-to-heat-absorber" and alcohols in the ink as reducing agents for the efficient

decomposition of the chloride-based Ni and Fe precursors.

The last section of this thesis presents future perspectives of the current work. The
possibilities in which this research can engender will be discussed. Focus will be drawn to possible
industrial applications of the proposed and developed techniques presented in this thesis. Mainly it is
demonstrated the possibility of having, through the combination of inkjet printing and flash light
processing as two state-of-art techniques the possibility of fabricating in an easily-up scalable way
catalyst layers for implementation in a wide range of electrochemical energy conversion and storage

devices.

Keywords : Inkjet printing, Print-Light-Synthesis, oxygen reduction reaction, oxygen evolution

reaction, electrocatalyst.
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Résumeé

La transition énergétique des énergies fossiles vers les énergies renouvelables nécessitera
I’utilisation d’alternatives de nivellement du réseau énergétique pour faire face au caractére intermit-
tent des productions d’énergie renouvelable. Dans ces dispositifs de nivellement du réseau énergé-
tique, les systémes avancés de conversion d’énergie ou de stockage électrochimique, des batteries
aux piles a combustibles, jouent un réle important. Beaucoup de ces dispositifs sont basés sur 1’oxy-
dation et la réduction d’oxygeéne et de eau, un composé qui peut étre pris dans 1’air et rejeté dans
I’environnement. Cependant, la cinétique lente de ces réactions d’oxygene sur les matériaux d’élec-
trodes actuels nécessite la synthese et I’étude d’électrocatalyseurs et de couches de catalyseurs réali-

Sés avec ces matériaux.

Cette these se focalise sur 1’utilisation combinée de I’impression jet d’encre et du frittage
par pulsations pour la fabrication de couches de catalyseurs contenant des matériaux électroctalyseurs
avancés. L’impression jet d’encre permet le controle précis de la charge du matériel a I’intérieur des
couches de catalyseurs et le post-traitement par 1’utilisation de lumiére pulsée permet un séchage
rapide et méme une fonctionnalisation des matériaux, telle que modifier le degré d’oxydation de mé-
taux pour améliorer leur performance électrochimique. Les électrocatalyseurs ont en particulier été
¢tudiés pour leur activité et leur stabilité en vue des réactions de réduction d’oxygene (RRO) et d’évo-

lution d’oxygene (REO).

Premiérement, une encre avec un catalyseur métallique avancé, basé¢ sur un métal non pré-
cieux, c’est-a-dire les nanoparticules d’oxyde de cobalt supportées par 1’oxyde du graphéne réduit

dopé a I’azote (Co304/N-rGO), a été préparée et imprimé par jet d’encre sous la forme d’une couche

xii



Résumé

de catalyseur sous la forme d'une couche de catalyseur sur de grandes électrodes de carbone vitreux.
L'application de la lumiére pulsée a réduit, dans un processus rapide et donc thermique non-équilibré,
le degré d'oxydation du cobalt au cours d'une impulsion lumineuse de forte intensité et a modifié¢ ses
propriétés catalytiques pour les RRO. Les propriétés d’¢électrocatalyseur sont détaillées dans le Cha-
pitre III et la comparaison est faite avec les couches de catalyseurs qui ont été préparées dans le four

en utilisant un processus thermique équilibré dans le four.

Dans le Chapitre IV, I’application de I’impression jet d’encre et du traitement par la lumicre
pulsée pour la synthése des nanoparticules a partir des précurseurs métalliques dissous et imprimés,
est présentée. Ce concept a été introduit récemment comme "Print-Light-Synthesis" a été appliqué ici
pour fabriquer des nanostructures de platine sur un substrat de carbone vitreux. Le procédé est basé
sur la décomposition thermique du précurseur de platine par la lumicére. Il représente une alternative
intéressante a la synthése chimique de nanoparticules par réactions standards en phase liquide dans

des réacteurs.

Basé sur le concept « Print-Light-Synthesis », le Chapitre V décrit le développement des
nano-composites de NiFe avec les ratios et la charge des matériaux bien définis dans les encres cor-
respondantes fabriquées sous forme de catalyseurs REO. Une couche de support de nanotubes de
carbone sur du carbone vitreux a été utilisée comme un absorbeur de lumiére-en-chaleur et des alcools

dans I’encre ont servi d’agents réducteurs pour les précurseurs de Ni et Fe a base de chlorure.

La derniére section de cette theése présente les perspectives futures de ce travail en cours. Les
possibilités dans lesquelles cette recherche peut engendrer sont discutées. L'accent est mis sur les
applications industrielles possibles des techniques développées et présentées dans cette thése. Cela
est principalement démontré par la combinaison de I’impression a jet d’encre et du traitement a la

lumiére pulsée comme deux techniques de pointe, la possibilité de fabriquer des couches de catalyseur

xiil



Résumé

d’une maniére facilement évolutive pour une mise en ceuvre dans une large gamme de dispositifs de

conversion et de stockage d’énergie ¢électrochimiques.

Mots-clés: Impression jet d’encre, Print-Light-Synthesis, réaction de réduction d’oxygene et

d’évolution d’oxygene, électrocatalyseur.
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2D Two dimensions

3D Three dimensions

AFC Alkaline fuel cell

CA Chronoamperometry

CE Counter electrode

CL Catalyst layer

CNT Carbon nanotubes
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DMFC Direct methanol fuel cell
DOD Drop-on-demand
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EDX Energy-dispersive X-ray
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EIS Electrochemical Impedance Spectroscopy
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ETD Everhart-Thornley detector
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GC Glassy Carbon
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IPA Isopropanol

ITO Indium Tin Oxide
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N-rGO Nitrogen doped reduced graphene oxide
OER Oxygen evolution reaction

ORR Oxygen reduction reaction

PAFC Phosphoric acid fuel cell

PEMFC Proton-exchange membrane fuel cell/Po-

lymer electrolyte membrane fuel cell

PET Polyethylene terephthalate
PLS Print-Light-Synthesis
PVP Polyvinylpyrrolidone
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RHE Reversible hydrogen electrode

SECM Scanning Electrochemical Microscopy
SEM Scanning electron microscopy
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TGA Thermogravimetric analysis

uv Ultraviolet

WE Work electrode

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction spectroscopy
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SOFC Solid Oxide Fuel Cell
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List of symbols

List of symbols

Symbol Symbol meaning Unit
A Area cm?

c Concentration mol-m
D Diffusion coefficient m?s!
F Faraday constant C

i Current A

n Number of electrons None
R Ohmic resistance Q

Yo, Density g-cm’
d Diameter m

y Surface tension N-m™!
v Velocity m-s!
n Viscosity Pas
eV Electron volt eV

E Potential v

E° Standard potential of an electrode \Y%

or a couple
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List of symbols

AG

Jk

Gibbs free energy change in a

chemical process

Current density

Diffusion-limited current density

Kinematic viscosity

kJ, kJ/mol

A/cm?

A/cm?

Pa-s
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Chapter 1 Introduction

1.1  Therole of electrochemical energy storage and conversion devices in

the current and future power grids

Due to the global increase in energy consumption and higher environmental awareness,
cleaner sources of energy, such as wind and solar, in the power grid composition has been gaining
importance.! However, the renewable technologies still have the down side of intermittent energy
generation.? The challenge of levelling the grid, variable fed with intermittent sources, can be ad-
dressed by developing smart grids with a clean energy power system.’> Among the various possibili-
ties of energy storage, flywheel storage,* compressed air storage,” pumped storage,® battery storage,’
supercapacitor storage® and hydrogen storage *!° are the most discussed ones. Harnessing energy
from renewable sources and accumulating it in electrical energy storage systems for electrical power
supply have been widely considered as being the one of optimal solutions for future smart power grid

systems.!!

Germany has made much progress in the integration of renewable energy sources. It can be
taken as an example of the future energy mix in many countries. As a matter of fact, the German
electricity grid cannot be totally compared with Switzerland one. As Switzerland lacks a seacoast for
extensive wind turbines installations, but the electricity market is internationally connected and both
countries decided to shut down all their nuclear power plants: Germany by 2022 and Switzerland by
2034!2, Furthermore, the energy production and consumption are well documented in Germany and
made public. The contribution of renewable energy sources, such as wind and sun, can clearly be seen
in Figure 1-1, which shows the German energy mix during the month of March 2019, and its effects

and requirements are briefly introduced in the following text.
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Figure 1-1. Energy production based on different sources in Germany in March 2019. Source: Fraunhofer!?.

Power plants based on hydropower, nuclear power, biomass, and brown coal, for instance,
can be considered as steady energy producers in the time domain of one month, while other forms of
electricity generation, some based on their availability, others on the suitability, such as wind, solar,
hard coal and gas, show variations on a daily or even hourly basis. The reasons for these variations
are distinct. For wind and solar energy, the production oscillation is mainly due to weather conditions,
while for hard coal and gas energy production the fluctuation is intentional, as they are used to control
the total amount of energy produced in the day by adjusting the production to the consumption. Con-
sidering these facts, two lines can be traced to explain this behavior in the electricity generation in
Germany. The first point to be considered is related to the flexibility of the technologies deployed.
The generation of energy must be able to supply enough electricity as needed by the consumers as
well as respond in the adequate time frame to variations in demand. Considering, on the one hand,
nuclear power plant electricity generation (red in Figure 1-1), it is challenging to fast tune the energy
generation to supply the needs of an individual day or particular situation. On the other hand, the

absence of wind in one specific day requires alternative energy sources to compensate for it. For
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instance, rapid reactivity and flexibility are essential to keep the energy supply constant and predict-

able even with intermittent energy sources.

Taking fuel cells as an example a succinct market analysis is present in Table 1-1 and Table
1-2. From the data set, that comprehends the worldwide market of fuel cells, it is possible to analyse
the fact that, in the last 5 years, the number of units installed per year has doubled for stationary
applications while quadrupled for transport. Moreover, the installed capacity (in Megawatts) has dou-
bled for stationary applications while in transport it has increased by 10 times. Such data supports the
growing interest in fuel cell development and application. Moreover, it is demonstrated that the fuel

cell technology is becoming more available and more powerful.

Table 1-1. Fuel cell market for stationary, transport and portable applications. Overview of installed units and Megawatts per year.'*

Year Stationary Transport Portable
10? units Megawatts 10? units Megawatts 10? units Megawatts
2012 24.1 124.9 2.7 41.3 18.9 0.5
2013 51.8 186.9 2.0 28.1 13.0 0.4
2014 39.5 147.8 2.9 37.2 21.2 0.4
2015 47.0 183.6 5.2 113.6 8.7 0.9
2016 51.8 209.0 7.2 307.2 4.2 0.3
2017 55.7 213.5 12.0 455.7 4.9 0.5

The two leading fuel cell technologies in terms of installed capacity are the proton exchange
membrane fuel cell (PEMFC) and the solid oxide fuel cell (SOFC). Other technologies, such as the

direct methanol fuel cell (DMFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell
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(MCFC) and alkaline fuel cell (AFC) are compiled under “other technologies”. In Table 1-2, a sum-
mary of the units sold and installed capacity per year is presented. It is possible to analyse two distinct
scenarios. First, even though the number of PEMFC units installed has been kept roughly constant,
the capacity installed has increased almost by 10 times. However, while SOFC units installed in-
creased by 10 times in 5 years, the installed capacity has only tripled. Such distinct increase in capac-
ity of PEMFCs in comparison to SOFCs indicates a bigger market interest in the PEMFCs and the
energy requirement for the technology. Moreover, the rapid increase in PEMFCs energy per unit is

seen as well.

Table 1-2 Leading technologies in fuel cell market data.'* Installed units and Megawatts per year.

Year PEMFC SOFC Other technologies
103 units  Megawatts | 103 units  Megawatts | 10° units = Megawatts
2012 40.4 68.3 2.3 26.9 3.0 71.5
2013 58.7 68 5.5 47.0 2.6 100.4
2014 58.4 72.7 2.7 38.2 2.5 74.5
2015 53.5 151.8 5.2 533 2.2 93.0
2016 44.5 341.0 16.2 62.9 2.5 112.6
2017 45.5 486.8 24 76.4 3.1 106.5

1.2 Electrochemical energy storage/conversion based on oxygen evolu-
tion and reduction half-cell reactions
In this work, the focus was made on electrochemical energy storage and conversion devices
based on oxygen half-cell reactions, including fuel cells, electrolyzers and metal-air batteries. The
basic structure of a PEMFC is shown schematically in Figure 1-2 (a). In a typical arrangement, the

fuel (e.g. H») fed to the anode while the oxidant (e.g. O2) is fed to the cathode. The chemical reaction
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at the electrodes (oxidation of the fuel and reduction of the oxidant) is the source of electrons in the
electric circuit connecting the anode and cathode. On the contrary a PEM electrolyzer (Figure 1-2
(b)) utilizes electrical energy to drive the chemical reaction (e.g. decomposition of the electrolyte in
H> and O3). Finally, the third device for energy storage considered in this discussion are the metal-air
battery (Figure 1-3 (¢)). All these devices have in common the oxygen reaction in one half cell, either
oxygen reduction (i.e. fuel cells and metal-air batteries) or oxygen evolution (i.e. electrolyzer). A

deeper discussion in the oxygen reduction reaction will be presented further in this chapter.

Considering grid levelling applications, reversible fuel cells (switching between fuel cell and
electrolyzer mode), or fuel cell in tandem with an electrolyzer are an interesting alternative to trans-
form electricity into chemical energy or vice versa. However, from the three examples, secondary
batteries are the most commonly used grid levelling device. Different types of batteries were devel-
oped throughout the years, from the lead-acid battery, which was first described by Gaston Panté in

1859'°, to recent redox flow battery!'®.

—, — —
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Fuel inlet @ l Air inlet 0, outlet & l H, outlet e l and water outlet
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Polymer Electrolyte Membrane

Polymer Electrolyte Membrane Electrolyte

Figure 1-2 Schematic representation of a) a polymer electrolyte membrane (PEM) fuel cell, b) PEM electrolyzer and c) a metal air
battery (discharging).

In addition, with metal-air batteries, for instance the Li air battery (Figure 1-2 (¢)), electricity
is generated through a redox reaction between a metal and oxygen in air. The metal is the anode, thus
being oxidized and releasing electrons to the external circuit during discharging. In the other half of

the electrochemical cell, air diffuses to the cathode where O is reduced to oxygen containing species,
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such as Li»O,!7. Several advantages of metal air batteries are related to the operation conditions. As
the metal-air battery is operated with air, the need to have a second electrolyte, in case of redox flow
batteries the electrolyte would have to be stored in a tank, is suppressed by the simple fact that air is

abundant, and then a compressor would be enough to supply it.

The reaction occurring in the cathode of a PEMFC is the oxygen reduction reaction (ORR),
where Oz is to H2O (Eq. 1) in aqueous systems. In PEM electrolyzer Oz is generated through the
electrochemical oxidation of H>O (Eq. 2). This reaction is known as the oxygen evolution reaction

(OER).

4H*+ 0,+4e” - 2H,0 (Ei=1.229V) (1)

2H,0 - 4H" 4+ 0, +4e (Ei=1.229V) 2)

For both reactions, electrocatalysts are required to overcome the sluggish kinetics of the

ORR!'® and OER". Considering state-of-the-art electrocatalysts, 0.3 V and 0.25 V overpotential are
present for the ORR and OER, respectively.?? This accounts for losses in energy conversion effi-

ciency, decreasing the power density of the devices that employ this technology.

To better understand the origins of this overpotential and ways to overcome it, first one must
look at the reaction mechanisms: The mechanisms for ORR and OER are not as simple as Eq. 1 and
Eq 2 indicate. Various intermediate steps can take place on different routes to transfer the four elec-
trons. Depending on the catalyst and electrolyte, the pathways the reaction may take could vary. The
current understanding and propositions of the ORR and OER are discussed in the further sections

with a closer view on state-of-the-art and alternative catalyst materials.
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1.3 Oxygen reduction reaction catalysts

The ORR is a multi-electron reaction with two main competing pathways, which are a direct
4-electron reduction of Oz to H2O and the 2-electron pathway that generates H>O> as a product or
intermediate.?! Figure 1-3 shows a general simplified scheme for ORR pathways according to

Wroblowa.??

Hzoz(aq)
k,

, 7 NG

|4 k, \
— k
02 (a;> ()2(&(1)F Hzoz(ad) — HzO(aQ)

ki

Figure 1-3 Proposed oxygen reduction pathways on noble metals. "ad" indicates adsorbed species, while "aq" indicates solvated species

in water.

The 4-electron pathway (reaction k1) is more interesting due to highest energy efficiency,
where 4-electrons are extracted from each adsorbed O2 molecule. However, the 2-electron pathway
can occur (reactions k> and k3), or intermediate reactions with combinations of the 2 and 4 electron
pathways (reactions k> + k3). Moreover, it is possible to have the catalytic decomposition of H>O> to
O (reaction k4) and finally the desorption of H>O; from the electrode (reaction ks). Intermediate

reactions, expect reaction k1, are extremely relevant factors regarding catalyst stability, since not only
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the 2-electron pathway will achieve half of the energy efficiency but also the generation of H>O; can
cause catalyst and catalyst layer degradation. Specially the formation of radical species which degrade
the polymer on the catalyst layer.?> A vast literature is available on the detrimental effects of H,O: to
catalyst particles, and catalyst layer components such as binder (i.e. Nafion) and catalyst support (i.e.
carbon black).2*?° The ORR generally passes through a series of intermediate species that are ad-
sorbed at the active sites on the electrode surface (active sites are represented as * in Table 1-3).
Recently, a 3-electron reduction pathway had been reported, which resulted in the concurrent for-
mation of OH*(aq) *°. The authors reported that such pathway is exclusive to the Pt surfaces and it is
an unexpected process, despite the OH*(aq) production to be envisaged during ORR in the Ha-
ber—Weiss reaction. However, such mechanism could be a consequence of their experimental condi-
tions. This may suggest that more efficient radicals are produced in the diffusion layer between the
microelectrode tip and the sample rather than on the electrode surface, and that only a small fraction
of the produced reactive oxygen species reach the surface.

Table 1-3. Three possible mechanisms for oxygen reduction reaction on Pt (111) surface. Adapted from Nilekar et al.3!. Mechanism

obtained by DFT calculations. Species that are adsorbed at the active sites on the electrode surface are represented as *.

3. Hydrogen peroxide dissocia-
1. Oxygen dissociation 2. Peroxyl dissociation
tion

0; ++— 0;(3)

0} 4+ x—> 0"+ 0" (4) 0, + H* + e~ > OOH"* (5)

OOH” + x > 0" + OH*(7) OOH* + H* + e~ - H,0; (6)

0" +H* +e~ > OH* (9) H,0; — OH* + OH* (8)

OH*+ H* 4+ e~ -» H,0 + % (10)
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It is important to point out that many discussions in order to elucidate the ORR are based on
Density Functional Theory (DFT) calculations®2. According to Nilekar ef al.?!, the ORR can possibly
be explained by three mechanisms, as presented in Table 1-3. Each mechanism relies, fundamentally,
on an O-O bond scission step and a series of protonation steps. The main difference among the three
mechanisms of Table 1-3 lies in the O-O" bond cleavage step. In the oxygen dissociation mechanism,
the O-O" bond scission step is only preceded by the O, adsorption on the surface. In the peroxyl
mechanisms, the O-O" bond scission occurs through the dissociation of O-OH" into O* and OH" con-
secutive to a preceding O3 protonation step. Finally, in the hydrogen peroxide dissociation mecha-
nism, O-OH" is further protonated to form H>O, and then the scission of the O-O bond occurs to form

two adsorbed OH".

Generally, the mechanism depends on the presence of a catalyst that allows the intermediate
steps to occur. Therefore, one of the main challenges for the ORR is to overcome the overpotential
applied to surpass the kinetics of the intermediate steps. Norskov ez al.?* discussed this intermediates
stabilization as the origin of the overpotential for the ORR reaction. The overpotential was shown to
be linked directly to the proton transfer to the absorbed oxygen or hydroxide, being strongly bonded
to the surface of the electrocatalyst at the electrode potential where the overall cathode reaction is at
equilibrium. Presented in Figure 1-4 is a diagram of the effects of overpotential to modulate the free
energy AG in order to facilitate the intermediate steps of the ORR. For instance, at the equilibrium
potential in the exemplary case of Pt3Y (1.23 V vs RHE), AG: (Eq. 5) and AG4 (Eq. 10) are positive,
indicating the non-spontaneous path for the reaction. To compensate the activation energy required
to drive the ORR downhill in energy an overpotential is added. However, at -0.42 V of overpotential,

all the intermediate steps of the ORR have a negative AG.
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Figure 1-4 Theoretical free energy diagram for Pt3Y(111) with 25% Y in the subsurface layer data obtained from DFT calculation.

Original citation 3 — Published by The Royal Society of Chemistry.

Such analysis was confirmed by the work of Hansen ez al.?°, in which the limiting step, on
the basis of thermodynamic analysis, is the reduction of OH" to H>O (Eq. 10). Therefore, one way to
compensate this limitation is to weaken the binding energy of O" or OH". However, from the kinetic
point of view, the bottleneck of the ORR is the first electron transfer reaction (AG1), as seen in Figure

1-4, due to the highest activation energy from all the intermediate reactions of the ORR.

The activity of a material towards the ORR can be presented as a volcano plot, where the
relative activity enhancement is plotted against the hydroxyl binding energy (Figure 1-5), as well as
the required overpotential to all intermediate reactions to have negative free energy. By analysing the
volcano plot, it is possible to identify the following regions: The top of the volcano represents the
theoretically most active catalyst relative to Pt (111). Catalysts on the left side of the thermodynamic

plot have as limiting step the reduction of OH" to H,O, while on the right leg the activation of O as
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OOH" is limited. In the kinetic model, the first electron transfer reaction for the reduction of O, is

discussed as the rate limiting step.3*

For instance, as demonstrated by Stephens et al.,** the most active catalyst for the ORR
reaction should exhibit a slightly weaker binding energy than Pt to some of the intermediates, such
as O", HO" and HOO". Moreover, recent studies focused on optimizing the size, shape and composi-
tion of nanoparticles to increase further the catalytic activity.>® Multiple compositions have been
tested, such as Pt3Ni (111), Pt3Ti, Pt/Pd (111) and the overall activity can be seen in Figure 1-5. The
dashed lines represent the theoretical boundaries that determine the step in which the overpotential is
originated, while the red line represents different near-surface alloys for Cu/Pt(111). In this scenario,
Pt3Ni (111) presents the highest activity compared to Pt, while Pt3Ti and Pt/Pd (111) present similar
activity. However, the overpotential origin is defined in different steps in the ORR for Pt3Ti it is AG

while for Pt/Pd it is AG4.%”
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Figure 1-5 Examples of simulated volcano plots extracted from literature. Diagram of activity enhancement and overpotential versus

oxygen binding energy. From Stephens et al.>* Published by The Royal Society of Chemistry.
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The main characterization tools for understanding the 4-electron reaction pathway are based
on the determination of the Gibbs energy for all the steps of the ORR (Figure 1-4). The relation of
different binding energies to each limiting step, and the overpotential, is presented in each side of the
volcano. Therefore, it is possible to compare different materials, for example: Pt alloys such as Pt; Y
and Pt3Ni (111). Pt3Y has the overpotential determined by the AG4, while Pt3Ni (111) has the over-
potential determined by AG:. Finally, having the overpotential and coverage relationship, it is possi-
ble to understand which species are predominating at the electrode surface at a given potential and
predict, based on the reaction pathway, how the reaction will proceed. Moreover, it is possible to
determine the Tafel plot for the reaction. For instance, in the work of Hansen3, it was determined,
through DFT calculations for Pt (111), that between potentials 0.75 and 0.95 V vs RHE the Tafel
slope is of 59 mV/dec, while for potentials above 0.95 V vs RHE the Tafel slope decreases to 30
mV/dec. Such variation is due to the change in the predominant species adsorbed on the surface of Pt
(111). At potentials above 0.95 V vs RHE, the surface coverage is dominated by O". At potentials
between 0.95 and 0.75 V vs RHE, the surface coverage is mainly of OH", and at potentials below 0.75

V vs RHE most surface sites are free.

Finally, one more point of discussion is the influence of the pH and solvent on the pathway
(Table 1-4). Depending on the pH of the electrolyte the ORR will proceed to a different pathway.
For instance, in alkaline aqueous solutions, the reaction pathway will follow Eq. 11 — 13, while in
acid aqueous solution Eq. 14 — 16, and in aprotic solvents the reaction will follow the pathway pre-

sented in Eq. 17.
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Table 1-4. Process of the ORR under different reaction conditions. Adapted from Zhang et al. 3

Reaction Condition Reaction Potential
vV VSs.
SHE)
Alkaline aqueous solution O,+ H,0 + 4e~ - 40H (11) 0.401
0,+ H,0 + 2e~ - HO, + OH™ (12) -0.065
HO; +H,0+ 2e~ - 30H™ (13) 0.897
Acidic aqueous O, + 4H* + 4e~ - 2H,0 (14) 1.229
solution 0,+ 2H" + 2e¢~ - H,0, (15) 0.700
H,0,+ 2H* + 2e~ - 2H,0 (16) 1.760
Aprotic solvent 0,+2e” - 20% (17)

Moreover, according to Fang et al.*, it can be inferred that, for the ORR at Pt(111) in solu-
tions with pH between 1 and 13, the reaction pathway followed will not interfere in the kinetic and
kinetic-mass transport mixed-control regions for ORR. The ORR will be located in the same potential
region for Eq. 13 and 16 and both ORR and OH* adsorption/desorption display similar pH independ-

ence.

1.3.1 ORR at platinum group metals

The most common and studied materials for the ORR are mainly noble metal particles, es-
pecially platinum.?® At the current stage, Pt and Pt-alloys are the most practical catalysts used for the
ORR. Despite the discussions presented above been obtained from Pt based systems the exact mech-
anisms of the ORR are still under debate*’. Moreover, the limited availability (concentration of 5 ppb
in Earth's crust*!) of platinum and it's high cost of 27.83 USD per gram (price consulted in
06.05.2019*?), lead to many efforts been done to reduce the platinum loading while increasing the Pt
utilization*’. For instance, early fuel cell vehicles contained 100 g of platinum for a 90 kW fuel cell,
which was already reduced to 30 g per vehicle*. In order to keep the power density of the devices

and yet reduce the amount of Pt utilized, Pt nanoparticles are usually supported on carbonaceous
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materials, such as carbon black, carbon nanotubes (CNTs) and, more recently, graphene. This sym-

biosis allows high-catalyst surface areas at low-catalyst loadings.

However, at the down side, carbon supported catalysts are susceptible to catalyst particle
agglomeration.?® Another major drawback of high-performance, low-loaded electrodes resides in the
thermodynamic instability of carbon under PEMFC cathode conditions. Above 0.207 V vs NHE car-
bon can be oxidized to carbon dioxide following reactions (Eq. 18 and Eq. 20) or oxidized to carbon
monoxide (Eq. 19).2° The oxidation of the carbon support — generally referred to as carbon corrosion
— can lead to a performance decrease due to accelerated loss of active surface area and alteration of

pore morphology and pore surface characteristics.?

C+2H,0 > CO,+4H +4 e~ (18)
C+ H,0 -CO+ 2H 42 e~ (19)
CO +H,0 »CO,+ 2 H* + 2e~ (20)

At typical operating conditions (e.g. temperature of 80 °C and current density of 1A/cm?) of a
PEMFC,* carbon is susceptible to corrosion. In general terms, it is postulated that a Pt nanoparticle
catalyzes the support corrosion by the transfer of O and/or OH radicals to the carbon, generating COx.
Likewise, been a parasitic reaction, carbon corrosion in the nanoparticle support increases the elec-
trode resistance, leading to a decrease in the efficiency of the device, and a higher overpotential will
be required to achieve the same values of current. Different attempts have been employed to reduce

carbon support corrosion specially at high overpotentials.*¢->!As standard practice, either the carbon
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black support is modified or substituted to nanostructured thin film catalysts (NSTF), or highly graph-
itised carbon blacks. In addition, alternative supports e.g. metal oxides, borides or carbides can be

used. 32 Graphitised carbon blacks have been used to reduce carbon corrosion.>? >3

A second strategy to decrease the total amount of Pt in a fuel cell is the utilization of alloys®*. A major
advantage of alloys over their corresponding pure metal counterparts is their broad range of compo-
sition and adjustable properties®. In the case of Pt alloys, a less noble metal would be unstable at the
surface under certain operating conditions (i.e. extreme pH). However, it has been demonstrated that,
for instance, Cu/Pt(111) near-surface alloys are able to achieve a higher position in the volcano plot
than pure Pt (Figure 1-5).34°% Such performance is attributed to the surface reactivity tuning. It is
possible to change the interatomic distance of Pt atoms forming a monolayer over a Cu surface, af-
fecting the stabilization of the adsorbed species in the Pt surface. Such changes will allow the shift of
the overpotential coming from either AG1 or AGs, leading to a compromise between them to achieve

a lower overpotential for the ORR. %’

Therefore, it is possible to tune finely the composition of nanoparticles in order to improve the cata-
Iytic activity.’® Peng er al.>® presented a comprehensive study of the platinum-based nanoparticle
properties such as shape, alloy composition, and nanostructure. The variation of these parameters will
influence the overall surface area ratio, as well as the dependency of the binding strength between Pt
atoms and adsorbed species®®. However, platinum based catalysts for the ORR suffer from a limited

durability, e.g. by Pt dissolution during operation.®

More recent works approach the use of platinum-based core-shell particles. These particles can be
synthesized with different materials such as Pt@Cu,®! Pt@Fe>03,%? Pd@Pt.®* According to Oezaslan
et al.® the Pt shell thickness is a key parameter for controlling the activity of core-shell nanocatalysts.

Strong ORR activity enhancements were specially observed for Pt shells of single to few atomic
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layers. Stability, on the other hand, is a more complex subject since it does not only depend on the

thickness of the shell layer and core size, but on the interaction of this particle with the support.®*

1.3.2 ORR at non-precious, low cost catalyst materials

Catalyst materials based on non-precious oxidized metals, such as cobalt (e.g. cobalt oxides,
cobalt sulfides, cobalt corroles and other cobalt compounds), are known since decades®® to show ac-
tivity towards the ORR.%>%¢ Other non-noble catalyst materials, besides cobalt-based, are normally
carbon-supported transition metals®’. Within the transition metals used, the most commons are Fe,%®
C0,% Ni’? and Cu.”! Recent works in the field describe CoO’? and MnO>? as alternatives to platinum
as well as N-doped carbonaceous nanomaterials, such as carbon nanotubes,’* graphene’® and graph-
ite.”® Finally, another group of nom-precious oxidized metals worth mentioning is the nitrogen coor-
dinated metal inserted on a carbon matrix (M-N-C), with catalyst materials such the Dodelet’” type

Fe-N-C and FeCo-N-C.”8

Co304 adopts a normal spinel structure, with Co?" ions in tetrahedral interstices and Co**
ions in octahedral interstices, in which the peculiar crystal structure enables a readily accessible
Co0304 and provides high environmental stability.” However, this material usually suffers from dis-
solution in acidic conditions, during normal operation conditions®® and, due to this fact, supporting
this material on another one for stabilization, while keeping or enhancing the catalytic activity, is of

great interest.

1.4  Oxygen evolution reaction catalysts

The oxygen evolution reaction (OER) is the second reaction of interest, considering electro-
lyzers and rechargeable metal air batteries. 2 However, in case of reversible systems, the overpoten-
tial is related to the sum of both reactions. Therefore, decreasing the global overpotential of the elec-
trochemical energy conversion device, requires the use of OER catalysts.3! The great majority of OER

electrocatalyst materials are metal oxides (i.e. IrO2, RuO», PtO,, SrCoOs NiFe), being IrO, and RuO»
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the most active electrocatalysts®?. However, the scarcity and high cost of some metals, such as iridium
(i.e. iridium is 10 times less abundant than Pt and 22.15 USD/gram — 06.05.2019), has a limiting
effect in the large-scale production of such electrocatalysts. Alternative OER electrocatalysts are
widely investigated to substitute precious metals by tuning the structures and components of materials
based on transition metals®?, such as Ni doping with Fe and Co, for OER®***7, In such group, we have
metal oxides, phosphates, chalcogenides and metal-carbon materials*’. As presented in Figure 1-6,
similar to the ORR, it is possible to develop volcano type plots for OER electrocatalysts. The principle
is the same, i.e., after the determination of the binding energies of the intermediate reactions, it is
possible to compare different material activities at a fixed parameter, such as a given overpotential.
In such case one can consider the top of the volcano as the position of the most active material (the
one that requires less overpotential to overcome the kinetic limiting steps). The descriptor presented
in Figure 1-6 is the AG for O and OH" adsorption. According to Frydendal,®® these theoretically
predicted overpotentials relate to a thermodynamic allowance of the reaction. Moreover, the compar-
ison to experimental current densities is not straightforward. However, the trends found from such
analyses are in good agreement with experiments and, in fact, the overpotential needed to drive 10
mA/cm? at surfaces match to the theory within 0.1-0.2 mV for most materials®!-*. In the case of the
OER, Ir or IrO» are known as state-of-art catalyst materials. However, at the current state of research,
materials such as NiFeOx and NiCoOx are more active towards the OER than Ir or IrOx. Still, stability

is a big issue for non-noble metals oxides.”°
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Figure 1-6 Theoretical overpotential for oxygen evolution vs the difference between the standard Gibbs energy of two subsequent

intermediates of several binary oxides. Figure extracted from reference®' Reprinted with permission for AAAS.

Several OER mechanisms are presented in the literature. The differences arise from the elec-
trolyte pH and possible intermediate species formed during the catalytic reaction. Common to all
pathways (i.e. electrochemical oxide, oxide, Krasil’shchkov and Yeager’s paths) is the formation of
a metal hydroxide bond that is broken, prior to the release of O from the electrocatalyst surface.
Table 1-5 and Table 1-6 show the mechanism based on reactions for the OER, with electrochemical

oxide and oxide path in alkaline and acid electrolyte, respectively.

Table 1-5 Possible mechanisms for OER in alkaline media. (* — activated surface site).

Reaction path Reaction process
Electrochemical oxide®? "+OH — "OH + ¢ (21)
*OH+OH — "0+ H,0 + e (22)
2°0 52"+ 0, 23)
Oxide®? *+OH — "OH + ¢ (24)
2"0H—> "0 +"+H0 (25)
2°0 52"+ 0, (26)
Krasil’schchkov®3 *+OH - 'OH + e (27)

52



*OH + OH — O + H,0 (28)

'O >"0+e (29)

2°05"S+0; (30)

Bockri’s? *+OH > 'OH+e €3))
*OH + OH — "H20: + & (32)

"H0, + OH™ — "0,H + H,0 (33)

"H,0, + *0,H — H,0 + OH + O (34)

Yeager’s” *+OH - 'OH + e (35)
“ZOH — “Z*'_OH + ¢ (36)

2"ZY10H+2 OH — 2" +2H,0 + O, (37)

Table 1-6 Possible mechanisms for OER in acid media. (* — activated surface site).

Reaction path Reaction process
Electrochemical oxide®? *+H,0 > 'OH+H'+ ¢ (38)
*OH—>"O+H +e (39)
202"+ 0 (40)
Oxide® "+H0 > "OH+H" + ¢ (41)
2°0H—> "0 +"+H0 (42)
2°0 52"+ 0 (43)
Krasil’schchkov?? *+HO0 —» "OH + H' + e (44)
*OH - 'O~ +H* (45)
‘OO > 0+e (46)
2°0 52"+ 0 47)
Wade and Hackerman’s®’ 2"+2H0 > "0+ "H0+2 H + 2¢ (48)
*O+2"0H - 2"+ 'H,0 + Oy + 2e (49)

Considering the energy diagram, when the potential is shifted beyond 1.23 V vs RHE (more
anodically), the overpotential starts to shift the energy profile to negative AG (Figure 1-7) °¢. Still,

not all of the four steps are favored. In fact, to get all steps downhill in the energy diagram it is
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required the application of potentials above 1.60 V according to Frydendal®®. For the ideal catalyst,
all steps would require low overpotential beyond 1.23 V to have AG<0. However, the formation of
adsorbates on the surface do not allow such to be feasible. In such diagram, the reaction path for the
OER is presented as only downhill in energy. To obtain such a condition, the authors present an
overpotential for the reaction of 7 = 0.35 V. Even at this condition AG3 of Figure 1-7 is uphill in
energy. Moreover, the authors utilize the energy diagram to compare the activity of state-of-the-art
IrO; catalyst with Co-C3N4. This comparison allows the researchers to identify that the intermediates
have a stronger interaction with the electrocatalyst surface. Finally, it is possible to interpret from
Figure 1-7 that the overpotential applied to Co-C3N4 could be smaller to reach the same AG<0 as

IrOs.

In commercial electrolyzers, due to the formation of the intermediates and the high overpo-
tential applied to the electrocatalyst, to achieve the desired current densities®’ (in the range of 10'000
A/m?) the catalyst suffers corrosion. Therefore, the study of new materials for the OER have to face
two main challenges: First, to decrease the overpotential required to drive the OER. Second, to syn-
thesize materials that can withstand the harsh conditions (e.g. 6 M KOH electrolyte) and maintain

stability (e.g. no particle aggregation and material corrosion) for hundreds of hours®®.
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Figure 1-7 Free energy diagram for the oxygen evolution reaction on Co-C3N4 and IrO, surfaces. Figure adapted with permission

from.” Copyright (2017) American Chemical Society.

1.5 Interpretation of the electrocatalytic activities for ORR and OER

In the case of the ORR, the most commonly used parameter for catalytic activity comparison
is the kinetic current at 0.9 V (vs RHE). According to Stephens ef al.**, an ideal catalyst should exhibit
high current densities (1.5 A/cm?) for the ORR with a low overpotential from the thermodynamic
limit (1.17 V). For such to happen, all the intermediate reactions following the scheme presented in
Figure 1-4, should have a AG equal or lower than 0. However, the AG of adsorption of intermediates
formed during the reaction pathway cannot be varied independently. Therefore, in the overall reac-
tion, to overcome the activation energy of the formation of HOO" (AG)) and reduction of HO™ (AG4)
the potential must be shifted more from equilibrium than 0.2 V. In addition, Stephens et al.3* dis-
cussed that, if AG1 +AG4 has a minimum value of 0.8 eV, in an ideal catalyst, the potential for both
reactions is divided equally. Hence, the minimum overpotential one can expect for a catalyst is of
~0.4 V. This shift from equilibrium would be enough to grant that all steps from the reaction would
have a AG lower than 0. Considering the equilibrium potential and the shift of 0.4 V of overpotential,
we achieve the potential of 0.9 V, where the comparison of catalysts is made.
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For OER, according to Fabbri et al.'®, the common parameter to describe the activity of
electrocatalysts is the Tafel slope. Other parameters such as current density at a defined potential,
potential at a defined current density and exchange current density can be allied to the Tafel slope to
define the activity of the electrocatalysts. The irreversibility of the OER limited the reliability of
exchange current density calculation. Moreover, for the other parameters presented above, the values
are intrinsically related to the measuring conditions (i.e. scan rate and potential sweep direction). In
the case of the Tafel slope, it is described that the catalytic current increases as a function of the

applied overpotential.

1.6  Catalyst layer structure

In several electrochemical energy conversion devices, the electrodes contain so-called cata-
lyst layers (CLs). A catalyst layer is the active component in the energy conversion device for the
electrochemical reaction!?’ and represents a porous three dimensional network to achieve high surface
area of the catalyst, high electronic conductivity and transport channels for all reactants and products
in liquid as well as gaseous form, normally mounted as a membrane electrode assembly (MEA) (Fig-
ure 1-8). Conventional catalyst layers in fuel cells contain 0.2 mgp/cm? in the cathode '°! with a
thickness of 1-3 um.!%? The catalyst phase is supported as nanoparticles of diameter 2-5 nm on carbon

particles of 20-50 nm.2

Membrane

Cathode/Anode Materia

Conductive support/
Gas diffusion layer

Figure 1-8. Scheme representing a catalyst layer (membrane electrode assembly (MEA)). The catalyst layer is presented as "Cath-

ode/Anode Material” and located between the "Conducting support/Gas diffusion layer" and "Membrane".
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The catalyst layer (CL) contains further an ion-conducting phase, usually Nafion (a sul-
fonated tetrafluoroethylene polymer, generally shown as fibers), generating porosity and proton con-
ductivity. Nafion forms the electrolyte in wet condition, and provides the transportation of protons
coming from the anode side through a Nafion membrane placed in-between the anode and cathode.
A three-phase boundary (inset in Figure 1-9 for the ORR) is formed around a catalyst nanoparticle
(solid) where O (gas) is reduced, in the presence of H* (aq) (liquid). The electrons reach the active
sides through the electron conducting pathway in the CL (mainly connected carbon nanoparticles, but

also Pt).

Three phase boundary

Carbon black

Catalyst

Current collector

T‘r -
57*%*“-4

(
\ Support particles
Catalyst particles

lon conducting phase

Figure 1-9 Schematic representation of the three-phase boundary inside the catalyst layer.

1.6.1 Fabrication techniques for catalyst deposition

Catalyst layers are normally engineered in a manner that the catalyst particles are kept in
contact with the membrane, electrolyte and current collector, as shown in Figure 1-9. In case of

membrane electrode assemblies (MEAS), as applied in fuel cells and electrolysers, various fabrication
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methods have been developed to deposit particles either directly on the membrane (catalyst coated

membrane — CCM) or on the gas diffusion layer (catalyst coated electrode — CCE).

The catalyst layer itself needs to hold enough catalyst material and needs to create as much
active surface area (three-phase boundary) as possible. Furthermore, the fabrication techniques used
need to provide stable and reproducible CLs for the reliable performance on the industrial level. Tra-
ditionally, catalyst layers are deposited on the membranes by a series of methods as listed in Table
1-7. Each method is characterized by certain properties, such as cost (equipment and running), speed,
reproducibility, simplicity and equipment dimensions. For instance, inkjet printing can fabricate cat-
alyst layers in minutes or in hours depending on the size and throughput of the machine, yet main-
taining reproducibility. While spray gun aerolizing can produce rapidly CLs, but with low reproduc-

ibility and high wastage of material.

Table 1-7. Methods of depositing catalyst layers over membranes.

Form of application Technology Reference
Solid Dry spraying 103

Decal method 104
Emulsion application Spreading of pastes 105

Painting ink 106

Screen printing 107

Inkjet printing 108
Application of Aerosol Spray gun aerosolizing 109

Sonicated spray 109

Spray under irradiation 10

Vapor phase deposition Magnetron sputtering it

Chemical vapor deposition 12

Electrode assisted deposition Electrodeposition 13

Electro spraying 14

Electrophoretic deposition 13

Application in precursor state Electron beam reduction 109
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Impregnation reduction 109

Print-Light-Synthesis 116

Most of these methods, such as decal method, spray gun and screen printing, are multistage
and require large volumes of starting material (e.g. hundreds of mL). Some methods, such as screen-
printing and spray deposition, have the disadvantage of requiring masks to produce the desired shape
of the deposited pattern, which can result in significant losses of the scarce and expensive catalyst
material. Other methods, such as electron beam reduction and sonicated spraying, require specialized

and high cost equipment for the process!!”.

Four different criterions for the industrial CL fabrication are generally considered: i.) the
reduction of processing steps, ii.) the adaptability to fabricate different CL designs (e.g. dimensions),
iii.) the possibility to control the quality of the manufacturing process within the required parameters
and iv.) manufacturing time. One process recently gaining interest and fulfilling most of these crite-

rions is inkjet printing.

Inkjet printing as a fabrication tool has attracted attention due to its versatility, as it is a
maskless, digital fabrication technique!® with accurate control of the deposition of droplets from one
up to thousands of individually addressable nozzles within a single printhead. The advantage of using
digital droplet deposition techniques are: i.) the precise control of the materials deposition by the
number of droplets per area, and ii.) the decrease in material waste, as no masks are required where
ink gets stuck, and by depositing material only where requested (drop-on-demand, vide infra). These
advantages are specially interesting concerning costs and labour in the case of catalyst materials han-
dling.!'® Inkjet printing has a long history in the field of printed graphics. Recent further developments
of printheads, printer hardware components and software has led to a wider application in the field

(e.g., from small prototypes to large-scale devices). This includes the fabrication of a broad range of
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solid and flexible devices (known as printed electronic devices),'! such as humidity sensors on plas-
tic substrates'??, radio-frequency identification (RFID) labels!?!, as well as energy storage and con-

version devices!?®

. However, being a relatively new alternative technique for industrial production of
devices with functional nanomaterials, inkjet printing is currently mainly employed in research units

to develop new inks and processes that could in the future replace or act as complementary tools for

screen-printing and other established methods.

Inkjet printing can be divided into two main operation modes: continuous inkjet printing
(C1J) and drop-on-demand (DOD) inkjet printing. C1J printing (Figure 1-10) is based on the contin-
uous formation of charged droplets being ejected from a biased nozzle. If it is necessary to interrupt
the flux of droplets towards the substrate, due to a desired blank substrate area, the droplets are di-
verted by a charged deflector and collected in an ink collector well. One advantage of this technique
is that nozzles suffer less from possible blockages by dried ink at the nozzle orifice. The disadvantage
is the excessive use of ink, with great quantities been jetted. Despite the collected ink can be filled
back to the ink tank for reuse, such approach is prone to contamination and requires control of ink

composition, pH and precipitate removal.

Biased nozzle

E——
/ gE—

Printhead
<€
: Printhead movement
Nozzle
@
® | Charged deflector
o
@
’Mk collector
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Figure 1-10 Schematic representation of continuous inkjet printing.
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Drop-on-demand generates droplets according to an accurately provoked pressure perturba-
tion in the ink inside the nozzle. The three major DOD concepts are piezoelectric, thermal, and elec-
trohydrodynamic (EHD) inkjet printing (Figure 1-11). After a droplet is generated and expelled from

the nozzle, the nozzle chamber is refilled with the ink from the reservoir and the process is repeated.

a) Piezoelectric IJP b) Thermal IJP C) EHD IJP

Biased nozzle
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Figure 1-11. Schematic representation of drop-on-demand inkjet printing. a) Piezoelectric generated droplets. b) Thermally generated

droplets. ¢) Electrohydrodynamic droplets formation.

The printhead of piezoelectric DOD (Figure 1-11a) systems consists of a piezoelectric ele-
ment close to the nozzle and an inlet of ink on the opposite side of the nozzle. The piezoelectric
component deforms inside the channel based on an applied voltage pulse and generates a pressure
wave inside the printhead close to the nozzle. The pressurized ink column inside the nozzle chamber
expels the ink through the nozzle orifice. Because only a local pressure change is generated, it can
affect the properties of the ink solvents causing local changes in the physical properties of the ink
components therefore, particle precipitation or agglomeration can occur locally. Still, piezoelectric
DOD inkjet printing is currently the most suitable, commercially available inkjet printing made for
nanoparticulate inks, because of a wider range of solvents to be utilized in the ink, less possibility of

material thermal degradation and higher control of the generated droplets (i.e. due to the control of



the physical properties of the ink). For the fabrication of catalyst layers, drop-on-demand piezoelec-
tric jetting devices are in fact mostly used.!’® However, a disadvantage is related to the local pressure
gradient created, which could interfere in inks with non-Newtonian behaviour, leading to particle

aggregation, phase separation or no droplets.'??

Thermal DOD inkjet printers (Figure 1-11b) contain a resistive element close to the nozzle
that is rapidly heated, causing an evaporation of the ink solvents, which eventually results in a bubble.
This bubble leads to an increase of pressure in the nozzle channel and consequently a droplet is ex-
pelled. However, depending on the ink solvent mixture, the temperatures that the ink might achieve
can induce changes in the catalyst particles dispersed in it, as well as lead to premature drying of the

ink, which culminate in particle aggregation and nozzle blockage.

Finally, the electrohydrodynamic (EHD) inkjet printing (Figure 1-11¢) is based on a poten-
tial difference that is applied between the ink and the substrate. When large enough, the charge is
accumulated at the droplet air interface, the droplet starts to deform (i.e. deviate from the shape caused
by the surface tension) and because of the effect of the electric field, it is possible to overcome the
surface tension of the liquid. Therefore, at a given charging threshold, the charged droplets are ex-
pelled from the nozzles and attracted by the oppositely charged substrate. The main drawback of this
technique is that both substrate and ink must be conductive to enable the electrohydrodynamic pro-
cess. A big advantage is that the droplet size can be much smaller than the nozzle orifice, leading to
higher pattern resolution compared to piezoelectric and thermal IJP. EDH formed the basis of ultra-

fine inkjet printing known as “super-inkjet”.!?*

All these DOD based inkjet printing techniques are characterized by the precise control of
the droplet position as well as the quantity of ink spent for each fabrication. Considering printing of
scarce and costly catalyst containing inks, minimizing material losses in an important advantage.

Drop-on-demand piezoelectric jetting devices are mostly used for the fabrication of catalyst layers.
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1.6.2 Ink/substrate interaction and post-printing processing

Inkjet printing of precisely defined structures, i.e. with micrometer resolution, is critical for

18 The interaction between the ink and the substrate

the realization of a broad range of applications
must be well understood, as the spreading of the ink droplet on the substrate plays a key role for the
achievable pattern resolution. Factors that influence the droplet spreading are the speed of the droplet
when impacting the substrate, wettability of the substrate by the ink, substrate porosity and substrate
temperature. In addition, dispersed nanoparticles, polymers and solvents in the ink will interact with
the substrate surface. This liquid/solid interface changes throughout time in terms of solvent evapo-
ration, solidification of a nanoparticle layer, gelling of a polymer or a chemical reaction, such as

radical polymerization. In case of insufficient interaction, printed layers can spread or contract lead-

ing to unresolved patterns as well as patterns with holes.

After printing, the ink must be brought from the liquid form to a solid usually by solvent
evaporation, nanoparticle densification and even sintering. Several so-called post-printing processes
can be performed in order to promote the curing of the printed ink and materials. Thermal curing is
the most used method, which is executed in furnaces with temperature ramps or by using photonic
curing systems that are described in detail in Section 1.7.2. There is a class of monomer and cross-
linker inks, which can be cured using UV photopolymerization leading to polymeric layers.'?* This

is in particular of interest to create dielectric layers.

The thermal properties of the substrate can limit the intensity of the post-processing tech-
niques. For instance, polymeric substrates, such as PET, do not withstand temperatures higher than
150 °C. Even polyimide can only withstand temperatures up to 400 °C. For higher curing tempera-
tures, ceramic substrates and glass can be used. Photonic curing (also known as light sintering or
pulsed light sintering) is a light-based non-equilibrium heating technique. A xenon flash lamp irradi-
ates light, which is absorbed by the printed layer (e.g. nanoparticle layer) for intense and localized

thin layer heating on the millisecond time frame. While the lower absorption of the irradiated energy
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by transparent plastic generates lower temperatures in the substrate. For instance, a commercially
available process is the fabrication of conductive lines of copper over thermally sensitive materials

such as paper. ' A deeper discussion on this technique is presented in Section 1.7.2.

1.7  Inkjet printing of electrocatalysts combinatorial libraries

Combinatorial libraries are one of the areas in which inkjet printing, as well as dispensing in
general, is a leading fabrication tool. This leadership can be attributed to the fact that inkjet printing
is a digital technique, thus it is possible to place the droplets in precise positions offering also the
possibility to create binary and ternary material combinations on the substrate!2¢. The principle behind
the combinatorial libraries approach was first described by Reddington et al.'?’. In this work, the
materials printed were Pt, Ru, Os, and Ir based halide salts. After the printing process, quaternary Pt-
Ru-Os-Ir compositions were synthesized by chemical reduction, using borohydride as reducing agent.
When applied as anode in fuel cells, the addition of small amounts of Os and Ir lead to a significant
increase in activity. Bard and co-workers, in the same trend, prepared a library of Pt and Ru for the
ORR!2%, More recently, Seley ef al. developed a combinatorial library of substrates to investigate
metal oxides towards the OER!'?’, In Chapter IV the possibility of hyphenating inkjet printing with
white light sintering for the in-situ fabrication of libraries of catalysts will be demonstrated taking the

example of NiFe mixtures.

1.7.1 Printing of catalyst layers

As an application related to Section 1.6, applying inkjet printing for the fabrication of cata-
lyst layers is gaining attention.!*® This can be attributed to the characteristic presented for both the
requirements of CLs and the wide choice of materials and techniques that can be employed in the
fabrication of a CL for an electrochemical energy conversion device. As the catalyst materials em-
ployed in the CL are costly and rare, the low wastage of material is one feature of great interest. For

instance, Yazdanpour ef al.*’ demonstrated the effect of different post processing conditions in the
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overall performance of the inkjet-printed CL. Karan et al.'*! discussed the advantages of inkjet print-
ing, in order to fabricate thin CLs (1 — 5 um) maximizing the surface area in a CL. Moreover, they
were able to fabricate CLs with ultra-low loading of Pt (0.02 — 0.12 mgp/cm?) that achieved higher
Pt utilization than samples prepared with conventional methods and higher Pt loadings (0.4 mgp/cm?)
and thicker CLs. In a recent work, Shukla ef al.!3?> demonstrated that it is possible to obtain even 10
times more catalyst mass activity for inkjet-printed CLs when comparing to spray coated CLs. The
authors attributed this fact to the increase in the transport of oxygen and protons through the three-

dimensional pores of the catalyst layer deposited on the membrane.

Still, the main bottleneck for applying inkjet printing towards the fabrication of CLs, spe-
cially membrane electrode assemblies, is developing inks which contain the nanoparticulated catalyst
material.!3 Therefore, there is still a vast field of opportunities to find alternative ink formulation and

methodologies to print electrocatalyst materials.

1.7.2 Pulsed Light Sintering

Pulsed Light Sintering (PLS), intense pulsed light sintering!**, photonic curing!®® and flash
light sintering!3%!37 are common nomenclatures in literature to describe the utilization of an intense
light pulse, generated utilizing a Xenon flash lamp, to promote rapid heating and sintering of thin
films. The first and still most used application of this technique is for printed electronics with the

sintering Ongl24,l38—l4O and Cu136,137,141—143

nanoparticles to fabricate conductive tracks on thermally
sensitive substrates. PLS is a contactless form of rapid heating based on material specific absorption
of energy, emitted by a broad-spectrum source (i.e. 190 — 1100 nm) as micro- to millisecond pulses

(Figure 1-12). Meanwhile, the energy density varies as a function of the applied voltage (reaching

up to 30 J/em? per light pulse).

65



Intensity | a.u.

200 400 600 800 1000
Wavelength /| nm

Figure 1-12. Emission spectrum of a Xenon flash lamp with 750 V of bank voltage and 220 pus pulse length. Raw data kindly provided

by Rob Hendriks from Novacentrix.

Druffel ef al.'** discussed that the conversion of electrical to optical radiation is at least of
30 % in a broad spectrum, over a large area without any sophisticated optics. In addition to energy
density, it is possible to control the number and frequency of pulses. The fundamental principle of
operation of PLS is the light absorption by metal-based thin films, more precisely the promotion of
electrons from the valence to conduction band. Electrons with energies larger than the conduction
band edge release their excess energy in an attempt to fill the many available band states near the
conduction band edge!#*. The excess energy is released as phonons leading to localized heating of the
material. This process is considered an instantaneous event (period of 107! s) in relation to the total
processing time (1073 to 107° s). The thermal energy generated is a consequence of the light absorbed
and it is dictated by two factors: 7) absorptivity of the film and #7) film thickness. Taking into consid-

eration the substrate characteristic, first, substrates are in general much ticker than the layer to be
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sintered, second, normally are made of polymeric (e.g. PET) or insulating materials (e.g. glass). In
the first case, the heat generated in the thin film is distributed in the substrate and negligible heat can
be detected due to the dimension difference, while in the second case the energy gap between the
valence and conduction band is further apart than in conductive materials. Thus, the transition of

electrons is more difficult with no phonons and less heating being generated.

One of the most relevant application of PLS is the sintering of nanoparticles. Due to the high
surface to volume ratio the melting temperature required to sinter the nanoparticles, is inversely pro-
portional to the diameter. Such relation makes it attractive to use PLS!4® for nanoparticle sintering
and nanoparticle based films development. The relation between dimension and melting temperature

is presented in Eq. 50:

Tm =Ty (1 - L) [Vs —vi(ps — Pl)é] (50)

psLd

where 7n is the melting temperature of the metal nanoparticles, 7 is the melting temperature of the
bulk metal, ps is the density of the metal in the solid state, o is the density of the metal in the liquid
state, % is the surface tension of the metal in the solid state, y is the surface tension of the metal in
the liquid state, L is the latent heat of fusion, and d is the diameter of the metal nanoparticle. Moreover,
with deep knowledge of the material absorption characteristics, curing parameters (i.e. energy den-
sity, pulse frequency and pulse number) can be tuned to improve the absorption leading to the highest

efficiency in conversion.

As briefly presented above, the concept of PLS is based on the light absorption in metal
based thin films and electron excitation from valence to conduction band. Such is valid for nanopar-
ticulated based thin films. Yet in this thesis we approach chemical synthesis utilizing the principle of
PLS. Herein, a more detail mechanistic analysis can be described to explain PLS. The hot-electron

phenomena have been well described in literature, for other systems than PLS, however it presents
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similarities which could fit the curing process with PLS. The term hot-electron is given to those elec-
trons which have an elevated effective temperature and are described by the Fermi function. One
manner to induce the generation of hot-electrons is to irradiate a given material with highly energetic
photons. Normally it is done with lasers in femtosecond or picosecond time, still in the case of the

current study, radiation is emitted from a Xenon flash lamp for a duration of ms.

As described by Bauer et. al!'47-148

nascent non-thermal electrons are created upon the ab-
sorption of a femtosecond energy pulse. The excess of energy caused by the femtosecond pulse is
then dissipated within free electrons via an electron-electron scattering mechanism. This process is
known as thermalization as it leads to the formation of a hot electron gas with a well-defined elec-
tronic temperature. In case of a system composed of the metal nanoparticle or nanoparticle/adsorbate,
the electron-molecular vibration scattering occurs via a bidirectional inelastic electron tunneling into
adsorbates. Hence, immediately after the absorption of the energy pulse a nonequilibrium distribution
of nascent nonthermal electrons is created. The non-equilibrium electron is temporarily transferred
into an empty electronic level, in the adsorbate (e.g. alcohol), with an energy, leading to the creation

of an intermediate negative ion state. The electron then could scatter back with an energy into the

metal conduction band or induce chemical transformations in the adsorbate molecule (i.e. reduction).

Therefore, employing this theory in our system one can infer the following: i) the substrates
chosen for the conversion of precursor salts to metallic nanoparticles, play a crucial role in the thermal
degradation, ii) the ink formulation components are photodegraded and initiate the degradation of the
precursor salt to nanoparticles. The substrate plays an important role in the degradation of the adsorb-
ates, besides the convection of heat as a consequence of light absorption. The chosen substrates,
which in our case are semiconductors and not metals, promote initial generation of the hot-electrons.
This effect has been described in literature by Clavero!'#. If the substrates would be uncoated the hot-
electrons would decay in the material and only a local temperature heat would be generated still, in

the case of the current work, the substrates chosen (i.e. glassy carbon Chapter III and Chapter V, CNT
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— Chapter V and ITO — Chapter 1V), are coated with our precursor salts. Therefore, during the exci-
tation/generation hot-electrons enter the LUMO of the adsorbate molecule (i.e. alcohol) and decay
inside the adsorbate energy level before returning to the initial state in the substrate. Such can lead to
the generation of heat in the precursor molecule and initiate the thermal degradation step of the pre-
cursor. The initial degradation will lead to a cascade of events, where, after the first cluster of metallic
nanoparticles is generated, the reaction will expand as now a metallic nanoparticle can induce as well
the generation of hot-electrons. Despite the short period of existence of the hot electrons it is at least
1000 times shorter than the total processing time under irradiation. Such mechanism can explain the

initial degradation of the precursor salts in the surrounding areas of the coating material.

Moreover, more than one mechanism could explain the degradation of precursor salts sub-
jected to PLS. Besides the generation of hot-electrons and the above described cascade of events a
second possibility is regarding the photodegradation of several ink formulation components. As de-
scribed by Hwang er. al'>® the UV component of the irradiated light degrades the PVP coating on Cu
nanoparticles to alcohol, leading to the reduction of the copper oxide shell surrounding the copper
nanoparticles. We observed a similar effect on our work described in Chapter III, where Co304/N-
rGO gets reduced during curing. Initially the photooxidation of alcohol utilized in the ink formulation,
or alcohol generated as a product of polymer degradation, induces the photodegradation (i.e. reduc-
tion) of the precursor salts to nanoparticles. However, it has to be noted that the described findings,
differently than in this thesis, are obtained with metallic particles that were already formed and de-
posited in the substrate prior to exposure to the white light irradiation. In the similar direction, Lesch
has demonstrated that it is possible to convert a platinum containing salt into Pt nanoparticles even

over completely insulating and with low absorption substrates such as quartz glass.

In the results presented in this thesis it is postulated to have a mixed mechanism. Utilizing
the energy irradiated by the Xenon flash lamp, first it initially induces the photoreduction of the pre-

cursor salts, in the presence of alcohols and subsequently particles growth as described by Hwang et.
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al"® and Lesch!!'®. Yet due to the presence of semiconductor substrates and the first clusters are
formed the reaction proceeds through a similar mechanism as the hot-electron mechanism. In such
mechanism photons irradiated during the excitation of the substrate (i.e. CNT, ITO, GC) and the first
formed particles continue the process of thermal degradation of adsorbates increasing the conversion

from precursor salts to nanoparticles.

1.8  Thesis outline

The objective of the work presented in this thesis introduces and discusses possible new
applications of inkjet printing as a fabrication methodology in the field of electrochemical energy
conversion devices. Inkjet printing is explored as versatile technique to obtain electrodes and electro-
active materials. In Chapter 111, the challenges of the development of nanoparticulated inks with elec-
trocatalyst material is presented and a broad discussion on the effects of the interaction between ink
components and the processing of nano-electrocatalysts with activity towards the oxygen reactions is
investigated. In Chapter IV, the utilization of the Print-Light-Synthesis to fabricate noble metal elec-
trocatalyst particles for ORR is presented. Finally, in Chapter V, the application of the Print-Light-
Synthesis for the fabrication of bi-metallic electrocatalyst nano-composites as OER electrocatalysts

is explored.
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Chapter 2 Experimental part

2.1  Chemicals

2.1.1 Commercial Chemicals

All chemicals presented in Table 2-1 were of analytical grade and used as received. Deion-
ized (DI) water was produced with a Milli-Q plus 185 model (Merck Millipore). Oz cylinders (purity
99.9%) were purchased from Carbagas. Platinum NPs supported on carbon black with 10% Pt (wt.%
dry basis) and 40% Pt were purchased from Sigma-Aldrich (product number 205958) and Johnson
Matthey (product number 599003), respectively. Iridium NPs supported on carbon black with 40% Ir
(wt.% dry basis) were purchased from PK Catalyst (product number 3151637). A carbon nanotube
(CNT) dispersion was purchased from Brewer Science. UV curable inks EMD 6200 and EMD 6415
(SunChemical -USA) were utilized to print insulating layers. Glassy carbon (GC) Sigradur K plates
(12.5%12.5 mm?) and rods (5 mm in diameter) (HTW) were used as substrates due to their high con-
ductivity, smoothness and the possibility to polish their surface reproducibly. The GC substrates were
mechanically polished using alumina particles of 0.05 um size (Buehler). After polishing to a mirror-
like surface, the GC rods and plates were sonicated in isopropanol for 30 min and dried with the aid
of a stream of Ar. For the work presented in Chapter IV, a CNT layer was inkjet-printed onto the GC

based on previous reports'3-151.

Table 2-1. Commercial chemicals utilized.

Chemical Formula Purity Supplier
1,2 propanediol CsHsO2 99.5% Sigma-Aldrich
2-methyl- 1,3-propanediol CH;CH(CH20H): 99% abcr
Chloroplatinic acid hexahy- H,>PtCls-6H,0 37.5% Pt basis Sigma Aldrich
drate
Ethyl cellulose - 48-49.5% Sigma-Aldrich

Ethylene glycol butyl ether CeH1402 99.5% Sigma-Aldrich
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Ferrocenemethanol
Iron(II) chloride tetrahydrate
Isopropanol IPA
Nafion solution D2020 (20 wt.
%)

Nafion solution D520 (5 wt.%)
Nickel(Il) chloride hexahy-
drate
Polyvinylpyrrolidone PVP;
MW 10000
Potassium chloride

Potassium hydroxide

Potassium nitrate

Terpineol

Ci11H2FeO
FeClz -4H,0
CsHgO
C7HF1305S-CoF4

C7HF1305S-C3F4
NiCl, -6H,O

(CsHoNO)n

KCl
KOH

KNO;3
CioH130

97%
97%
PA

99%

99%
85%

99%
96%

Sigma-Aldrich
Sigma Aldrich
Sigma-Aldrich

Ion Power

Ion Power

Sigma Aldrich

Sigma-Aldrich

Sigma-Aldrich
Fluka and Sigma
Aldrich
Sigma Aldrich
Sigma-Aldrich

2.1.2 Synthesized Chemicals

C0304/N-rGO (cobalt oxide supported on nitrogen doped reduced graphene oxide) powder

was synthesized by Liu and co-workers adapting a previous protocol!*2, In brief, 112.8 mg graphene

oxide sheets of 50 to 200 nm lateral dimension (Nanjing XianFeng Nano Material Technology Co.

Ltd.) and 110.4 mg cobalt (II) acetate were mixed in 14.4 mL ethanol and 14.4 mL DI water, and
sonicated for 40 min to achieve a suspension. Ammonia solution was added and the dispersion was
stirred at 80 °C for 12 h. The reaction mixture was then transferred into an autoclave, in which a
hydrothermal reaction was carried out at 150 °C for 3 h to grow Co0304 nanocrystals (NCs) of ~7 nm

diameter on the N-GO sheets and to reduce the sheets to N-rGO. Afterwards, the product was sepa-

rated from the reaction medium by centrifugation and successively washed with ethanol and DI water,

followed by vacuum drying.
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2.2 Equipment

2.2.1 Electrochemistry

All electrochemical measurements were performed in the 3-electrode arrangement with one
working, one counter and one reference electrode (WE, CE and RE, respectively). For static meas-
urements, i.e. in unstirred solution, a customized cell was manufactured in which the WE (i.e. a glassy
carbon plate) was placed at the bottom of the cell and pressed against a copper plate below the cell
that acted as electric contact Figure 2-1. The geometric electroactive electrode area was determined
either by using an O-ring (10 mm diameter) implemented into the cell cover or by depositing a die-
lectric layer on top of the WE. The lid contained holes for electrolyte filling, gas filling/purging, CE
and RE. Parafilm was used to seal the cell. The copper bottom plate had a screw inserted for electrical

contact.

WE connection

GC substratem—

Liquid reservoir
Copper contact

plate for WE .
Lid

Filling port

RE opening

CE opening

Figure 2-1. a) Electrochemical cell composed of the three main components: Bottom part with WE contact plate (left), liquid reser-
voir/cell cover (middle) and lid (right). b) Electrochemical cell partially assembled with a GC electrode kept at the bottom of the cell
and hold in place with an O-ring (green) inserted into the liquid reservoir. c¢) Electrochemical cell, fully assembled with lid and screws

for fixation and sealing the cell.
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For rotating-disk electrode (RDE) measurements, an RDE system from Metrohm (Switzer-
land) was utilized combined with a custom-made holder (Figure 2-2) for fixing and replacing the GC
rods. This system allowed the inkjet printing of CLs on a large number of GC rods and electrochem-
ical characterization of the printed layers in short time by rapid rod exchange (Chapters 3 to 6). The
electrochemical cell for RDE measurements was purchased from Pine Research and contained a water

jacket for temperature control (part number: RRPG310).

Connecting shaft Connector to RDE shaft

Locking nuts

Shaft housing
GC substrate holder GC rod position

Figure 2-2. RDE setup a) Working electrode connector with individual parts identified. b) Assembled RDE with GC rod position and

connector to the rotator identified.

Potentiostats used in this work were all from Autolab and were models PGSTAT204, 128
and 302N. Ag|AgCl in 1 M KCI reference electrodes (part number: CHI111) were from CH-Instru-
ments (USA), Ag|AgCl in 4 M KCI (part number: RREF0024) from Pine Research (USA) and the
RHE electrode was from Gaskatel (Germany). Platinum mesh (part number: 219810) and Pt coil (part
number: AFCTRS) counter electrodes were from Ametek (USA) and Pine Research (USA), respec-

tively.
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Soft-Probe-scanning electrochemical microscopy (Soft-Probe-SECM) was carried out using
the VersaSCAN from Ametek-Princeton Applied Research with a soft carbon microelectrode
(VersaSCAN Stylus probes). The carbon paste working electrode area was ~450 pm?. A fresh active
electrode surface was obtained by a single razor blade cut. Feedback mode imaging in contact mode
was performed using the VersaSCAN "Engage mode" that enables gentle contact-mode brushing of
rough, curved and tilted substrates keeping a constant working distance (~3-5 pm) between the car-
bon microelectrode and the substrate surface. A tilt correction of the substrate is not required. SECM
feedback mode experiments were carried out in 2mM ferrocenemethanol (FcMeOH) and 0.1 M KNO3
solution. Experimental SECM data were analyzed and plotted using the software MIRA (G. Witt-

stock, University of Oldenburg, Germany) or VersaScan (Princeton Applied Research).

In case indicated in the experimental procedure or figure captions, iR drop correction
was done utilizing the impedance spectra obtained with a FRA32M module from Autolab. The im-
pedance spectra was done with an amplitude of 10 mV at the open circuit potential with frequencies
between 0.01 to 100.000 Hz. The solution resistance values utilized were extracted from the Nyquist
plot. After measuring, the recorded curves were were iR-drop-corrected using the software NOVA

1.11.

2.2.2 Inkjet printers

Two drop-on-demand (DOD) material deposition inkjet printers were used, i.e., a Fujifilm
Dimatix DMP-2850 (Figure 2-1) and an X-Serie Ceraprinter from Ceradrop (Figure 2-2). In both
machines, disposable Dimatix cartridges (DMC-11610) were used containing 16 individually ad-
dressable, parallel nozzles, generating nominally 10 pL droplets based on piezoelectric actuation. The
X-Serie Ceraprinter has the possibility of utilizing industrial printheads, which comprise 256 nozzles

and have nominal droplet volumes between 10 and 80 pL (depending on the printhead model). A
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PulseForge 1300 photonic curing system (Novacentrix), based on a Xe flash lamp, was integrated

into the Ceraprinter for in-line thermal post-processing.

Ink cartridge Substrate holding plate Substrate Ink cartridge

Figure 2-3. a) Dimatix DMP-2850 inkjet printer. b) Dimatix ink cartridge movement during printing of nanoparticulated carbon-based

ink over GC substrates with 3 mm thickness.
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Control stand for the Xenon flash lamp

Light sintering chamber

Inkjet printer

:— Xenon flash lamp position in
<« sintering chamber

Reflection of Xenon flash lamp
on the substrate holding plate

Substrate holding plate

Figure 2-4. Ceradrop X-Serie inkjet printer coupled with a PulseForge 1300 photonic curing system. a) Overview of the printer setup

combined with the photonic curing system. b) View of the inside on the printer featuring the areas of photonic curing.

2.2.3 Ink and printed wet pattern characterization tools

The viscosity of the inks was measured with a SV-10 A series digital viscometer (A&D
Instruments Limited) that utilized the current values necessary to maintain two parallel sensor plates
in a tuning fork arrangement resonating at 30 Hz with an amplitude of less than 1 mm (Figure 2-5).
As the driving force to resonate the sensor plates is proportional to the viscosity of the liquid in the
surrounding of plates the electric current utilized to maintain a constant vibration amplitude can vary

proportionaly in different liquids, enabling thus to calculate after calibration the viscosity of a liquid
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sample. Prior to the measurement the equipment is calibrated by measuring purified water. As the
inks analyzed in this thesis had viscosities in the same range of water the only one-point calibration
was sufficient. The system has a temperature sensor incorporated, which is important, as the viscosity
is temperature-dependent. In order to perform the viscosity measurement 1.5 mL of the ink was placed

in a vial in which the plates were inserted.

Measuring plates

Sample vial

Figure 2-5. Viscometer utilized to determine the viscosity of the developed inks.

For surface tension analysis of the inks a drop shape analyzer DSA-30 (Kriiss) was utilized.
In this measurement it was analyzed the dynamic interfacial tension between the droplets of a liquid
formed hanging from the tip of a capillary and the surrounding phase, in our case air (Figure 2-6).
The pendant droplet is formed as a consequence of the gravity, the variation of shape of the droplet

from a sphere is used to calculate the surface tension. For this calculation the curvature of the droplet
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is fitted to the theoretical droplet shape using the Young-Laplace equation providing the surface ten-

sion.

The equipment was also employed to measure the contact angle of the droplets with the
substrate as a measure of the wettability. This measurement is based on analyzing the angle of the
interface generated between a liquid and a solid phase. For this, a droplet of 2 pL. was deposited on a
substrate and the contact angle, of the outline of the contact surface, was calculated based on the

Young’s equation.

Figure 2-6. Drop shape analyser utilized to determine the surface tension of the developed inks in pending droplet mode and to measure

the contact angle of a sessile droplet on a substrate.

Particle sizes were measured based on dynamic light scattering utilizing a Zetasizer Nano
7590 (Malvern Panalytical). Dynamic light scattering measures the fluctuation of the scattered light
intensity due to the particles in solution. After the measurement the scattering values are processed
with an autocorrelation function in order to obtain the size of the particles in solution as hydrodynamic
radius of a sphere. FT-IR measurements were performed with a Spectrometer Spectrum Two (Perkin

Elmer). Printed patterns were analyzed with the cameras implemented in the used inkjet printers.
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UV-Vis absorption spectra were recorded using an 8453 UV—Vis spectroscopy system (Agilent

Technologies, Germany) on quartz glass.

2.3  Ink Formulation

According to Nallan ef al.'> catalyst ink formulation is yet still more empirical work than
scientific, mainly due to the difficulties in finding stable, aggregate-free dispersions of nanoparticles
and the interplay of several physical parameters. Some constrains have been studied and relations of
these parameters have been developed'>*. Yet, no uniform protocol has been developed for general
catalyst ink preparation. This is a serious limitation, especially now, where interest in the develop-

ment of inks containing nanoparticles is continuously growing.

Catalyst ink formulations, containing the catalyst, an electrolyte (ionomer), polymers and certain sol-
vents, are the liquid precursors of the catalyst layers. When preparing an ink, the contents of each
component forming the desired pattern is usually considered first, followed by the addition of further
compounds to adjust specific ink properties such as uniformity, viscosity and surface tension. The
behavior of droplets in a DOD printing system is a complex process. For the ink characterization, a
series of dimensionless relations of physical constants can be used. Been the most useful within the
vast possibilities of dimensionless relations the Reynolds (Re) (51), Weber (We) (52) and Ohnesorge
(Oh) (53) numbers. A graphical representation is presented in Figure 2-7. In this representation one
can understand the effects of varying the physicochemical properties of the ink in the formation of
the droplets. In this case it is possible to, based on Z, observe areas where satellite droplets would be
generated or where the viscosity of the ink would be too high to generate droplets. Satellite droplets
formation is related to the viscosity of the ink and surface tension. Low viscosity and high surface
tension inks will have a higher formation of satellite droplets. On the opposite direction, too viscous
inks will not be jetted due to the difficulty of the liquid to flow within the small microfluid channels
inside of the printhead. The dimensionless numbers can be defined from physical values from the

fluids used as ink and from the printing process and are presented in equations:
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Re = T (51)

We = Tp (52)

oh = YWe (53)
Re

Where: p, 7, and y are the density, dynamic viscosity, and surface tension of the fluid, respectively, v

is the velocity, and o is a characteristic length!>>.
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Figure 2-7 Coordinate system defined by the Reynolds and Weber number to define the printability of an ink. Extracted with permis-
sion from Derby'.

Moreover, the process used in order to achieve the desired ink is of great importance!™.
Normally, the standard procedure for achieving a stable catalyst ink formulation based on nanoparti-
cles relies on some important and critic steps. One of them is to disperse the catalyst particles using
various tools including sonication or milling and, even if during the process the particles and the
particle aggregates are usually well dispersed in solution, they tend to re-aggregate when the soni-
cation or milling is stopped. Therefore, functionalizing the nanoparticle surface e.g with polymers is
necessary to decrease the attracting interaction between the particles avoiding aggregation and keep-
ing the solution uniform. Nafion is one widely used example of a polymer that can act as stabilizer in
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the dispersion and as a proton conductor. However, Nafion has a disadvantage: this polymer degrades
when intensely sonicated!>®. It is necessary to find polymers that can withstand the sonication process,

stabilize the particles and improve, or at least maintain, the ink properties.

Inks with a very high nanoparticle content are more susceptible to have the formation of aggregates
blocking the nozzles/printheads. On the other hand, with a very low content of particles, multiple
printed layers of the ink might be required in order to achieve the required compactness in the desired

patterns, and, consequently, a good conductivity.

Another important parameter is the particle and aggregate size. Considering a uniform ink,
i.e. without aggregates, the particle size of the catalyst must be within a printable range. The rule of
thumb for the maximum particle size is that the particles and particle aggregates in the ink should be
100 to 400 times smaller than the nozzle diameter. Taking for example a nozzle diameter of 21 um,
which is the diameter of the nozzles in the commercial disposable cartridges used in this work, the
size of the nanoparticles in the ink should be around 50 to 200 nm. Printhead nozzles are a more
complex structure than a simple orifice where the ink has to pass through, the printhead has complex
channels with pm dimension with moving part (i.e. piezoelectric). Therefore, the combination of ag-

gregates and particles loading is of great relevance for the reproducibility of the printed patterns.

Ink additives, such as polymers (e.g. Nafion and polyvinylpyrrolidone-PVP), are not only
used for stabilizing the dispersion but also to tune the surface tension and the viscosity of the ink. The
same counts for the carrier solvents such isopropanol, that is one of the most commonly used solvents
for inks formulation. One advantage of using this alcohol as solvent is the low evaporation tempera-

ture, i.e. 83 °C, which allows the rapid, but crack-free drying of the printed pattern.

2.3.1 Nanoparticulated inks formulation

Co0304/N-rGO ink. 3 mg of Co304/N-rGO and 50 mg of PVP were added to 1 mL of a

water:isopropanol (3:1) mixture and sonicated in 2 mL Eppendorf tubes for 180 min at 35% amplitude
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with on/off cycles of 5 s, using a Sonics Vibra Cell 505 in "Cup horn" arrangement. The final disper-
sion reached the concentration of 3 mg-mL™" of Co304/N-rGO. Afterwards, the dispersions were cen-
trifuged at 13’000 rpm for 20 min in an Eppendorf 1310 centrifuge. The supernatant was removed to
separate freely suspended PVP from the PVP-modified catalyst particles. Thereafter, the PVP-
modified catalyst sediment was re-dispersed in 1 mL of a 1,2-propanediol-based mixture containing

10% terpineol and 0.5% EC.

Pt/C ink. Pt/C was formulated with the following protocol: 3 mg of the catalyst material were added
to 500 pL of a water:isopropanol (1:1) mixture with 10 wt.% (calculated based on the solids) of
Nafion and sonicated in 2 mL microtubes for 15 minutes at 30% amplitude with on/off cycles of 5 s,
using a Sonics Vibra Cell 505 in the “Cup horn” arrangement. After the initial dispersion, 500 pL
and 10 wt.% (calculated based on the solids) of Nafion were added to reach 3 mg-mL~! with 0.6

mg-mL~! of Nafion. After the addition, the ink was stirred in a vortex agitator for full homogenization.

2.3.2 Precursor inks

The precursor salt of choice (e.g. iron or nickel chloride) was dissolved in an isopropa-
nol:1,2-propanediol mixture to reach for instance 0.5 mg-mL! of salt concentration. This was done
with the assistance of a magnetic stirrer. Chloroplatinic acid based precursor ink was prepared with a

ternary mixture of water:isopropanol:1,2 propanediol and 50 mg-mL"! of salt concentration.

2.4  Post processing

24.1 UV

The UV curable dielectric ink was simultaneously printed and photo-polymerized with a UV
LED lamp (FireEdge FE300 380—420 nm; Phoseon Technology) integrated into the according print-

head slot of the CeraPrinter.
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2.4.2 Thermal

Substrates with printed layers were treated in a Heraeus K-114 furnace with adjustable heat-

ing/cooling ramps. More information on the ramps are provided in the respective chapters.

2.4.3 Photonic Curing

The PulseForge 1300 photonic curing system (Novacentrix) was utilized in-line as the ther-
mal post-processing. The parameters for the photonic curing process (i.e. pulse time, pulse intensity
and number of pulse repetitions) were adjusted for each process. The resulting shot energy densities
were measured with a BX-100 Bolometer (Novacentrix). The distance between the flash lamp and
the Bolometer was identical to the distance between GC substrates and the lamp during printing (6

mm).

2.5 Pattern and catalyst layer characterizations

2.5.1 Microscopy

The rapid characterization of freshly fabricated patterns was directly performed by using
substrate inspection cameras inside the CeraPrinter and DMP-2850. A more detailed analysis of the
printed structures was made using a Keyence VK 8700 laser scanning microscope. A scanning elec-
tron microscope (SEM) from FEI, model Teneo, was utilized. The SEM is equipped with an Everhart-
Thornley detector (ETD) for secondary electrons, two in-column detectors for backscattered electrons
and an energy-dispersive X-ray spectroscopy detector from Bruker. Finally, for microscopy charac-
terization, two transmission electron microscopes (TEM) from FEI where utilized a Tecnai Spirit at

120 kV and a FEI Tecnai Osiris at 80 to 200 kV for STEM images.

2.5.2 Spectroscopic characterization

A Bruker D8 Advance X-ray diffractometer (XRD) was used, applying the Cu-Ka emission

profile, measurement angles between 20° and 70° (515 steps), and a rotation of 10.000°/min. For
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XPS, a monochromatic Al Ko X-ray source of 24.1 W power, with a beam size of 100 pm directed
into the center of 1 mm? printed squares, was used. The spherical capacitor analyzer was set at 45°
take-off angle with respect to the sample surface. The pass energy was 46.95 eV, yielding a full width
at half maximum of 0.91 eV for the Ag 3d 5/2 peak. Physical electronics VersaProbe II X-ray photo-
electron spectroscope (XPS) a monochromatic Al Ko X-ray source operated at 200 W power with a
beam size of ~200 pum directed into the centre of 1 mm? printed squares was used. The spherical

mirror analyzer was set at 45° take-off angle with respect to the sample surface.

2.5.3 Electrochemical characterization

The electrochemical characterization of the electrodes is described in detail in each chapter
of the thesis. In general terms, potential sweep techniques were utilized for electrocatalyst activation
and long term electrochemical analysis. Electrochemical impedance spectroscopy (EIS) was per-
formed in order to obtain and correct for the uncompensated resistance. Finally, chrono-methods were

utilized to assess long-term stability of the electrodes.
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Chapter 3 Inkjet printing of Co0304/N-rGO
electrocatalyst forming high activity catalyst

layers for oxygen reduction reaction

This chapter is based on the work adapted from: Victor Costa Bassetto, Jingjing Xiao, Emad Oveisi,

Véronique Amstutz, Baohong Liu, Hubert H. Girault, Andreas Lesch, Applied Catalysis A, General
563 (2018) 9-17, in which Victor Costa Bassetto contributed with the ink formulation, inkjet printing
and curing procedures. He further conducted the XRD experiments and, together with Dr. Emad

Oveisi, was responsible for the TEM/SAED characterization.

3.1 Abstract

The accurate and reproducible large-scale production of catalyst layers containing low-cost
and abundant electrocatalysts have been gaining importance. Herein, pivotal factors are discussed as
they need to be considered when using a combined inkjet printing and photonic curing platform as a
promising fabrication method for catalyst layers based on a model low-cost catalyst, i.e., nitrogen-
doped reduced graphene oxide supported cobalt oxide nanosheets (Co304/N-rGO), specifically pre-
pared to formulate an inkjet ink. The ink is stable for weeks and can reproducibly be printed with
piezoelectric printheads. Ink composition and printing parameters are optimized to achieve high-res-
olution printing and good adhesion on glassy carbon substrates. Polyvinylpyrrolidone and ethyl cel-
lulose are used as catalyst stabilizers in the ink, and must be removed through thermal post-processing
to avoid a decrease of the electrical conductivity of the catalyst layer and a degradation of the catalytic
activity of the Co3O4 nanocrystals. Conventional slow oven curing (i.e., hours) and photonic curing
with a Xe flash lamp (seconds) are compared to generate temperatures above 400 °C under ambient

conditions. Both techniques can increase the size of the Co3O4 nanocrystals from ~7 nm up to ~15
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nm. Photonic curing with pulses above 2 J-cm™ shot energy density initiates the reduction of the
oxidation states of cobalt from (ILIII) to (II). Residues and side products of polymeric stabilizers can
still be found using photonic curing pulses below 10 J-cm™. This chapter highlights the advances
made in digital printing and post-processing for catalyst layer production, thereby demonstrating the
importance of proper design of the ink, the printing and the post-processing for the large-scale pro-
duction of catalyst layers for the ORR based on low-cost materials. The findings can be transferred

to other metal and mixed metal oxide nano-catalysts.

3.2 Introduction

Electrochemical energy conversion devices, such as polymer electrolyte membrane fuel cells
(PEMFC:s), rely on the one hand on the catalytic activity and stability of electrocatalysts inside three-
dimensional Catalyst Layers (CLs), and on the other hand on reliable large-scale fabrication methods
of such mesoporous films. Spray coating and screen printing are among the large area techniques that
are widely applied to fabricate square centimetre sized Membrane Electrode Assemblies (MEAs),
which are usually composed of two CLs coated on both sides of a Nafion membrane. However, new
catalyst materials are first tested in laboratories with fair loadings on smaller electrode areas, usually

few millimetres in diameter.

Typically, catalysts are drop-casted and/or spin-coated resulting in catalyst coatings that can
be significantly different from those obtained by large-scale fabrication techniques. One technique
that could provide a bridge between small and large-scale production is inkjet printing (IJP), where
picoliter droplets from tens to hundreds of parallel nozzles of micrometer-size are ejected with up to

kHz jetting frequency!%%157

. Inkjet printing requires the use of inks of well-defined properties in terms
of viscosity, surface tension and particle size!?. Ideally, the nominal size of the particles and their

aggregates is ~100% smaller than the nozzle diameter, which is typically in the range of 20 pum.
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The formulation of an agglomerate-free dispersion is typically the bottleneck of a successful
printing process. Catalyst loadings can be controlled by the number of printed layers and by defining
the overlap of adjacent droplets on the substrate. For instance, platinum nanoparticles (NPs) supported
on carbon black are used as state-of-the-art electrocatalysts in PEMFCs for the oxygen reduction
reaction (ORR) at the cathode and hydrogen oxidation reaction at the anode. Recently, IJP has demon-
strated its suitability to produce square centimeter-sized MEAs for PEMFCs!32133, Due to the efforts
that are generally required to obtain stable inkjet inks containing a broad range of new catalyst mate-
rials, IJP of nanoparticulate inks has rarely been used to print NP dispersions on a smaller scale for

batch characterization.

However, it must be noted that IJP is frequently used to deposit metal/metal oxide precursors
that, after thermal post-processing, decompose into the solid catalyst used to generate combinatorial
material libraries for screening applications!>®-1%°. Nonetheless, the synthesis of promising catalyst
NPs, suitable for electrochemical energy conversion devices and supported on carbonaceous materi-
als, inside reactors under very controlled synthesis conditions in solution, is currently without feasible
alternative'®!. Therefore, IJP is, in fact, attractive to prepare prototype CLs with controllable catalyst

loadings by the printing parameters on both small and large-scale!6*-164

. Platinum is expensive and
scarce, and much research have been contributing to identify an alternative, low-cost material with

similar or equal properties!®.

All dropping techniques have in common that, after deposition both the ink solvents and ink
additives, e.g. polymeric stabilizers, the materials deposited need to be thermally removed. Advanced
inkjet printers include post-processing techniques, such as near infrared or flash lamps for rapid ther-
mal post processing!3®. In particular, photonic curing (also known as intense pulsed light irradiation)
is attractive, irradiating with a Xenon flash lamp in milli-seconds slightly dried films of inks contain-

166-168

ing light absorbing and heating materials , with energy densities of several J-cm™ emitted
g g g g gy

within fractions of a second. Depending on the absorption properties of the ink and substrate, printed
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NPs and their coatings heat directly or indirectly (the last meaning through a heat transfer from light
absorbing substrate materials or ink additives) up to several hundred degrees. This can result in the

complete removal of the ink additives, sintering of the NPs, including the reduction of metal ox-

169-172 124

ides , and an improved adhesion of NPs on plastic'**. Recently, photonic curing of metal pre-

134,173

cursors was proposed as a rapid methodology to synthesize metal nanostructures , a concept that,

when combined with IJP, is called Print-Light-Synthesis''¢.

In this chapter, nitrogen-doped reduced graphene oxide nanosheets, coated with cobalt oxide
nanocrystals (Co304/N-rGO NCs), were synthesized as an example of a non-platinum catalyst for the
ORR, and the effects of combined IJP and photonic curing were analyzed. Cobalt oxide is considered
as one promising low-cost and abundant electrocatalyst material. The price of cobalt is in the order
of 20x below that of platinum at the commodity market, whereas the price of cobalt oxide nanopow-
der is more than 500x cheaper than platinum nanopowder. NCs of spinel-type Co3O4 supported on
graphene derivatives, in particular, have shown considerable activity for the ORR and Oxygen Evo-
lution Reaction (OER)!'74!7_and cobalt oxides are preferably used in alkaline media due to stability
and activity issues in acidic media. Synergetic effects between the Co304 and reduced mildly oxidized
graphene oxide (rmGO) have shown to improve the catalytic activity in comparison to Co3O4 alone,
as it suffers from low electrical conductivity!’®!”’, In addition, nitrogen-doping of the graphene de-
rivatives induces anchor groups for the nucleation of cobalt oxide NCs. As a result, small Co3O4 NCs

in the range of 4-8 nm can be synthesized, showing the highest activity for the ORR!76:177,

In this system, improvements in the catalytic activity for the ORR can be achieved by opti-
mizing either the catalyst (micro/nanostructuring, mixing with hybrids, composition, porosity) or the
carbon-based material (doping, mesoporosity, type: graphene, carbon nanotubes)!’*!75, For instance,
for the former, MCoxOy (M = Ni or Mn) spinels or M-CoO (M = Co or Ni) hybrids have been
reported to promote the ORR!7*139 For the latter option, nitrogen-doped mesoporous graphene has

recently been shown to improve the ORR of Co304 most likely due to the high active surface area,
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porosity and intrinsic conductivity!>2!181:182 Nitrogen and boron-doping together have recently shown
further improvements for the ORR, mainly by uneven charge distributions'®*. Doped graphene deriv-
atives have also been considered as ORR catalysts alone!'#*!85, However, although big progress has
been made, cobalt oxide-based electrocatalysts are still inferior to platinum-based NPs, in particular
to stability. In addition, graphene-based materials are currently more expensive than traditionally used
carbon black as catalyst support, i.e., more than 100 x. However, its superior material properties need
to be considered. Furthermore, the current progress being made in the synthesis of these materials is

expected to significantly lower production costs.

Inkjet-printed graphene derivatives were frequently reported for several applications, includ-

167,186-189

ing their use as conductive layers in flexible electronics , as electrodes in micro-supercapac-

190,191 192

itors , solar cells'®?, or when mixed with polymers as electrodes in electroanalytical sensors!®.
To the best of my knowledge, IJP of graphene derivatives coated with cobalt oxide NPs has not been
reported elsewhere. To achieve printability, a Co3O4/N-rGO ink containing polyvinylpyrrolidone
(PVP) and ethyl cellulose (EC) as stabilizers was formulated and fully characterized. IJP parameters
for generating reproducible patterns on glassy carbon substrates were optimized using piezoelectric
drop-on-demand 1JP. Subsequently to printing, photonic curing and oven curing were separately ap-
plied on identically printed patterns with the aim to evaporate the ink solvents, to remove the stabi-
lizers and to achieve well-adhered, catalytically active CLs. Three photonic curing pulses from a
Xenon flash lamp integrated into one of the two employed inkjet printer platforms were applied using
three different flash intensities. The removal of the polymeric stabilizers and structural changes of the

Co0304 NCs were investigated using light and electron microscopy, as well as, spectroscopic and elec-

trochemical methods.
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3.3 Results and discussion

3.3.1 Optical and microscopic characterization

The bright-field (BF) TEM image of the as-synthesized Co3;04/N-rGO particles shows that
C0304 nanocrystals (NCs) were successfully deposited on the N-rGO sheets of various hundred na-
nometers in lateral dimension (Figure 3-1a). Software-based analysis of the shown TEM image using
Imagel'”* indicates a particle size of (6.9 + 1.1) nm. The distribution of the Co3O4 NCs was homoge-
neous with some areas showing accumulation of NCs. However, it is unclear whether these NCs grew
closely together or if a partial folding of the sheets at the sheet edges resulted in the higher concen-

tration of NCs in certain areas.

A selected area electron diffraction (SAED) pattern was acquired to investigate the crystal
structure of the NCs (Figure 3-1b, left semicircle) and the ring pattern corresponds to Co3O4 with a
cubic structure (Fd3 m space group) as easily seen when compared to the simulated pattern (right
semicircle). This is in accordance with the powder XRD pattern shown in Figure 3-1c. The XRD
data confirm that the catalyst is crystalline and the characteristic XRD peaks (022), (113), (004),
(224), (115) and (044) correspond to Co304 with face-centered-cubic (fcc) structure. The simulated
XRD pattern of Co304 is shown for reference. The particle size and the XRD patterns are in accord-

ance with recent literature reports!’6.

In order to formulate an inkjet printable ink, the highly aggregated powder of the as-synthe-
sized C0304/N-rGO sheets had to be dispersed and stabilized in solution. The resulting dispersion
must furthermore fulfill certain fluid characteristics, such as viscosity and surface tension, in order to
allow the stable ejection of picoliter-sized droplets at 1-5 kHz jetting frequency. In addition, the
droplets need to cover homogeneously and with high spatial resolution the target substrate. PVP and

EC were used as ink stabilizers (PVP for the Co3;04 and EC for the N-rGO), which must be sufficiently
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removed from the printed pattern, after the printing process, together with the solvents terpineol and

1,2-propanediol to avoid a deactivation of the catalyst for the ORR.

Experimental

Simulated
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X

—— difference

| Bragg positions

50
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Figure 3-1 Characterization of as-synthesized Co3;O04/N-rGO. a) BF-TEM image, and b) corresponding SAED pattern (left semicircle).

Simulated electron diffraction pattern (ring sampling diffraction planes) of cubic Co3O4 is shown to the right of the SAED pattern. c)

Rietveld refinement plot of powder XRD pattern.
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3.3.2 Ink characterization and printability

The final Co304/N-rGO ink (Figure 3-2a) with 3 mg of particles in equal proportions of
isopropanol:1,2-propanediol and water had a surface tension y = (27.6 = 1.97) mN-m™! and viscosity
n =4.3 m Pa-s, resulting in a printability parameter Z = 5.3, which fits well into the printability range
generally defined as 1 < Z < 10'%°, The Z parameter is the reciprocal of the Ohnesorge number Oh
and is given by Z = 1/Oh =(ypa) /n where p represents the density of the ink (p = 0.8 g'mL™!) and «
characteristic length (here the nozzle diameter with @ = 21.5 um). Figure 3-2a shows a picture of the
formulated ink. The dark, non-transparent appearance indicates a reasonable loading, i.e., 3 mg-mL"

I of Co304/N-rGO.

Ejected droplets had a tail that shortened during the flight but remained attached until the
droplets landed on the substrate (Figure 3-2b). Figure 3-2¢ shows a printed CL of 25 inkjet-printed
layers (IJPLs, refers to the number of printing passes and not to the number of monolayers of the
catalyst) achieving a catalyst loading of 5.1 pg-mm2 (referred to Co304/N-rGO). After photonic cur-
ing with a (10.6 + 0.2) J-cm™ pulse, the CL became solid and appeared brighter in the microscopic
image. A library of Co304/N-rGO-based CLs with different IJPLs were printed and photonic-cured
with the same (10.6 + 0.2) J-cm™ pulse for screening purposes (Figure 3-2d). 5, 10, 25 and 50 IJPLs
were deposited resulting in catalyst loadings of 0.05, 0.11, 0.27 and 0.54 pg-mm. These loadings
were precisely calculated by knowing the number of deposited droplets (software parameter), droplet
volume (droplet image analysis) and C0304/N-rGO catalyst loading in the ink (known from the ink

preparation).
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Droplet

Figure 3-2. High-resolution IJP of Co3;04/N-rGO-based CLs. a) Photograph of the Co3;O4/N-rGO ink. b) Four droplets ejected from
four parallel nozzles. ¢) 25 IJPL as a 25 mm? CL on glassy carbon before and after photonic curing with the (10.60 + 0.19) J-cm™
pulse. d) Inkjet-printed and photonic-cured 1 mm? patterns of Co;O4/N-rGO with different numbers of printed layers on a glassy carbon

substrate.

It was verified with UV—vis spectroscopy that the absorbance of a printed PVP-C0304/N-
rGO layer overlaps with the emission of the Xenon flash lamp (Figure 3-3). This guaranteed suffi-
cient, yet not complete, solvent evaporation and nanoparticle densification. Notably, after printing
and flash light irradiation, the CLs remained attached to the GC even after rinsing with aqueous as

well as organic solvents.
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Figure 3-3. UV Vis absorption spectrum of an as-printed PVP-Co304/N-rGO layer on quartz glass (red curve) compared with a typical

lamp emission spectrum (black curve; kindly provided by Novacentrix, same spectrum as in ref!!¢).

Soft-Probe-SECM feedback mode imaging (Figure 3-4) was performed to investigate
whether the printed and post-processed catalyst layers were conductive and well adhered to the sub-
strate. SECM is a scanning probe microscopy technique where microelectrodes, typically metallic
disk electrodes (radius » < 12.5 um) encapsulated in a solid insulating sheath, are laterally scanned
over flat and smooth surfaces. The optimum working distance is significantly smaller than the disk
radius!®. This makes it challenging to scan rough and tilted substrates, which requires the operation
of the scanning tip in a constant distance mode. In order to achieve this, a broad range of scanning
probe microscopies that operate with a distance control, such as atomic force microscopy or ion con-
ductance microscopy, have been combined with SECM.!%6-19%8 Ag the hyphenating approach requires
modified and often nano-sized tips as well as additional hardware, soft SECM probes have recently

been suggested as simple to prepare and operate, but however powerful, constant distance mode tips.
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Soft probes are made of flexible materials with embedded microelectrodes made of carbon paste or
platinum and brush in a gentle contact mode on the sample keeping thus a constant working distance.
The forces exerted onto the surface are weak enough to leave even biological tissue undamaged by

199-202

the contact mode scanning. These positive points make this technique particularly useful for

investigating CLs that are rough and that can be printed with varying controlled thicknesses.

Soft probe, cross-sectional view:

Soft probe, schematic
) side view

A

Carbon microelectrode,
Active area

Scanning
direction

Redox mediator FcMeOH
In solution

I ~3-5 um

Catalyst layer

b) Diffusion-controlled redox mediator regeneration ) Limited redox mediator regeneration

Higher Lower
regeneration e e ~ regeneration e
current - current

FcMeOH* FcMeOH*

FcMeOH

Glassy carbon

Figure 3-4. Schematic representation of Soft-Probe-SECM using soft carbon microelectrodes in contact mode over catalyst layers
printing on glassy carbon. Similar currents are expected over conductive surfaces (polymer-free catalyst layer and glassy carbon).
Lower currents are expected due to the presence of polymers (e.g. PVP) slowing down the electrode kinetics at the substrate or even

insulating the substrate (the latter means no regeneration reaction).

Different SECM modes exist, from which the feedback mode is the most common one.

Herein, ferrocene methanol (FcMeOH), a ferrocene derivate, was electrochemically oxidized to
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FcMeOH™ at the soft microelectrode and diffused to the substrate, where it was regenerated to
FcMeOH by an electron transfer from the CL/GC, in case the substrate directly below the soft probe
was conductive. This regeneration resulted in an increased flux of FcMeOH to the SECM probe. The
FcMeOH regeneration reaction is fast at reactive surfaces while it is slow or absent at less reactive or
insulating materials. Thus, the recorded current at the microelectrode provides information about lo-
cal surface reactivity of the sample. The feedback mode SECM image of the Co304/N-rGO patterns
(Figure 3-5) reveals a homogeneous surface reactivity of all printed patterns. Because feedback cur-
rents over the CLs were similar to bare glassy carbon, the printed CLs on GC were as conductive as
bare GC, giving a first indication that PVP and EC were successfully removed. Only at the edges of
the printed patterns slightly lower currents were recorded, most likely due to the presence of some
polymeric residues that might have accumulated in those areas during ink drying, as a consequence
of coffee ring effect. Another important result of the SECM imaging with the soft brushing probe is
that the CL was not mechanically removed, demonstrating certain stability and adhesion. Further-
more, this experiment exemplifies the applicability of Soft-Probe-SECM for the screening of libraries

of catalyst materials, offering new opportunities for soft probes.
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Figure 3-5. Soft-Probe-SECM feedback mode image of the catalyst patterns using a soft carbon microelectrode in contact mode. An
exemplary line scan was extracted. Identical currents over the CLs demonstrate their homogeneous conductivity similar to bare glassy
carbon. Exp. conditions: 2 mM FcMeOH and 0.1 M KNOs, Potential at the microelectrode: 0.4 V, sample was unbiased, step size in
x- and y-direction 25 pm, probe translation rate 25 pm-s~!, scan direction from left to right. The SECM data were plane-fitted using

two margins in order to compensate for slight solvent evaporation effects during the experiment.

Photonic curing is a powerful but critical process: On the one hand, it can reduce thermal
post processing times from hours to seconds, especially when the flash lamp is installed inside the
printer. A combined IJP and photonic curing platform allows further in a convenient way layer-by-
layer printing with intermediate curing. On the other hand, temperatures of several hundred degrees,
generated within a fraction of a second, can not only cause the evaporation of ink solvents and addi-
tives, but can also affect the properties of the processed material due to the generated heat. For in-
stance, metal oxide reduction to the metal can occur in presence of reducing compounds!'’*!72, To
analyse this process and the required parameters, and to compare the effects of slow oven-curing and

non-equilibrium photonic curing, inkjet-printed Co3O4/N-rGO-based CLs before and after thermal
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post-processing were mechanically removed from the GC substrates with a scalpel and, after re-dis-
persion in an alcoholic solvent, were deposited on a TEM grid with carbon support. From the TEM
images, it can be seen that thermal curing above a certain temperature with both techniques resulted
on the one hand in larger Co3O4 NCs that further changed their shape from cubic to roundish (Figure

3-6).

Medium pulse High pulse Oven-Cured

Co0, CoO

Snm_ Co0

Figure 3-6. BF-TEM images (upper panels) and corresponding SAED patterns (lower panels) of the raw catalyst material, after
different photonic curing pulses and after oven curing. To the right of each SAED pattern, the simulated electron diffraction pattern

(ring sampling diffraction planes) is shown. Reddish rings indicate Co304, blueish rings CoO.

On the other hand, N-rGO sheets might have been folded or size-reduced as they appear less
clear in the TEM images. The biggest changes in size and shape for Co;04 NCs were observed for
the oven-cured sample (cured at 400°C in air (final particle size (14.9 + 3.6) nm)), but also for the
photonic-cured samples a gradual increase in Co3O4 NC size was obtained with increasing flash light
intensities (Table 3-1). Only for the low photonic curing pulse ((2.03 = 0.02) J-cm™, in the following
"low pulse)", the cobalt oxide NCs kept their original size and shape (particle size (7.1 = 1.2) nm). It
has also been shown by other studies that post-thermal treatment in air of Co3O4 nanoparticle-deco-

rated graphene derivatives increased the catalyst particle size and porosity?®3. Furthermore, the N-
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rGO sheets were still clearly visible. Applying the highest photonic curing pulse, i.e., (10.6 + 0.2)

J-em™ = "high pulse", the rings in the SAED pattern converted more into dots and the new Co3O4 NP
size was (14.8 + 4.0) nm, which was nearly the same as for oven curing. The samples cured with
(5.27 £0.02) J-cm™ = "med (medium) pulse" demonstrate the presence of a transition zone, because
two domains with two different particle sizes were identified, cubic (6.7 + 1.2) nm and roundish (13.1

+2.3) nm. This suggests a heterogeneous heating by the medium pulse and, to elucidate the evolution

of the structure with heating, a detailed analysis on the SAED pattern was performed.

Table 3-1. Particle sizes after different post-processing conditions.

Sample Raw material Low pulse Med pulse High pulse Oven-cured
Particle size 69+1.1 7.1+1.2 6.7+ 1.2/13.1¢ 14.8 £4.0 149 +£3.6
(nm) 2.3
Shape Cubic Cubic Cubic/round Round Round

The clear change of the SAED pattern for the high pulse compared to the raw material can
be interpreted as a change of cobalt oxidation state from Co(ILII) in Co304 to Co(II) in CoO. The
SAED patterns in Figure 3-6 were divided into the measured (left semi-circle) and simulated patterns
(right semi-circle/quadrant). On the contrary, the oxidation states of Co(ILIII) in the CLs that were
oven-cured did not change, which can be expected for thermal equilibrium curing under ambient
conditions at 400 °C. It is known from calculated phase diagrams that Co3O4 decomposes at elevated

204 Tn fact, inert or

temperatures into CoO and O; only with a partial oxygen pressure below 1 atm
reducing atmospheres (e.g., hydrogen atmosphere) are usually applied inside furnaces to promote the
reduction of Co304. Recently, Lee ef al. have reported that high intensity light pulses between 18 and
24 J-cm™2 as 10 ms pulses (~350-410 °C) reduced nano- and microflakes of Co3O4 supported on
carbon fiber first to CoO and then at pulses above 26 J-cm™2 (~510 °C) to metallic Co(0)?%. The

authors suggested that a carbothermal reduction mechanism took place where the carbon acts as re-

ducing agent forming carbon dioxide (Eq. 54). In this work, N-rGO, PVP and other carbon sources
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in the ink (including solvent residues) could have acted as reducing agents?%%, identified as “C” in Eq.
54. However, an experimental proof is missing and further investigations are required. For instance,
the generated temperature during the photonic curing pulses is unknown in this study. Still in litera-
ture it is discussed the effects of the UV component of the irradiated light to have an effect in the

168

degradation of PVP as capping agents for nanoparticles.'®® In such case one of the product of the

decomposition are alcohols which can act as reducing agents during the sintering process.!3*

2 Co304 + C — 6 CoO + CO2 (54)

Figure 3-7 shows intensity profiles measured on the SAED patterns of the raw material, of
the CL cured with the low pulse and of a CL cured with the medium pulse in comparison to the
simulated profiles for Co304 (Fd-3 m) and CoO (Fm-3 m). Similar to the XRD data shown in Fig. lc,
the intensity profile of the raw material corresponds well to cubic Co304 (Fd-3 m space group). For
the low pulse, identical peaks were identified, demonstrating that the oxidation state of cobalt did not
change. On the contrary, additional peaks corresponding to CoO (space group Fm-3 m) were iden-
tified for the CL specimen that was post-processed with the med pulse (appears in magenta on Figure

3-7).

101



Simulated CoO |------------ FPRss s [N esetes man ot e LT

ngh pulse "M

Medium pulse w\—'

o pulse M——W
Raw material M

. 0. 77 (004) gy 119 T
Simulated Co,0, |-----" "~=-=7"  t-meeee- LG TR HP I
4
3 4 5 6 7
d/nm™

Figure 3-7. Intensity profiles measured on the SAED patterns of inkjet-printed Co304/N-rGO-based CLs without curing (raw material),
photonic-cured with the low, medium, and high pulse (solid curves). Simulated intensity profiles for Co3O4 and CoO are presented as
dashed lines. Red curves correspond to Cos;04, blue curves to CoO and magenta represents a transition state.

This pulse represents a transition zone before the complete reduction of Co(ILIII) to Co(II)
takes place. NCs of both spinel face-centered-cubic (fcc)- Co3zO4 (space group Fd-3 m) and fcc-CoO
(space group Fm-3 m) have been identified in the same CL, but in different regions (small cubic
versus larger roundish cobalt NPs, respectively), demonstrating that the heat generated by the pho-
tonic curing was not affecting the CL. homogeneously. The incomplete reduction to CoO could be
attributed to the mesoporous, three-dimensional structure of the CL resulting in heterogeneous light
absorption. Particles at the bottom or embedded within multilayered sheets might be slightly blocked
for the flash light. In addition, the mesoporous structure of the CL filled with air could have a cooling
effect, leading to lower local temperatures. Furthermore, local variations in catalyst loading, the de-
gree of folding of the N-rGO sheets and local differences in the PVP and EC loading could also
influence the local generation of heat. A fast heat transfer from the CL into the glassy carbon could

play a role as well in the incomplete reduction of Co3O4 to CoO.
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FT-IR spectroscopy was performed to analyse the removal of PVP by thermal post-pro-
cessing (Fig. 3-7). Six characteristic peaks for bare PVP (Figure 3-8f, purple) have been identified to
follow the presence, degradation and removal of PVP, which include sharp peaks at 1660 cm™!' (C=0
stretching/vibration), 1420 cm™' (C—H2 bending) and 1280 ¢m™! (C—N vibration). The FT-IR spec-
trum of the as-synthesized Co3;04/N- rGO (Figure 3-8a, black) shows characteristic peaks for N-rGO
at 1570 cm™! (sharp) and 1220 cm™ (broad). Furthermore, two major peaks for Co3Os4 can be iden-
tified at 658 cm™! and 560 cm™!. The FT-IR spectrum of the as-printed and dried PVP- Co304/N-rGO
ink (Figure 3-8b, red) shows the characteristic peaks of PVP as marked by violet asterisks. In addi-
tion, a broad peak at around 2920 cm™! for asymmetric C—H stretching, which is present in bare PVP,
is also found in the non-cured sample. This peak is significantly weaker in all other spectra. Oven
curing at 400 °C resulted in a complete removal of PVP as expected (Figure 3-8c, blue), because
PVP thermally degrades at 400 °C into volatile pyrrolidone that further decomposes into hydrocar-
bons?"’. The spectrum of the inkjet-printed PVP- Co304/N-rGO CL after photonic curing with the
med pulse shows that PVP has not been removed (Figure 3-8d, green). However, the characteristic
peaks at 1660 cm™!, 1420 cm™! and 1280 cm™! shifted to 1740 cm™ (+ 80 cm™), 1370 cm™ (-50 cm™
" and 1220 cm™ (-50 cm™), respectively. This can be correlated to degradation products of PVP2%,
In addition, two peaks at 2350 cm™! and 2320 cm™! increased significantly compared to bare PVP and
can be correlated to CO» (antisymmetric stretching modes of O=C-0)2"21°. CO, from the atmos-
phere or generated during the thermal decomposition of PVP could either be adsorbed or entrapped
in hollow spheres. Importantly, all peaks that can be correlated to PVP disappeared in the printed CL

after photonic curing with the high pulse, which suggests its complete removal (Figure 3-8e, orange).
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Figure 3-8. Removal of PVP through thermal post-processing. FT-IR spectra of a) raw Co3;04/N-rGO (black), b) non-cured inkjet-
printed PVP- Co3;04/N-rGO pattern (red), ¢) oven-cured inkjet-printed PVP-Co304/N-rGO pattern (blue), d) med pulse photonic-cured
inkjet-printed PVP- Co304/N-rGO pattern (green), e) high pulse photonic-cured inkjet-printed PVP- Co3;04/N-rGO pattern (orange)
and f) PVP (purple). Asterisks and colored rectangles in the background indicate recognizable peaks throughout all spectra. Peaks

marked by purple asterisks and rectangles correlated with selected peaks in bare PVP. Green asterisks correlate with degradation



The activity of the CLs for the ORR was evaluated by linear sweep voltammetry in O»-
saturated 0.1 M KOH. The printed electrodes were placed faced-up at the bottom of the electrochem-
ical cell. The electrolyte solution and the electrode were stationary during all measurements. There-
fore, the measurements were mass-transport controlled, and the data were not corrected for it, imped-
ing kinetic analysis. As a result, the interpretation of the electrochemical data from different CLs can
only be carried out on a relative basis. Figure 3-9a shows the effect of different post-processing con-
ditions using identically inkjet-printed CLs. The electrochemical response of the oven- and photonic-
cured samples were significantly different. Herein, oven curing resulted in the lowest absolute onset
potential, but with the largest peak current (—30 mA-mg™'), highest peak potential (0.6 V) and more
pronounced slope, therefore higher kinetics. The low pulse- Co3O4 resulted in the highest onset po-
tential and in a peak current of —22 mA-mg! at 0.56 V. Among the photonic-cured samples, the high
pulse resulted in the lowest absolute onset potential and less pronounced slope. The LSV of the me-
dium pulse-C0304-CoO is located in between. Generally, it is known that spinel Co3O4 on graphene
derivatives shows activity for the ORR?!!, however the reaction mechanism is still under debate. On
the one hand, it is believed that the catalytic activity in alkaline media is associated with Co*" ions as
active sites, which is affected by the catalyst morphology?!2. On the other hand, in a different study it
was demonstrated that Co?* could be the active site for the electron transfer to one adsorbed oxygen
molecule, which favours O—O bond breaking while the Co*" is oxidized to Co** 213214, Supporting
this view, it was recently found that CoO showed better catalytic activity for the ORR than
Co3047>215, However, synergistic effects between Co304 nano-sized particles and graphene improved
the ORR activity, presumed due to the formation of Co—O—-C bonds, which increases the electron
density at the O and decreases the electron density at the Co, most likely improving the electron

transfer!’®. N-doping of graphene derivatives have shown to strengthen the coupling between Co304
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and the graphene derivative while being a nucleation side for the catalyst formation!’. Another es-
sential factor for the catalyst activity is the conductivity of the support material, which for instance
has been shown to be higher for N- doped CNTs than for N-rmGO and resulting in a higher activity
with the former support’?. Therefore, the results of the photonic-cured samples could be explained by
the change in the particle size and morphology of cobalt oxide, cobalt oxidation state and the inter-
action of the cobalt oxide with the N-rGO support material, which affects active surface area and the
electron density. The crystal structure of the Co3O04/N-rGO using the lowest photonic curing pulse
resembled closest that of the catalyst raw material (vide supra). Lower onset potentials could be at-
tributed to the larger size of the catalyst NCs. The larger slope could be the result of faster kinetics.
The mass-transport is controlled by semi-infinite linear diffusion and should be similar for each elec-
trode surface. However, minor variations of the surface roughness cannot be excluded. Photonic cur-
ing of PVP- Co304/N-rGO films was supposed to decompose the PVP resulting only in gaseous and
evaporated compounds. However, PVP residues or the formation of carbonaceous side products in
the CLs could have slowed down the kinetics of the catalyst. In fact, recent studies show the effects
of adsorbed PVP on platinum NPs, where PVP inhibited the hydrogen underpotential deposition in
acidic solution. The electro-oxidation of PVP with adsorption of the reaction products on Pt above
0.4 V vs. RHE was reported?!®. It was further suggested to perform electrochemical cleaning to re-
move PVP from carbon supported Pd NPs, which in turn caused structural modifications and agglom-
eration of the Pd NPs?!7. The presence of low quantities of carbonaceous residues on Co304/N-rGO
and an oxidation of the N-rGO sheets is difficult to be analyzed due to the large background signals

from carbon in the material itself and in the support layers.

One of the major advantages of 1JP is the possibility to print reproducible features with
highly controlled loadings. Figure 3-9b shows the LSVs for the ORR of three examples CLs gener-
ated with the same printing and photonic curing parameters. The onset potentials are identical, the

slopes nearly the same and the peak currents and potentials vary only by 3% and 4%, respectively. In
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Figure 3-9c¢, the catalytic activities of the Co304/N-rGO CLs cured with the medium pulse and oven
are compared with a state-of-the-art ORR catalyst, which was carbon black supported Pt with two Pt
loadings (10% and 40%). For the Pt/C CLs, Nafion was used as a binder and curing temperatures
were moderate (80 °C). As expected, the catalytic activity for the ORR for 40% Pt/C was superior.
The 10% Pt/C-based CL showed the highest overpotential, most likely due to the four times lower Pt
loading. The slopes of both Pt/C-based CLs and the peak currents were quite comparable and similar
to the oven-cured Co304/N-rGO CL. These slopes were more pronounced than that from the photonic-
cured Co304/N-rGO CL. The half-peak potentials indicate a larger overpotential for the oven-cured
C0304/N-rGO CL (0.67 V) compared to in photonic-cured samples. Generally, it is known that spinel
Co304 on graphene derivatives shows activity for the ORR?!'!, however the reaction mechanism is
still under debate?!*. On the one hand, it is believed that the catalytic activity in alkaline media is
associated with Co’" ions as the low pulse photonic-cured Co304/N-rGO CL (0.7 V). As it is well
known, the oxygen reduction mechanism can follow a 4-e¢” or 2-e” pathway, wherein the latter results
in the formation of hydrogen peroxide (H20:) as a side product. This should be avoided, since this
strongly oxidizing compound can degrade for instance polymeric materials, such as Nafion, in fuel

cells?!8.
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Figure 3-9. Stationary LSVs for the ORR of inkjet-printed and post-processed CLs of C0304/N-rGO (LSVs not iR-corrected). a)
Comparison of oven-cured and photonic-cured CLs using different pulses. b) Reproducibility of three different CLs that were identi-
cally printed and post-processed (high pulse) on three GC substrates. ¢) Comparison of the ORR performance of a typical Co3O4/N-
rGO CL (low pulse) with two Pt/C-based CLs made with different Pt content. Experimental conditions: Oxygen-saturated 0.1 M KOH,
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Previous studies with the present material had indicated an electron transfer number close to
4.132 Tn order to investigate the effects of material processing, from ink formulation to pattern curing
a study was conducted in order to determine the electron transfer number according to the Koutecky-

Levich equation (Eq. 55)'%2:

r==+( ! w12 (55)

0.620nFAD?/3p=1/6¢

where j is the measured current density, jx are diffusion-limited current densities at a constant poten-
tial, » is the number of electrons transferred per O> molecule, F is the Faraday constant (96 485 C
mol ™), D is the diffusion coefficient of oxygen (1.9 x 107> cm? s7!), v is the kinematic viscosity of
the solution (0.01 cm? s !); C is the bulk concentration of oxygen (1.2 x 107 mol cm™), and  is the
electrode rotating speed expressed in rps. The values for n are presented in Table 3-2 and small shifts
in the electron transfer value from literature, considering the same material as utilized herein, can be

seen, indicating a concomitant production of H2Ox.

Under hydrodynamic control, the low pulse cured sample does not behave according to the
Koutecky-Levich conditions. Hence, it is not possible to estimate the number of electrons transferred
for this sample. It is possible to see in Figure 3-10 (green curve and right inset) that, at higher rotation
rates, the current is smaller than at lower rotation rates. This could indicate that the cured layer has
still polymer embedded leading to a lower mechanical attachment to the electrode during rotation and

material is lost.
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Table 3-2 Transfer electron number for different electrode preparation methods.

Co304/N-rGO/GC electrode Electron number
oven cured 3.89
low pulse N/A
medium pulse 3.34
high pulse 3.46

It could be caused by the processing route utilized to obtain the CL. The Koutecky-Levich
plots obtained for the studied CL can be found in Figure 3-10. It is possible to see that under hydro-
dynamic control the behavior of the CL is different from static conditions (Figure 3-10 left inset).
Despite the good mechanical adhesion during static conditions, for measurements utilizing rotation
the electrodes have some material lixiviated. The chosen potential for extracting the values was 450

mV vs. RHE.
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Figure 3-10. Koutecky-Levich plots for oven-cured and photonic-cured CLs. Left inset LSVs at 1600 rpm for the ORR of inkjet-
printed and post-processed CLs of Co304/N- rGO (LSVs not iR-corrected). Right inset, RDE after measurement with the low pulse
CL, demonstrating material removal. Oven cured (black), low pulse (green), medium pulse (red) and high pulse (blue). Experimental

conditions: Oxygen-saturated 0.1 M KOH, scan rate 5 mV-s™!

3.4  Conclusions

In conclusion, combined inkjet printing and photonic curing as potential large-scale platform
for the fabrication of C0304/N-rGO-based catalyst layers was applied. Inkjet printing allowed the
accurate deposition of a formulated catalyst ink resulting in precise catalyst loadings on glassy carbon
substrates. In order to get a printable Co304/N- rGO dispersion, polyvinylpyrrolidone and ethyl cel-
lulose were added to the ink as stabilizers. In order to remove the stabilizers, the ink solvents were

evaporated, generating well-adhered CLs.
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Thermal post-processing was performed using traditional oven curing and photonic curing.
The duration of the photonic curing process was only 75 s compared to 3 h that was applied for oven
curing. The CLs after oven curing and photonic curing with three different flash light intensities were
analyzed spectroscopically and electrochemically. The Co3;O4 nanocrystals grew from ~7 nm to
nearly ~15 nm, independently of the applied curing tool. While during oven curing the oxidation
states of Co were kept at (ILIII), photonic curing above ~2 J-cm™ resulted in the reduction of Co3O4
to CoO. CoO/N-rGO showed a lower activity for the ORR than Co304/N-rGO. Photonic curing below

~10 J-cm2 did not remove all the stabilizers, from which the catalytic activity suffered.

This work shows that ink formulation, printing and photonic curing processes need to be
well adjusted to each other in order to fulfill the requirements of fast printing, fast post-processing
and high catalytic activity of new electrocatalyst materials in mesoporous catalyst layers. The present
printing concept can be extended to further catalyst materials deposited on graphene sheets and its
derivatives, as long as they can be dispersed into an ink. In order to achieve multi-layers for sufficient
catalyst loadings, the number of printing passes can be increased. Furthermore, ion conducting mate-
rials, such as Nafion, can be printed subsequently to approach a catalyst layer closer to the ones ap-

plied in fuel cells®"®.
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Chapter 4 Print-Light-Synthesis of noble

metal nano-electrocatalysts

This chapter is based on the work adapted from Adv. Mater. Technol. 2018, 3 (2), 1700201, by A.
Lesch. The work was herein extended to glassy carbon substrates as alternatives to the transparent
but less conductive indium-tin oxide coated glass slides. Victor Costa Bassetto contributed with the

development of applying the technique Print-Light-Synthesis on glassy carbon electrodes.

4.1 Abstract

In this chapter, Pt nanoparticles were synthesized on glassy carbon (GC) substrates as an
extension of the work done previously in the group on ITO substrates. The utilization of GC substrates
was done in order to develop further the range of suitable substrates and electrochemical characteri-
zation possibilities. The GC substrate has several different characteristics than ITO, however the most
relevant is the higher thermal dissipation coefficient. ITO substrates are a thin layer of ITO deposited
over glass, therefore, over high energy irradiation, such as the ones utilized in PLS, the ITO substrate
can crack as presented by Lesch.!!¢ Therefore, the utilization of GC can be crucial for further devel-
opments of PLS for nanostructured catalysts. GC plates are further cheaper for long-term studies,
because they are simpler to prepare and renew, e.g. by mechanical polishing, for reuse. For the fabri-
cation, a combined inkjet printer and photonic curing platform was utilized. The process took place
under ambient conditions, i.e. at air and under room temperature, without the necessity to work in a
reactor as wet synthesis methods require. A platinum containing salt (chloroplatinic acid) was dis-

solved in a water alcohol mixture to adequately meet the physicochemical properties of the solution
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to the printing process. By the ink preparation and by modifying the printing parameters, the loading
of the Pt precursor on the substrate was controlled. The fast evaporation of the main ink solvents left
thin liquid films of the precursors on the substrate. Photonic curing, here in form of light pulses as
short as 330 us was applied to induce the thermal reduction of the Pt precursor into metallic Pt nano-
particles. The precursor coverage was only 1 pg/mm? with an ink volume in the lower nanoliter range.
The synthesized nanoparticles were spectroscopically and electrochemically characterized, which
confirmed the complete conversion of the Pt precursor into Pt metal and the electrochemical activity

of the fabricated electrodes was investigated.

4.2  Introduction

Through this thesis the utilization of inkjet printing in order to fabricate catalyst materials of
interests in energy conversion devices was explored. In this chapter we describe the fabrication of
metal nanostructures on diverse substrates through the recently developed Print-Light-Synthesis
method. As presented in Chapter I, Pt is one of the most studied electrocatalysts in the field of energy
conversion. Pt based materials play a central role in technologies for electrical mobility based on
hydrogen, which are Polymer Electrolyte Membrane Fuel Cells (PEMFCs). Pt-based electrocatalysts
are utilized to overcome the sluggish kinetics of the oxygen reduction reaction (ORR).2%-3%220-225 Dye
to high relevance in future economy, Pt based electrocatalyst synthesis methods have extensively
been investigated and many methods have been described, similarly to the ones presented in Chapter
5 for the fabrication of NiFe nanostructures. The majority of the proposed methods share the thermal
reduction of the catalyst particles under well controlled conditions to obtain the desired nanomaterial.
226,227 In addition, due to the high degree of control required for the synthesis process, scaling up the
fabrication of the desired nanostructure is challenging, especially when considering contaminants and

capping agents utilized in the synthetic process interfering with the further application of the electro-

catalyst 18,91,228-230
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Besides all the particularities in nanoparticles synthesis and scaling up another point of con-
cern is the fabrication of the catalyst layer containing the nanoparticulated electrocatalyst. The trans-
fer of the nanocatalyst material from the as-synthesized-form to an active catalyst layer normally
involves a dispersion step. For instance, as discussed in Chapter 3 the adequate dispersion of catalyst
particles in an ink is necessary prior to the fabrication of the CL. However, the downside of this
methodology is the undesired particle modification with the components utilized to stabilize the dis-
persion. 21123231 Therefore, a suitable alternative is the utilization of hyphenated technologies, such
as inkjet printing with photonic curing for both synthesis of new electrocatalyst materials and the
production of catalyst layers in a single step. In order to achieve such conditions, it is necessary to
utilize inks that do not contain nanoparticulate materials, but dissolved precursor salts. The substitu-
tion of nanoparticles by metal salts eliminate the undesired effects of working with nanoparticulated
inks that can block the nozzles of the printheads. Hence, it is possible to obtain the major advantage
on making a two-step device fabrication simpler, by eliminating the initial and time-consuming na-
noparticle synthesis. With advanced printers and the possibility of parallel printheads, also combina-
torial electrocatalyst libraries can be printed, facilitating the screening for their catalytic performance

using various established electrochemical and spectroscopic analytical techniques. !26:127:232:233

The conversion of Pt precursors salts into Pt metal is achieved by thermal decomposition,
i.e. the thermally induced reduction of the Pt precursors and gaseous side products. In the case of the
presented chapter the reduction is obtained with light pulses from a Xenon flash lamp, a process
known as flash light sintering or photonic curing. This methodology is based on a Xenon flash lamp
that can irradiate light with energy densities of several J/cm?. When the substrate is coated with a thin
layer of nanoparticles, molecules or precursor salts that will absorb light of different wavelengths, the
layer can heat up to several hundred degrees within a fraction of a second causing a rapid thermally
induced process, such as sintering or thermal decomposition. Photonic curing is mainly used with the

goal to create homogeneous and compact conductive films from nanoparticles and precursors, such
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as Cu 13*173 or Ag, 234 but is rarely applied for the fabrication of separate nanoparticles as applied for

analytical and catalytic applications.

In addition to the direct heating of the precursor salts, solid nanostructures, such as carbon
nanotubes or metallic nanoparticles, can absorb the light, increasing the surface temperature and, by
conduction, will heat up the surrounding precursors. In this way these particles act as absorber-to-
heat converters. Recently, Kim and co-workers used metal, metal alloy and metal oxide precursors

on carbonaceous substrates. 293233

In this chapter, the rapid fabrication of Pt nano- and microstructures on glassy carbon by
combining efficiently inkjet printing and photonic curing of a chloroplatinic acid-based ink is pre-
sented (Figure 4-1). The objective is to prepare two-dimensional electrode patterns that can poten-

tially be used for catalyst screening or in devices requiring Pt nanoparticle-decorated electrodes.

The conversion was obtained by the selective light absorption of the precursor film and sub-
sequent conversion into metal. Inkjet printing has been chosen to deposit various precursor loadings
with high precision in order to identify the film properties for a successful photonic curing process.
Glassy carbon has been selected because of its well-known electrochemical response and has been

widely used as support in electrocatalysis for material studies.

The ink volumes applied, in this work, for square millimeter sized areas were in the lower nL range.

Only gaseous side products

Printhead Printhead
CO,, oxidised ROH

movement
T Q = 2 20Y ROH HCI, C|2
Pt precursor S —
) )

Pt nanoparticles

For few miliseconds several hundred °C

Figure 4-1 Schematic representation of Print-Light-Synthesis of Pt nanoparticles and nanostructures on a glassy carbon electrode.
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4.3  Results and Discussion

A successful inkjet printing process is linked to the proper adjustment of the ink as discussed
in Chapter II. In the work presented in this chapter a mixture of water, isopropanol and 1,2-propane-
diol in equal parts was utilized as ink media. This specific solvent mixture was utilized for the fol-
lowing: control ink drying time and # with the utilization of 1,2 propanediol, adjust y with the addition
of isopropanol and increase the precursor salt solubility in the ink with water. The printable range is
between 1<Z< 10 as described in Chapter II, and this solvent mixture had a Z value of 5.6, which is
almost in the center of ideal value for printing.!>® In fact, stable jetting of ~17.3 pL droplets was
obtained (Figure 4-2 a) by applying a custom designed voltage signal to the piezoelectric actuators
of the printhead. The picture shows the stability of jetting for seven consecutive nozzles, characterized
by the nearly perfect parallel falling of the droplets and their similar falling speed (i.e. similar height
of the droplets in the picture). In fact, 50 mg of the Pt precursor H2PtCle:xH20 could be easily dis-
solved in I mL of the ink (Figure 4-2 b) resulting a slightly yellowish colored solution. After printing,
a wet film of Pt precursor was formed on GC (Figure 4-2¢). The inhomogeneity arose due to the
previously not sufficiently polished GC plate, leaving a shiny surface to the eye, but with inhomoge-
neous wetting ability. The location of a circular Pt precursor pattern is shown in white in Figure 4-2c.
By photonic curing, the wet film transformed into a solid structure (Figure 4-2¢) due to the decom-
position of HoPt'VClg-xH>O into Pt° and gaseous side products. The film was well adhered and could
not be removed by rinsing with DI water. On ITO it was reported that the Pt patterns were composed
of nanoparticles and their aggregates.!'® A laser scanning microscope image of a drop-casted and
photonic cured pattern (Figure 4-2d) shows the bare GC surface (right part) and a mix of smaller
particles with larger, i.e., micrometer aggregates, suggesting similar nanostructures on the GC sub-

strate compared to ITO.!!®
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cursor

Figure 4-2 a) Droplets of the Pt precursor ink generated from seven exemplary parallel nozzles. b) Photograph of the Pt precursor ink.
¢) Printed Pt precursor ink in the shape of a circle (5 mm diameter) on a GC plate before (left) and after (right) a 330 ps flash lamp
pulse with (3.52+0.03) J/cm?. Please note that heterogeneity in the layer appearance is due to the GC plate surface. d) Laser scanning

micrograph of a Pt nanostructure on GC, obtained by drop casting and photonic curing (330 ps pulse, (3.52+0.03) J/cm?)).

The characterization of the Pt precursor conversion into chloride-free Pt nanoparticles was
executed utilizing the ITO substrates. Patterns of 1 mm? were printed each with 3'050 droplets. The
fabrication of the particles was executed through the procedure described by Lesch!!®. The printed
patterns consumed 52.8 nL of ink, leading to a loading of 1.03 pg of Pt and took 60 seconds to
fabricate. Directly after printing on the ITO glass, the printed pattern liquid film appeared almost
transparent (Figure 4-3). To avoid fast drying, precipitation of the salt and formation of regions with
high concentration of Pt precursor, the ink formulation included a low vapor pressure solvent (1-2-
propenodiol) therefore it was possible to control the pattern drying. The pattern achieved a homoge-
neous thin film of liquid after 10 minutes (Figure 4-2, middle). After drying, the printed film revealed

a strong yellow colour and the delimiting borders of the patterns appeared more defined. The thin
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film thickness is a relevant factor for the conversion of the precursor to nanoparticles. In case of a
thick layer less light would be absorbed and the liquid would have a quenching effect on the temper-

ature of the precursor layer.

Chloroplatinic acid in standard methods for thermal decomposition (i.e. furnace with tem-
perature ramp) decomposes at temperatures above 500 °C. The decomposition leads to the formation
of metallic platinum, water and chlorine. 2*6237 Therefore, one can only assume that if the precursor
salt is decomposed to metallic particles, the pattern has reached at least 500°C during the light sinter-
ing process. This process consisted in a single pulse of 3.52+0.03 J-cm™ during 330 us (Figure 4-3

a, right).

In order to reach the decomposing conditions, the energy emitted during the flash is absorbed
by the thin film containing the Pt precursor salt. This is demonstrated in Figure 4-3b where the over-
lap of the emission and absorption spectra is given between 300 and 500 nm. In contrast, the substrate
utilized in this case was ITO (transparent substrates allow analysis in the UV/Vis spectrophotometer)
has very low overlap between the absorption and emission spectra. For this reason, it is suggested
that the decomposition of the Pt precursor is given by the direct absorption of the energy irradiated
from the broad spectrum Xenon flash lamp. The same applies to the substrate of borosilicate glass,
as the low absorption beyond 300 nm would not lead to any significant heat induced by the lamp

emission.

The obtained Pt patterns appeared homogeneous and mainly as well-defined squares. ITO is
a challenging surface for printing and can result in lateral pattern shrinkage during ink drying, this
phenomenon will be discussed further in this chapter. In such case, the flat and squared ink pattern
contracts towards the center of the printed pattern in case of a mismatch of ink surface tension and

surface free energy of the substrate.
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Figure 4-3 a) 30 inkjet-printed squares of Pt precursor salt (1 mm?) on indium-coated borosilicate glass after printing with 5 min drying
time at 54 °C (left) and after photonic curing using a 330 us short light pulse with (3.52+0.03) J/cm? shot energy density (right). b)
Absorption spectra of bare borosilicate glass slide (black), ITO-coated borosilicate glass slide (blue) and Pt ink on ITO-coated borosil-

icate glass slide (green) prior to photonic curing. Photographs and data kindly provided by Dr. Andreas Lesch.

In order to study the decomposition of the chloroplatinic acid energy dispersive x-ray (EDX)
spectroscopy was initially used. Pt and CI where clearly present in the sample not subjected to irradi-
ation in contrast to the sample after irradiation, where the almost absence of the Cl peak indicated the
almost full conversion of chloroplatinic acid to Pt (Figure 4-4a left and right respectively). Further
in spectroscopy characterization the converted patterns where analyzed with X-ray diffraction (XRD)
and the four characteristic Pt peaks, corresponding to the Pt facets are present (Figure 4-4b). The
encountered diffraction angles were: 39.87° (111), 46.37° (200), 67.61° (200) and 81.46° (311). The
last spectroscopy technique employed in the characterization was X-ray photoelectron spectroscopy
(XPS) and the spectrum is presented in Figure 4-4c. The XPS analysis confirmed the absence of Cl
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with no distinguished peaks of Cl in the typical position of Cl 2p3; (Cl 2pi2) 198.5 eV (+ 1.6 eV for
spin split).[?8] Pt peaks are well defined and show in the Pt 4f region a clear peak for Pt 4f7, (Pt 4f5/2)
at 70.4 eV (73.69 eV, A =3.29 eV). This confirms the conversion to Pt in consequence of irradiation.
Moreover, the shift of the peak in relation to literature indicated that not only the conversion occurred,

but the Pt is in metal form.

a Cl  PYITO Pt PYITO
410+ ITO 5 ITO
o
3 S Pt
A X
2 s/ Pt 24
3 )
o
© Pt Cl
Pt Cl

0 T T T T T L 0 T T T T T 1

20 22 24 26 28 30 20 22 24 26 28 30
b) Energy | keV Energy | keV

o PYITO C)‘m_

ITO Ptaf,,
5 Pt 4f,,
@
e
'3
c
e
£
Cl 2p
T T T T T T T T T 0-— T T T T
40 45 50 55 60 65 70 75 80 205 200 195 75 70
2Theta |l ° Binding energy | eV

Figure 4-4 a) Scanning electron microscopy — energy dispersive x-ray (SEM-EDX) spectroscopy analysis of inkjet-printed Pt precursor
ink before (left) and after (right) photonic curing. Substrate: Indium tin oxide-coated glass slide. b) Bragg Brentano X-ray diffractom-
etry (BBXRD) patterns of bare ITO glass substrate (grey) and the Pt nanostructures (blue) on the ITO-coated glass. Peaks marked with
an asterisk correspond to ITO. c¢) X-ray photoelectron spectroscopy (XPS) spectra of the Pt nanostructures on the ITO-coated glass

slide, focus is on Cl 2p and Pt 4f. Data were kindly provided by Dr. Andreas Lesch and published in reference ''°.

Continuing the characterization of the Pt/ITO electrodes, scanning electrochemical micros-
copy (SECM) with soft probes was used to investigate the conversion of the Pt precursor salt into a
Pt nanoparticle-coated thin film. The Pt coated areas should provide faster redox mediator regenera-

tion kinetics and thus higher feedback mode currents. SECM is an electrochemical scanning probe
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microscopy technique that is applied to investigate the surface activity of a given sample by scanning
a microelectrode in close proximity (several um distance) to the sample surface that is immersed in
an electrolyte solution.?*® Redox active species in the solution are reduced or oxidized at the microe-
lectrode and sample allowing the identification of local variations in the reaction kinetics at the sam-
ple. The redox active species diffuse between microelectrode and substrate, which as a result requires
a constant working distance.?** The SECM tips are typically metal or carbon disc microelectrodes,
embedded in an insulating mantle. Measurements are then normally carried out in constant height
mode on flat and smooth surfaces guaranteeing a constant working distance.?* In case of tilted and
curved surfaces, the microelectrodes can contact the substrate surface and damage the sample under

investigation or, even more problematic, break themselves.?"!

Therefore, for samples which are topographically challenging, soft microelectrodes have
been developed by Girault and co-workers.?* In this case, the glass insulated electrode is substituted
by a thin (<100 pm) polymer-based probe with embedded carbon paste microelectrode that can
slightly bend and be operated in contact with the surface, thus sliding on the surface with a constant
working distance. Contact mode SECM is well described in literature and demonstrates the possibility
of imaging various kind of samples from solid conductive and well defined to biological samples of

diverse stiffness and topography.

The principle underlying the measurement in Figure 4-5 is that, for each chosen point (step),
a signal is sampled (for the current corresponding to the oxidation of FcMeOH at the microelectrode),
and the combination of the results are reconstructed to form an image that describes the surface reac-
tivity towards the electrochemical reaction used as a probe. The SECM measurement mode employed
in this measurement is the feedback mode. This mode is characterized by the differential feedback
response to the oxidation/reduction of the redox mediator utilized (FcMeOH) over an unbiased sub-
strate immersed in solution. When the microelectrode is placed in close proximity above nonconduc-

tive/insulating surfaces the FcMeOH oxidized in the microelectrode tip is not reduced. In addition,
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as the electrode is in close proximity of the substrate the diffusion of FcMeOH from the bulk is hin-
dered. Therefore, the currents read are very low, limited to the oxidation of FcMeOH in the diffusion
layer in the vicinity of the electrode. However, over conductive substrates, the FeMeOH" is reduced
back to FcMeOH and a feedback condition is established. As high is the conductivity of the substrate,
more FcMeOH will be regenerated at the sample and available in the diffusion layer of the microe-

lectrode to be oxidized, leading to higher current values to be measured at the microelectrode.

For the Pt/ITO sample, it was investigated the contrast of the electrochemical reactivity of
Pt and ITO in the redox cycle of FcMeOH (redox probe). The reactivity contrast (current contrast)
originates from the fact that Pt has a higher capacity to reduce the oxidized FcMeOH than the ITO
surface, which can be seen in the figure with the higher intensity of current over the regions where
the Pt pattern was located, proving the higher conductivity of the printed pattern. This is one indica-
tive of the conversion of the Pt salts to Pt nanostructures over the ITO surface. In addition, it is pos-
sible to discuss the effects of the shrinkage of the printed pattern before the conversion. Despite the
low coverage of material in the surrounding areas of the printed pattern, due to pattern shrinking, it
was still possible to analyse the remaining material, and observe it is converted. Proving that Pt pat-
terns are bigger than what is possible to measure with the optical microscope. Such information is
useful for understanding the effects in resolution of the printed pattern and reactivity. Analyzing one
printed pattern, it is possible to see that in the surrounding areas of the pattern the conductivity is
higher than the bare ITO substrate. The peak reactivity is reached on the Pt surface. The roughness,
in contrast, can be attributed to a variation in the Pt loading through the printed pattern. The use of
carbon soft probes, similarly to the finding in Chapter III, opened the possibility for further develop-
ments in the Soft Probe SECM scanning of catalyst layers. At the current stage it is possible to scan

printed sensitive electrodes.
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Figure 4-5. Soft-Probe-SECM feedback mode image of the catalyst patterns using a soft carbon microelectrode in contact mode.
Experimental conditions: 2mM FcMeOH and 0.1 M KNOs, Potential at microelectrode: 0.4 V, sample was un-biased, step size in x-

and y-direction 25 um, probe translation rate 25 pm-s', scan direction from right to left.

As discussed above, two substrates were chosen, GC and ITO. GC is one of the most used
electrode support material, which can be attributed to the wide potential window (both in acidic and
alkaline electrolyte), stability and cost. Present below in Figure 4-6a we have the evolution the cyclic
voltammograms during the activation procedure. First, in the region of Pt oxidation (1.0 V vs
Ag/AgCl), the vertex current decreases with cycling and a wave corresponding to Pt oxidation be-
comes more pronounced. This fact can be attributed to the final conversion (reduction) of the precur-
sor salt to Pt, leading to an increase conductivity on the pattern. In the anodic scan, observed at 0.5 V
(vs. Ag/AgCl) is the formation and increasing with cycling of the peak corresponding to Pt oxides
reduction. With cycling, as for the oxidation, the overpotential decreases, as a consequence of the
increasing in conductivity of the pattern. In the region between 0 and -0.25 V (vs Ag/AgCl) we have

the region of hydrogen atoms adsorption (cathodic) and desorption (anodic). Figure 4-6b presents
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the 20™ potential cycle of the Pt/GC electrode. Due to the cycle characteristics it is possible to con-
clude the after cycling the Pt nanoparticles deposition in the GC Print-Light sintered electrode has

the same activity and traditional CV as normal polycrystalline Pt.
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Figure 4-6. Electrochemical characterization of the Pt/GC electrode obtained by Print-Light-Synthesis. a) 42 activation cycles, 50

mV/s. b) Activated Pt/GC electrode, 50 mV/s. All experiments were carried out in 0.1 M HCIOs.

4.4  Conclusion

Print-Light-Synthesis has been successfully applied for the fabrication of noble metal elec-
trocatalysts. It was possible to obtain Pt decorated GC substrates in a fast process, less than 10 minutes
which principally can be reproduced from mm? to m? without any process alteration. The fact that the
ink contains no nanoparticles simplified the printing step of the process and decreased the material
waste. The simplification is attributed to the fact that no purging and cleaning steps were necessary
and no nozzle clogged during the fabrication process. Therefore, all the utilized ink was recovered in
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the printed patterns. The obtained loading on the substrate was of 1 pg/mm? with just few nL printed.
The results presented in this chapter sum to previous results indicating the viability of employing
inkjet printing as a fabrication tool from electrocatalyst screening to catalyst layers development. The
simplified synthesis and fabrication procedure needs further developments to achieve a higher degree
of control in particle size and shape. Yet, the promising results presented so far indicates the viability

to explore this technique.
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Chapter 5 Print-Light-Synthesis of Ni and
NiFe-nanoscaled electrodes for oxygen evolu-

tion reaction

This chapter is based on the work adapted from: : Victor Costa Bassetto, Mounir Mensi, Emad Oveisi,

Hubert H Girault, Andreas Lesch — ACS Appl. Energy Mater. (2019), 2, 6322 - 6331 in which Victor
Costa Bassetto contributed with the ink formulation, inkjet printing and curing procedures. He further
conducted the TGA experiments and electrochemical characterization. Together with Dr. Emad

Oveisi, was responsible for the STEM characterization.

5.1  Abstract

Ni- and NiFe-based nanocatalyst coated electrodes are prepared as oxygen evolution cata-
lysts by merging large-scale electrode fabrication and nanoparticle synthesis into one process. This
is realized by a hyphenated inkjet printing and flash light irradiation platform. Inkjet inks, containing
Ni and Fe chloride in adjustable ratios, are printed leading after light-induced thermal decomposition
to Ni and NiFe-based nanoparticles of less than 2.5 nm in diameter. The role of a light absorbing
support layer, here carbon nanotubes, and the synergistic role of mixing Fe and Ni precursors for the
complete light-induced precursor conversion are discussed. The entire fabrication process based on
the reproducible deposition of nanoliter ink volumes (reaching <2 pg-cm metal precursor salt) is
operated under ambient conditions, requires only few minutes and is up-scalable to the industrial
fabrication level. After Print-Light-Synthesis, electrochemical activation, e.g., by potential cycling,
leads to catalytically active Ni- and NiFe-based nanoelectrocatalysts with onset potentials as low as
240 mV (at 0.1 mA-cm), overpotentials of 334 mV (at 10 mA-cm2), Tafel slopes of 41 mV-dec!

and high turnover frequencies of up to 6.53 s™! for the oxygen evolution reaction.
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5.2  Introduction

The low-cost, large-scale production of two-dimensional and three-dimensional electrodes
containing functional nanomaterials finds important applications in numerous fields ranging from
biosensing!?3241242 to energy conversion and storage!3%-2!243, The nanomaterials act often as electro-
catalysts to increase the rate of chemical reactions for sensing as well as energy conversion. The
nanocatalysts are generally supported on carbonaceous materials for reasons of (electro)chemical sta-
bility of the nanoparticles (NPs), mechanical stability as well as electronic conductivity of the elec-

trode structure, and provision of sufficiently large surface area of the electrocatalyst.

For instance, nanostructured catalysts on nanocarbon supports play an important role in en-
ergy conversion devices, such as polymer electrolyte membrane (PEM) electrolysers, in which they
are implemented into two mesoporous, three-dimensional catalyst layers, separated by the PEM, to
promote water splitting?**. Two half reactions, known as hydrogen evolution reaction and oxygen
evolution reaction (OER), are involved. For the latter, IrO, and RuO, are the state-of-the-art electro-
catalyst materials?*> but their long-term implementation is impeded by their high costs and scarcity.
As the demand for electrochemical hydrogen generating systems, with OER on the counter electrode,
is continuously raising in the growing hydrogen economy, tremendous efforts have been made to
either increase the efficiency of the utilized catalyst amounts or to replace Ir and Ru by abundant

materials, such as Ni, Co, Fe and their alloys?#3246-249,

Oxygen evolution is based on the formation of an oxygen-oxygen bond due to a four-proton
electron transfer process, which represents a kinetically sluggish reaction.?*° NiFe-based nanocom-
posites have been shown to be a promising candidate for the OER?!?52 and a wide range of metal
ratios, shapes, sizes and catalyst supports have been reported?*2>7. Especially layered double hy-
droxides of Fe and Ni found recent attention®®. NiFe-based materials are synthesized by reducing
their precursor salts in chemical and thermally driven processes. Chemical reduction is achieved by

the sol-gel method*”? or by electrochemical*’ and electroless deposition®®’. The latter can require
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that the 2D or 3D catalyst supports have already been prepared. Further, these methods do not
provide high throughput, as the process is limited to the active support area and deposition time.
The thermal route can be realized using solvothermal synthesis in solution or thermal decompo-
sition under gas atmosphere, which can produce larger amounts of material in the form of dispersed
NPs or powders. Many of the corresponding chemical reactions require the accurate control of pro-

cess conditions, such as temperature, pressure and atmosphere?®!.

The growth of NPs in solution is further controlled by the use of capping agents that func-

tionalize the NPs and block their further growth as well as their agglomeration?®?

. The capping agents
should be removed after the synthesis, as they can adsorb strongly on the electrocatalyst surface al-
tering the catalytic activity?%3. Such procedure can require harsh chemical and temperature conditions
affecting the initial electrocatalyst properties. After the synthesis, the materials need to be transferred
onto electrode supports by drop casting or pasting for electrochemical and spectroscopic characteri-
zation, which generally requires the addition of binders, such as Nafion, for the adhesion of the layer
to the support. For the implementation into electrochemical reactors, as-synthesized catalyst powders
need to be dispersed to form processable inks and pastes for spraying and printing-based methods.
These standard methods can allow flexibility, but are often limited to low throughput, require ad-

vanced reaction conditions or are based on multi-process steps, which together make the industriali-

zation complex.

We have recently introduced a combination of device fabrication and nanoparticle synthesis
by hyphenating inkjet printing and flash light irradiation!!S. Inkjet printing allows the precise and
rapid deposition of low concentrated inks achieving nL/mm? ink coatings while the use of a flash
lamp can heat thin layers up to several hundred degrees within a fraction of a second, notably being
operated under ambient conditions and decomposing metal precursors into nanoparticles '*°. This
concept, called Print-Light-Synthesis, enabled for instance the large-scale production of Pt-nanostruc-

tured indium-tin oxide electrodes for energy research!!®. The use of printheads that contain hundreds
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of parallel nozzles and eject droplets with kHz frequency allows both printing of small test samples
for characterization purposes and, by using the same parameters, producing devices on the industrial
scale. Furthermore, the use of parallel printheads and digital droplet deposition software enables the

accurate mixing of precursors generating multi-functional material composites and gradients of those.

Flash light sintering, also known as photonic curing or pulsed light irradiation, delivers
within a fraction of a second onto a closely positioned substrate up to several Joules per cm? of light
energy. The wavelength range is from approximately 300 to above 800 nm, enabling many light ab-
sorbing materials to be sufficiently heated up. Flash light irradiation is generally applied in printed
electronics to form conductive traces from nanoparticulate films by removing ink solvents, degrading
polymeric and ink stabilizing additives and sintering the NPs. The rapid generation of several hundred
degrees in thin films has further enabled the thermally induced reduction of metal oxides into metals,
such as Cu from CuO'”!, but also the thermal decomposition of metal salts into metallic and alloyed
nanoparticles, such as Co?®*, Pt!!®, PtRu?* or Cu'34. The mechanism is based on the thermally induced
reduction of metal cations while the anions, such as chloride, evaporate as gaseous side products (e.g.
HCI and chlorine), making it unnecessary to use capping agents and other additives. Light absorbers,
such as carbon nanotubes (CNTs) can be added to facilitate the process and to achieve high conduc-
tivity of metal/CNT composites'**. Indeed, CNTs have been reported to be good light-to-heat con-

verters?®>.

Herein, we present Print-Light-Synthesis of Ni and Ni.Fe(i.x-based nanostructures on
carbon nanotube-coated as well as bare glassy carbon substrates (Figure 5-1). Importantly, the
goal was to create nano-sized features for electrocatalysis rather than conductive films as aimed
in printed electronics. Ni and Fe chloride salts were dissolved in specifically designed inks to
enable rapid printing, drying and flash light-induced thermal decomposition. A combined inkjet
printer and photonic curing apparatus was employed for flexible and rapid processing. Print-

Light-Synthesis requires that the printed precursor ink or the substrate underneath absorb the light
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emitted from the flash lamp and heat up. In the former case, the ink heats up and decomposes as a
direct process while in the latter case the heat transfer from a light absorbing substrate to the precursor
film on top represents an indirect route. Both concepts were addressed herein by using a layer of
CNTs that was strongly light absorbing and placed between the substrate and the precursor ink. The
Ni- and Ni.Fe(.x-nanocatalyst on CNT/GC as well as on GC were characterized by scanning
electron microscopy (SEM), scanning transmission microscopy (STEM), X-ray photoelectron
spectroscopy (XPS) and voltammetry to analyse the fabrication process itself and the electro-

chemical activity of the printed layers towards the OER.
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Figure 5-1 Schematic representation of Print-Light-Synthesis to create nanostructured electrodes with a combined inkjet-printing and
flash light irradiation step to induce the thermal decomposition of electrocatalyst precursors following either a direct and indirect

precursor heating mechanism. A layer of CNTs act, as light absorber and local heat generator.

5.3  Results and discussion

The ink was designed in order to fulfil the following four major properties that are required
for Print-Light-Synthesis: i) solubility of the metal precursor salts in the desired concentrations, i7)
stable jetting with the piezoelectric driven printheads, iii) covering the substrate homogeneously, and
iv) allowing fast drying of the printed metal precursor layer to form a thin wet film with still dissolved
salt and being immediately ready for its flash light-induced thermal composition. A dissolved salt is

assumed to result in homogeneously distributed particles. Adapting a previous work from the labor-
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atory,!''® the ink solvent herein was composed of isopropanol and 1,2-propanediol. Isopropanol ma-
jorly controlled the surface tension y and 1,2-propanediol the viscosity 7, i.e., y = (24.24 + 1.12)
m-Nm™! and = 9.96 mPa-s™!, respectively, with a density p = 0.9 g/mL (at room temperature). The
ink was notably stable allowing long-term printing without the need of performing frequent nozzle-
cleaning steps, e.g., by pressure-based nozzle purging. Calculating the printability parameter
Z=(y-p-a)®>-5~! where a represents a characteristic length (here the nozzle diameter with a = 21.5

155 is within the printability range of 1 < Z < 10.

um) leads to a value of Z = 2.2 that according to Derby
Indeed, stable jetting of ~15.3 pL droplet was obtained (Figure 5-2a)!>>26*, An array of separate
droplets of Nig.4sFeo 55 (molar ratio) precursor ink was printed on a CNT/GC electrode to evaluate the
accuracy and precision of the droplets positioning and to measure the diameter of the droplet
(85.243.5 pum) after spreading on the CNT/GC substrate (Figure 5-2b). The bluish and brownish
spots at the rim of each individual droplet indicate larger material aggregation as result of a minor
coffee ring effect 2%, Notably, these precipitates were absent in the internal part of larger patterns that

were created by printing overlapping droplets, e.g., with 5 um penetration of adjacent droplets to each

other (i.e., ~80 um droplet separation, Figure 5-2c).
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Figure 5-2 Single droplet development during different periods after droplet ejection. Micrographs of inkjet-printed and flash light-
irradiated separated (b) and overlapping (c) Nig4sFeo ss precursor ink droplets on a CNT layer on GC. d)Absorption spectra of Fe (red),
Nig4sFeo ss (orange) and Ni precursor wet films and CNT ink wet film (blue) on a quartz glass slide. Emission spectrum of the Xe flash
lamp (pulse condition 750 V, 200 ps, green).

For the thermal decomposition of NiCl>-6H>O in air to form Ni and/or NiO, i.e., the evapo-

ration of the entire crystal water and the removal of chloride as Cl; and HCIl, the requirement of

exceeding 590 °C27 or even 820 °C was reported®®®. For FeCl,-4H,0, the thermal decomposition to
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Fe,O3 occurs in air at temperatures exceeding 400 °C?%°. For the complete thermal decomposition
under equilibrium conditions, i.e., at constant temperature, more than 1 h equilibrium heating is re-
quired.?®® The stepwise equilibrium-driven thermal decomposition of the hydrated chloride precursor
salts used herein was measured by thermogravimetric analysis providing thermal decomposition tem-
perature ranges of 200-455 °C for the pure Fe (Table 5-1), 420-650 °C for Ni (Table 5-2) and 400-

680 °C for the Ni-Fe mixed precursor inks (Figure 5-3).
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Figure 5-3 Thermogravimetric analysis (TGA) of the iron, nickel and iron:nickel 0.45:0.55 molar ratio salts. Temperature scan with

10 °C/min heating ramp at air. Number in the plot indicate the number of the decomposition reaction steps for each compound.
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Table 5-1 Assumed steps for the thermal decomposition of FeCl,-4H,0 in air following references?®27°,

g/°C Composition
30 FeCly-4H20s)
30-85 FeCly-4H20s) — FeCla-2H20¢s) + 2H20(g)
100 — 135 FeCl2-2H20(s) — FeClas) + 2H20g)
135-190 3FeClas) + 302 = 3FeClOgs) + 3/202) + 3/2Clag)
200 — 455 2FeCl + 3/202 — Fe20s + 2Cly

2FeClO + 1/202 — Fe205 + Cl2

Table 5-2 Assumed steps for the thermal decomposition of NiCl,-6H,0 in air following references?’%!.

g/°C Composition
30 NiCl-6H2Os)
30-80 NiCl2-6H20() — NiCla'xH20s) + (1-x)H20g)
130 - 275 NiCl'xH20s) = NiClogs) + xHaOyg)
420 - 650 NiClas) + 1/202(g) — NiOgs) + Clag)

In order to realize Print-Light-Synthesis, either the ink or the substrate, needs to absorb the

light emitted from the flash lamp and generate the required temperatures for the thermal decomposi-

tion. The absorption spectra of thin wet precursor films on fully transparent quartz glass after drying

were recorded and showed film absorbance until 300 nm (Ni precursor ink) and 450 nm (Fe precursor

ink), Figure 5-2d. The typical light emission from the flash lamp (Pulse parameters: 750 V, 200 ps)

starts above 250 nm. Consequently, the wet film of pure Ni precursor ink provides very little overlap

with the lamp emission, while the pure Fe precursor ink overlapped over a broader wavelength range.

The temperature of the precursor films during light exposure was not measurable due to the short
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process time. A light absorbing substrate could be bare glassy carbon or a layer of CNTs, the latter
absorbing from 200 nm to 800 nm (Figure 5-2d). Therefore, heating of the CNT layer with potential
transfer of this heat into the wet precursor film on top was aimed as an indirect route for the decom-
position!3*. Obviously, the direct and indirect flash light-induced heating of precursors may take place

in parallel.

In Figure 5-2, five layers of Nig4sFeoss precursor ink were inkjet-printed with a total ink
volume of only 3.15 pL/cm?, equal to a total Ni and Fe loading of only 1.58 pg/cm?, the latter being

low compared to literature??

. The printing was performed at 60°C substrate temperature to accelerate
the evaporation of the ink solvents. The lower evaporating ink solvent (1,2-propanediol) remained
after few minutes of drying creating a thin homogeneous wet film rather than letting the precursor
crystalize!!6. Two different pulse series were then applied. The first pulse resulted in a total shot
energy density of 10.60 + 0.19 J-cm™ with estimated peak temperature at the GC surface of 275 °C
(Fig. 4-4). The second pulse gave an entire shot energy density of 3.52 + 0.03 J-cm™2 with 450 °C
estimated peak temperature.!'!¢ The first pulse was intended to dry the ink completely (solvent boiling

points were 83 °C and 188 °C, respectively) and to remove remaining water of the crystal lattices in

the precursor salts. The second pulse was supposed to remove the chlorine (Figure 5-4).
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Figure 5-4 Simulated temporal temperature profiles of the two applied flash light pulses for the water removal/complete solvent evap-
oration ("water removal pulse") and material conversion ("conversion pulse") on the GC surface. The effect of the presence of a CNT
layer could not be simulated due to a lack of known physical constants required for the simulation. The measured shot energy densities
given in the main text consider the entire pulse duration.

Print-Light-Synthesis is followed by a washing step to remove any non-converted precursor
material, but also converted precursor material that instead of being well adhered to the electrode
support is present as loose particles. For particle size analysis by STEM, the Nig4sFeo.ss/CNT layer
was scratched away from the GC support after washing and drying (Figure 5-5 a,b). NPs were smaller
than 2.5 nm in diameter assuming spherical particles (Figure 5-5c¢). Due to the limited resolution of
the images, the software-based particle size determination was performed with a lower cut-off limit
of 0.5 nm. However, assuming a Gaussian size distribution suggests that particles of also less than

0.5 nm diameter could have been present on the CNTs.
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Figure 5-5 Bright field (a) and dark field (b) STEM of Nig 4sFeo 55 NPs formed on CNTs. The area indicated in (b) by the white rectangle
was used for particle size distribution analysis (c). The dashed line in (c) indicates the lower cut-off value that was set for the image-

based particle size analysis.

X-ray photoelectron spectroscopy (XPS) of Fe (left panels a-c) and Ni (right panels d-f)
precursor ink patterns on CNT/GC substrates before (black curves) and after flash light-irradiation
(red curves) are shown in Figure 5-6. Print-Light-Synthesis is operated under ambient atmosphere
and samples are stored at air, which could lead to an oxidation of the materials immediately after the
process. In the XPS spectrum of Fe, peaks at 712.5 eV (Fe2ps2) and 725 eV (Fe2pi2) can be seen
before and after the flash light irradiation (Figure 5-6a). A peak at 720 eV (satellite Fe2p3.) evolved
due to the flash light process indicating iron oxide formation. The Cl XPS spectrum of the non-irra-
diated Fe/CNT/GC sample shows three peaks, which are the result of two "metallic" Cl peaks allo-
cated to FeCl, and two "organic" Cl peaks that we have been able to associate to the CNT ink (Figure
5-6b and Figure 5-7). The peak at 198.5 eV corresponds to metallic Cl12ps3., the one at 201.6 eV to
organic Cl (Cl2pi,) and the central peak at 201.1 eV is a superposition of metallic C12p1,» and organic
CI2p3,2. The organic Cl peaks were not affected by the photonic curing. Incomplete precursor con-
version was indicated by a remaining metallic Cl peak at 198.5 eV (Cl2ps2). The O 1s spectrum is
dominated by the peak at 532 eV corresponding to organic C-O bonds (from the CNTs and GC sup-
port), but a shoulder at 530.5 eV appears after photonic curing indicating iron oxide formation (Fig-

ure 5-6¢).2’2 A conversion of the Ni precursor is not visible in the XPS spectra, as the Ni (Figure
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5-6d), Cl (Figure 5-6e) and O (Figure 5-6f) peaks remained nearly the same after the process. Ac-
cording to the TGA data (Figure 5-3), anhydrous NiCl, could have been formed. Notably, the wash-
ing step did not remove the light-treated Ni precursor salt, which was clearly the case for non-flashed

samples (vide infra). This could be explained by the lower solubility of anhydrous NiC1,?73.
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Figure 5-6 X-ray photoelectron spectroscopy (XPS) characterization of Fe (a-c) and Ni (d-f) precursor patterns, printed on CNT/GC
substrates, before (black) and after flash light irradiation (red). Lines for Ni2p (a), Fe2p (b), CI2p (b, ) and O1s (c, f) are shown. Note:
all spectra were normalized considering the base line and the main peak height, thus the spectra before and after flash light irradiation

do not represent quantitative comparisons.

Thereafter, the XPS spectra of mixed precursor films (left panels in Figure 5-7a-c) and the
role of the intermediate CNT layer (right panels in Figure 5-7d-f) were investigated. While no sig-

nificant changes in the Ni spectra can be observed on both substrates (Figure 5-7a,d), iron oxide
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formation (720 eV) took place on both CNT/GC and GC substrates (Figure 5-7b,e). A high removal
efficiency of the metallic Cl 2p3» peak at 198.5 eV can be seen on both substrates, but only on the
CNT layer with 100% chlorine removal (Figure 5-7¢,f). While the pure precursor inks resulted in
insufficient Cl removal, the flash light irradiation of the Fe-Ni precursor mixture resulted in the dis-
appearance of Cl. This synergistic effect could be explained by the higher light absorption properties
of the Fe precursor leading to Fe(0) sites. Ni cations could then be absorbed by these Fe(0) nucleation
sites and reduced similarly to Ni(Il) sequestration in water treatments®’*. The application of repetitive
pulses could lead to higher temperatures in the solid particles and generated sufficient temperatures

for the stepwise thermal decomposition.

142



Nig 4sF€0.55/CNT/GC  Nig4sFe 55/GC

Ni 2p, Ni2p,, Ni 2p,,,
<atellite;
Ni 2p

Irradiated

Ni2pNiZpa N2
SatelliteNot irradiated

(o}
el

Normalized intensity / a.u.

Q

N
Normalized intensity | a.u

Not irradiated

z
N
i

890 BéO 870 860‘ 850 890 880 870 860 850 840

b3
I}

) Binding energy | eV 5 Binding energy | eV

b = Not irradiated ©

®  Fe2p Fezpy; Fe2p Fe 2py, e Fe 2p Fe2p,, Fe2p,, Fe2py,

N | FeO > Irradiated iFeO

= Irradiated | ‘B !

@ c

S 9]

£ €

£ =

S 3

N N

= ®

©

g £ : 1

S o !Not'irradiated

zZ il :
< ; : : : : :
740 735 730 725 720 715 710 705 700 740 735 730 725 720 715 710 705 700

) Binding energy | eV . Binding energy | eV

S 3
C) S’ Ci2p Cizp, C12Ps Cl2py, f)f Cl2p Notirradiated CI?]M Cl2p,,

N orgamcC\é ) e\' Irradiated

_%. Iradiated Not irradiated 5

IS i 3

2 -~

IS =

S °

o N

N =

(\B ©

g £

S
S 2
= LI : .
210 208 206 204 202 200 198 196 194 210 208 206 204 202 200 198 196 194
Binding energy | eV Binding energy ! eV

Figure 5-7 Normalized XPS spectra of mixed Nig4sFeo ss precursor ink printed on CNT/GC (left) and GC (right) substrates before
(black) and after flash light irradiation (red). Lines for Ni 2p (a,d), Fe 2p (b,e) and CI 2p (c,f) are shown. Note: all spectra were
normalized considering the base line and the main peak height, thus the spectra before and after flash light irradiation do not represent

quantitative comparisons.

Ni, Fe and NiFe chloride inks made of alcohols (1,2-propandiol and isoproponal) and DI
water were prepared. The water-based ink was not inkjet printable due to a too high surface tension
and too low viscosity. Therefore, 0.5 pL of all inks were drop casted rather than inkjet printed. Two
indium tin oxide (ITO)-coated glass slides served as substrates, because of their transparency to iden-
tify ink changes, such as color, and low surface energy to limit spreading of the inks (Figure 5-8).
One substrate was used for the alcohol-based inks and one substrate for the aqueous inks. Using 0.5
pL droplets, the precursor concentrations in this test were notably higher than achieved by inkjet-
printing. The ink droplets were dried at 60 °C for several minutes as in the printing protocol and flash

light-irradiated in the same way as the CNT/GC substrates.
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The drying led to thin wet layers that were transparent for the aqueous inks, strongly yellow
for the Fe precursor alcoholic wet film, nearly transparent for the Ni precursor alcoholic wet film and
slightly yellowish for the mixed Ni and Fe precursor alcoholic ink. Looking first at the alcoholic inks,
after the 575V-based pulse the Fe- and Ni-based patterns appeared mainly whitish/greyish, while the
NiFe-mixture appeared much darker indicating a more efficient conversion. This effect was even
more pronounced after the second flashing. As shown by Lesch!!é, ITO does not generate much heat
thus requiring the direct mechanism for the thermal decomposition. In addition, the films were much
higher concentrated than the inkjet-printed and flash light-irradiated wet films on CNT/GC and GC,
creating thus a process that was not representing completely the combined inkjet printing and flash
right irradiation protocol. The ink was also not optimized to reach a homogeneous wetting of the ITO
(coffee ring formation). Nevertheless, the higher conversion efficiency of the mixed precursor ink is
obvious, even without the CNT layer. In contrast, nearly no conversion took place for the aqueous
wet films of identical concentration and identically processed to the alcoholic inks. This clearly

demonstrates the effect of the alcohols as electron donor.
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Figure 5-8 Flash light irradiation of Ni, Fe and NiFe-precursor salt wet layers with (top) and without (bottom) sacrificial electron

donor, i.e., alcohol.

Still, an additional advantage of using the CNT support layer is related to the wetting of its
surface by the precursor ink, which is more homogeneous on the CNTs than on the bare GC. Due to

the differences in the surface free energy of the two substrates, the wettability varies. Indeed, while a
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nearly homogeneous precursor layer is formed on CNTs with overlapping adjacent droplets (Figure
5-9), individual, non-overlapping droplets were created on GC that shrunk during drying and curing
(Figure 5-10). The latter resulted in a locally higher precursor loading, where the evaporation of ink
solvents and decomposition products resulted in bubble-shaped features at the rim of the created

nano-/micro-structures.

Figure 5-9 Scanning electron micrographs with four different magnifications of Ni/CNT/GC substrates before (a) and after (b) flash

light sintering.
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Figure 5-10. Scanning electron microscopy of Ni/GC before (a) and after (c) flash light sintering and of Fe/GC before (b) and after (d)

flash light sintering.

After 20 cycles, the CVs were reproducible. The alkaline pH and cathodic cycling could
have contributed to the conversion efficiency of nickel chlorides into the according hydroxides (vide
infra)®’>. Figure 5-11a shows the excerpts of the twentieth cycles between 1 V and 1.6 V for
Ni/CNT/GC (solid line), Nip4s5Feo.ss/CNT/GC (dashed line) and Fe/CNT/GC (dotted line). For
Ni/CNT/GC, after (oxy)hydroxide layer growth (Figure 5-12a), typical peaks for Ni(II/III) oxidation
and reduction can be seen?’®?’7, Two overlapping oxidation peaks are most likely related to the oxi-
dation of hydrous a-Ni(OH); (~1.45 V) and S#NiOOH, respectively 278-2%°, In contrast to the a-phase,
Ni(OH), was increasingly formed during cycling (Figure 5-12a). The broad oxidation wave at
around 1.2 V was a result of the low cathodic vertex potential (i.e., 0.25 V) and not present when
more positive lower vertex potentials where chosen (e.g., 0.9 V). Deep cathodic scanning can reduce
the Ni oxide species to Ni(0), which during subsequent anodic scanning generates a-Ni(OH), that

281,282

converts slowly into #Ni(OH),, a process generally described as ageing . A single reduction
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peak was present (E = ~1.35 V) possibly due to an overlap of the - and fphase reductions. The
apparent lower charge for the reduction compared to the oxidation (Qox/Qred = 1.7) could be due to
NiOOH species that catalytically oxidise adsorbed OH™ to O> under reduction of NiOOH to
Ni(OH)2?*3. The CV of Fe/CNT/GC does not show any relevant feature in this potential range. The
electrochemical behaviour of Nig.4sFeo.ss/CNT/GC was clearly different from pure Ni/CNT/GC and
Fe/CNT/GC as indicated by the single oxidation wave at ~1.5 V prior to the increase of the current
due to oxygen evolution. This suggests that a NiFe composite was formed during Print-Light-Syn-
thesis with different properties compared to the pure metals. As for the Ni/CNT/GC electrode, the

charge for the reduction in this potential region was smaller than for the oxidation (Figure 5-12).

Without the CNT layer, the peak currents for Ni oxidation and reduction were lower indi-
cating either less converted Ni material (non-converted precursor washed away) or less active Ni
surface area (e.g., through larger NPs, Figure 5-11b). This on the one hand could be the result of a
lower conversion rate for the Ni precursor decomposition without CNT layer or, on the other hand, it
could mean that a different Ni morphology was obtained, for instance by less efficient wetting of the
bare GC substrates by the precursor inks (Figure 5-11b, Figure 5-13b). The oxidation wave for
Nio.4sFeo.ss/GC directly prior to oxygen evolution is not visible. In addition, the oxidation wave
around 1.2 V (a-Ni(OH); = /#Ni(OH),) and the oxidation peak related to Ni(OH), are absent for the
CNT free Ni-coated electrode, which could suggest a synergistic effect of the Ni/CNT layer on the

SNi(OH), formation.

The ratio of Ni and Fe had a clear effect on the shape of the CVs of NiFe(-1/CNT/GC
(Figure 5-11c¢). An increasing oxidation wave at ~1.5 V before the OER was observed in the order
Nio22Feo 73, NioasFeoss and Nig71Feo29. On the contrary, NigssFeo12 on CNTs behaved almost like
pure Ni indicating that the desired NiFe composite formation might not have taken place or did not

have a visible effect on the CVs.
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Figure 5-11 Excerpts of cyclic voltammograms of NiFe(;.x) on CNT/GC and on GC. a) Nig.soFeo so/CNT/GC (dashed line), Ni/CNT/GC
(solid line) and Fe/CNT/GC (point line). b) Nig4sFeo ss/GC (dashed line), Ni/GC (full line) and Fe/GC (point line). ¢) Comparison

between different Ni,Fe(1../CNT/GC. Electrolyte 0.1 M KOH, scan rate 50 mV/s, cycle number 20, vertex potentials 0.25 and 1.70 V.

Not iR-corrected.
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Figure 5-12 20 cyclic voltammograms of a) Ni/CNT/GC, b) Nig 45Feo ss/CNT/GC, ¢) Fe/CNT/GC and d) excerpts of Ni, NigsgFeo.i2,
Nig.71Feo.29, NigasFeoss, Nig22Feo 73, Fe. a) Main figure shows the CV excerpt between 1.0 and 1.6 V while the insert shows the full
potential range. With cycling, the peak currents increased until reaching a stable behaviour. b) Main figure shows the CV excerpt
between 1.0 and 1.6 V while the left insert shows the full potential range. Right insert presents a zoomed view of the oxidation reduction
wave. With cycling, the peak currents increased until reaching a stable behaviour. ¢) Main figure shows the CV excerpt between 1.0
and 1.6 V while the insert shows the full potential range. d) Excerpts of cyclic voltammograms of Ni, NiggsFeo 12, Nig71Feo .29,

Nig4sFeo ss, Nig22Feo 78, Fe printed on CNT/GC. Electrolyte 0.1 M KOH, scan rate 50 mV/s.

150



6.0x10° 1

% 30x|0‘:

T , 6x10° !
a) ._E.zcno b 3 25x10
~ 50x10°{ §' 1 82000
[ % 1.0x10* / . 5x10° E 15x10°)
[ 2 J k7 & 1.0x104]
3 | X J 2 1
—;‘4.0X10 C.;), 50x10 A 2 4x10° o soxio’)
- 0.0 - og - 1
© << - - © < 00] —
8 3.0x103] = ool 8 = sonol
= ) 0250500751.001251501.75 S 3x10°{ = %" o2s0%0075 100125150 175
3 N Evs.RHE/V ? Evs.RHE/V
© 2.0x10° 4 ]
o () 2x10° 4
<C 1.0x10%4 <
~ N 1x10%4
= 0.0 =
0
-1.0x10° 1 1
T T ) -1x10° + T T 1
1.0 1.2 14 1.6 1.0 1.2 1.4 1.6
Evs.RHE/V Evs.RHE/V
6x10%1 | % sonior, d 0.4 - Nickel content
C gzsxw“}
—  sx103] S2on|
[ 3 1.5x10°
® 9 |
> 3 © 1.0x10%{
4 o |
% 4x10 p soxto”.: B _7} < 0.2 ‘
S Ny 0] —— Fe, 15 /IGC
S 3x1034 0250500.75 100 1.251.50 1.75 £
8 Evs.RHE/V =
oy 2x10°- 0.0
< .
N 1x10°
-
0
-0.2 T r T T
-1x10° T T | 1.2 14 15 1.7
1.0 1.2 14 16
Evs.RHE/V

Evs.RHE/V

Figure 5-13 20 cyclic voltammograms of a) Ni/GC, b) NigasFess/GC, ¢) Fe/GC and d) excerpts of Ni, NigsgsFeo.12, Nig.71Feo 29,
Nig4sFeo.ss, Nig22Feo 73, Fe. a) Main figure shows the CV excerpt between 1.0 and 1.6 V while the insert shows the full potential range.
With cycling, the peak currents increased until reaching a stable behaviour. b) Main figure shows the CV excerpt between 1.0 and 1.6
V while the left insert shows the full potential range. Right insert presents a zoomed view of the oxidation reduction wave. With
cycling, the peak currents increased until reaching a stable behaviour. ¢) Main figure shows the CV excerpt between 1.0 and 1.6 V
while the insert shows the full potential range. d) Excerpts of cyclic voltammograms of Ni, NigsgFeo.12, Nio71Feo29, NigasFeo ss,
Nig 2»Fey 73, Fe printed on GC. Electrolyte 0.1 M KOH, scan rate 50 mV/s. 28

The activity towards the OER was investigated by comparing the first and twentieth forward
half cycles of the CVs (Figure 5-14). The Ni Fe(1.x) nanostructures on bare GC showed clearly infe-
rior activity compared to the CNT/GC-based counterparts (Figure 5-14c¢). Further, Nio71Fe020/CNT
and NipggFeo.12/CNT showed the highest initial OER activity (i.e., the recorded current density at a
given potential, Figure 5-14d,e) while in particular Ni/CNT (Figure 5-14f) showed initially poor
activity. However, with cycling both Nig.71Feo.29/CNT and Nig.sgFeo.12/CNT decayed in activity, while

Nio.22Feo.78 (Figure 5-14b), NigssFeoss (Figure 5-14¢) and Ni (Figure 5-14¢) gained in activity.
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Ni/CNT gained substantially in activity during the cycling protocol approaching the curves of
Nio.71Feo.28 and Nig.ssFeo.12, while Fe/CNT showed poor activity for the OER (Figure 5-14a). Indeed,
it is reported in literature that cycling of Ni enhances the OER activity®. In literature, the positive
effect of the presence of Fe, also added as minor impurities, on the OER has beeen discussed for a
long time, but varying amounts of Fe for maximum activity are reported?*2#>-287, This is often related

to the large variety of NiFe-composites and the related syntheses and process conditions.
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Figure 5-14 iR-corrected first (black) and twentieth (red) forward half cycles of CVs of NixFe(1-x)/CNT/GC with x = 0 (a), 0.22 (b),

0.45 (c), 0.71 (d), 0.88 (e) and 1 (f) (red). Electrolyte 0.1 M KOH, scan rate 50 mV/s.

Polarization curves of the Ni- and NiFe-nanostructured CNT/GC (left panels a, c, €) and GC
(right panels b, d, f) were carried out after the 20 CV cycles discussed above (Figure 5-15). All the

curves were individually iR-corrected. In fact, the values of the solution resistance varied between 40
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Q and 100 Q. Ni showed the highest OER activity, which was determined as the onset potential
necessary to achieve 0.1 mA-cm (Table 5-3). Further, the OER activity increased inversely to the
Fe content with onset potentials 0.24 V for Ni/CNT, 0.28 V for NigssFeo.12/CNT to 0.31 V for
Nig22Feo.78/CNT (1.53 V, Figure 5-15a,b). The polarization curves of Ni- and all NiFe-nanostruc-
tured GC substrates show clearly lower activity compared to their CNT-supported counterparts (Ta-
ble 5-3). The onset potentials for all NiFe ratios on GC are nearly identical (except for the highest Fe
content, Figure 5-15), while a clear shift is observed for the CNT-supported NiFe layers (Figure

5-15a).
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Figure 5-15 iR-corrected polarization curves (a, b), average overpotentials at 0.1, 5, 10 and 20 mA/cm? (N = 3; ¢, d) with dashed

connection lines as guides to the eye and Tafel slopes (e, f) of NixFe(i.x) on CNT/GC (left) and GC (right) with x =0, 0.22, 0.45, 0.71,

0.88 and 1. Electrolyte 0.1 M KOH, scan rate 5 mV/s and rotation rate 3200 rpm.

While in Figure 5-15a,b, each curve was recorded with a single printed electrode, Figure
5-15¢,d shows the overpotentials at 0.1, 5, 10 and 20 mA/cm? of three different, but identically printed

electrodes to demonstrate the repeatability of electrode production. Notably, the nanostructures with
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CNT layer showed more than five times lower variation between electrodes (Table 5-3), e.g., 0.3%
versus 2% for NiggsFeo.12 at 10 mA/cm?. The overpotentials for 10 mA/cm? were slightly higher than
what is generally reported in literature for state-of-the art catalysts, such as NiFe@NC?*7, NiFe-NS2%8,
CS-NiFeCU?%. The Tafel slopes for the Ni and NiFe(i.y-based nanostructures on CNT/GC increased
with iron content from 41 mV/decade to 51 mV/decade (Figure 5-15e,f, Table 5-3), which were
similar or lower than the ones typically reported for various nanostructured NiO and Ni(OH), on
carbonaceous nanomaterials, i.e., 42-87 mV/decade®”-**°, This suggests fast reaction kinetics due to
surface-adsorbed species produced in the early stage of the OER, i.e., OH".2°° Similar Tafel slopes

291-293

have been reported for NiFe-composites on carbonaceous supports , which were partially out-

performed by certain NiFe-LDH/CNTs with 30 mV/decade?° and Ni(OH)2/CNTs with 32 mV/dec-
ade.?** For GC-supported NiFe-based nanostructures herein, the Tafel slopes were slightly larger and
increased from 48 mV/decade to 100 mV/decade with increasing iron content (Table 5-3), which
confirmed the positive effect of the CNT sublayer on the OER activity of the NiFe nanostructures.
Turn-over-frequency (TOF) numbers at # = 340 mV, such value was obtained considering that all
moles of printed precursor have been transformed into active sites, were ~4x higher for the Ni/CNT

composites with x=1 and x=0.88 compared to the CNT-free case (i.e., 6.53 s and 3.31 s ' vs. 1.75 s

289,293

U'and 0.83 s7!, respectively, Table 5-3). Compared to literature only few cases can be found

with higher reported values 2%4-2%,
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Table 5-3. Onset potential, overpotential, Tafel slope and TOF numbers after 20 CV cycles.

Electrode Onset poten- Overpoten- Tafel slope / TOF /s
tial@0.1 mA-cm™ tial@10 mV-dec™! (total metals)
/ mV vs. E° mA-cm?/ mV
(02,H:0)=1.23V vs. E°
(02,H:0) =

1.23V
Ni/CNT/GC 240.1+4.7 334.0+2.8 41 6.53
Nio.ssFeo.12/CNT/GC 277.1+£2.0 3549+2.0 39 3.31
Nio.71Fe0.29/ CNT/GC 281.3+2.0 360.2 £2.1 45 0.75
Nio.4sFeo.ss/fCNT/GC 291.1+1.3 367.8+9.3 45 0.63
Nio.22Feo.7s/CNT/GC 306.1£6.9 392.8£10.5 51 0.26
Ni/GC 262 361.4 48 1.75
Nio.ssFeo.12/GC 259.1£3.6 363.6+£13.0 52 0.83
Nio.nFeo.2s/GC 269.3+4.0 378.8 £10.1 59 0.75
Nio.4sFeo.ss/GC 264.2+13.3 387.1£8.1 69 0.50
Nio.22Feo.7s/GC 283.5+3.5 450.5+20.4 100 0.20

In addition, the Ni precursor ink was inkjet-printed on the CNT layer without subsequent
flash light irradiation. Indeed, the washing step removed the non-irradiated precursor salts completely
and linear sweep voltammograms showed, as expected, negligible activity for the OER (Figure
5-16¢). As discussed, cathodic cycling until the lower vertex potential of 0.25 V seemed to be neces-
sary to a) form a nickel hydroxide structure that promotes the OER®, and/or b) reduced electrochem-
ically incompletely converted Ni,Cl, residues. Indeed, CVs with more positive lower vertex potential

(i.e., 0.9 V) resulted in less active layers for the OER (Figure 5-16).
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Figure 5-16. Comparison of the iR-corrected first (black) and twentieth (red) forward half cycles of CVs of Ni/CNT/GC electrode,
prepared using Print-Light-Synthesis and using the CV vertex potentials 0.25 V and 1.70 V (solid lines in all plots) with a) Ni/CNT/GC
(Pint-Light-Synthesis) and lower CV vertex potential (0.9 V) avoiding cathodic currents (dashed), b) Ni/CNT/GC (Pint-Light-Synthe-
sis), lower CV vertex potential (0.9 V) for 20 cycles and then 20 CV cycles with vertex potentials 0.25 and 1.70 V (dashed) and c)
Ni/CNT/GC (electrodeposited).

The electrochemical deposition of Ni from a precursor solution following a standard proto-
col?® resulted in a more stable, but less active Ni/CNT/GC electrode. Furthermore, metallic chloride,

which was present after Print-Light-Synthesis, disappeared by immersion and KOH solution and cy-

cling (Figure 5-16).

54  Conclusion

Ni- and NiFe-based nanostructures, supported on carbon nanotubes or directly synthesized
on bare glassy carbon electrodes, were fabricated as electrocatalysts for the oxygen evolution reaction
using Print-Light-Synthesis. The process was based on the rapid inkjet printing of Ni and Fe chloride
containing thin wet layers, which was followed by their immediate thermal decomposition through

(sub)millisecond pulses from a Xe flash lamp under atmospheric conditions.

We demonstrated a synergistic effect of mixing Fe and Ni precursor inks for a complete thermal
decomposition of the precursors forming a NiFe-composite. The positive influence of an intermediate

CNT layer in-between substrate and precursor film as a light absorber and process enhancer was
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demonstrated. The entire fabrication process was finished within few minutes offering new opportu-
nities for low cost and easily up-scalable electrode production. Drop-on-demand inkjet printing ena-
bled high precursor utilization and the use of parallel printheads allowed synthesizing flexibly
nanostructures of various Ni-Fe ratios. The ink volumes and precursor salt mass deposited on the
substrate were in the nL and pg per cm? range. Material ratios and loadings can be precisely
adjusted by the printing parameters like the number of printed layers. The catalyst layers prepared
herein were electrochemically conditioned and showed high activity for the OER, which was con-
firmed by low Tafel slopes, considerably low overpotentials and high turnover frequency numbers.
Under the fabrication and electrochemical operation conditions applied herein, pure Ni-based
nanostructures constructed the most stable and active electrodes, while Fe inclusions provided elec-

trocatalysts with higher initial activity.

This work showed further that the recently developed Print-Light-Synthesis provides a rapid and fac-
ile tool to create ultrathin nanocatalyst loadings for energy research with expanding capabilities in
terms of substrate size, catalyst amount and materials. For the production of mesoporous micro-three-
dimensional catalyst layers in fuel cells and electrolysers, we envisage to re-disperse the CNT-sup-

ported nanostructures in suitable solvents and using complementary deposition methods.
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Chapter 6 Conclusions and Perspectives

6.1 Conclusions

Throughout the presented thesis an overview of the application of digital microfabrication
techniques to develop and produce nano-electrocatalysts and catalyst layers, was presented. Initially,
in Chapter III, a deep understanding on the effects of processing advanced electrocatalysts was dis-
cussed. In such work, a state-of-the-art non-commercial catalyst was processed (i.e. dispersed, excess
dispersant removal and ink formulation), achieving an ink within the physicochemical requirements
for printing. Afterwards it was possible to proceed the fabrication of a CL through drop-on-demand
inkjet printing, using piezoelectric printheads. Initially, a stable dispersion was obtained by capping
the catalyst particle with a polymer. Ink formulation involves increasing the viscosity of the media to
stabilize particles and to enable printability. However, functional inks require more than just main-
taining the printability, it is necessary to keep the desired activity of the material when printed. In the
presented case, the capping agent affects the catalytic activity negatively. Such fact was then over-
come utilizing a multistep approach on the ink formulation, minimizing the use of additives and pro-
cessing the printed patterns with photonic curing to remove the capping agents. Photonic curing is a
non-thermal equilibrium technique based on intense light pulses that generate selective light absorp-
tion of materials as fundament. Therefore, the materials with higher absorption of the emitted radia-
tion heat up while the other materials remain in the initial state. In the case of the results presented in
Chapter II1, such feature was used to degrade selectively the capping polymer at elevated temperature
without affecting the substrate. The degradation of the polymer and catalyst, depending on the amount

of energy irradiated, were studied and optimum parameters were found.

In Chapter IV a different approach was utilized to create electrodes that were decorated with
nano-electrocatalysts by synthesizing Pt nanoparticles in situ. Such approach allowed a straightfor-

ward ink formulation containing a dissolved Pt precursor salt whose termal decomposition upon light
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irradiation was obtained by simple, but highly energetic flash light pulses. This method is known as
Print-Light-Synthesis and was further utilized to convert Ni and Fe precursor inks into mixed nano-
composites. A carbon nanotube support layer on glassy carbon was used to absorb the light and to
generate more heat than what the thin precursor films did on their own. Alcohols in the ink acted as
sacrificial electron donors to improve the efficiency of metal precursor reduction. NiFe nano-compo-
sites were created with activity towards the OER and compared with pure Ni nanocatalysts made in
the same way. The use of particle-free inks has the advantage of controlling the metal ratios and
loadings in a simple way. Further, such refined approach is able to deviate one of the critical limita-
tions on printing, which is the necessity of low particle size and exclusion of excessive nanoparticle
aggregation. Moreover, the intrinsic development of Print-Light-Synthesis opens possibilities for the
development of inks and fabrication processes with higher degree of control on reactant consumption

and are more flexible (in terms of fabricated nanostructures and supports).

From the technological point of view this thesis introduces a range of novel paths that could
be followed in the area of energy conversion device fabrication and catalyst synthesis. From the fab-
rication of CLs with high degree of control in dimension, loading and shape to fast, flexible and
tunable catalyst synthesis the possibilities here presented agree with industrial process requirements.
In addition, the high flexibility of inkjet printing and Pulse-Light-Synthesis allow a smart fabrication

process design, utilizing better the resources available with lower wastage.

6.2  Perspectives

Throughout this thesis, the importance of nanostructured electrocatalysts in electrochemistry
was discussed. Much attention was devoted to discuss the importance in exploiting advanced fabri-
cation methods, utilizing resources in a smarter and careful way. Nonetheless, there is a vast field to
be explored. Distinctively, in the field of Print-Light-Synthesis much can still be explored. For such
explorations DSAs are an interesting model system. This particular kind of electrodes is fabricated

on resistant materials such as Ti mesh and foils, therefore a vast range of energy can be irradiated
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without degrading the substrate. In addition, many researches are devoted to synthesize new electro-

catalysts, alloys and oxides in these electrodes.

Therefore, to identify materials that overcome in activity and stability, some state-of-the-art electro-
catalysts are of a great challenge, such as platinum and platinum alloys for the oxygen reduction
reaction’®, iridium oxide for the oxygen evolution reaction and titanium/ruthenium oxides for chlorine
evolution. Moreover, the possibility to develop such new synthesis protocols in order to control the
catalyst properties is of great interest. Besides addressing the material properties, challenges are typ-
ically faced in the transfer from a small-scale laboratory synthesis into a large-scale industrial level
process, using tanks and large meshes with high-throughput. The latter should ideally be fast and
reproducible, operate at ambient conditions, rely in efficient material consumption, and be environ-
mentally friendly and flexible in terms of the targeted materials. Currently, the coating of support
materials, e.g. carbonaceous materials or titanium meshes, with metal structures of different dimen-

sions, is generally performed by the thermal decomposition of metal precursor coatings in a furnace.

The support materials are coated with thin films of inks or pastes through dip coating, roller, brushing
or spraying, before they remain for a certain amount of time in a furnace at several hundred degrees.
A reducing atmosphere, such as hydrogen gas, favors the formation of pure metals while air or oxygen
leads to oxide formation. Examples are the thermal decomposition of hexachloroplatinic acid into Pt,
H>0, Cl, and HCI or of hexachloroiridate into IrOx, H>O, Cl, and HCI, respectively. Besides the
metals or metal oxides, only gaseous side products are formed under the above process conditions.
Furthermore, due to high temperature and prolongated heating of the sample, the substrate will react
to the thermal treatment. Such fact can accelerate the degradation or form unwanted side products,
such as the case of Ti substrates with titanium oxide formed. Denser or higher loading coatings can
be achieved by performing the procedure of coating and thermal treatment repetitively or by increas-

ing the precursor concentration in the solution. The continuation of the work carried out during the
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thesis pursue interest in the investigation of the possibility to generate thicker catalyst coatings with

defined morphology for DSAs.
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